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ABSTRACT

This work presents the theoretical determination of the operational characteristios
of a tractor engine using compressed Natural Gas (CNG) as alternative fuel Two engines
were taken into consideration, the tractor diesel engine (existing) and the tractor CNG
engine (('iesign). The basic engine parameters of the existing engine were obtained from
Steyr 8075a with effective engine power of 47kW. The basic indicated parameters such
as the temperature, pressure and volume at intake, compression, combustion and
expansion were determined and these values were used in construction of indicated
diagrams for the two engines. From the indicated diagrams, the mean effective pressures
were determined to be 0.783 mPa for the existing engme and 0.695 mbPa for the destgn
engine. The engine displacement capacities of the two engines were deternmined to be
3.00 x 10”m" for the existing engine and for the CNG engine. The effective power for
the CNG was determined to be 41.70 kW. The diameter of the cylinder of the existing
engime was 0.095m and the radius of the crank 1s 0.052m. The ndicated, specific and the
hourly fuel consumption of the two engines were determined and tractor CNG engine
was found to be more economical than the tractor diesel engine’. The hourly fuel
consumption of the Tractor Diesel Engine at idle running, rated condition and under
maximum torque were determined to be 4.61 kg/hr, 1843 kg/hr and 1871 kg/hr
respectively while that of the Tractor CNG Engine were 275 kp/he, 1100 kg and
11.17 kg/hr respectively. The specific effective fuel consumption of the two Tractor
engines were determined under various condition as indicated to be 461 g/kWhr, 392.15
"o/kW.hr and 433.50 ¢/kW.hr for Tractor Diesel engine and 275 g/kW.hr, 263.79 ¢/kWhr

and 290.21 g/kW hr for Tractor CNG engine. Fuel consumption i litres per kilometer

Vil



under maximum torque was A3 lines/koy and 383 fitres/km for Tractor Diesel engine
and Tractor CNG engine respectively. The dynamic characteristics of the engine crank
system such as the forces acting on the gudgeon pin and the gas pressure forces were
determined. The forces of inertia, both first and second orders were equal for the two
engines at specific angle of rotation of the crankshaft. The forces acting on the
connecting rod were also determined and it is found to be greater in the diesel engine than
the design (CNG) engine. Other forees acting on the crank mechanism such as centrifugal
force of nertia, which is the same for the two engines. and the tangential forces acting on
the crank pin were determined. All these forees were found to be greater in magnitude in
the diesel engine than in the CNG engine, this may be due to the cumulative effect of the
gas pressure forces. The moments of inertia of the flywheel of the two engines were also
determined to be 0.5219 kg/m* and 0.4622 kg/m2 respectively. The mass of the flywheel
is determined to be 13.05 kg and 11.55 kg respectively. The CNG s more cconomical
and has fewer tendencies to frequent maintenance/services. Based on the above analysis
tractor CNG engine can successtully be used for ('ar.m operations. The statistical analysis
show that the calculated parameters (CNG engine) are 99.98% correlated with the
existing diesel engine parameter, with standard error and the standard deviation ranging

within 0 —-6%.
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CHAPTER ONE
1.0 INTRODUCTION

Fnergy is the foundation of industrialized world; without encrgy. life, as we know
it would cease to exist. The yearly cenergy and fuel consumption rate has risen
dramatically within the last yecars. This phenomenon is a direet result of globalization
pressures, the international information network we call the Internet and a population that
seems to be hitting the dangerous upswing of the Malthusian curve. Although, there is yet
a current shortage of conventional fucls such as reserves of coal, oil and other fossil fuels’
are limited and non-renewable. Tn addition, the common practice of burning oil, coal and
other assorted hydrocarbons has resulted in hazardous environmental conditions such as
the global warming. acid rain and dangerously high air pollution levels. This and other
cnvironmental disasters have brought about demands for alternative fuels and encrgy
sources that are convenient. environmentally friendly and cconomically viable. (Kris,
2002).

The U.S. Departiment of energy defines alternative fuel, as fuel that is essentially
non-petrolewm and yields energy sceurity and environmental benefits. Alternative fuels
or alternatives can broadly be considered in two categories; those that serves as
replacement  for conventional fuels such as Liquefied Petroleum Gas (LPG),
“Compressed Natural Gas”, Liquefied Natural Gas (ILNG). Dimethyl Ether (DME).
Hydrogen, (11,); and those that are blended with conventional fuels, examples being
Alcohols (1585, M&5) or bio fucls. (Peter, 2001),

Projection of hydrocarbon supply and demand show that at current rates of

demand growth, an estimated 3.700 billions barrels of renewable resources hydrocarbon



use will not reach its peak until around 2035. In other words, if no breakthrough is made
in highly-cost effective alternative fucels conventional or crude oil derived transportation
fucts would continue to be readily avanlable and more cconomic in a market-driven world
(Peter, 2001).

Through experimentation with alternative fuels, it soon became clear that
alternative fuels had inherent environmental advantages as well. Each alternative fuel has
some characteristics that give it an environmental advantage over petroleum fuels. Most
are less damaging to the cnvironment if spilled and generally the cmission from
alternative fuels are less reactive. Another reasons interest in alternative fuels has again
centred on energy security 1s because cmission control technology combined with cleaner
petroleum fuels such as reformulated gasoline and “Clean diesel™ has resulted in emission
levels low enough to significantly depreciate the emission benefits of alternative fuels
(Bechtold, 1997).

The initial work on alternative fucls focused on which one was best from the
viewpoint of technical feasibility, production capability and cost. That question was
never answered with certainty and in the interim; development of alternative fuel vehicles
technology has proceceded in parallel. Technical feasibility is no longer questioned, and
the focus now has shifted more towards which alternative fuels can be produced at a
competitive cost. Cost is calculated in terms not only of fuel price, but vehicle price and
operating characteristics, and the expense of developing a national fuel distribution
infrastructure. In addition, new issues such as public awareness and training of vehicle
maintenance personnel have arisen as the use of alternative fuel vehicle spread.

Professions only peripherally aware of vehicle technology, such as professional engincers



that must design vehicle storage and maiutenance facilities, will need to become familiar

with the physical characteristics and safe handling practices of alternative (ucls.

1.10  What Is Natural Gas?

Natural gas is onc of the most abundant fossil fuels and currently supplies about

30% of the encrgy demand in the United States as shown in Fig. 1.1.

Others
19 19,

Natural Gas

29.5%

Petroleum Product
37.5%

20.9%

'S Natural Gas ® Coal B Petroleum Product £ Others

1

Fig. 1.1: U.S. Energy Consumption, %.

(Source: Energy Information Administration, “Annual Encrgy Outlook, 1996™)

The interest for natural gas as an alternative fuel stems mainly from its clean

burning qualities, its domestic resources base and its commercial availability to end-



users. The primary uses of natural gas in the UL.S. are for space heating. electricity-
pencration and industrial processes. Natural pas is a very pood spark  ignttion internal
combustion engine fucl and it was used as a fuel in the very carly days of engine
development. However, relative to petroleum fuel, the ability to store sufficient amount
of natural gas for on — board vehicle has presented a significant barrier to its broad use as
a transportation fucl. Significant advances have been made in high-pressure cylinders that
can store natural gas at high pressure (up to 3600 psi about 24.82 mPa) that are made up
of light weighted materials including aluminium and carbon fibre. (Bechtold, 1997)
Natural gas is the cleancst burning alternative fuel. Exhaust emission from
Natural gas vchicles (NGVs) are much lower than those from gasoline powered vehicles.
For instance, NGVg emission or carbon monoxide (CO) is approximately 70% lower.
non-methane organic gas emission is 89% lower and oxides of nitrogen emission is 87%
lower, in addition to these reduction in pollutants, NGVs also emit significantly lower
amount ol green house gases and toxins than do petrol vehicles. (Indiamart, 2002.).
Natural gas is availablec in two forms; compressced Natural gas (CNG) and

liquefied Natural Gas (LNG).

1.1.1 Compressed Natural Gas (CNG).

This form of natural gas is compressed into high-pressure fuel cylinder to power a
car or truck. It comes from special CNG fuel station. It is odourless, odorant are added to
detect leak and spills. It has a heating value that ranges between 49543 38kI/kg to
54893.0kJ/kg (Kris, 2001), CNG is a zero-sulphur fucl and produces low particulate

emission. It produces less carbon mono-oxide (CO) and carbon (iv) oxide (CO,) emission



than the standard hydrocarbon hecause of its higher energy content. It also has a superior
antiknock performance, thus allowing higher compression ratio engines leading to greater

cfficiency. It also leads to lower NOx (oxides of Nitrogen) emission (Peter, 2001).

1.1.2  Liquefied Natural Gas (LNG)

This is Natural gas that is very cold. It is made by refrigerating natural gas to
minus 260°F(-162°C) to condense it into a liquid. This is called liquefaction. The
liquefaction process removes most of the water vapour, butane, propane and other trace
gases that are usually included in the ordinary natural gas. The resulting LNG is usually
" more than 98% methane. As at the time of this report (1999), caterpillar, Cummins,
Detroit vessel. Mack, and Navistar sell heavy-duty natural gas engines that can operate
on ENG (http: www.goggle.com/serarch, 2002).

ILNG must be used in conjunction with gas detector because odorants cannot be
added. CNG is the preferred method of natural gas storage on vehicles. (LNG) is gaining
favour for use in heavy-duty vehicles where use of CNG would still entail space and
t.racking carrying capacity penalties.

Storing natural gas as LNG cnables heavy-duty vehicles have the same operating
range as when using liquid petroleum fuels. Typically, storing natural gas as LNG instead
of CNG results in a fuel storage system that is less than half the weight and volume of a
CNG system. Regardless of the method of storage, the cost and cmissions advantages of
natural gas make it a very popular alternative fuel (Bechtold, 1997). In other words. the
liquid form of natural gas (LLNG) has more cnergy for the amount of space it takes up. It

is denser than natural gas or CNG. So, much more encrgy can be stored in the same



amount of space on a car or truck. That means LNG is good for large trucks that need to
2o i long distance before they stop for more fuel.

Heavy-duty engine such as caterpiltar 3120 (tractor) and € ~12 engines will run
on CNG or ENG. Increasingly stringent standards on engines and vehicle cmissions
necessitate the dcvcl()pvmcnl of more sophisticated control approaches for internal
combustion engines. Natural gas has significant potentials to reduce vehicle emissions
but most dedicated or dual fuel (CNG — petrol) engines currently in operation have fairly

primitive systems for controlling air fucl ratio and spark timing. (:/ Enhancement of

Natural gas heavy-duty engine technology. htm, 4//04/02.).

1.2.0  Objectives Of The Study

The main objective of this project is to compare the theoretically determined operational
| characteristics of existing (diesel) and CNG (Alterative Fuel) tractor engines. The
specific objectives of this work are as stated below:

() To design an internal combustion engine that will be powered by Compressed
Natural Gas (CNG) and to compare this design with an existing diesel tractor
engine with respect to the mean effective pressure, effective power and the
diameter of the piston bore (cylinder).

(i)  To determine the fuel economy indices of the two engines and make necessary
comparison 1o enhance the use of CNG as alternative fuel for tractor engines.

(i) To determine the Kinematics, Dynamics and {lywheel parameters of the
tractor CNG engine to know the forces and moments acting on it§crank

mechanism and the reciprocating components.
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1.3 Justification Of The Study

Petroleum is found between Natural Gas and water beneath the carth surlace to a
depth of 4600 — 9200 meters. Natural gas is found in the highest proportion compared to
others to the extent that currently several countries are flaring off vast quantities of
natural gas, a wastage that could casily be converted into a power source for generating
set and to drive tractors and automobiles.

Countrics such as Nigeria are seen as ideal for gas-powered gencerating sets, as
good quality natural gas is rcadily available, cheaper than diesel power. The gas engines
is rcadily available, cheaper than dicsel power, the gas engines also cmit less cmissions
consequently complying with all environmental regulations (African Review, 2002).

Fuel formulation on the other hand is a huge arca that is as yet largely unexplored.
Recent research shows that alternative fucls can significantly reduce soot and NOy
(Oxides of Nitrogen) emission simultaneously, while preserving the high efficiency and
power density of diesel-cycle engine. In addition, many alternative fuels are renewable,
so they have the potential to reduce petroleum imports as well as green house gas

emission.



CHAPTER TWO
2.0 LITERATURE REVIEW
2.1.0  Sources Of Energy (Fuel)

One of the characteristics of technically advancing society, at least before 1978 is that
the rate of growth of encrgy usc is considerably higher than the rate of population growth and
closely paralicl to the growth of cconomic output (Sporn, 1957 in Liljedahl et al, 1989).
Possession of surplus energy is a requisite for any kind of advanced civilization. If human
beings must depend strictly on their own muscle, it will take all of their mental and physical
strength to supply the basic necessities of life. The difference in per capital energy
consumption is closely related to differences in standard of living (Liljedahl et al, 1989).
The important sources of energy are as follows:

(i) Solar Inergy (direct)

(i1) Solar energy (indirect); Fossil fuel - oil, “Natural Gas™, Coal, Pcat and shale and
tar sands (b) Biomass (wood, corn cobs cte). (¢) Wind, (d) Tiles. (¢) water

(ii)  Nuclear energy, and

(iv)  Geothermal energy.

Most of our present power use is coming from stored fossil fuel, oil, gas, and coal.
Hence, we are in the fossil-fuel age. How long those supplies will last is debatable, but they
arc non-rencwable. Modern farming in the world today depends on petroleum fuels, so it is
of interest to know when the supply will begin to diminish. The date is uncertain, but in the
United States, for example, production of petroleum has not met demand since 1947
(Scarlott, 1957 in Liljedahl ¢t al 1989). In 1973, United States imported about 40% of its

oil nceds (Ray, 1973) and by 1978 over 50% was imported.



2.1.1 Qil Shale

From oil shale, it is possible to obtain nearly a barrel of 01l per tonne are available in
considerable but indeterminate amounts. For power plant use, some attention is being given
to recovery of the oil by methods other than mining. (Liljedahl et al, 1989)
2.1.2  Solar Energy

Solar energy is our onc inexhaustible energy source. A rough measure of energy
falling on the carth is a maximum of approximately 940W/m?* and on average of 630W/m>.
Although, this energy source will likely become very useful for space heating a;1d for
agricultural operations such as crop drying. Presently, it is doubtful that it will be useful for
_operating tractors because of low concentration of energy and lack of suitable means of
collecting and concentrating it. Another problem is the large difference in the amount of
available solar energy at different times of ycar and day and at different locations. (Liljedahl
et al, 1989)
2.1.3 Nuclear Encrgy

This energy will ease the load on fossil fuels, as it is well adapted to large power plant
operation, where radiation shiclding can be employed. It is a concentrated, clean and easily
controlied energy source, the energy is 4 ml of Uranium 235 being cquivalent to energy
stored in 140m? of coal (Nuclear Energy, 1961). Controlled fusion may offer some hope for
future power plants, even those as small as a farm tractor, since fusion atomic energy does
not require heavy shielding because it is not radioactive.
2.2.0 Alternative Fuel And Their Origin

In this part of the write-up, the various alternative fuels would be explained and the

reasons for considering them for use in transportation vehicles. The processes of production
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of each of the alternative fuels would be presented and the recent production volumes in the
developed nations where the use of Alternative fuel vehicle is utmost. The typical impact on
vehicle performance in terms of power, drivability, cold-start capability and others would be
presented to include the vehicle emission characteristics.

The Alternative fuels under consideration are; Alcohols (Methanol & Ethanol),
Natural Gas {Compressed Natural Gas (CNG), Liquefied Natural Gas (LNG) & Liguefied

Petroleum Gas (L.PG)}, Vegetable oils, hydrogen, Electric fuel.

2.2.1 The Alcohol

Methanol and ethanol are the alcohols (primary alcohols) considered to be potential
transportation alternative fuels. Other higher alcohols have not been seriously considered as
alternative fucels for use unmixed with other fuels in engines. Tertiary Butyl Alcohol (TBA)
has been used as a gasoline extender and co-solvent when mixing methanol with gasoline but
not as a fuel by itself. Recently, Di Methyl Ether (DML) made using methanol; has been
proposed for use as a diesel engine alternative fuel because of its favourable emissions
characteristics relative to using diesel fuel.

Methano!l and ethanol arc both liquid and have several physical and combustion
properties similar to gasoline and diesel fu¢ls hence they make good substituted as aiternative
fuels. These properties are similar enough so that the same basic engine and fuel system
technologies can be used for methanol and cthanol as for gasoline and diesel fucl. Both
mcthanol and cthanol have higher octane rating than typical petrol-which allows alcohol
cngines to have much higher compression ratios, increasing thermal efficiency. However,

they have lower energy density, compared to the conventional fuels. (Bechtold, 1997).
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Methanol and ethanol have inherent advantages compared to conventional petrol and
diesel fuels in that their emissions are less reactive in the atmosphere producing smaller
amount of ozone, the harmful component of smog. Methanol and cthanol have the
disadvant?ge in that they produce formaldchyde and acctaldehyde as combustion by-products

in larger quantity than the toxic compounds from the petroleum products they replace.
Methanol and ethanol were long considered as a good spark-ignition engine
~ alternative fuel, it has also been proved that they can be used as diesel engine alternative
fuels. A significant advantage of alcohol fuels is that when they are combusted in diesel
engines, they do not produce any soot or particulate and can be tuned to also produce very

low levels of oxides of nitrogen.

2.2.1.1 Methanol

Methanol (CH;0H) is an alcohol fuel. As engine fuels, ethanol and methanol have
similar chemical and physical characteristics. Methanol is methane with one hydrogen

molecule replaced by a hydroxyl radical.

1
|
H— C—OH
I
H
(Ababio, 2001)

It is produced from natural gas in production plants with 60% total energy efficiency.
The currently proffered process of producing methanol is steam reformation of natural gas. In
this process, any sulphur present in natural gas is first removed. Next, the natural gas is

reacted with stecam in the presence of a catalyst under high heat and pressure to form carbon
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monoxide (CO) and hydrogen. These elements are then put through the methanol production
catalyst to make methanol. Mcthanol can be made with any renewable resources containing
carbon such as scawceed, waste wood and garbage. In 1995, methanol production in the U.S.
totaled 6.5 billion litres (6.5x10° m” i.c. 1.7 billion gallons), which made it the 21st, ranked
chemical in term of use (Chemical & Engincering News, 1996).

This 1s a promising alternative, with a diversity of fuel applications with proven
environmental, cconomic and consumer benefits. It is widely used today to produce the
oxygenate of MTBE (Methyl, tertiary butyl ether) added to cleaner burning gasoline. Cars,
trucks and buses running mitlions of miles on methanol have proven its use as a total
replacement for gasoline aﬁd diesel fuels in conventional engines. In 1995, 10.0 billion litres
(10’m?), (2.64 billion gallon) of MTBE was produced in the U. $ making it the 12™ most

used chemical (Chemical & Engincering News, 1996).

2.2.1.1.1 Vchicle Emission Characteristics

Methanol burns without a visible flame, which is a safety concern, this also
demonstrates that methanol does not produce soot or smoke when combusted. Methanol
cxposure studies have shown that methanol does not cause any harm in the quantities that
would accumulate in the body from exposure from refueling vapour or from unburned
methanol in the exhaust (HEI, 1994). Methanol has a high latent of vaporization, hence. peak
combustion temperature can be reduced with correspondingly low emissions of oxides of

nitrogen (NOx).
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Mcthanol is less photo- chemically reactive than gasoline. Its cvaporative emission
contributes less to smog formation; and because of it oxygen content, it facilitates leaner
combustion resulting in low CO emissions.

Emission of “M8§5” .in spark-ignition light-duty vchicles have been shown to have
significant reduction in specific Ozone — reforming polentials (SAE, 1994). Methanol
contains no sulphur, so it does not contribute to atmospheric sulphur (iv) oxide (SO3), SOx
and NOx emissions lead to acidic deposition, use of methanol would make a minor
contribution to reducing acidic rain (DOE/PE - 0100P, 1991). The CO, emissions of
methanol vehicles are theoretically about 94% those of similar petroleum fuelled vehicles,

assuming they have the same fuel efficiency (U.S. Dept. of Energy, 96).

2.2.1.1.2  Vchicle Performance Impacts

Mecthanol spark-ignition engines have the capability to be 15 — 20% more efficient
than their petrol counterparts. This is achieved through lean-burn technology, made possible
by methanol’s wide flammability limits. Beside, having superior thermal efficiency, lean-
burn engines have lower exhaust emissions with simpler oxidation-catalyst technology.

Ford built 630 dedicated methanol Escorts from 1981 to 1983. The engine in these
vehicles had 20% higher torque than the original petrol versions. Acceleration from 0 to
96km/hr was 15.8 seconds on M85 compared to 16.7 seconds on petrol. Subsequent Crown
Victorias had an accceleration time of 12.2 scconds on M85 compared to 12.6 scconds on
petrol (Clean Fuels Report, 1991).

Flexible Fuel Vehicles (I'1'Vs) are ablc to operate on petrol, M85 or any mixture of

two fuels. This is achieved through the use of a fuel composition sensor in the fuel line from
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the vehicle tank to the engine. The engine control system automatically adjusts the Air-Fuel
(Al ratio and the spark timing for the blend of methanol and gasoline travelling to the
engine.

FI'Vs do leave room for improvement as General motors demonstrated by optimising
3.11. Lumina to dedicated M85 opceration. The engine “M85” — a fuel blend of 85% mcthanol
and 15% petrol — added to enhance cold start engine compression ratio was increased from 8-
9 (used in FFV version) to 11.0. This was obtained by using smaller piston — bowl, and
creviee volume. Performance results as compared (o the FI'V predecessor are shown in table
2.1 (Wang, 1996).

Table 2.1 Performance Results

Characteristics FFv Dedicated
‘Acceleration, 0 — 96km/h (see) | 1.04 R LY

Quarter mile (sce) 17.7 17.2

Fuel Economy (mpg?) 36.6 37.9

Emissions (g/ml)

OMHCE 0.15 0.06

CO 2.06 0.80

NOx . 0.16 0.22

Formaldchyde (mg/ml) 14.4 5.7

~(Source: Wang, M, Q. 1996)

a = gasoline equivalent
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2.2.1.2 Ethanol

Fthanol is the second member in the group of Alcohols after methanol. Tt is also
known as ethyl alcohol, grain alcohol or ETOH, and is a clear colourless liquid with a
characteristic agreeable odour. Two higher blends of ethanol, E85 and E95 are being
explored as alternative fucls in demonstration programs. Ethanol is also made into ether.
Lthyl Tertiary-Butyl Ether (ETBE) that has 10% cthanol blends reduces CO better than any
reformulated gasoline blend. Ethanol is a safe replacement for toxic octane enhancers in
gasoline such as benzene, toluene and xylene.

Ethanol has long been considered as a good spark-ignition engine fuel, and engines
were run on ethanol very early in engine development (Bechtold, 1997). It has a very good
combustion properties and it is self sufficient i.e. it can be produced by the agricultural
sector, which would satisfy their needs and sell the excess to others.

Ethanol produced for use as fuel (fuel cthanol) in the U.S. is produced almost
exclusively using fermentation technology. The preferred feedstock is corn, though other
grains and crops such as potatoes and bects can be used. Agricultural wastes such as cheese
are also considered good feedstock for ethanol production. Almost any source of starch or
sugar is a potential feedstock for ethanol production.

U.S. currently has a production capacity of fuel ethanol of 1.1 billion gallons
(4.125x10° ‘m}) per year: In 1991, the U.S. produced 875 million gallons (3.28x10% m?) of
fuel ethanol that was exported to Brazil. U.S. imports about 25million gallons (9.375x10* m™)

of ethanol per year [rom Caribbean countries (Bechtold, 1997).
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22.1.2.1 Vehicle Emission Characteristics

Fithanol by itsclf has a very low vapour pressure, but when blended in small amounts
- with petrol, it causes the resulting blend o have a disproportionate increase in vapour
pressure. The primary emission advantage of using c;hanol blends is that CO emissions are
reduced through the “blend-leaning” cffect that is caused by the oxygen content of ethanol.
The oxygen in the fucl contributes to combustion much the same as adding additional air.

Test carried out by Ford on their 1996 Model Taurus FFV using E85 on tail pipe
emission compared to using the standard emissions testing gasoline (Indolene) showed that
the cngine-out cmisstons of HC and NOx were lower than for petrol. E85 produces
acetaldehyde instead of formaldehyde when methanol or M85 is combusted. Ford found that
the level of acctaldehyde was the same as for M85 (Cowart, 1995). An advantage of
acctaldehyde over formaldehyde is that it is less rcactive in the atmosphere, which
contributes less to ground level ozone formation.

Low sulphur content of 185 should be a benelit in reducing catalyst deterioration
compared to vehicles using petrol. The vehicle technology to use E85 is virtually the same as

that to use M85.

2.2.1.2.2 Vehicle Performance Impacts

Flexible Fuel Vehicles (FFVs) built to use E85 should experience very similar
driveability as when using gasoline (petrol). Though performances should be improved by
about 5% becausc of the intake charge cooling cffects (high latent heat of vaporization) and
high Octane number of cthanol. In a FI'V using 1285 fucl cfficiency in energy term is equal or

slightly better since the combustion properties of ethanol should favour a more aggressive is
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used to optimize an FFV for usc of I:85 lead to higher performance and greater fuel

clficiency.

2.2.2 Natural Gas

Natural gas is a mixture of hydrocarbon mainly methane (CHy) and is produced either
from gas wells or in conjunction with crude oil production. The interest of natural gas as an
alternate fuel stems mainly from its clean burning qualitics, its domestic resources base, and
its commercial availability to end - users.

Ethane is typically the only other hydrocarbon found in significant amounts in natural
gas, though often less than 10 percent volume. Natural gas may also include carbon (iv)
oxide, nitrogen, and very small amounts of hydrogen and helium. The composition of natural
g.as is important because of its heating value, and physical properties may change which can
affect combustion.

‘The propertics of natural gas arc dominated by “mecthane™. Methane is widely
acknowledged to be formed from four sources; (a) organic matter that is decomposed in the
presence of heat; (b) organic matter that is converted through the action of micro-organisms;
(c) Oil and other heavy hydrocerbons that produce methane in the presence of heat; (d) Coal
which releases methane overtime (Oppenhelmer, 1981).

Very little processing needs to be done on natural gas to make it suitable for use as
fuel. Water vapour, sulphur, and heavy hydrocarbons are removed from natural gas before it
15 sent Lo its destination, usually via a pipeline.

Compared to liquid hydrocarbon, and other alternative fuels natural gas contain less

energy per unit volume. For this reason, transport over long distances and across oceans is
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not practical except when liquefied. As discussed earlicr, natural gas used for transportation

fuels can cither be CNG or LNG,

2.2.2.1 Vehicle Emission Characteristics
Natural gas is made up ol methanc mainly and this dominates its cmissions

characteristics. CHy mixes readily with air and has a high octanc rating which makes it a very

good “spark-ignition engine fucl”. It has a high ignition temperature that makes it unsuitable
for use in compression-ignition engines. Methane barely participates in the atmospheric
reactions that produce ozone though it does contribute to global warning when released to the

atmosphere. Because of its high hydrogen to carbon ratio (4:1), methane produces about 10%

less CO; than combustion of equivalent petrol or diesel fuel (CO; is the primary contributor

to global warning). Natural gas can be used for both light and heavy-duty vehicles and have
varying emission characteristic.

(a) Light-duty vehicles (CNG-Fuelled): - are capable of low gascous exhaust
emissions. In the CNG vehicles developed by the auto manufacturers to date,
individual port fuel injection with three-way catalyst system has been used to
simultaneously oxidize exhaust CO and hydrocarbon while reducing the oxides of
nitrogen, NOx (Bechtold, 1997).

) Dedicated Natural Gas vehicles produce little or no evaporative emissions
during fuclling and use. For gasoline engine, cvaporation and fuelling emissions
account for at least 50 pereent of a vehicle's total hydrocarbon emissions (Indiamart,

2002).
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(b)

2.2.2.2

(2)

(b)

Heavy-duty vchicles: - leavy-duty natural gas engines to date have been spark-
ignition adaptation of diescl engines. To improve engine efficiency to be closer to that
of diesel engines, the heavy-duty natural pas engines use lean-burn combustion.

For emission control, they use an oxidation catalyst to control methane and
carbon monoxide emissions. NOx are kept low through lean combustion and
particulate emissions arc of no concern. Heavy-duty vehicles using natural gas favour
storing natural gas as LNG instead of CNG. LNG vehicles have the same exhaust
emission as CNG vchicles except that LNG vehicles might occasionally vent methane
from the fuel storage system.

Vehicle Performance Characteristics
Light-Duty vehicle: - can increase their power and efficiency by increasing
compression ratio. Compared to typical petrol, natural gas has a high octane rating,
which supports higher compression ratios. However, there are two detriments to light-
duty natural gas vehicle performance: weight of the fucl system and decrease engine
specific power output. The weight of the natural gas fuel system will always be more
than a liquid fuel system carrying the amount of gasoline energy. The weight
naturally hurts vehicle acceleration and will degrade adequate fuel economy
proportionately.

Natural gas light-duty vehicle should have the same good durability
characteristics that gasoline vehicles have obtained.

Heavy-duty vehicle: - Have the same or more power than the equivalent
displacement diesel version. Limiting factors to power output includes oxides of

nitrogen emissions (increased power means, richer operation and generation of more
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NOx for a given displacement engine) and exhaust value life (Spark ignition engines
experience higher exhaust value temperature than diesel engines) rather than
acceleration, heavy duty engine performance is more a function of maximum

horsepower (hp) and torque sive.

2.2.3 LP Gas (Propanc)

LP gas or LPG means Liquefied Petroleum Gas. LPG includes several light
hydrocarbons whose main distinguishing characteristics are becoming a liquid when put
under modest pressure (less than 300 psi about 2.07 mPa). Propanc and butane arc the most
common LP gases and, for vehicle use, LPG is essentially all propane and is most often
called propanc.

Propane is produced as a by-product of natural gas processing and in association with
crude oil refining. It is undesirable to leave LP gases in natural gas as they come out of the
ground because of their tendency to liquefy under modest pressure.

The major use of LP gas is for space heating in homes and for commercial purpose,
though it is an important feedstock for petrochemicals. Propane is a popular barbecue grill
fuel and many forklift trucks operating inside warchouses use propane. LP gases other than
~ propane (the most important being butane) could be used also in vehicle fuel with appropriate

engine modification.
2.2.3.1 Vehicle Emission Characteristics

Propanc shares scveral emissions advantages with natural gas and has some

additional ones to its own. Like natural gas, propane vehicles do not have any evaporative or
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running loss emissions associated with the fuel. Unburned hydrocarbons are easier to oxidize

in oxidation catalysts than methane, which results in low unburned hydrocarbon emission.

Unburned hydrocarbon emission from propane is also less reactive by about 2/3 compared to

unburned hydrocarbon from gasoline (Bassey et al 1993). Propane being a gas mixes very

well with the air before entering the engine, resulting in low carbon-monoxide emissions.

Oxide of nitrogen emissions can also be reduced to a very low level if the air-fuel ratio is

kept at the stoichiometric value, using a three-way catalyst.

2.2.3.2

(a)

2.2.4.0

Vehicle Performance Characteristics
Light-Duty Vehicle: - For vapourized propane fuel systems propane enters the
engine as a gas instead of part liquid and part gas as gasoline does by entering the
engine fully vapourized, some air that could otherwise be used for combustion is
displaced. Therefore, theoretically, propane vehicles should have lower power and
slower acceleration  than  their  gasoline  counterparts,  especially  on  bi-fuel
configuration. Acceleration in terms of 0-80 km/h, time can be up to 10% slower.
Driveability should be acceptable in systems that have been set up and maintained
properly. Cold-start can be problematic since the mechanical control systems rely on

engine airflow to meter propane. *

Vegetable Qils

The interest in using vegetable oil as alternative fuels originated  within the

agricultural community as a fucl for agricultural tractors and cquipment. In 1982, the

Amecrican Socicty of Agric. Ingincers held the International Conference on plant and
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vegetables as fuels (Duke and Bagby, 1982). This conference made the point that vegetable
oils could he a viable alternative fuels for use in diesel engines. In Furope, vegetable oils
were tested in engine dynamometer, and ficld tests were conducted in tractors, trucks and
diescel engine passenger cars.

The most popular types of crops (rom which vegetable oils can be extracted include
Soybeans, Sunflower, Pcanuts, rapesced, and Chinese fallow trecs. Dozen of candidate plants
can yield significant oil yield for acre (Duke and Bagby, 1982).

Initially. it was believed that vegetable oils could be used directly with minimal
processing and preparation. However, engine testing proved that while diesel engines

3

operated satisfactorily in “raw” vegetable oils, combustion residues and deposits would
quickly cause problems with fuel injectors, piston rings and oil stability. The esterified
version of the vegetable oils have been given the generic label of “Biodiesel™ which have
much improved characteristics of fuels. The favourable propertics of biodiesel reduce smoke,
pariiculates and gascous cmissions when used ina typical transit bus. The major

impediments to use of such blends of Biodiesel “(B20)” with diesel fuel, is the cost of

biodiesel compared to some other alternative fucls that could be used.

2.24.1 Vehicle Emissions Characteristics

Straight biodiesel (Soymethyl ester) has a cetane rating significantly higher than
l'ypical No 2 diesd fuels, slightly lower heating values, slightly higher viscousity and contain
approximately 10% mass of oxygen. The lower heating value will cause a small loss in
maximum power if the engine is not recalibrated. In a pre-chamber diesel engine using a

transient eight-mode test, straight Soymethyl ester showed a significant reduction in
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hydrocarbon emissions, no significant change in carbon monoxide (CO) emissions, a slight -
reduction in oxides of nitrogen cmissions, reduced particulate emissions and  lower
ﬁ)ulugcnicily ol the particulate matter formed. Other benelits of using Soymethyl cster
include reduced toxic emissions, very low sulphate emissions and much more pleasant

odours.

2.2.4.2 Vehicle Performance Characteristies

On a mass basis, neat biodicsel has approximately 13% less energy than typical diesel
fuel (this is as a result of approximately 10% oxygen content in biodiesel) Biodiesels have
higher specific gravity of approximately 0.88 compared to 0.82 for diesel fuels regain some
of the loss energy on a mass basis for an overall impact of approximately 7% loss in energy
per unit volume.

Because of the lower energy per unit volume, vehicles using neat biodiesel should
expericncee a loss in fuel cconomy of about 7% on average. Biodiesel has higher “viscousity™
and higher “pour points” compared to typical diescl fucl, which could affect operation in
very cold temperature. Like diesel fuels, pour point additives are effective at decreasing pour
point.

Engine oil dilution is a potential problem with biodiesel, since it is more prone to
operation and polymerization than diesel fuel. The presence of biodiesel in engine oil could

cause thick sludge to occur with the consequence that the oil becomes too thick to pump.
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2.2.5.0 Hydrogen

Hydrogen has many characteristics that make it the “ultimate™ alternative fuel to
fossil energy fuels. Hydrogen can be combusted directly in internal combustion engines or it
can be used in fuel cells to produce electricity with high efficiency (30-50% over the typical
load range). When hydrogen is oxidized in fuel ccells, the only cmission is water vapour.
When combusted in internal combustion engine (ICL), water vapour is the major emission,
though, some oxides of nitrogen may be formed if combustion temperatures are high enough.
Therefore, the use of hydrogen as a transportation vehicle fuel would result in few or no
emission that Wpuld contribute to Ozone formation.

Since hydrogen molecule do not occur in nature, it is typically produced by
“reforming” a hydrocarbon or alcohol fuel or by using electricity to split water into hydrogen
and oxygen. The size of the contribution of hydrogen fucl to carbon (iv) oxide (CO;)
emissions depends on the source of the hydrocarbon fuel that was reformed or the source of
the electricity used to split water. Rescarch is underway to develop novel, non-polluting
means of hydrogen production such as from Algae that makes use of sunlight or other
biological methods (Bechtold, 1997).

The major drawback to using hydrogen as a fuel is the storage medium compared to
all other fuels, hydrogen has the lowest encrgy storage dénsity. Hydrogen can be stored as a
compressed gas at pressurce of 20.68 mPa similar to CNG, liquefied or store in metal hydride
(which absorbs hydrogen when c.oolcd and release it when heated, and at a temperature of —
252.9°C). In 1995, the United State produced 6.7 billion cubic meter of hydrogen, though this
does not include hydrogen produced in refineries used for hydro treating petroleum products

" (Chemical and Eng’g News, 1996).
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2.2.5.1 Vchicle Emission Characteristics

When hydrogen is validated in fuel cell, the only significant emission is water vapour,
when combusted in L.C.E. (Spark or dicsel) some oxides of nitrogen and peroxides may be
produccd. None of the toxic emissions typical of petrofeum fuels arc present (Swain et al,
1983).

Like CNG or Propanc vcehicles, hydrogen vehicles should not produce evaporative

emission since fuel system would be closed.

2.2.5.2 Vehicle Performance Characteristics

Only experimental hydrogen vehicles have been built to date, and it is not possible to
“derive meaningful conclusion about vehicle performance characteristics from them. Based on
the I.C.E work conducted to date, hydrogen engines should be able to produce the same
amount of power that petrofeum fucl engines do with superior efficiency since the lean limit
of hydrogen is much lower than petrolcum or other alternative fuels. A major concern is the
operating range, and present research reveals that some models can reach a speed of 144

km/hr and can travel up to 450 kin before they need refueling (:/Fuel cell vehicle htm,

1980).
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2.253 Fuel Cell Vehicle — The Zero Emission Vehicles Of The Future

Another zero-ecmission vehicles (71:Vy) is the fucl cell powered by vehicles when the
fuel cells are fucelled with pure hydrogen, they are considered to be zero emission vehicles.
Fuel cells have been used on spacecralt for many years (o power clectric equipment. These
arc fuelled with liquid hydrogen from the spacecraft rocket fucl tanks.

Fuel cell vehicles turn hydrogen fuel and oxygen into electricity. The electricity then
powers the electric motor; just like electricity from batteries power the motor of an electric
vehicle. Fuel cells combine oxygen from air with hydrogen from the vehicle fuel tank to
produce electricity. When oxygen and hydrogen are combined they give off energy and
water. In a fuel cell, this is done without any burning (combustion).

There are number of ways that hydrogen can be produced to the fuel cell. One way is
to put hydrogen gas into the fuel cells along with air. Tydrogen gas can come [rom gascous
or liquid hydrogen stored in the vehicle.

The other way to produce hydrogen to the fuel cell is to store it on vehicle in liquid
form. To make hydrogen liquid, it is chilled and compressed. Liquid hydrogen is very cold
more than -252.9"C.
| Another way to get hydrogen into fuel cell is to use a reformer. A reformer is a device
that removes hydrogen from a hydrogen fuel like methanol or gasoline. There is another type
of fuel cell that can be fuelled with methanol! directly. This is called a direct-methanol fuel
cell. This type of cell does not need a reformer to separate the hydrogen from methanol. The
fuel cell removes the hydrogen from the liquid methanol inside the fuel cell (Fuel cell

vehicle.htm, 1980).
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2.2.6 P. Series Fuel

P-series is a new fuel that is classified as an ul}crnalc fucl. It is the latest to be taken
under the branch of alternative fuels. The U.S. government has just recently added certain
blends of Methy! tetra hydro furan (MTIIF), ethanol and hydrocarbon known as the P-series
fucl to the definttion of “alternative fuel™.

P-scrics fucls arc blends of cthanol, methyl tetra hydro furan (MTHF) and pentane
plus, with butane added for blends that would be used in severe cold weather conditions to
meet cold-start requirements.

These contain at lcast 60% of non-petroleum encrgy content derived from MTHF
(Manufactured Solely from biomass {ced stocks) and ethanol are substantially not petroleum

and may yield substantial encrgy sccurity and substantial environmental benefits (Indiamart,

2002).

2.2.7 Solar Fuel

Solar energy technologics use sunlight to warm and light homes, heat water and
generate electricity. Some research has gone into evaluating how solar energy may be used to
power vehicles. However, the long-term possibility of operating a vehicle on solar power
alone is slim. Solar power, may however, be used to run certain auxiliary systems in the
vehicle. Solar energy is derived from the sun in order to collect this energy and use it to fuel
.a vchicle; photovoltaic cells are used. Pure solar energy is 100% renewable and a vehicle run

on this emits no emissions (Indiamart, 2002).
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2.2.8 Biomass Fuel

Biomass fucl is an cnergy source derived from living organisms. Most commonly., it
is the plant residue, harvested dried and burned, or further processed into liquid or gascous
" fuels. Biomass is a known renewable source of energy since green plants are essentially solar
collectors that capture and store sunlight in the form of chemical energy. The most familiar
and widely used is wood, but cereal straws, seed hulls, corn stalks and even animal waste and
garbage arc used. Dry wood has a heating value of 8500 Btw/lb (about 19.77 ml/kg). Wood
accounted for 25% of all energy uscd at the beginning of this century, but with increase in
use of fossil fuels, its significance rapidly declined in 1976, only 1 to 2% of the U.S. energy
is supplied by wood.

Biomass 1s still a primary source of cnergy for developing socictics. In a few
instances, it is also a major source of power as in Brazil, where sugarcanc is converted to
cthanol and in China where fucl gas is obtained from dung and in Western Europe there are
over 200 power plants that burns rubbish to produce clectricity.

A drawback of using biomass is that it is a solid fuel and solid fuels are not as
convenient or versatile as liquid or gases. However, techniques can convert the biomass into
liquid or gaseous form. These techniques include partial combustion, anaerobic digestion, or
fermentation. Growing plants removes CO; from the atmosphere that is released back to the
atmosphere when biomass fuels are used. Thus, the overall concentration of atmospheric CO3
should not change and global warning should not result.

Biomass contains less sulphur than most fossil fuels, thercfore, biomass fuels should

reduce the impact of acid rain.
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A total net production of biomass cnergy has been estimated at 100 million mega
waltls per year. Forest and woodlands account for about 40% of the total and occans about
35%. Considering all the constraints on biomass harvesting as estimated that about 6 million

mW/ycar of biomass is available for encrgy use (Kris, 2002).

2.3.0 Fuel Chemistry/Combustion Process Of Alternative Fuels

Source of fuels: - Almost all of the fuels commonly used in farm tractors and other
automobiles are products of crude petrolcum. There are so many factors to be considered in
the selection of an alternative fuel. Some of these factors are: - cost per unit work done,

availability, compatibility with the engine, salcty, storage, management, and convenience.

2.3.1 Chemical Composition Of Petrolcum

Crude petroleum is made up of combined carbon and hydrogen in approximately the
proportion of 86% carbon to 14% hydrogen. The atoms of carbon and hydrogen combine in
many ways to form many dilferent hydrocarbon compounds in crude oil. The fuels made
from crude oil are never one single hydrocarbon. The engineers are concerned mainly with
the physical propertics and operating characteristics of a fuel.

The hydrocarbon making up most of the refined fuels belong to the paraffin (CoHzn+2)
Olefin (C,lH3,), diolefin (C.,I'Iz.,.;), naphthalene (C,Hs,) and their aromatic (CHpp6(n=6,12))
families. 1"he first member of the homologous scries of the paraffin (Alkane) is methane
(CH4, n = 1) which is the major constituent of the natural gas (CNG or LNG) and n =3, C3Hg,
the major constituent of liquefied petroleum gas — Propane. When n = 1 to 4, the hydrocarbon

are gases at room temperature and pressures. Butane (Cyllig) boils at 0°Cat atmospheric
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pressure. Alkanes (Paraffin) and a few other hydrocarbons exhibit Isomerism while the
normal compounds of the paraffin series have straight — chain molecular structures.

The paraffin is saturated and quite stable and low in gun-forming properties. The
straight-chain (normal) hydrocarbons gencrally detonate in an engine while the isomers are
highly knock-resistant. For example, n-heptane is the low anti-knock fuel (octane no = 0)
uscd as a references fuel in knock testing. Triptane, an isomer of heptane, is one of the most
knock-free hydrocarbons known. These fuels have the same chemical formula but they are
structurally different and vary in widely burning characteristics.

The Olefins (Alkenes) are important because they occur in fuels made by the cracking
process. They are more resistant 1o dctonation and are unsaturated, hence, they undergo
‘additional reaction with hydrogen becoming saturated (paraffin).

‘The diolefin are unsaturated but have straight chain structuees. This family of
hydrocarbon is the principal causc of instability of cracked gasoline in storage, causing gum
and off-colour and lower anti-knock propertics.

Naphthenes have same chemical formula as the olefins, but they are saturated
compound and have high anti knock values. They have molecules made up of carbon and
hydrogen with a ring structure, and the prefix cycles is used in their name, e.g. Cyclo hexane
(CeHi2).

The aromatics are ringed structured. They are unsaturated but stable chemically e.g.
benzene (Cillg), Alpha methyl naphthalene (Cyllye) is another aromatics of importance
because it is used as a relerence fuel in testing dicsel fuel. It has a high anti-knock value as a

spark 1gnition engine, but poor ignition quality as a dicsel fuel.
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2.3.2  Combustion Process For Hydrocarbon

The combustion process consists of chemically combining oxygen from the air with
carbon and hydrogen in the fucl. Heat is liberated in the process and a pressure increase
results. The final or desired result oceurs during the power and expansion stroke when a
volume change takes place and work is done.

Air is the source of oxygen. By weight, air is 23.1% oxygen and 76.9%nitrogen. But
air by volume consists of 20.8% oxygen, and 79.2% nitrogen, thus, for 1kg of oxygen (O,)
there is 3.33kg of Nitrogen (N,) and for cach cubic meters of oxygen in air, there is 3.8m> of
Nitrogen (Lijedahl et al, 1989).

Hydrocarbon fuels combustion under ideal conditions would prdduce CO; and water
(1,0) as the only products according to the equation below:
Calliy + POy + 3.76PN; = nCOz 4 (")) 11,0 + 3. 76PN, + AU C, —mmmemememeeeee (2.1)
Where n and m arc positive integers, P is a positive number, and delta HUC is the heat of
combustion, or “enlhalpy” under ideal conditions. The specific reactions for four alternative
fuels under ideal conditions are given below:
(1) Compressed Natural Gas (CNG)

CHy(g) + 20, +7.52 Ny = CO, 21,0 + 7.52 N, + 797570 kJ/kmol
(il)  Liquefied Petrolcum Gas (Propane)

CiHg + 50, +18.8 N; = 3 CO, +4 11,0 + 18.8N; + 2,032,800 kI/kmol
(iti)  Mcthanol

CH;30H + 1.50; + 5.64N; = CO, + 2H20 + 5.6N; + 851,840 kJ/kmol

(iv)  Ethanol

C,HsOH + 30, + 11.38H; = 2 CO;, + 3 H,0 + 11.38N, + 1,541,000 kJ/kmol.
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However, hydrocarbon fuels combustion under actual (non-ideal) combustion
conditions produces several intermediate products in addition to CO, and H0. This is the
general combustion reaction for any hydrocarbon fucl under non-ideal conditions:

Collzy Oy + Ny = Cylly 1 aCOy 1 DCO 4+ CHLO + dNOx + eN2O +H" + gOH* +

hO* + jN;+ AHc.‘ ----------- (2.2)

Where CyH, = unburned kg or partially burned hydrocarbon fucl, CO,-Carbon (iv) Oxide,
H,O — water, CO — Carbon (ii) Oxide, NOx = Oxides of Nitrogen (x = 1 - 3), N,O — Nitrous
oxide, OH* — Hydroxyl radical, O* - Oxygen radical and or single oxygen, H' = hydrogen
ion, AHc = heat of combustion (enthalpy) under actual (non-ideal) conditions and co-efficient
a,b,c,d,c.f, g, h,jvary with fucls and operating condition. The heat of combustion is also
referred to either as the “lower heating value™ (with “gascous™ water as onc of the products)
or as the higher “heating value™ (with liquid water as one of the products).

Combustion in internal combustion engines is a very complex chain reaction system
that leads to hundred of intermediate products, by - products and end-products (Alternatives
to Tradition transportation fuel, 1994). In I.C.E., the product in the exhaust are determined by
a large amount of parameters including the fuel to air ratio, compression ratio, fuel
consumption, internal design, opcrating condition of the cylinder and the combustion
chamber, and exhaust inflation. For methane, propane and methanol fuels, the numbers of
identified- rcaction products in the exhaust are 25, 41 and 84 respectively (Alternative to

traditional transportation fuel, l‘)‘)4):



2.3.3 Incomplete Combustion

When a hydrocarbon fucl burns completely the oxygen in the air combining with the
hydrogen to form water and with carbon o form carbon (iv) oxide. If the burning is not
complete, then some of the carbon atoms only combine with one oxygen rather than two. to
form carbon (iv) oxide, (CO), a highly poisonous gas. Somc of the carbon atoms may remain
stuck together with cach other and with some of the hydrogen atoms as well, so that
unburned hydrocarbon molecules can also come out of the tailpipe: These unburned
hydrocarbons (plus any fuel hydrocarbon that evaporates from the fuel system before getting
to be burned at all) react with nitrogen oxides (another pollutant from combustion) in the
presence of sunlight to form ozone which is a lung irritant (the ozone layer in the stratosphere
is a shield against the sun ultraviolet light, but a ground level ozone is the main component of
the “photochemical Smog”). Carbon atom can also remain stuck to one another with few or
no hydrogen atom attached, especially during incomplete combustion of  diesel  fuel
producing soot.

This is one of the rcasons alternative fucls are less polluting than gasoline (petrol) and
diesel: their simpler molccules are easier to burn more completely in an engine, so that less
CO, soot and unburned hydrocarbons come out of the tailpipe. In addition, any hydrocarbon
that is produced is less reactive than those produced from the incomplete burning of petrol or
diesel fuel and they produce less ground level ozone. Methane (CNG) particularly is almost

incapablc of producing smog.



2.3.4 Oxygen Content

Some alternative fucls are not hydrocarbon: alcohol and biodiesel- contain oxygen
atoms as well as carbon and hydrogen. The chemical structure of common alcohols is as
shown in Fig. 2.1.

Biodiesel molecules are monoalkyl esters, the ester part indicates that the molecules
include oxygen atoms. RCOOR® where R - alkyl group, COO-ester, R’-metal (Ababio,
2001).

In many part of U.S.A, petrol is “oxygenated” i.c. oxygen bearing compounds are
added to the fuel mixture, this is to promote more complete combustion so that less CO, soot
unburned hydrocarbon come out of the tatlpipe. Alcohols and biodiesels carry this one step
further in that oxygen-bearing compounds are not additives at 5 - 10% level but  major

constituents of the fuel which increases the benelit of oxygenation.

2.3.5 Carbon Content

Even if, with the aid of electronic engine controls and cfficient catalytic converters, a
hydrocarbon fuel is completely burned to water and carbon (iv) oxides. There is now a
growing concern about CO,; as a green house gas, measures to cut back the production of
CO; by automobiles without sacrificing performance focused on efficiency i.e. getting as
much useful propulsive power out of a given amount of fuel as possible. Typical example
involves re‘placing the traditional drive train of a piston engine driving the wheels through a
gearbox with a more efficient design.

However, some fuels inherently produce lecss CO; when burned than gasoline or
diesel fuel for example, counting the numbers of oxygen atoms it takes to burn up Isooctane

molecule (gasoline) and methane (Natural Gas) molecule. One can calculate that 100 oxygen

34



atoms will combine with four Isooctanc molecules to produce 32 CO, and 36 water
molecules, while, the same number of oxygen atoms will combine with 25 methane
molccules to produce 25 CO; molecules and 50 water molecules. That is, a given amount of
air (Oy) will produce about 25% less CO;, if used to burn natural gas than if used to burn

gasoline (FUEL Chemistry.htm, 80).

2.3.5.1 Avoiding CO; Emission Completely

The source of carbon in the fuel nceds to be considered; if it came from the CO; in
today’s air to start with, like an alcohol fuel produced by fermenting Biomass (as opposed to
a fossil fuel, whose carbon came out of the air when the dinosaurs were around), then
returning it to the atmosphere (air) now adds nothing to the net flow of CO; into the
atmosphcere. Alcohol fucls, biodicsel produced from plant when burned just return to the air
the CO; that those plants took out from the air while growing.

Finally as stated carlicr, hydrogen is the only fuel in use that produce no CO, when

combusted.

2.3.6 Air - Fuel Ratio In Combustion Process

When combustion is complete, carbon and hydrogen burn to CO, and H,O
respectively. Engine fuels seldom are chemical compounds. and combustion calculation
serves only to illustrate general principles. Hydrocarbon gas (CIHy), the simplest of the
paraffin scries can be used to illustrate the combustion process. Atoms and molecular weight
of some elements entering into the combustion process are given in table 2.2

‘The calculations of the masses ol the compound are as follows:
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CHy 4 205 + 7.6N; = CO = 211,0 = 7.6N,
(1244) +(2x32) 1 (7.0 x28) => (121 32) + 2(2 4+ 16) | (7.6 x 28)
16 164 4 2128 => 441 36 1 212.8
292.85 =292.8¢g
From the above calculations, it can be seen that 64 kg of oxygen is required for 16 kg
of fuel since air is represented by oxygen plus nitrogen in the process. 276.8 kg of air is

required for 16 kg of fuel. The theoretically correct air — fuel ratio becomes
ar 2088 173

Fuel
Calculating on a volume basis,

1 mole of CHy + 2 moles of O; + 7.6 mole of N = 1 mole CO, + 2mol 1,0 +7.7mol N,
Or 1m? of CHy 42m’ Oy 17.6m* — 1m*CO, +2m*1L,0 + 7.6m* N, (Liljedahl et al, 1989).

Table 2.2 — Atomic and Molecular weights of Common combustion Substances

Substance Symbol for | Atomic Weight | Symbol for | Molecular
Element Molecules Weight
Carbon C 12 C 12
Hydrogen H 1 H 2
Oxygen O 16 0O, 36
Nitrogen N 14 N, 28
Sulphur S 32 1S 32
Air-apparent - - - 29.0

(Lijedahl et al, 1989).




2.4.0. Thermodynamic Principles Of Internal Combustion Engine

‘Thermodynamics is the study of changes in which energy is involved. The first law of
thermodynamics states that: “All forms of cnergy are mutually convertible. The energy of a
closed and isolated systems remains constant”.

2nd law of thermodynamic states that: “In real systems heat cannot be fully converted
to work™. i.c. no engine can convert all the cnergy supplicd to it, in as much as a large part of
the energy supplied is rejected in the form of unused heat.

In heat engines, work is donc by changes in the volume of gas. Certain laws have
been established concerning their pressure, volume and temperature relationship such laws

for perfect gases. These include Boyle’s law, Charle’s law and the general gas law

PVi=PVo=P Voo, (2.3) (Boyle’s Law)
I' = K% = -V’l ......................... (2.4) Charle’s Law
I ! IZ N

At constant pressure (Liljedahl et al, 1989).

And at constant volume, Charles’s Law states that;

ﬁ=£:>£=£ ................... (2.5)
L BT

Combining equations (2.3) and (2.4) gives the gencral gas law

PII] — Psz _ PA'VA'

T T, T,

i

................... (2.6) General Gas Law

. rv \ - ) .
From (2.0) -—jl;— =R =PV = RT where R is a constant called characteristic gas constant.

When mass of gas considered is involved,
PV =mRT----emmeemmmcemrceeee (2.7)

Where R = 8.314J/gmoleK



2.4.1 Specific Heat
Specific heat is defined as the amount of heat necessary to change the temperature of
a unit mass by onc-degree. For a system of fixed energy. the situation may be represented by

the following statements of the first law

=>Q=Mc(T,-T)=U-U)+W ---(2.8)
Q = heat gained or rejected,

M = Mass of Gas,

U, =U; = Change in internal energy,

W = Work donc

C = Specific heat, and C could be ¢, or €,

Cy = Specific heat at constant volume,

Cp = Specific heat at constant pressure

C,/Cy = k.

2.4.2. Entropy

Entropy as used in engineering thermodynamics has two principal applications when
considering ideal or reversible processes. First, as a co-ordinate on a diagram in which heat
transfer is shown graphically; sccond, as an index of unavailability of heat energy for
conversion into work. (TdS = dQ)

For an ideal process, +S indicate or +AHC heat energy is added during a process and



TA

-AH°C or — § indicate heat rejected and zero entropy change signifies no heat energy is added

or rejected. For real processes TdS>dQ. The three energy quantitics are related as follows
Q=(Up-Up) + W oo (2.9)
Constant
)
(1) Py o 14 Volume
3)
@
(2) ) 3 1 ¥4+ Constant
Pressure
»S 4 » e

Fig. 2.4.2 (a): Hcat cnergy Iig. 2.4.2 (b): Constant

rcpresented as arca on Volume and constant
temperature — entropy pressure curves on
plane. pressure — volume planc.

(Liljedahl et al, 1989)

Fig. 2.4.2 (c): Constant
Volume and constant
pressure curves on
temperature — entropy
planc.

Constant-volume heating is represented by the lines 1-2 in fig. 2.4.2 (b) & c. The heat

supplied = C, ( T»-T;) = area 1-2-5-6. There is no work done by or upon the gas and hence,

W = 0. And there is no arca covered on the P-V plane. Substitution in the general energy

equation gives Cy (13- T1) = (Up-Up) 4 8" <mmemrmmmmmmeenntonnn

Al heat supplied appears as an increase in internal energy i. ¢.

Cy (T2-T1) = (Up-Uy) ---mmmmmmmmmmm oo (2.11)
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Constant pressure heating is represented by the line 1-3 in Fig. 2.4.2 b & c. heat
supplicd = C, (T3-Ty) = arca 1-3-4-6 in Fig. 2.4.2¢. The work done is W = P( V3-V)) = area
I"374-5 in I'ig. 2.4.2.b . Substitution in the general encrgy cquation gives

Cp (I3-T7) =Cy (13-T1) + P(V3-V ) mmmmmmemm e (2.12)

But P;V3 = Rl] & l’,V, """R’“ uivied l)] "'I)_;

= G (I3-T1)=Cy (I3-T1) + R (I3-T1)mmmmmmmmmemmeeeee (2.13)
Cp=Cy+ R -
e S S — (2.14) (Liljedahl et al, 1989)

243 Isothermal Changes

A P
pt ! ol P,
Adiabatic
1
? [sothermal ) .
N 1
5 ' N 4 -5 S '
Fig. 2.4.3 (a): Isothermal And Fig. 2.4.3 (b): Constant and adiabatic
Adiabatic Compression lines on Compression Line on temperature
a P-V Plane. entropy plane.
~ For a perfect gas,
PV - C 7 i CONSLANT mmmmm e s s e s e e e (2.15)
Lign 2.15 is a special case of the general equation PV" == ¢ where n = 1 and the pressure is

represented by the line 1-2 in fig 2.4.3 a & b. The external work is represented by the area
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under the line between 1 and 2. The work done during any change in volume from V| to V,

is given by;

From equation 2.15 p = ¢/v, substituting p = ¢/v in equation (2.16)

W= J% dv=c J‘ fiv = C{ilog V ‘:z}

w=c(logeVy=logeVi) oo (2.17)

Since C = PV =PV, substituting this expression into eqn (2.17) gives
W:P|V| l()gC Vz/V| ............................ (2]8)
IFor any mass of gas other than unity, these may be substituted and

PV, =MRT & V5/V, = P/P; thus the work becomes

W =MRT loge V, =MRTloge P\/Py .....coivvninni.. (2.19)
Vi
Letting r = V,/V, be the compression ratio or ratio of cxpansion, we have
W=MRTlogel ...........oooeiiinis (2.20)
r

In an isothermal expansion, temperature is constant; the gas receives or rejects an amount of
heat to the work done by it or on it.

S Q=W=MRT loge 1/r=MRT loge Vo/Vy .o, (2.21)

2.4.4 Adiabatic Or Constant Entropy Change
In an adiabatic expansion or compression, the gas neither receives nor rejects heat.
The linc 1-3 in fig 2.4.3 a&b rcepresent an adiabatic compression from a pressure Py to

pressure Py = P,. The work on the gas is represented in fig. 2.4.3 a by the area 1-3-5-6.
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Since it is an adiabatic change, no heat is reccived or rejected to an outside body. Therefore,

the line 1-3 in Fig.2.4.3 b covers no area.

Lign (2.10) now becomes O Cy (V=T W oo (2.22)

R R
~1C
= W= T"(lgl/} ~PV).R=C,~C, fromeqn (2.14)

W = —C,(T} __7;) =-C, (PlVl) (I:Ei)

S (B - RK)= R - 1,

It e

=W =

= W=DV, - PV, =PV, =I5V,

1-k

k-1
IFor mass (m) unit of a gas

_ MR(T, - T,
K-1

w

2.4.5 General Polytropic Change

Considering polytropic change (PV" = a constant) from the condition of Py and V| to P,V,

W= J- pdv

By mathematical induction,

Pszanl_" B PlVanllw _ Psz - PIVI
1 —-n | - n

PV, -PV
wo= —2.2 s it e e

( 2.26)

1 -k Liljedahl et al, 1989
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Equations, 2.25 and 2.26 assurcd that work is done by the gas. If the solution gives a
positive value, the gas has done work by expansion. If the result is negative, work has been

done on the gas by compression.

2.4.6. Internal Combustion Engine Cycle
Internal combustion engine cycle (1L.C.1) would be discussed under two specific
cyclesie;

(1) The ideal —Air Otto cycle --spark ignition engine and (ii) The ideal air-standard
diesel cycle. As discussed or mentioned carlier, the four-stroke engine cycle is
applicable to both petrol and diesel cycle. Fig 2.4.6 (a) illustrates the ideal
indicator diagram for a four-stroke cycle engine. MA represents the introduction
of the charge: AB is the adiabatic compression; BC is instantancous combustion
of the fuel and heating of the change at constant volume; CD is adiabatic
expansion of the hot gas. DA is an instantancous drop of pressure following
release and AM is the ejection of the remainder of the charge.

Pa Pa

o
2

I

4
|

e T
M A
T Y (learance |L_ 1 | | gy
: \j G "
Fig. 2.4.6 (a): Idcal indicator Fig. 2.4.6 (b): Ideal diesel cycle
diagram for a four -stroke cycle
engine
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2.4.6.1 The Ideal Air- Standard Otto Cycle

A lot of assumptions were made in considering an idcal cycle. The cfficiency of the
cycle may be calculated as follows. Heat added at constant volume during the cycle is;
Qin=MCy (T3 =T2) e, (2.27)
Qo =Mey (Ig--Ty) o The heat rejected from D to A
The cycle efficiency is ¢ = Qi Qow = Mey (I3 -17) = Me, (T4 —T))

.
7

Qin Mey (13- 12)
—De=l-—

(T
72( '”sz ])
. . A KY T A - ,
. 7/:(’/J and o[Vl g h
since /1, Vs T, \V v,

o
- ‘ 3
Therefore; -! =2

Il 12

Eqn 2.28 becomes e =

K-1
e=1- 1 (2.29)
72 IERUUEREEUHEREE )
v,
1
—e=1- e

where r = compression ratio also

(K1)
Py *
o= -(» : J ...................................................... (2.30)

)
2
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Henee, it is apparent that the cfficiency of an ideal Otto cycle increases as the
compression ratio incrcases and is independent on the heat liberated by the fuel. 1t is the
work done during cach cycle that enables the engine to do work and develop power. For
ideal Otto cycle illustrated m fig 2.4.6 a, the work of the cycle is equal to the algebraic sum
of the work done under the compression and expansion curves. Where compression work

FABE is negative and expansion work IFDCLE is positive. From cquation 2.27 the

Cycle work may be calculated as:

Or from conservation of energy;

W = ()ln - (\)ﬂul

2.4.6.2 The Ideal Air- Standard Dicsel Cycle

The heat quantities and efficiency of diesel cycle can be worked out in a manner
similar to that used for Otto cycle. It will be noted that the efficiency of the diesel cycle is
influenced not only by the compression ratio, but also by the length of time during which the
heat is being added to consider compressed air.

With reference to fig 2.4.6.b. the following expressions will be obtained. No heat is
added in a'diabatic compression from 1 to 2. Heat is added from 2 to 3

O~ Mc, (13- 1)
No heat is rejected in adiabatic expansion from 3 to 4. Heat is rejected from 4 to 1

Qou =Mey (Ty = Th),

The efficiency of the cycle is;
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_ Qin - Qout | Qout

Qin Qin
oo Mev @, -r)y_, (@-r)y 23 =
Mcp (I -7 ) k (T.% - Tz)
71 / <,T4 —
//T7 LTI ....1 ....................... 232

From T,V relation, we have

T,V
T, = -2 at constant pressurc
: I”.,

, K-
Also, T, = Tj(l% ) adiabatically
4

Thus,

),

Ko .

TV (v v
I el I M Rl Y

v, \V, v,

v,
Since the comprcssion from | to 2 is adiabatic V4=V, we have
v,

Solving for T and then adiabatic T4 by T} we obtain

r KY », I
b (W )
rn_Ln)Un _( I@)

T Vy -

Substituting in equation 28, we have
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=1-— R T TS (2.33) (Liljedahl, 1989)

F'rom the equations it may be seen that efficiency increases as the compression ratio V/V;
increases and also as the fuel cut off ratio V3/V; is diminished. In order words, maximum
efficiency will be obtained with high compression and early fuel cut off. As the fuel cut off
approaches zero, the cfficiency of the diesel cycle approaches that of the Otto cycle for the
same compression ratio and same Q i, the diescl cycle is less efficient than the Otto cycle.
The external work per cycle in the case of the ideal diesel cycle consists also of the
algebraic sum of the work under the compression and expansion curves from fig. 2.4.6b there
is a negative work ABEF under adiabatic compression curve and positive compression work

under constant pressure line BC and adiabatic curve CD.

RV, =DV, | PV,= P,

F P (V= 1) oo, 2.34
K—] K——l 2,3(3 _) ( )

W=

2.4.7 Combustion Processes Using Thermodynamics Principles

In flow processes such as in the combustion chamber of turbine engines in industrial
furnaces a;ld rocket engines, combustion is assumed to occur at constant pressure, this is also
the case for the ideal air standard dicesel internal combustion engines which is treated as a
control mass system. In calorimetric cquipment used for measurement of the energy released
during reaction, and during very fast combustion reaction such as at top dead centre of .C.E

or during the combustion period of an explosion (followed by the expansion of the
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combustion gases, combustion is assumed 1o occur at constant volumes. Combustion at
constant pressure and constant volume would he the important cases ol discussion,

The two parameters ol interest to engineers are the energy released and the
temperature reached in the combustion process (Howell and Buckius, 1992).
2.4.7.1 Combustion At Constant Pressurc

By examining the case of an isothermal constant flow reactor to which are fed the
fucl at unit molar fucl rate and air to a rate that gives the molar ratio to the fuel specified by

C L0, + A, +3T6AN, — ICO, + 74 11,0+ llt?flzj_%’ -

0, +3.764,N,

There is a heat transfer {rom the reactor in order for the control volume to remain isothermal.

The first law to this control volume is

0= ;mphp - Ztn,,hr ...................................... (2.35)

Where the subscript r denotes reactants and the subscript p denote the products of the
rcaction. The reaction is assumed to take place at standard reference state ol atmospheric
pressure and temperature maintained at 25°C (77°F). On molar basis, equation (2.35)

becomes.
Q' = Th,h,=%n ho (2.36)
r r

Where. as before, the over bar on a quantity indicates that it is on a molar basis. Now divide

through equation 2.36 by the molar flow rate of the fuel, n¢ and the equation becomes;

Q() " l i . » \
= = 2 (2.37)
n, n, ,

Equation (2.37) gives the amount of heat transferred required per mole of fuel from a reactor

operating at standard reference conditions, which is equal to the net enthalpy differences
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hetween the products leaving the reactor (engine) and the enthalpy of the reactants entering
g°is the enthalpy of combustion or the heat of combustion and it is also denoted by hyp.q° is
fixed for a given fucl and it is a mcasure of the chemical energy content per mole of the fuel

when burned systematically with oxygen (0,) or (air) at constant pressure.

2.4.7.2 Determination Of Enthalpy Of Methane (CNG) Method 1
For methane (ClHy) the combustion equation in cquation (2.1) becomes;
CHy + (1+1) Oy + 3.76(141) Ny——»  CO,+2H,0+3.76(1+1)N,
Now, we determine the values of h° for cach species in the reaction for use in equation 2. 37.

Table 2.3: Heat of combustion & Molecular Mass of Reactant & product of Methane

Combustion.
Species Molar Mass h°(Btu 1lbmol) h° nij/kmol
Cilly 16042 32.2x103 -74.9
0, 32.00 0 ()
N, 28.010 0 0
CO, 44.01 -169.3x103 -393.8
11,05 Liquid Vapour 18.016 | -104x103 -242

Source: (Howell and Buckiug,ﬁl“‘)-‘v)iy

Substituting into equation 2.37 and assuming that the water is produced in the form of

vapour we find;

—0 I =0 —0 -0 -0, —0 -0
g = [(nh },'()2 + (nh )112() + (n/l )N2 —(nh } ", - (nh })2 —(nh )N_,]

nCIlI,

- : [-1693%107 4 2(~104.x10* )+ 0 = (132.2m0" 0 =0]]

= - 345,100Btw/1bmol= - 802,700kJ/kmol

~.q"=-802,700kJ/mol \
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It should be noted that if we had assured that the water produced in thecombustion reaction
was in the form of liquid rather than vapour, then the caleulated enthalpy of combustion
-would have been farger (-383.100Btw/Ihmol or -23.800 Btw/Ibmol of the fucl).

This occurs because more ol‘cpml)usliun energy is required to vapourize the water and less
is available to remove from the combustion reactor in the form of heat transfer. The enthalpy
ol’combustion when liquid water is produced is often called the “higher Heating Value
(HHV) of the fuel (usually the minus signs is dropped when the name is used). And the
enthalpy of combustion when the water vapour is produced is called thelower heating value
(LHV). Hence the LHV is the only choice we have since combustion reactions in practice

produce usually water vapour as a combustion product.

2.4.7.3 Combustion At Constant Volume
[For constant volume combustion of a stoichemetric mixture of fuel and oxidant the
first law for control mass gives

Q=SMU, ~SMU, ccoooooiiiariirn (2.38)
r r

Subscripts p and r denote product and rcactants of the reaction respectively. Assuming the
combustion is carried out at the reference state (1 atmosphere and 25°C) such that Q is the

heat transfer necessary to maintain isothermal combustion and the products and reactants are

hoth at the reference state, then cquation 2.38 becomes.

{}
(Q ] .-:((/”)‘, ! (Z/,ul,(//’,' -~Zn,,l/,“). ---------------------------------- (2.39)

11/ 17/
We have divided through by nf (no of moles of the fuel). This equation (2.39) predicts the

heat transfer that occurs per mole of fuel from a constant temperature, constant-volume
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combustion process at standard reference conditions. But from enthalpy of formation. the
standardized reference internal enerpy is
U= =Py V(I=25°C, P~ Tatm) oo, (2.40)

And assuming all product and reactants arc ideal gases, then equation 2.39 becomes;

o\, .o RT® ,
((1°>'=q0—ﬂ—( ”,,“Z”,') ............................... (2.41)
I’I/ o "
Combustion product Combustion product

ne = lkmol/s-----

C

U
Fuel —» (7~
| N
Maic —p (] / - /
- Q heat transfer Fig. 2.4.7 (b): Adiabatic reactor

. : -Q=0
Fig. 2.4.7 (a) Isothermal Constant I'fow

24.7.4 Adiabatic Flame Temperature

Suppose that the combustion reactor in fig 2.4.7a is operated in a different mode from
that used to determine the enthalpy of combustion, rather than removing sufficient energy
from the reactor (engine) by heat transfer, so that the reactor is maintained at isothermal
condition, the reactor is insulated heavily so that no heat transfer occurs and the reactor

operates adiabatically, therefore equation 2. 35 now reduces to

My = B (2.42)
I r

Suppose that the reactants enter the reactor at standard reference state involving equation

2.42 by ng (no of moles of fucl) cquation 2.42 becomes;
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] n - ] 0
n,h, = Dt (243
) /; phe= Z (2.43)

[f the enthalpics of combustion data are available for fuel being used, then it is convenient to

substitute cquation (2.39) into equation (2.40) to climinate the reactants terms

The enthalpy carried from the reactor by the products of combustion equals the enthalpy of
the products at the standard reference state plus (since °carries a negative value), the energy
released by the combustion reactor.

Solution of cquation 2.43 for the temperature of the combustion products (assumed to
be the same for all products moving with the reactor) is iterative. A temperature must be
assumed and the values of hy arc found from tables or computed.  The h, values are
‘ substituted into the product side ol the equation (2.43) and the result is checked against the
reactant side of equation (2.43). The process is repeated until a temperature is found for
which the quality is satistied.

For the case of no excess air, the temperature of the products is called “Theoretical
Adiabatic Flame temperature” for the fucl. The theoretical adiabatic flame temperature is the
highest temperature that can be obtained from the fucl used in the combustion reaction.

Fig 2.4.7¢ shows schematically the lines of enthalpy versus temperature for the reactants and
products of typical combustion rcaction. The lines arc fairly straight because of the weak
variation of specific heat with temperature. At a given temperature, the enthalpy of products

is always smaller than that of the recactants becausc our sign convention is taken to mean that
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the enthalpy of combustion is removed from the reactant to maintain the temperature of the

product at the given control temperature.

Reactants

Product

S

Entropy of
Combustion

v
—~

T ref T ad

Fig. 2.4.7 (¢): Relation of cntropy ol combustion to adiabatic {lame

temperature. (Howell and Buckius, 1992).

The values of theoretical adiabatic flame temperature of some common fuels are shown in

Howell, and Buckius, (1992).

2.4.7.4.1 Determination Of The Theoretical Adiabatic Flame Temperature Of CNG
(Methane)

The enthalpy of combustion of methane (for the production of water vapour) is found
from 2.4.7.2 to be - 802, 700kj/kmol. The enthalpy of the standard reference states
for the products are also given in that scetion. The chemical reaction is

CHy +205+ 7.52N; —  CO,+211,0+7.52N,



Substituting the known values into equation (44) for 1 kmol of fuel results in

Dol CO 2O gy 393800 2( - 22000') - (- 802.700)
/I

= =T5.100kj kol
(Howell and Buckius, 1992).

The RHS of this equation docs not include Ny because its standard reference state is zero.

Then the terms

Z nhp
p

on the LLHS is

> n,h, = WO, + 20,0+ T.520N

/
an hpo
,,
The enthalpy of the Ny becomes important and must be included since the last expression is
at the temperature of the products leaving the reactor. Using the polynomial expression for

AN

specific heat to determine the adiabatic flame temperature the expression for the LHS by this

method are as follow;

For COy;
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(Howell and Buckius, 1992)

We now choose values of Tp, evaluate the RIIS of the first law relation by summing the three
terms above and compare the RllS. Graphical representation of the iterative is usually in
interpolating the results.

TABLE 2.40: Enthalpy Of Combustion Of Methane (CNG) At Different Guessed
Temperature. Method 2

Tp (guessed) K, | CO, 11,0 N, Sum,kj q°kj

2300 110,700 174,200 499,200 | 784,100 802,700
2400 117,300 183,900 523,700 | 824,900 802,700
2346 113,700 178,700 510,500 { 802,900 802,700

The graph of sum ;

= anlh (1P)-h }))]
7 ;

© Versus Tp(guessed is shown in fig 2.4.7d



8.4x10° __

82x 10" | e

Sum, Kj

8.0x10° +

7.8 x 10° i t=—" Tp (guessed),K
2300 2350 2400 2450

Fig. 2.4.7 (d) Graph of sum Kj Vs T'p (guessed) K.

It should be noted that, the guessed was chosen based on lincar interpolation between the
guessed at 2300k and 2400k and this yielded the correet result. This is often the case for
combustion problems because hlis vary nearly lincar with temperature over fairly large
temperature ranges and the iterative procedure converges very quickly.

It should be noted also, that the largest portion of the product enthalpy is carried by
Nitrogen rather than reaction products CO; and 11,0.
The computed value does not agree well with the tabulated values of 228K for the adiabatic
flame temperature of methane shown in Howell and Buckius (1992). The discrepancies is

partly due to the use of C, (T) relation outside the temperature range for which they were

0

0
Zn/)(h p-h /)j = e e (2.415)
r
included (The range is usually 273 to 1800k).
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And then to replace the enthalpy changes in terms of the specific heat for constant pressure
combustion, or by assuming the enthalpy to be independent of pressure (the ideal gas
assumption). so that equation 2.4 becomes

1w f)

ZH/) IC PPAT =B o, 2.40)

» I

Now, the polynomial expression of tables D1 (Howell and Buckius, 1992) can be used in
the LHS and iteration used until convergence. It should be noted that for fixed T° the

individual integrals for cach products species here form

ip -
d.cr(r)dr
Y
We could define a temperature average value of Cp by the relation

Ve W(TP)- hetrt
Cpx (1) = CUTME = T e 2.47
/ ( ) '/‘"“,1‘” }! ( )‘ ,I'_.'Ivu
Eqn 2.46 reduces to
- -0
(T,, ~-T° )Z IPCp*, PTP) = =1 oo 2.48
r

A Ty value is assumed, value of C*() is found that T, for cach specics, and convergence is
checked by testing the cquality in cquation 248 A graph of C.*(T) is presented in Fig

y p fuality [ pra| | g
2.4.7.e. If the mean specific heat is computed from the polynomial expression of table D1

(Howell and Buckius, 1992) and E1 (Howell and Buckius, 1992) care must be taken that

the temperature limits of equation 2. 47 arc within the ranges of applicability of the
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, polynomials. A table of Cp* values for varying ideal gascs is given in table C.14 (Howell
and Buckius, 1992), computed from the enthalpy value. Calculation of the adiabatic flame

temperature of methane using the above method. Using the definition of mean specific heat,

(r, 7" (n Cpte "/'p]( O, 1 [n(" p*(1)L0 ¢ (m R "I'pjmJ _—

-0

=7, =T d
[n(v" p*(Tp )}( ‘0, + [u(,' p*(1y )jllz() + {n( T )}N2

we can write equation 2.48 for these cases as in the equation above.

Now, values of T, arc assumed and of Cp* (T}) arc taken from figure 2.4.7¢ or table C.14
and substitute into the RIS of the cquations above. A new value of T, is then completed

from the equation, and the procedure is repeated until convergence.

Tp (guessed) K Cp*(1)

CO, 1,0 N, RHS

2300 6.56R ©531R 4.05R 2325

The first guess in this case produced a new value of T, that is within the accuracy of the

graph.
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Fig 2.4.7.c: Mcan Specific Heat of gases
Method 3:

Tabulated value of h (Tp) - " form ideal gas tables are used directly in the equation.

no=ht)o 20 - n )0+ 7.2 - h )N, = 802,700

Again, values of T, are assumed and h-h" values are found directly from the tables. The

process is continued until the equation is satisficd.



Table 2.5: Enthalpy Changes In terms Of  Specific Heat During Combustion Of Methane

Ty, (guessed) K ”hﬂ—l‘)“ M(h_',l,‘_(,‘) kJ/kmol » - S :_ﬁ_
CO, 11,0 N, LIS, kj/kmol

2300 109,100 88,4720 (\7;"4:‘3(') S “:/T)iﬁ()'()w-m——w

2350 112,300 91.070 08,860 812,300

2329 110,800 89,960 08,310 804,400

Linear interpolation between the first and third table entries gives T = 2325K. The three
methods have producced theoretical {lame temperature prediction for methane of 2346K,
2525K and 2325K respectively, while from table Cl4 (Howell and Buckius, 1992) gives

2285K.

24.7.5 Fxplosion Temperature (Constant Volume) For CNG (Methane)

When the products of combustion are contained at constant volume, the cnergy
released by combustion causeé an increase in temperature and usually presumes the final
temperature reached in the constant volume system is referred to as the explosion
temperaturc.

Determination of the stoichiometric explosion temperature and final pressure for
methane combustion in air assume standard initial conditions. The energy equation for the

explosion is by analogy with equation (2.39)

For the stoichiometric combustion of methane,

> onp (u p-U p) = —nf (q ! )v; from ... oeq (2.41)
r

R T . .
((/ "): g, - ! /I (L np o= yonr )

n v ;

CHy +20; + 7.52N; = CO, + 2H,0+7.52N,
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Thus, for one mole of fuel equation 2.41 gives
(q”), = -802.700kJ/kmol — [8.3 144kj/kmolk]298k(10.52 - 10.52)
- 802,700k ) /kmol.

Tor this particular chenvcal reaction, becanse the number of moles ol products equals
number of moles of reactant, the internal encrgy from gas tables and paralleling the solution
of method 3 of scction 2.4.7.4, we guess temperature, compute the change in internal energy
of the products and compare with internal energy of combustion, the equation being used is:
(O -T Y0, +20U -0 1,0 +7.52( ~U "N, = 802,700k / mol

Constructing a table of valucs gives

Table 2.6: Comparison of Change in Internal Energy of Product with Internal Energy of
Combustion.

Ty(guessed) | U=UY) =M U -USKIkmol

ec e, o N, LS. k)/Kmol

2600 123,620 195,960 500.850 820,430

2500 1118270 1186750 ] 479,650 784.670

Interpolating between the two entrics guess 1, = 2550°C = 2823K. This temperature should
be compared with the adiabatic flame temperature for the same case of 2325k. The higher
explosion temperature results because the combustion products did not work against the 4
atmospheric in the constant volume process. The final volume = initial volume V. For
initial condition of one mole of methanc (Cly) and noting that in this case. the total numbers

ol moles of reactant equals the number of moles of products, The ideal gas Taw result is,

r,="r (])//l/ J = lalm.( 2323) =9.5latmos
"\ ! 2()8

Therefore. the pressure is 9.51 atmosphere.
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2.5.0  Engine Opceration

Engine can be classified into different types according to different criteria, Most
importantly, cngines arc classificd into internal combustion engine (1.C.E) and external
combustion engine (stecam engine). Modern technologics completely phasing out “external
combustion engines” and most engines arc now L.C.E. and these engines could be a four-
stroke or two- stroke cycle. Two-stroke engine delivers one power stroke every two stroke
instead of one power every four stroke in four stroke engine, this, it developed more power
with the same displacement or can be lighter yet deliver the same power. For this reason, it is
used in lawn mower, chain saws, small automobile, motorcycle, and out board marine
cngine. However, there arc several advantages that restrict its use, for example, since there
are twice as many power stroke during the operation of a 2- stroke engine, the enginge tends to
‘heat up more and this is likely to have a shorter hife. Henee, most heavy-duty engines and
tractors are four stroke engines.
Natural Gas (CNG, LNG) vehicles are also four stroke engines. Four-stroke engine cycle
could be spark ignition or compression ignition, initially, spark ignition refers to
petrol/gasoline engine while compression ignition refers to diesel engines, but with the latest

technological developments, Natural gas can be made to suit either of the two.

2.5.1.  Four Stroke Cycle

In most engines, a single cycle of operation (intake, compression, power and exhaust)
takes place over four stroke of a piston, made in two engine revolutions. When an engine has
more than one cylinder, the cycles are evenly stagge'rcd for smooth operation, but each

cylinder will go through a full cycle in two engine revolutions. When the piston is at the top



of the cylinder of the beginning of intake stroke, the intake valves open and descending
piston draws in the air- fuel mixtare.

At the bottom of the stroke, the intake valve closes and the piston start upward movement on
the compression stroke, during which it squeezes the air-fuel mixture into small space of the
top of the cylinder. 'The ratio of the volume of the cylinder when the piston is at the bottom to
the volume when the piston is at the top is called compression ratio. The higher the
compression ratio, the more powerful the engine and the higher it’s efficiency. However, in
order to accumulate air pollution, control devices manufacture have to lower compression
ratios. Hencee. the use of dual-fuel engine can be used to achicve high compression and less
pollution.

Just before the piston reaches the top again, the spark plug fires, igniting the air-fucl
mixturc or (alternatively, the heat of compression ignite the mixture). The mixture in burning
becomes hot, expanding gases forcing the piston down on its power stroke. Burning should
be smooth and controlled.

Faster, uncontrolled burning sometimes occurs when hot spots in the cylinder
preignite the mixture; these explosion are called engine knock and causes loss of power. As
the piston reaches the bottom, the exhaust valve opens, allowing the piston to force the
combustion products mainly CO,, CO, Nitrogen oxides and unburned hydrocarbons out of
the cylinder during the upward exhaust stroke.

The procedure is same for diesel or compression Ignition Engines, only that cleaned
air comes in through the intake valve and it is this air that is compressed and the injector

atomises the fuel to hot compressed air and this ignites the air during the power stroke.
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2.5.2.  Direct Injection Engines
Dircet injection Enpines arce used to carry oul rescarch in relation to the combustion in
ingines. Injection Engines could be spark-Ignition Direct Ignition (SIDI) or compression

fgnition Direcet Injection (CID1) Engines.

2.5.2.1 Compression Ignition Direct Injection Engines

More commonly known as diesel Engines, the compression Ignition direct injection
engine has the highest thermal efficiency of any internal combustion engine. therefore,
produces the least greenhousé CO; from its exhaust, however, a number of disadvantages
include a lower specific power than the petrol engines, significant amount of particulate
matter (PM) and nitrogen oxides (NQy) from the exhaust, no‘isc, vibration and smell.

Recent advances in European high-speed automobile diesel Engines address some of
the shortcomings and make such engines ideal candidates, for Hybrid Electric Vehicle (HEV)
applications. These advances include, high-pressure injection, lead catalysts and
sophisticated clectronic controls. With a thermal efficiency greater and well-understood
maintenance, reliability, manufacturing, operating characteristics, thus the high speed CIDI
engines show great promise as near term hybrid propulsion.

A petrol engine mixes fuel and air, compresses the mixture and ignite it with a spark
and in an advanced CIDI diesel engine, fuel is ignited directly into the cylinder near the top
dead centre, during the compression stroke, where lhc heat of high compression immediately
ignites it. Beside their sophisticated fucl injection equipment, CIDI engines are more costly

than common petrol engines. Higher opcrating pressure and temperatures also increase the
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cost of the engine structure and additional emission control (in-cylinder or after treatment)
add still to the cost.

CIDI engines become an especially attractive primary power source for HEVs when
operated with cither reformulated Tuels (e.g. low sulphuar fuel now available in Calitornia)
that help catalyst converters work better at cleaning up pollutant or natural gas alternative
fuels (for example Di methyl Ether or “Fischer Tropsch™ synthetic fuels from, NG ) that
produce significantly fower levels of particulates. Thus, the development of CIDI engines

technologies and new fuels is crucial to meeting emission targets.

2.5.2.2 Spark Ignition Direct Injection Engines. (SIDI)

SIDI engines offer significant potential for increasing the fuel cconomy and power
density of gasoline engines. Goals of the projects include; Investigation ol how fuel spray
interacts with the air charge and piston bowl preparation of appropriate air-fucl vapour
mixtures at the spark plug priors to ignition. ldentification of the extent and the eftect of
Liquid fuel deposits on cylinder surfaces, characterization of flame development and
identification o€ in cylinder processes that generate sooty unburned Hydrocarbon and NOx

emissions.

2.5.3  Enhancement Of Natural Gas Heavy-Duty Engine Technology

Increasingly stringent standards on engine and vehicle emissions necessitate the
development of more sophisticated control approaches for LC.E. Natural gas has significant
potential to reduce vehicle emissions but most dedicated or dual fucl (CNG-gasoline) engines

currently in operation have fairly primitive system of controlling air-fuel ratio and spark
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timings. Natural gas composition varics significantly both geographically and seasonally.
with methane content changing by up to 12%. This alone dictates that an interactive control
systemr which can be monttored cither by the natural pas composition or exhaust pas
composition is essential if operation at too rich or too lean a mixture is to be avoided.
Maorcover, to avoid such cmissions of oxides ol nitrogen (NQOJ). the air-fuel ratio must be
controlled. Precisely at a point near the stoichiometric operation or else to the lean side of
NO, emission peak. Further control can be exercised by the use of exhaust gas re circulation
(EGR) and through intake-boost control. Varying quantities of inert species in the natural gas
can alter flame speed significantly while the presence of higher hydrocarbon can change the

cffective octane rating of the fuel.

2.54 Dual- Fuel, Bi-Fuel And Mono- Fuel Engines

There is a clear distinction between the dual-fuel, bi-fuel and mono-fuel (dedicated)
engine. A bifuel enginc is the onc that allows the use of only one fuel at a time, dual-fuel
engines are designed to run on combinations of alternatives fuels with petrol. Dual fuel
systems inject both fuels into the combustion chamber at the same time. Dual-fuel systems
are mostly used in heavy duty or diescl engine, while bi-fuel systems are used in passenger’s
cars or trucks.

Dedicated conversion systems run on only one fuel. Generally, dedicated vehicles
have improved emission performance because they are tuned (o optimize operation on only
one fucl.

Dual-fuel engines are a clean air solution using alternative fuels. Traditionally,

alternative fuels such as natural gas, in engines produce less power due to ignition problems.
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When air and gas are compressed alone 11.5:1 ratio. Spark ignition can no longer constantly
ignite the fuel (f LIQUEFIED NATURAL. GAS IFTM. 2002). Engines then were unable
to reach the level of compression that makes today’s diesels so powerful and efticient,

Dual-fuel technology changes that restriction by using a small amount of diesel fuel
as an igniter, Dual-fuel cquipment diesel engines can use the same compression common on
diesel engines about 16:1

Presently, all dual-fucl engines will run on either CNG or LNG. Both fuel have
relatively high octane number of about 140. The high octane produces high performance
without knock and is very important to the operation of dual-fuel engine.

Propanc at approximately 120 octanc, docs impact cngine performance, the rating
expected for dual-fuel engines, when available will be approximately 200bhip(150 KW) for
the 3126 (tractor) with 400 1b. {1, torque (546.45 Ny, and 350bhp(262.50 kW) for C-12
engine with 1100 b ft. torque (1502.73 Nm).

Application of dual-fuel Engines: - until recently, alternative fucls such as
methanol, ethanol, propane (LPG) methane (CNG) created as many problems as their use
could solve. Dual-fuel technology, however, is propelling many trucks owner to replace their
diesel engines with caterpillar engines equipped with Dual-fuel technology that provides, the
clean emissions of natural gas combined with efficiency and power of diesel.

Vehicles that use natural gas are handicapped by limited reserves of supply. Natural
gas is widely used but refucling facilities are not yet common even in large citics. The
constraint of limited operating range makes usc of dual- fuel engines most practical for return

to bare applications.
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2.5.5.  Components Of Conversion Kits
The components of the conversion kits for operation of CNG as an alternative fucl
will be discussed broadly under three specilic systems. They are: bi-fuel  (CNG- Petrol),

Bual-fuel (CNG AND DIESEL) and mono fuel (CNG only).

2551 Components of bi-fuel conversion Kits)

(1) CNG Cylinder: - these are high-pressure cylinders designed for storage of CNG at a
pressure of 20 MPa. A typical tank capacity is 60 litres. 'l‘ﬁe number of cylinders
required depends on the vehicle.

(ii)  Vapour bag Assembly: - this is madc of PVC and is designed to cover the cylinder
valves. It is tubular in shape and has a threaded flange at one end screwed onto the
cylinder neck threads and a screwed cap at the other end to give aceess to the eylinder
valve.

(i) CNG Pressure Regulator: - it is a multi-stage pressure reducer in which the gas

pressure reduced from that prevailing in the tank to a pressure just below the atmospheric

pressure. This ensures that natural gas will not low out of the pressure regulator when the
engine is not running. The filling connection/valve is used in filling high -pressure gas from
the CNG compressor to the tank. The electronic selector/change over switch activates the
electrical circuits in the system to automatically change the mode of operation from diesel or
petrol to CNG. Venturi is a gas and air mixing and metering device. It meters the gas low

proportionately to the engine speed.
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2.5.

5.2

Component Of Dual-Fuel Conversion Kits (For Diesel- CNG)

The components of a CNG conversion kit for dual-fucl operation in diesel engines are:

2.5.

(1)

(ii)

(i)

(iv)

(v)

(vi)

53

Special filler valves for filling CNG storage tank;

Multi stage pressure regulator to regulate pressure from 20 bar to less than the
atmospheric pressure;

Pneumatically operated safety valve: to close gas supply as the engine rpm.
reaches beyond specific limits.

Linear load valve- connected to the accelerator paddle — control gas flow as per
engine load,

Rack limiter allows fuel load dicsel flow up to certain engine rpm and reduces to
pilot valve beyond specific speed.

Ventari - the gas mixing and mictering device located down strcam of the engine

air filter.

Component Of Mono- Fuel Kit (Cng)

The components of the kit for mono-fucl operation are:

(1)

(i1)

High pressure cylinder- designed for storage of CNG at a pressure of 20 mPa

A typical tank capacity is 50 litres. The number of cylinders required depends on the
vehicle.

Special {iller vatve for filling CNG storage tanks:

Pressure regulators to reduce the gas pressure from 20 mbPa to just above the

atmospheric pressure:
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Specilic air-valve diaphragm carburctor, six cylinders contact less distributor
Fonition system with spark plups Tocated i the place ot injector, Flectronic povernor
(special) to reduce gas flow at second stage regutator and the specitied rpm reached

(Indiamart, 2002)

2.5.6. Operational Performance, Maintenance And Reliability For Natural Gas
Vehicles (NGVy)

Operational performance- vehicle ranges for CNG and LNG depends on fuel storage
capacity, but generally, it is less than that of a comparable petrol- fuclled vehicles.

Power, acceleration and cruise speed are comparable with those of an equivalent
internal Combustion Engines.

Cylinder locations and numbers may displace some payload capacity.

2.5.6.1 Maintenance And Reliability

High-pressure tanks require petiodic inspection and certification.
‘Some fleet reports two or three year longer service life and extended time between required
maintenances. However, manufacturers  and  converters  recommend  conventional

maintenance intervals.

2.5.6.2 Safety Precaution For NGV
* Pressurize tanks have been desipned 1o withstand severe impact. high external
temperaturcs and automotive environmental exposure: they are as safe as petrol tanks.

Design changes have resolved the problems responsible for earlier in-service failures.
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2.6

2.60.1

Adequate training is required to operate and  maintain vehicles: training and

certification of services technicians is required.

Tractor And Engine Performance
Tractor Performance Criteria

The performance of a farm tractor can be expressed in different ways. The criterion

that best describes the performance depends largely upon the intended use of the tractor.

(1)

(ii)

(iii)
(iv)

v)

The tractors size: - the number of ploughs it can pull under average condition.

The maximum drawbar pull is often used in carrying or evaluating tractors. Drawbar
pull is seriously affected by the soil or test track conditions and also by the gear ratio
and the ballast being carried. Power is a function of velocity and drawbar pull, henee,
drawbar pull partly describes the ability to do work. Maximum drawbar power (Py) is
normally the most uselul criterion for farm tractors.

The maximum Power —Take - off power (Ppio) developed is a useful criterion for
farmers who use a tractor extensively on machine requiring Pto drive.

Fuel consumption is another criterion that can be used to indicate directly or
indirectly the efficiency of the tractor.

Torque curve or lugging ability — it is a way of measuring the stability or pulling
ability of an engine as the cngine is slowed down because of increased load. For
tractors the drawbar pull versus speed, for a single pear and open theottle is the most
uscful method of interpretation,  since  this method considers  the effects of

transmission and traction.
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2.6.2 Power Measurement Methods

Definition of terms: -

Power: - The rate of doing work. A unit of power is Nm/s  watl, It is also measured i hp
(horsepower) 1 hp= 0.746 kW, 1000 W~ 1 kKW,

Brake power: - the power output of the engine crankshaft. The engine may be stripped of
past or all its accessories. IUis otherwise called effective power and it is 10-12% less than the
indicated power.

Pto Power: - the power delivered by a tractor through its Pto shaft.

Drawbar power: - the power of a tractor measured at the end of a drawbar, it is the product
of the drawbar pull and the velocity of operation.

Friction power: - the l;owcr required to operate/run the engine at any given speed without
production ol usciul work, It is usually measured with a suitable clectric dynamometer that
runs that engine. It represents the friction and the pumping losses ol an engine.

Indicated power: - this is the power developed by the engine as a result of the pressure in
the combustion chamber and the volumes produced by the reciprocating components of the
engine or it is expressed mathematically as

LAN
p o LLANn (2.49)
60xC

Where P; = indicated power, Pc= mcan cfiective pressure, pe (N/mz)
L= length of stroke, m; A= arca of piston bore, m?

N= engine speed in rpm; n~ number of eylinder

C=1 or 2 for 2 and 4 stroke engines respectively.

Gross indicated power = Net brake power + Friction power -------- (2.50)



Maximum brake power: - is the maximum power an engine will develop with the throttle
fully open at specific speed. With tractor engines. the maxuimum power is measured at rated
speed.

Observed power: - the power obtained at the dynamometer without any correction for the
atmospheric temperature, pressurc and or vapour pressure.

Corrected power: - power obtained by correcting observed power to standard conditions of
sea-level pressure (1 013x10° pa), 15.5" C temperature and zero vapour pressure.
Kilowatt-hour: - one kilowatt working for ane hour. It is 3.6x10° joules of work.
Dynamometer: - an instrument for determining power, usually by independent measure of
force, time and the distance through which the force is moved.

Dynamometer may be classified as brake. drawbar, or torsion, according to the manner in
which work is being applied. Also, they may be classified as absorption or transmission,

depending on the disposition of the energy.

2.6.2.1 Absorption Dynamometer
An absorption dynamometer measures the power applied and at the same time
converts it to some other form of energy, usually, heat. Examples of absorption
dynamometer are; |
(i) - Prony brake dynamomecter- the most elementary form of absorption
dynamometer.
(i1) Hydraulic dynamometer

(iii)  The air brake or fan brakes dynamometer and
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(iv)  Bddy-current dynamomcter. An absorption dynamometer which is used to
measure power using the relation equation 2.51 (Liljedahl et al, 1989)

Power = 27tlfn, KW —oemommeeee (2.51)
60,000

Where 1. in meters, f, in Newton and n, in revolution per minutes (specd, rpm)
Torque is measured by the prony brake and similar dynamometer. From equation 2.51,
torque, 1= {1 and power becomes

Y0 V'S A — (2.52)
60,000

Where T measured in Nm (Newton meter).

2.6.2.2 Shop- Type Dynamometer

This type of dynamometer i1s used primarily as an indication of the condition of the
engine. It is also used in the process of adjusting or turning an engine and in indicating to
customers the improvement in a tractor engine as a result of overhaul. maintenance or
adjustment. Shop type dynamomcter generally employs a pressure gauge to measure the
force on the resisting torque arm. The Pto speed is usually measured by a direct reading

speed indicator.

2.6.2.3 ° Drawbar Dynamometer
Drawbar dynamometers are commonly employed to determine the drawbar pull of
power units or to ascertain the draft of fickd implements. xamples of drawbar dynamometers

are: - spring dynamometer. Iydraulic drawbar dynamomelter, strain gauge dynamometer.
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% Spring Dynamometer— the simplest and the most common types of drawbar
dynamometers, unit consists of a spring that clongates under (ension and shortens under
compression. It is suitable for rough measurcments of forees, because of rapid variations
in loads such as are commonly found in connection with agricultural implements.

< Iydraulic Drawbar Dynamometer  uses hydraulic eylinder to transmit power from the
drawbar force to the dynamometer car. The pressure is measured by a pressure
transmitter. the signal from which goes to the rccorder and a computer. The hydraulic
cylinder for measuring drawbar pull has an advantage over a spring dynamometer in that
fluctuations can be damped by a throttling valve.

< Strain gauge dynamometer— one method of measuring the drawbar pull is by means of a

dynamometer that uses clectrical resistance strain gauge to sensce the strain.

2.6.2.4 Torsional Dynamometer
Torsional dynamometers are developed as a result of the machinery operated by
tractor power take off shafts. A typical example of Torsion dynamometers is the Torque

meter (strain gauge type).

2.6.2.5 Chassis Dynamometer

The testing of tractors outdoors has some limitations due to weather. One method of
" avoiding some difficultics of outdoor testing is the use of chassis dynamometer. The tractor
is restrained from forward movement, and the drive wheels are placed on a drum that is part
of an absorption dynamometer. Temperature can be better regulated when testing a tractor on

a chassis dynamometer.
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2.6.3 Power Estimation: Field Mcthod

[tis often desired to know the approximate power being developed by a tractor in the
field. If the accuracy of strain-gauge types of torque meter is not needed, an estimate of the
tractor power output can be obtained by measuring the manifold pressure. A relationship
between the mantifold pressure and the power is first obtained by a dynamometer test. The
curve is correct only for full throttle or governor setting. Since manifold pressure is not
controlled on a diesel tractor, a relationship between manifold pressure and power cannot be
obtained. For a given no load engine speed, a curve can be plotted of PtQ power versus fuel

consumption. a typical example is shown in Fig. 2.6.3a

A Ford 8000 diesel transter
with throttle set for 1990
4.5 T rpm at no load
4.0 +

Diescl Fuel Consumption ml/s

P.T.0O. Power, KW

>

l
T
0 10 20 30 40 50

Fig. 2.6.3 (a) Diesel Fuel Consumption Vs P.T.O Power for Ford 8000 Diescl Tractor
(Liljedahl et al, 1989
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2.6.4 Torque Curves

Once performance criterion is the lugging ability of the engine or more precisely. the .
torque curve. It can be expressed as the torque in pereentage of the maximum power torque
versus the engine speed; also in percentages or it can be expressed as the engine torque in

.Nm versus the engine speed i rpm.,

A desirable torque curve is onc that increases significantly as speed decreases and is
therefore stable. Such a torque curve results in a minimum of speed variation in the engine. A
diesel tractor will normally have less speed variation for a given change in torque than a
comparable petrol engine.

2.6.5 Engine Performance

Fig. 2.6.5a gives the results of a typical test of a tractor Engine whose crankshaft is
attached directly to a dynamometer. ‘The same engine when placed in its tractor chassis
would have Jess power through the power take off because of losses due to gears, hydraulic
pumps c.t.c.

The power rating of trucks and automobile engines usually are the results of a

dynamometer test of the engine removed from its chassis.

2.6.5.1 Efficiency Of Tractor Engines

An important criterion of the engine performance is its Thermal Efficiency. It can be
expressed in pereentages, but it is casicr to express the efliciency as the ratio of the mass of
fuel burned per hour to the Pto power. Or itis a ratio of the amount of heat actually contained
in the fucl. This is in the range of 0.26-0.37(Adgidzi, 2002). Aboutl 30%6 of thermal Energy

from fuel is converted to effective power, the rest (of thermal energy) is used in overcoming
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mechanical losses. 10% heating the cooling liquid, and the engine, 45% and thermal losses
through exhaust gascs. 15%.

Fig. 2.6.5b gives the fuel efficiency of tractors at Nebraska for petrol in 1976 and for

diesel in 1984. The graph represent data from the Pto varying power and fuel consumption
test, which indicate the tractors ability to convert potential energy (fuel) into useful work,
since the efficiency is expressed as KWH/L, a high number means, high efficiency.
From the graph, it is clear that diesel engines have greater cfficiency than the petrol engines.
Analysis of the data indicates that diescl engines tractors are approximately 54% more
efficient than petrol engine tractors. The fuel efficiencies of both fuels decreases as the
power level percentage of the engine decreases.

EF (at PLo) = Output work (KW.5) X100 =-ceeememeemmmmemmemeenees (2.53)
Input work (kJ/kg.kgfuel)
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Fig. 2.6.5a: Performance curves for Perkins 4.236 Diescl Engine. (Courtesy, Perkins Engines Limited
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Figure 2.6.5b: Average fuel efficiency ol gasoline tractors tested in 1976 and diesel
tractors tested in 1984 at Nebraska (Liljedahi etal, 1989).

2.6.5.2 FFuel economy of a tractor

This is characterized by the specific fuel consumption determined by dividing the

hourly fuel consumption of the engine by its clfective power.  In diesel engines it is

approximately 72 kg/joules (200g/k W .hr).

2.6.5.2.1 Indicated Specific Fuel Consumption

The indicated specific fucl consumption is related as follows;

gi=10°Gy_ (g/kWhr)................... (2.54)
N;

Gy= 3600N; (kg/bry. oo

0 1,
Where g = indicated specilic fuel consumption
H, = Specific heat of burnt gases (kj/kg)

ni= Indicated efficiency, N; = indicated power.
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IFrom cquation 2.54 and 2.55 - » g, 3.0x . '

Hon,
gi = 170 - 200g/k Whr for diesel engines

gi = 240 — 340g/kWhr for petrol engines. (Adgidzi, 2002).

2.6.5.3 Mechanical Losses In An Engine

I:ffective Power = N, N;- indicated power, N, = Mcchanical Losses.

Effective power of an engine is expressed through the mean effective pressure of the engine:

P.=P;- Py : P.=0.6— 1.0 mPa for 4 stroke petrol engines
P. = 0.5-0.9 mPa for 4 stroke diesel engine.

Effective power, Ne =P Vipnic..........ooo (2.58)
30t

Effective engine efficiency

3600 Ne 3.6x10°

N, = = e e
! GTHH geHu

" Engine efficiency =

----------

..........

1y T3 0] 1] 4] ) ceeevvesen sveeiinns eiineiis e eeeeeas e e (2.60)

Where 1 -- non climinable heat loss
N¢— eliminable heat

Nm = Mechanical loss

80



Actual determination of specitic fuel consumption

2o 10N G 30X 0" oo (2.61)
Ni Hone

ge = 200 - 250g/kWh for 4 stroke diesel engine

& g = 250 = 320g/k W.hr for 4 stroke petrol engine (Adgidzi, 2002)

2.7.0  Engine Dynamics
This aims at determining the forces and moments acting on the crank mechanism of

the engine and also used to determine moment ol inertia and the mass of the flywheel.

2.7.1  Piston Crank Kinematices

Considering figure 2.7.1. the piston displacement is after the crank has turned 0° from
top dead center is expressed as

S=r1+l-1cosO - 1cosd ..o 2.62 (Liljedahl et al, 1989)
Where rand | are the crank radius and the connecting rod length, respectively since;

=be? +ca’ =rsin’ 041 cos™ ¢

then

[cos¢g = VI~ i2sin?0

Substituting the later in equation 2.62 and simplitying, we obtain

N r[(l - cosO) }’/(I -\/"" //, sin’ 0 ” ————————————————————————————————— (2.03)

Adding r*sin*0/4 1% 1o the terms under the radical to complete the square results in the

approximate relation.
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Similarly, /sing =rsinf -—-———-————— - ——————— 2.64

S = rl(] ~cos 0)+ %lsin ZUJ |
r[(l - Ccos )+ %/ XI ~-cos 20 )] ............................................................ 2.64

y\
0
A2
o
B
w
1
A4
7y

'1G 2.7.1: Piston and crank relation. TDC=top decad center -
BDC = bottom dead center (Liljedahi etal, 1989)
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The piston velocity v at a given crank angle can be derived by differentiating equation 2.64
with respect to time (Lo obtain

Cds ds O (
I 4 : =Tl

- ° SinO 1T S 20 e 2.006)
dr do i 21 ) (

Where o is the angular velocity of the crank, the maximum velocity of the piston is attained

When:

i — rad(cos r/ Y —
g ;()((.050+/C052(}) 0

From which cos 0 =

It is noticed that the valuc of O at which the piston velocity is maximum or minimum depend
upon the connecting rod to crank radius ratio. Usually, the piston attains its maximum
velocity at 75°C and 85° from TDC at which the angle between the crank arm and
connecting rod is close to perpendicular.

| The acceleration of the piston can be obtained by differentiating the expression for

piston velocity with respect to time. Thus,

dv dv df 2 .
== ——— = 1@ OSSO+ 7/ COS20.cceeiiiin, 2.68
dt do dt ( /l )
The maximum and minimum atmosphere values are attained when;
4 _,
do
or

sind + 2%sin 20 =0

l/

From which sin© =0, and cosO = - Yar
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Maximum acceleration is attained at the angles of 0 — 0 and 0 =2

F=M,= Mru/'z(cos(} + ’/C C()SQ.Q) .................................... 2.09
(Liljedahl ctal, 1989)

The piston and the upper part of the connecting rod are assumed to have reciprocating

motion. If the mass of the reciprocating part is denoted by M the inertia force, F acting on

the mass is as expressed in equation (2.09).
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CHAPTER THREE

3.0 MICTHODOILOGY

Engine Design General
New engines correspond essentially to current models but contain changes or modifications
made possible by improvement in design, fucl, Tubricants or materials. The first step of any
engine design problem is to select the speed type, number and size of cylinder and the
arrangement of the cylinders for the required output

A tractor diesel engine was used as the (existing) engine, whose engine parameters
served as a basis for the tractor CNG engine design. Having known the parameters of the
diesel engine, the design procedure for internal combustion engine (I.C.E) were followed
strictly to determine the basic engine parameters of the designed CNG engine and the
theoretically regulated clmructcrﬁslics of both engines. Comparisons were made on the fuel
cconomy or the economic effectiveness between the two engines.
3.1 Basic Engine Parameters Of A Named Tractor Diesel Engine

Prototype tractor: 8075a

Engine type: WD411.45

Effective power (diesel engine): 47kW

Rated engine Speed, n (rpm) — prot.t: 2,400rpm

Compression Ratio, E: 16:2:1

Number (and type) of cylinder: i 4p,

Stroke to Bore ratio (S/D); 11TOmm/100mm

Maximum torque at engine speed, Nm: 229 at 1400rpm

Mean piston speed, : 8.8m/s
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Total piston displacement: 3456cm’

Injection sequencer 1342

(STEYR DAIMLER PUCH; Akiengesclscheft) steyr Wien Graz, Austria

Source:  Operating  Instructions  for - Steyr - 8075/8065  printed  in - Austria by
Vereinsdrucken steyr

Design Procedure

Design Assumptions

The under listed assumptions were made during the process of the design of the

tractor CNG engine.

A = R/L where A is a ratio between the crankshaft Radius and the connecting rod length, L.

R/T. = (between 0.21------- 0.30) (Heywood, 19906)

‘For this design, A is assumed to be 0.25 =0.251.= R

The rated engine speed for the designed CNG = the rated engine specd of the diesel
engine = 2400rpm.

The stroke to Bore ratio of the two engines are equal = 110/100 ie. S/D =
1 10mny/100mm

Since the CNG operated engine would be a spark ignition engine (:/ LNG, htm,
2002) compression ratio of the engine (diesel) would be reduced to enhance the use of
the CNG thercfore compression ratio for tractor CNG engine for this design = 15
(Technocab, 2003).

CNG contains mainly methane, i.e. about 95% of CNG is methane therefore it is

assumed that the composition of CNG is only carbon C and Hydrogen L1

- Mm mechanical efficiency of the existing (diescl) engine = 0.72 (Adgidzi, 1988)
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- Nim mechanical efficiency of the CNG. Engine = 0.85 (Heywood, 1996)
¢ of the Diesel engine is 0.8(Adgidzi, 1988)
¢ of the CNG. Engine is 0.89(Heywood, 1996)
3.2.2 Determination Of Parameters For Indicated (Curve) For Tractor Engines

[Diesel & CNGJ .

For absolute pressure P and absolute tempcrature, T. The pressure and temperature
for points at: a — completion if intake, ¢ — completion of compression, z — completion-of
combustion and b - completion of expansion process are required in the construction of the
indicated curves for both engines.
3.2.2.1 Pressure, P, And Temperature, T, At Completion Of Intake Process (And

Commencement Of Compression)
P,and T,are determined as follows:

P = A ) N 3.00 (Adgidzi, 1988)

! I
Where n, = filling co —efficient (of the cylinder with mixture) — same as the volumetric
cfficiency which related to density or density dependent.
For diesel engine, n,= 0.80 - 0.90 and for this design 1, for the diescl is taken to be
0.85. Similarly 1, for CNG = 0.50 — 0.78 (Ileywood, 1996) and for this design ny CNG =

0.55 (Technocarb 2003)
€ = Compression ratio, &giesel = 16:2:1, £cng=15:1

P, and T, - Atmospheric (surrounding) pressure and temperature respectively
P, for both engine = 1 atmosphere (standard pressure) = 101.325kPa
1.c. Po diesel = PO CNG = 101.325kPa

To diesel = To= 27" = 300K (27 + 273)= Average atmospheric temperature in Nigeria
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4

/ air is inducted at 27" and 1 atmosphere (Richard, 1985)
‘f';l’, Ty = pressure and temperature as a results of the effects of residual gases in the cylinder
Py giese. = 1.00 mPa (Adgidzi, 1988)
Tr diesa =114" = 387K, Prdgieser = Prong - 106 mPa
Preng =1.06mPa, Treng. = 115" = 388 K (Richard, 1985)

Substituting these values into equation 3.00 for both the diesel and the CNG, we obtain the

pressure Py giesel o Pa ¢ng as follows:

) - 0.85x101.325% 300 +1060 x 300 — 146.24kPua
16.2x300

0.78 x101.325(14) x 300 + 1060 x 300

P = - =122.68kPa
15% 300

> 7l
The temperature, T, = i A 3.01
n(e-D)B+70p P,

Substituting the above values into eqn 3.0, T, prore and Ty ong. are determined where T, is

temperature of mixture at the point of entry into the combustion chamber. (7, = T, =300K)

16.2x146.24 x 300
Therefore, Ty gieset = — X ij(_).a_..ﬂ.v_,

0.85x(15.2)x101.325°* x 1060
387

=333.55K

16.2x122.68x 300
Taeng = 300

0.55x%(15.2)x101.325 x 1060
387

= 345.08K
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j.“
2.2.2 Pressure, P, And Temperature, T, At Completion Of Compression Process

7 (Commencement Of Combustion)
/ L= D" mPy e 3.02
=T 0" ' | K crremmmemmmeeeees 3.03

Where ny is the polytropic index for compression, assume ny = 1.39
"Fhercforc, P diese= 46.24 X 162" = 7.02mPpa
Pe oG =122.68 x 15" = 5.29mPa
Te dieset = 323.55 x 16.2°% = 988.26K
Teong 345.08 x 15" =992, 19K

Specific volume V. at the completion of compression

Where V= o2t 2t 22305

8.314x107 x333.55
28.97x146.24

=6.55x107"n’

a diesel =

8.314x107 x T}y, 8.314x107 x345.08

Vaong = = =8.07x 10*m?

28.97x 58.087 28.97x122.68
-4
Vc diesel = Vad’ew[ = 6.55x10 =4.04x 10_5 m"
g(h('w'l ]62
7 -4
VeONG ™= .’f"'!Wi, = 807x I() =538x10 5,”‘
Eopi
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l.

y
/r_"'l.Z.Z.l Quantity Of Gas (Air) In The Cylinder At The End Of Compression
(TDC) i.e. (Diesel) With Composition; C, H, O And CNG With

/,i Composition; C, 1)

The theoretical quantity of air required to burn one kilogram of fuel i.e. (diesel) with

composition; C, H, O and CNG with composition C, 1)

I .

b 8¢, . [ N I )
l, = 0.23 (’/3( + 811 - O kgl ke 3.06 (Adgidzi, 1988)
L, = L e 3.07

29

Where C, H. O weight per element per kg of diesel fuel i.e. C=0.857, H=0.133 and O =0.01
and for CNG C=0.75 and H= 0.25 (Adgidzi, 1988)
Substituting these values into equations 3.06& 3.07

| B 1

= /(0 = r ko
Iharwr = 5 33 (} (0.557)+ 8(0.133) - .01) = 14.52kg / kg

L 5
Lyt = ~dheed - 14.52 = 0.500knmol / kg
[ IS 29 29

Ly, = 6173(% )(0.75) +8(0.25) = 17.3%g / kg

L ... 1739
Lo =0 2~ 0.600kmol 1 k
emi T g T g &

Actual quantity of air required for combustion of 1kg of fuel is given as
L= oL gmmmmmmmmmm oo e e 3.08
Where «= excess air co-cfficient (Assume = 1.9)
For L gieser™ 0o dicset = 1.9 x 0.500kmol/kg = 0.95kmol/kg
L onGg = o Loconag = 1.9 x 0.600kml/kg = 1.14kmol/kg

Quantity of fresh mixture, M, is determined as follows:
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Where Ay molar mass of fuel (diesel CNG)

For diesel 1/ is negligible, for methane 1/pg = 0.0625

= MY giesel = Ul diesel= Liesel =mmmmmmmmmmmmmmm o s 3.09

M dieset = 0.95kimol/kg

Mi eng = 1,14+ 0.0625 =1.2025 kmol/ kg

Apart from the in-coming air (mixture) into the cylinder, there are residue gases in the
cylinder (left over of previous burnt gases), therefore, quantity of residual gases in the
cylinder was determined as:

M, =7, x aL, kmol/kg----=---ecvecmmmmm oo 3.10

Where 7, - coeflicient of residual gases which is related by equation (3.11) below:

.
e p— T e 301
PTn,(Z-1)

Substituting the already known values of P,, Ty, P, T, and € for each engine into equation

3.11 yields:

1060 % 300 ~
101.325x387x0.85x15.2

}/r diesel =

. 1060 x 300 _
Fr 101325 % 38805514

Mr diesel T Yrdiesel X ‘letlicwl
= (.63 x 0.950 = 0.60 kmol/kg

M, enG = Yrong. X My ena (alae ¢nG)

= 1.05x 1.2025 = 1.26kmol/kg
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7

i
/Total quantity of mixture in the cylinder at the compression process

/ Y U — 3.12

Mt diesel = M1 diesel. + My diesel
= (.95 1 0.63
= 1.58kmol/kg
MicnG = My eng + My ong

=1.2025 + 1.26 = 2.46kmol/kg

3.2.2.2.2 Quantity Of Gases In The Cylinder At The Completion Of Combustion
For the combustion of 1kg of fuel with excess air & >1. The components of the burnt gases
consist of CO,, water vapour, exeess oxygen and nitrogen, this quantity was denoted by M»
and calculated as: for dicsel
M, =al, + H/ 4 + O/32 (kmol/kg) --==--==mvmcsmmmmmm oo eeeen 3.13
= Magiese= 0.95 +0.133/4 +0.01/ 32
=().984kmol/ kg
=> M, cng =aloeng +0.25/4=12025+0.25/4
= 1.265kmol/kg
Taking into consideration, the residual gases (the quantity of gases in the combustion
. chamhcr.) after was given as
M, = M, I M, (kmol/kg) ---=----mmmmmmmmmmmmmeeae msemesnnees 34
M., dieset = M2 dieset T My diese
=0.984+ 0.6

~ 1.584 kmol/kg
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/
/

/)(( NG = Mo ong + My eng
/ ~1.2654 1.26

= 2.53kmol/kg

Coefficient of molecular change in the mixture is given as:

M
ST RN
M,
/I{Il\cl == dlfi(‘[‘
g tdiesel
1.584
=222 21.00
H 1.58
M:('N(;
Hoyg =77
o Mr('N(i
M= 2.53 =1.03
2.46

3.2.2.3 Pressure, P, And Temperature, T, At The Completion Of Combustion
This is at the commencement of expansion process.

Denoting the level of increase in pressure at the end of combustion by A,

P, =X, x P, mPa --- ---- ---3.16
Taking A, = 1.90, the lower the coefficient of gaées, the higher the increase in pressure, A,
P, dieset = 1.90 x 7.02
=13.34 mPa
P,oeng = 1.90x 5.29

= 10.05 mPPa
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f’{‘ he temperature T, is determined from combustion equation for a four-stroke diesel engine

/

A (Adgidzi, 1988):

r

7

. . : &l
(', 18282 )17 g
' al, (147,

)'-/10//,/,0/; ------------------------------------ 3.7
" Where &- co - cfficient of effective combustion of fuel
¢ =6, o - Co - cfficient of heat foss (for «, ), but > 15 =1

Where & = 0.8 for diesel (Egicser = 0.8) and 0.89 for CNG (&cnei) (Adgidzi, 1988)

1Cy — mean molar heat capacity of air at constant volume in kJ/kmol K

1Cp — mean molar capacity of burnt gases under constant pressure kJ/kmol.K

H, heat of combustion (T gieser = 42, S00kJ/kg for diesel)

Hy on 80300kIkmol /16.004 = 50,175k /kg

Hey = 20164 17381 X 10 mmmeemeeeeme e 318

Hev dicser™ 2016+ 1.738 x 107 T gieser = 20,10 + 1,738 x 988.26 x 107
=21.88

Heveng== 20.16 + 1.738 x 10° T eng = 20.16 + 1.738 x10° x 922.19
=21.88

Hep = 8.28 +(20.1 +0.921/ a) + (13.82 /o + 15.49) x [t O —— 3.18

Substituting o = 1.9 into equation 3.19 gives

Hep = 28.#65 22764 X 10 oo 3.19

dicsel engine

(RCy + 828 1) T = (21.88 + 8.28 x 1.9) 988.20

=37,170.44
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el _0.8x42,500 22368 .42

al, (Iy,)  0.95(1.60)

X X T, = 1.00 (28.865 1+ 22.764 x 10°Y1, )1,
=28.865T, 1 2.2764 x 107 T,

522764 x 15)1,2+ 28.8651, = 37.170.44 1 2236.42

—2.2764 x 107 T,* 28.865T, - 59538.86 = ()

T,1=1.805.48 , T,, =- 14,486.00K T, #1,,

5 Tz diesel= 1805.48

For the CNG engine

(pe, +8.28xh,)T, = (21.88 +8.28 x 1.9) 992.19 = 37318.25

~ 0.89 % 50.175
o, _ 08950075 1010815

al (Hy,) 1.14x22.05
HX fep T, = 1.03T, (28.865 + 22.764 x 107™1,)
=29.73T, +2.345 x107 1,
52.345x 107 T,2+29.73 T, =37.318.25 + 19,108.15
—2.345x 107 +29.737T, —‘56.426.40 =0
T, = 1.758.78 and . 1,5 =- 14.353.94K 1, #T,

’ I, CNG™ 1,75878K
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i - - . N
f;2.4 Pressure Py and temperature, Ty, At The Completion Of Expansion (i.e.
/
4 Commencement of intake process):
a. Pre- expansion index

The pre- expansion index is as stated below: where the temperatures 1, for both fuels are

determined.
p = LT Y S 3.20
Al

1.06x A, xT ... 1.06x1.9%x988.26

et = L R 106X LIXIBB26 5 07 5 - 2488k

& 0.80

. 9%992.19

T L06X19x992.19 ) o

0.89
The ratio of the compression ratio (o the pre- expansion index, 8 is used to determine

Py, and Ty, for both Diescl and CNG.

(b). e 3.21
dresel = ] (),2 = 152x
1.06
5, =1 1415
T 1.06

(©) Pressure, P, At Completion Of Expansion Process (Commencement Of
Induction Process):

The pressure, Py is determined as folfows:
) SN\
|),-l:_p L I — 322
! ‘5“1 S8 o
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)
— { dresel
5 "

2> .
P diesel

13.34

15 95! = 0.453mPu

M

Ppongs = 2ONG
b CNG o1,

O N

10.05

= 14 15| T 0.376 mPa

Temperature T, At The Completion Of The Expansion Process
(Commencement Of Induction Process):

The temperature, Ty is determined as follows:

I 3.23

. 2488
I b diesel =~ 152802' - l 2()3 l ()K

- T 224525

J

des

=1,188.60K

Volumes at intake, compression combustion and expansion
V.. V.. V, and Vy respectively
From equation 3.05, V, gieses = 0.55 X 10" m?
Ve dieset 04 X 107w
Also, Vaong, ~ 8.07 x 107
Veong = 538 x 107

V,=pV,, V.=V,
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V.
Where ° =7 =
V L0

o
Volumes at intake, compression. combustion and expansion

Va. Vi, V, and Vy, respectively.

FFrom polytropic compression equation

And Py =Py, (_lﬁj (for expansion)---=----======nnu=- 3.25
V‘(
_I_/(_l _ I b
re v
e 3.26

5 Vodieset = P dieset X Ve (Iicsc\l
= 1.06 x 404 x 10" m’
=428 x 10”°m’
Vzeng = peng X Veeng
= 1.061 x 5.38 x 107"’ =5.70 x 107
From Vg giesel = Vb diesel

= 6.55 x 107"m*

Va e = Vaona =8.07 x 107"m?

Vaeng 7807 x 10t m! Vi diesel 70.55 X 10" m?
Vpong = 8.07x 10 m' Vi dieset 70.55 x 107 m*
Veong = 5.38 x 107 m? Ve diesel =404 X 10° m?
V, onG =570 x 107 m? V., dieset =4.28 x 107 m’
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j;/ Procedure followed in the construction of indicated curves. The various pressure points (Py)
4
and the volumes Vy were used for both polytropic compression and expansion curves.
The volume axis, V was divided into nineteen — equal halves from the V, to V, at indicated
interval for both engines and the corresponding values of Py obtained using equations 3.24
&3.25 for polytropic compression and expansion respectively.

54)

Pe= "\ /T,

—o(V,/\"
Px—Pb( /Vx) 3.25

Where n; = 1.39, n, = 1.24 and P,, Py, V,, Vy, are obtained from table 4.10 for both engines.

3.2.25 l)c‘lcrminalion Of Mcan Indicated Pressure From The Indicated
Diagrams

The mean indicated pressurc was given as

P = ﬁ‘l—r mPa 3.27

Where F= indicated diagram area, mm?
I = length of indicated diagram, mm’

1t = Pressure scale (Imm -~ mbPa)

For diesel IF = 3.580mm” from fig 3.1.0
1 =153mm

g =0.05 mPa(Imm, = 0.05 mPa)
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/ B 3580mm*

y!

Vel » 0.05mPa
’ 153

1170 mPa
Py Cracs I 3300 mm’
1= 150 mm
1o 0.04 mPa (Imm — 0.04 mbPa)

,/(.\,(. = 3300 x 0.04mPa
o150

= ().88 mPa

The value of the theoretical pressure by the analvtical method was given by the formula:

_ Ap ]
/1/,(/) 1)+ ! (l' ! J (I {_,E j:f —————————————— 3.28(Adgidzi, 1988)

N |
n, ~1 oM n -1

Iy

yel ‘

I
£—1

7.02 , 1.9 1.06 | 1 |
P = Y06 -1 T T e e e
roded 15.2[ (100-1) 0.24 ( 15.28”“"J 0.39( 16.2“‘”)J

=(0.114 +4.03 - 1.70) 0.4062

1.129 = 1.13 mPa

_ 5.29 1.9x1.006 ] 1 1
pet o =2211.9(1.06 -1 +—ﬁ~~--—»(1 —~-——;)-~—-(1———J
AR V" [ ( ) 024 {14152 ) 0.39 15°%

=0.378(0.114 + 3.949 - 1.672)

" =0.904 mPa

The accuracy of construction of indicated diagram is given by the crror co-cllicient as

I””"., )
W = ! Seal Do) FOOYG = e mmmm s 3.29
1.13~1,17>< -0.04

S Ux100 = o x 100% = ~3.54%
1.13

id diesel = 1 ]3
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/
/
; 0.904 — (.88
ﬁ’;“”"’\"i = 0.904 o 100% = 2.66%
.j :

o should not be higher than 3 4 % (Adgidzi. 1988)

The actual or real mean indicated pressure is given as:

Where y is co-cllicient of incomplete indicated diagram (y = 0.93)
= Pi giesa = 1.170 x0.93

= 1.088 mPa
Py eng = 0.88 x 0.93

=().818 mPa

3.2.3 Determination Of Engine Parameters And Fuel Economy Indices
3.2.3.1 Mean Effective Pressure

The mean cffective pressure is given as:

Pe=pi.n(mpa)ecoceoniii... 3.31 (Adgidzi, 1988)

Where ny, is mechanical el‘ﬁciellc:"y, this is the level by which indicated parameters of p; can
be reduced through losses 0, = 0.7 —0.82 for stroke diesel engine, 1 = 0.85 —0.90 for four
stroke petrol engine.
" Assume Nmeng = 0.85
P. diesel = n,,.pi diesel

=().72 x1.088

=1().783 mPa

101



;
fi; Peeng =Mm CNG pi on
085 x 0818
0.695 m"l’:l
3.2.3.2 Engine (Displacement) Capacity

The Engine displacement capacity V)= Vy,

Where 17 no of eylinders - 4 and is related as follows:

Vi= V= —= e 3.32

Where 1 = 2 for {our- stroke engine
The rated engine power, the Ne' giesel = 47 kW
- 'The engine displacement capacity, Vyis determined to be

60x6x47x 10
-

- ; =3.00x10 ‘m'
0.783x10%(prot.1.)x 2400

Assume Vi gicset = Vi ong or Vi= Vi for CNG == (8.07 x 10 -5.38x 107 ) m’
=7532x 10" x4 m’

=3.0128 x 10° m’
" Vidieset = Vieng = 3.0 x 107 m?
Assume S/D diesel =S/D CNG =110/100

The rated effective power for the designed tractor CNG engine is

’

1N

I)

& " ety v e
CONG X ’&I_LM' x |

60x 6

r —
Ne enG =

_0.695x10° x 2400 % 3.00x10

60x2

=41.70 kW
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3.2.3.2

The diameter, D of the cylinder is determined tfrom the relation as:

1
D= J (S/) ------------------------------- 3.33 (Adgidzi, 1988)
4 >
3.00x 10
1) diesel p NG}
/T(l')

= 0.0954m
= 0.09m = 90 mm
Since S/D=1.1=>S=1.1D
The length of stroke S, = 1.1 x 95.4 mm
= 104.5 mm
The crank radius is 0.5S = r= 0.5 (104.5) mm
ST 52.25mm

r=52mm = 0.052m

Indicated And Effective Specific Fuel Consumption
The indicated and cffective fucl consumption (for rated power for engine
design)

3600
&= 3609 L L URY7 3 R Y R — 3.34

n,Hu

Where n; ~(0.28 ... 0.33) (Adgidzi, 1988)

3600 e 10
0.30x42.500

i dieset

=282.35g/kWhr

where Hu gieset = 42,500kj/kg, for 1i_giesa =0.30
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360010

2oonG cassumen), oo 0.32
l/ll Nesy II”' NES o

oy o SO075 kiZkp,

360010
£ CHG e 2/ KW hr
0.32 50,175

= 224.22p/kW hr

The effective specific fuel consumption, g is determined to be

I B R 3.35

y
y . g"(l!l'\&’l
e dicsel — 7

’]m.ln'u'/
N 0.72, ¢ 282.35p/kWhr

26235

g
ge CNG = —
I]m( Ne;

Nm cnG=0.85, gi eng=224.22

22422
0.85
=203.79g/k Whr
Iffective indicated efficiency, 1\¢ = 1}i N ==-==-==--=======mmmnmmmmn 3.36

Ne diesel = Ni diesel X M. dicsel

=030x0.72=0.216=21.6%
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J{
/ Ne ONG 7 i ONG X N ONG
=0.32x0.85
=0.272=272%
3.2.34 Specific Power — To- Volume Ratio

The power - to - volume ratio is the ¢ffective power produced by one volume of the

cngine operating volume.

‘ N, )
Wi (W —v) = = =m KW/IHIE =mmmmmemmm oo 3.37
V, xi.
aD? .
Where V), = oS D=0.095m, S=0.1045m

0.095)?
Vi diesel Vi eng ™ a ) x 0.1045m"

= 7.4072 x107"m" = 0.74072 litres

Cediesel 47/(”',

SN diesey = o 0 7
i (diesel) Vh .i(,'(’//) 0.7407214

=15.86 kW/litre

AT N

N. ~ =
YN Slitres ¥,
=13.90 kW/litres
3.2.3.5 Specific Power ~T'o - Piston Ratio

This is the effective power produced by Idm?arca of the piston

I, = cross sectional arca of piston head
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p V, 74072x10 'm’

’ N 0.1045m

S 7088 x 10 'm” (100 dim” ')
~7.088 x 10 P x 107 din”

=().7088 dm’

. —  diosel
<o HMpp diesel = "’f"’*'i"_"--
I, xic

e
U p —p diesel 0.7088 x4

=16.58 kW/dm*

41.7

by pONG = —
HoopONG = 088 v 4

= 14.71 kW/dm*

3.2.3.6 Mean Piston Velocity

The mean piston velocity is dectermined from

V,= S 3.39
30

Vp diesel = vp CNG SINCE S giesel = S NG & N giesel = N ONG

_ 2400x0.1045

b 30

8.30m/scec

3.24 Theoretically Regulated Characteristics Of A Tractor Diesel Engine

This should be a comparison between the existing diesel (diesel) and the CNG engine.
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Constructing the regulated characteristics as a function of revolution frequency

(rotational speed).

3.2.4.1 Maximum Revolution Frequeney (Rotational Speed) Without Load (1dle
running)
w210 : .
e = e Py = R 72 U L R e 3.40
2-0p

Where 6p — degree (level) of irregular control (regulation), take (dp = 0.06)

Ty max . 2 + (YI) roge
Phen a0y (diesel) = - n'diesel =2544rpm
2-0p

v r — r
SINCE N giesel = N NG

max L max - 4.
”u//l‘ prott - ”/://t' des T 2544,/)”'

3.24.2 Rotational Speed Under Maximum Torque

kog = 1.3 — Engine fixture co —efficient (Adgidzi, 1988)
Since n' giesel N enG =2400rpm
= 1™ giese =0 onG = 2400/1.3
= 1846.15 rpm

At n)™ torque, . = 0. But at rated operating condition the torque is given as

3 Y550 Ne”
¢ n'
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- ()55()/\/(1'":/11'\4';

b
l, ,
v

. 9550x 47

l, = =186.04N .
2400
, 955()N("'(‘Af¢,'
(= == T
1" cn

[,‘ _2550x4{.7
¢ 2400

=1065.93 Nm

3.24.2 Maximum Torque (At The Max Speed, n M‘“)

G = ek, N 34

Where k,,, is the torque fixture by moment. - km—= 1.2

max r
= l/( dresel ™ ’A’ dresel * /("l

=186.04 x 1.2 Nm

max

1, diesel =223.25 Nm

nax r
‘ CNG T ’k(u\'(; ¢ /(,"

=165.93x 1.2 Nm

P =199.116 2 199.12 Nm

(Ne;
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3.243 Hourly Fucel Consumption

‘The hourly fuel consumption is denoted by G117 and its as given below

To construct the graphs of hourly fuel consumption upon rotational speed, 3 - 4
values of GT are determined i.e. G = f(x)

P
gC‘ v X NL’ diesel
G‘['r prot.t = '4-—&9(—1‘*1’(’)’:“‘*”"’"" kg/hr

92.15x 4
= 3921 ‘;,A.?/‘-g//,,-
10

i

18.43 kg/hr

,
x«*(‘M; » Ne NG

Gy o™
;oo mn

203.79x 41.70
10}

Il

11.00kg/hr

max

In operating maximum condition (i.c. #,")

Gridie = {(0.22 ===mmmmmmmmsmmeamamnnens 0.27) Gy —mmmmmmmmmmean 3.45(Adgidzi, 1988)
Taking Grigre = 0.25Gy" for this design
(;‘l'id.lc aicsel) = 0.25G" gieser
= (.25 x 18.43
= 4.61 kg/hr
Griate (cnGy = 0.25G1" eng.

= Grige = 0.25 x 11.00 kg/hr
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=2.75 kg/hr

FIHAY

Atmax torque. (e when #27)7)

¢ v l l(; l(llw\w/
- LIxI8.43x1.2
1.3
=18.71 kg/hr
G max _ I-IGT’A(X\'I{ X km
e ST
_ LIxItx1.2
1.3
= 11.17 kg/hr
3244 Effective Fuel Cdnsumption

Effective fucl consumption is donated by g,
To construct the graph of cffective fucl consumption upon rotation speed, i.€. g.=f(x).
3 — 4 values of g, are determined using

g, = %’« N L S g S 3.47
Ne

Further values of Gy and if they are taken from the graphs and calculated as:

v
r (IT diesel
&, diesel = U

Ne' geser

18.43
= i @
47

10°

=392.15g/kWhr
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( max

, Ly diesel . l()
e maxediensely N

(

1
»
NNl sed

/:“N_ ° ”,:n:n B 2233‘; b’ “{4() l S
9550 VS50

N(‘l]l.’l.‘( diesely ~ 43 10K

iy _I87

>emax ik (diesel) 43 16

=433.50g/kWhr
. — (;7'1«111‘ 3 S
Ee idie dieset = T—— @ 10 g/k” T
el(”L'

Irom the graph, L.et Ne=10 kW for idle running

geat Ne- 10kW i.e. Ne g 10 kW for both diesel and CNG.

G,
, 1 1//'( 1 3
Therefore ge iaie (ieseny = - % 10)
(

»
rediesel

3
- 4;(.’?].’;' U= detg kv

_ 1o

=2063.79g/kWhr

max

('. ninx x l()x

roene
Cth (CNGy Ik
/V( max (NG )

max max
I, en,

Nepooni = »1—5—5»36« =38.49 kW
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taking the various points at idle running, N.=0, rated power, Ne' and power under maximum
Torque. Also, in the construction of the control characteristics as a function of torque,
i.e. (n,N,Gr, ge). The points are t=0 for the idle running. t;" and ti

The values used in the construction of control characteristics graphs are summarized in the

o max . ]99’2)(]84()]5
= ;w’t‘(/((l N - 05 %“

= 290.21p/kWhr

max l '17 3
= 8ey vy = -38—49>< 10

=290.21g/k Whr

Zeidie (NG, At Nejgie = 10 kW

r- N ;l"n//('(( 'NT) 3
Iherelore geigie onG™ —— = x 10

2.75
= e X

- 10°
10

= 275p/kWhr

To construct the graph of control characteristics as a function of effective power:

max

table 4.3a and 4.3b:

3.24.5

Economic Effectiveness Of The Tractor Engine

This could be achieved or determined through the analysis of the cost of fuel

consumption per hour or litres /km under various conditions.
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3.2.4.5.1. Tractor Diesel Engine
‘The hourly fuel consumption is measured i kgp/hr, but diesel is sold in litres,
hence the Gy could be converted to litres/ hr by dividing the G by the density of
diesel.
Atidle running, Gy 5.7625 litres/ hr
1 litre of diesel costs N 40, therefore cost of using dicsel per hour =5.7625x N 40= N 230.50
At rated condition, G1=18.43/0.8 =23.037 litres/hr x40 = N 921.50 ‘
At rated condition, cost of operating the tractor diesel engine = N 921.50/hr
At maximum torque, G1=18.71/0.8 =23.3575 litres/hr.
Cost of operating a tractor diesel engine under maximum torque = N 985.50/hr
At maximum Torque, i.e. during a ploughing operation for instant, the speed of ploughing
operation is 5.3km/hr in Nigeria (Yisa, 1997). Therefore the fuel consumption in litres per
km is determined as {ollows;
IFuel consumption in litres/km — G at max. torque

Speed of operation

= 23.3x75litres/hr
5.3km /hr

=4.413 litres/km =N 176.52/ Km

3.2.4.5.2 Tractor CNG Fnagine
For automotive purpose, the fuel is measured by weight (in kilograms) when sold.
Although measurement of kilogram is very accurate, the conversion to cents/litres is only

meant to give on approximate ideal as to the quantity of useful energy compared to gasoline
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;
" pumped into the vehicle, it is not to be taken as an accurate means of measurenment
| (‘Technocarb, 2003 ).
In Nigeria, the sale of CNG has not be commercialized, but it is known to be 50 --

60% less than the cost per litres of traditional fuel (NGC release).

.Assume 1titre of CNG cost '/; the cost of 1 lire of diesel. (N20)

Gy litres/hr = G kg/hr / (density)

Density of methane = 0.55kg/litre

At the idle running, G = 2.75/0.55 = 5 litres/hr =N 100/hr

At rated condition, Gy = 11.00/ 0.55 = 20 litres/hr =N 400/hr

Under maximum torque, Gr = 11.17 /0.55 = 20.31 litres /r=-N 406.20

Fuel consumption in litres/knr under max torque = 3.83 litres/km = N 76.60/km

3.2.5 Engine Dynamic Design
This is required in the determination of forces and moments acting on the crank
mechanism of the engine and also the determination of moment of inertia and the mass of the

flywheel.

3.2.5.1 Determination Of Forces Acting On The Gudgeon Pin

(i) The gas-pressures, P, and forces of inertia, P
Pr=(Pe—0.1) ID /4 X 100 mmmmme e 3.48

Where P, — running gas pressure (at points considered) taken from the indicated diagram.
D =cylinder diameter = 0.095m = 95 nun

Irom table 4.2, the values of the running gas pressures arce stated for both engines.
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Between 0 — 180" crank angle rotation, intake takes place at constant gas pressure, Also,
hetween 550 720" crank angle rotation ol Fxhaust/expansion process takes place at
constant gas pressurc.

The process starts from point a (intake) on the indicated diagram through
c(compression) z (combustion) and b (expansion) and back to a. This completes the cvcle
here. The values of Py and Px; for both engines are substituted into cqn 3.48 and the values
for gas pressures, P, is determined for each angle of crankshaft rotation o (radian) between 0°
to 720" at 10" intervals.

The P, of the two engines and as stated in the table 3.4a and 3.4b respectively.

i) Forces of inertia
This is denoted by P;j and it is divided into two i.c. 1" and 2™ order force of inertia

i.c. Pj = Pj] +- P_iZ

Where Pj; =-M 0’reos o (force of inertia of the 1% Order) ----- - 3.50
Pj> = -Mo’rh cos2a(force of inertia of the 2™ order)--------=---e-=- 3.51
Therefore Pj = Mo’ (COS (L + ACOS20L) ~mmmmmmmmmmmmmm e 3.52

Where M = mass of the reciprocating components (of the crank mechanism) given by

the relationship

M'=M, + AM,oq , kg- - -- 3.53
Where A = (.25 for this design
M, = mass of piston component, kg
M,oq = mass of the connecting rod, kg

o = angular velocity of crankshalt (under rated operating condition)
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m’
- R T T 3.54
30

and 1 radius of the crankshaft determined to be 52 mm - 0.052m. The forees of inertia Py,
Pi, & P arc constructed in this order where 0% ¢ 720" atinterval of 10" measured in radians
The mass of the reciprocating components is taken (o be

M =M, + 025 M (A= 0.25)

Where M, =2.544kg and Mg =2.7kg (Adgidzi, 1988)

=3.219kg
r=0.052m
The angular velocity o is calculated for both engines as follows
Sinee n' prone = 0'eNG T Opronc T OCNG

an’ o 2400 ;
=T 251327 rad [ sec

30 30

Mo’r=-3.219x 251.327* x 0.052 = - 10573.1IN
Substituting the value Mao’r into cqn 3.50 and 3.51 to determine the forces of inertia acting
on the engine
The value of the forces of inertia were detcrmined in this order and the results is as presented
in tables: 3.4 a & b of appendix 1 with a(crank angle of rotation) ranges between 0° - 720" at
10" interval
Since the parameter required for the determination of the inertia forces for the engine remain
the same.

P; dieset = Pjeng

The resultant force, Py acting on the gudgeon pin is given by:
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Prcg = Pr + P, “““““““““““““““““““““““““““““““ 355

oy . N . . N . . N 1]
Ihe P, is also caleulated for cach angle of rottion of the crankshalt at intervat ot 10
Since Pr dicsel 7 Pr NG = Pvcs‘._ diesel 7 P:cx CNG

The results are as presented in tables 3.4a and b of appendix 1

3.25.2 Determination Of Forees Acting On The Crank Pin (Of Crankshaft):

Two forces acting on the connecting rod

Cos f} - deflecting angle between connecting rod axis and cylinder axis as the
crankshaft rotates with angle o
From the geometry of piston and crank relation Fig.2.7.1 i.e. equation 2.64

/= sin "/[/ sina,  1/1=0.25

(= = Sin™ (0.25 sin )
Equation 3.56 now becomes

Pres

Pep=

cos[sin"(().ZSsina)]

Substituting the values of Py and o for o = 0 to 720 in radian, for both tractor
engines (CNG and diesel) to obtain PCR values. The results are presented in tables 3.4 a & b
of appendix 1. The centrifugal force of incrtia, P, is determined from the relation as:

Pe= <(1-2) Mrod ro®, N, A== 0.25
P 0. 75M 1od 071 =mmmmmemm oo 3.57

l’c diesel = Pc CNG

117



Therefore. P = -0.75 x 2.70 x 251.327% x 0.052
- 0651.30N
The geometric sum of P and Poopives R (resultant foree) for a single erank pin and a
cylinder. The result is as shown in tables 3.4 a & b of appendix |
‘The connecting rod foree, Peg consists of two components as the lorce 7 acting
through the crank radius and the tangential fore, T, acting perpendicular to the crank radius.

Z, = Pres.w ------------------------------------------- 3.58
' cos 3 '

s i
T = Pr esil[ﬁq_4~/2 ................................................ 3.59

s

‘The resultant foree, R therefore can be calculated by the given formula:
R= (/R 17, S — 3.00
These forces are determined for both diesel engine and the CNG engine and the results are

presented in tables 3.4 a & b of appendix 1

3253 Determination Of Moment Of Inertia Of A Flywheel

The tangential force, T diagram with mean ordinates of diagram (Y — co ordinate) is

drawn and the mean P is determined as

/{ — Z I’/'II\IIIW‘ o Z I(Hl’j_'lllll'l' _______________________________________ 3.() I

/i
R . . . 2
Where 2 F positive - total arca in the diagrany above the x o axis, mm
) ) . 2
2 Frcgative — total area in the diagram below x — axis, mm

I — length of the diagram, mm
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From the diagram; Iigs. 4.5.2.3 a&b for diesel & CNG respectively
For the dieset engine, P — (2500 840) mm?’/204 mm
R A37 mm
For the CNG engine, P = (2825 — 875) mm*/203 mm
=9.606 mm
For multi —cylinder engine, the sum of tangential forces diagram is constructed for all the

number of cylinders and the average of the P (in nm) is used. (where i = no of cylinder)

Therefore, Tay = P. 1 pyyN=ammeemeem e 3.62
Where p; =171, N/MM =mmm e e 3.63
p —scale on Y axis, I = height of diagram

L diesel =230.04N/mm, ) ong = 195.55N/mm

=> Tav (diesel) = 8.134 x 4 x 230.04 = 7487.405N

Tav (€NG) =9.606 x4 x 195.55 =7513.970N

The values of P; is used to check for accuracy of construction of the sum of the tangential

forces diagram and the determination of the dynamic characteristics of the engines as:

s T
.£ﬁ¥ﬂl*qm = N e 3.04
9550

Where r is the crank radius, r = 0.052m

11m — Mmechanical efficiency of the engines Ny dicset = 0.72, and 1y, ong =0.85

:>Fordkse1=:8437x4x23004xQ052x2409/ x0.72 = 70.08kW

9550
Nc' =47k W, a difference of (32.93%)
lknthc(JN(}:ﬂi606x4xl955511L052x24096§s“x1L85::83.03kn’

Ne'=41.7 kW, a difference of 49.6%
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The ordinate P.1is laid on the sum of tangential forces diagram and then on the maximum
value (from the diagramy is determined as the excess arca (1) from where the excess work
15 determined as

Lex = HF ey mmmmmmmmmm s e e 3.05

Where 1t = . po. Nm/mm? scale arca —=-----zzmmmmnzceev 3.60

The x — axis scale of arca is given as

From figs 4.5.2.3a & b
12 dieset = 0.0032m/mm, po eneg = 0.0032m/mm
TR
W aiesa ~ 230.04 X 0.0032 - 0.7361 Nm/mm”
HenG = 195.55 x 0.0032 = 0.6258 Nm/mm”
= Lex gdieseny = 0.7361 x1080 = 1236.605 Nm
Lexengy = 0.6258 x1750 = 1()'95. 15 Nm
Given the level of irregular rotation of the crank shalt (S =0.03)

The moment of inertia of the flywheel is given as:

. 0.8L,,
jw= ———

1) N 3.68 (Adgidzi, 1988)

I

n
30

'R

it caiesey = 0.5219 kg/m?

jl'w((jN(;) = (.4622 kg/mz
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faving known the moment of inertia of the flywheel, jn, the mass of the flywheel is

i
7

.
# determined as:

A7
M L J.09 (Adgidzi, 1988)

Faken Dy, 0.40m

4x0.5219
M diesg] = ——————

0.4°

1l

13.05 kg

4 x0.4622

CNG = *~*6:;i5“'“

= 1156 kg



CHAPTER IFOUR
4.0 RESULTS AND DISCUSSTONS
4.1.0 Indicated Diagram Parameceters
The summary of results of the indicated diagram parameters is as presented in table
4.1.0 i.e. the indicated parameters at the completion of intake, compression, combustion and
exhaust (expanston). These mclude pressure, temperature and volume.

Table 4.1.0.  Summary of Results for indicated parameters.

Indicated Parameter

3 3
Volume (m "V,

V.

V.,

Vi

Diesel Engine

655x 10'm'

404 x 107 m'

428 x 107 m’

6.55x 107" m*

Temperature (K) : T,

CNG Engine
807x 10 m’
538 x 107 m’

570 x 10°m"

8.07x 107m"

988.20KN

2488K

1293 19K

345.08K
992 19K
2245K

1188.60K

Pressure (P,): P,
P,
P,
Py,

Py

P

146.24 kPa

7.02 mPa

13.34 mPPa

0453 mPa

101,325 KPPa

1.06 mPa
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122.68 kPa

5.29 mPa

10.05 mPa

0.376 mPa

101.325kPa

1.06 mPa




4.1.1 Pressure Pa And Temperature Ta At Completion Intake (And Commencement
Of Compression)

For the diesel engine, the pressure at intake 1s 0. 140mPa (146.24kPa) while the CNG
engine has a pressure of 0.123mPa (122.68kPa)  The difference between the intake pressure
1s as a result of the difference in the fitling co-efficient of the cylinder with mixture. ., of the
two fuels engines

The temperature at intake for the diesel engine is 333.55k while that of the CNG
engme s 345.08k The difference is as a result of the effect of the residual gas temperature.

The volume at intake of the diesel engine is 6.55 x 10™m" while that of the CNG
engine is 807 x 10" m' This implies that more of the air-tuel mixture was compressed by
the tractor CNG engine.

Statistical analysis show that these calculated parameters are statistically correlated
with the existing diesel engine parameters with a standard error of less than 1%, except the

mtake temperature of about 0% crror (Appendix 2)

4.1.2 Pressure P, Temperature, T, Volume V. At Completion Of Compression
Process (Commencement Of Combustion)

. The pressure P, at compression for the diesel engine 1s 7.02 mPa and the volume V15
404 x 107 m'. For the design engine, the pressure at compression, P, is $.29 mPa at a
volume Ve of 5.38 x 107 m™. In both cases, the pressures are increased and the volumes are
reduced, ience Boyle's law was obeved. The P. ONG 1s lower than the P, diesel, this may be

because gases are compressible. The temperature T at compression for the diesel engine 1s



988 20k while that of the NG engme is 922 19K, This 1s because the compresston ratio ot
diesel engme is lngher and s selfenited thos the higher temperatuie
Statistical analysts show that the tractor CNG engine parameters are statistically

correlated with the diesel engme parameters with standard error between 0- 2 (Appendix 2).

4.1.3 Pressure P,, Temperature 'T', And Volume V, At The Completion Of Combustion
Process (Commencement Of Expansion Process)

For the diesel engme, the pressure at completion of combustion process 1s 13 34 ml’a
ata volume 4.28 x 10°m"; the design engine has pressure of 10.05 mPa at a volume of 5.70 x
107 at the completion of the combustion process. The increase in pressure is as a tesult of the
work done (heat energy) released on the combustion chamber from the combustion ot tuel,
the mcerease i volume s as a result of the effect of the residual gases. The temperature 1, of
the diesel engine 1s 2,488K and 2,245K for the CNG engine.  The high temperature may be
due to the heat of combustion in the combustion chamber. The temperature durning the
combustion process of a diesel engine is above 2000"C (Adgidzi, 2002).

The calculated parameters for the CNG engine 1s correlated with the existing diesel
engine parameters with a standard error of between 0-2% except the temperature at the

completion of the combustion process with 121 2% error. {Appendix 2).

4.1.4  Pressure, py, and temperatare, Ty, and volume, Vy, at the completion of expansion
process (commencement of intake process).

The pressure at the completion ol the expansion process for the diesel engine 1s 04433
mPa and that of the CNG engine is 0370 mPa. 1t is stated by Liljedahl et al, 1989 that

exhaust stroke takes place above atmospheric pressure of 101.3 kPa. This 1s because before
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the end of expansion process intake s alrcady taking place, hence the decrease m pressure
The temperature at the completion of the expansion process for the diesel engme s 1,293 19K
and the CNG engane has a temperatine ol TEISR 60k at the completion of expansion process.
This difference may be due to the effect of the residual gases temperature. The volume Vy, At
completion of expansion is the same as volume V, at intake for both tractor engmnes.

The expanston volumes and pressures have a standard error of less than 2% while the
temperature at the completion of the expanston process has an error of 52%. This may be due
to the larger values of the temperatures.

These mdicated parameters were used in construction of the ndicated curves and this

is shown m Fig 410 and Fig 4 20 for tactor dieseland CNG engines respectively.
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Table 4.2: Values of Vand P, used in the construction of indicated diagram for both diesel
& the design engine

DIESEL ~ CNG
“V(EHE(V_\.T Px; "l"< | Volume (Vy) Compressioh Expansion
x 107°m' Compresston : Iixpanston < 107 m’ Pressute Pressure
(Pressure) E (Pressure) (Px1) (Px>)

728 3094 ""%”({1)'0(3" 9.34 2404 5451
10.52 1.855 4.375 11330 1.508 3517

13.76 1277 RENE 1726 11049 12546
1700 0952 * 2413 2122 0.788 1970
2024 0.747 |<m 258 0621 1594
23.48 0.608 iGic T T304 0.507 1330

26.72 0.508 1377 3310 0425 | 1.135

29.96 0.433 s 37.06 0.363 0.987
3320 10375 i 1.052 41.02 0.315 Closro
3044 10330 ju,o37 4498 0.277 o770
39.08 0.293 éo_xru 18,94 0.247 10099

4292 0263 E 0.765 52.90 0.221 0.635
4616 0238 }‘”(),(’599 1508 0200 0580
49.40 0216 ;0,643 60.82 082 0.534
5264 0.198 §<).5'9Li o478 |od67 0494
55.88 0.182 0.552 68.74 0.154 0.459

5912 0.168 Tosi4 7270 0.142 0.428

6236 0156 0481|7660 0.132 0.400

65 60 0.146 0.453 80,02 0.123 03706

126




Px,m?P

Indicated Pressure,

- P(Mf’d) 4

—m s 1

10
S
K3
M
o
it
9:’
T
] o
s |
N
g
t~
g
N o
3

P \

N

. écg -
' «
8 3 \\ b 0'053
“1d
! ]
L él‘;? \ 4‘..,., - lPA O-l,"‘
IR . DRpap ' - v T
: 1 10 )'() ' Vv x \U m
groh ¥
Pl W .; $65.5
PO ¢ SRV S SO viovi :;-,

Volume Vx, m

Fig: 4.1.0 Indicated Diagram for Tractor Diesel Engine

127



h

»( mlm) P

Vx$0 pi

=
d
Q
n"
~
a---
n
4.
£
o
N
n
"
U
n
i
L
3
R g . Paz0.123mpa
& o \\b-j
t e i — Eepp——— — ---—»—_.__.__._*Lv.__. ~.,_..A- - N
i b S SR A Sl S S P —
.53353 3o f?
w_ﬁ;ﬁl “h wVa=807
i Vs 3

Fig 4.2,0 Indicated Diagrame for Tractor CNG Engine
128

Volume, Vx, m




4.1.8 Mean Indicated Pressure From The Indicated Curve

The mean indicated pressures of the two engines were determined from the area
under the mdicated curves, the length of the curve and the scale of construction. The mean
mdicated pressure of the diesel engine s 1170 mPa and the mean mdicated pressure of the
CNG engme 15 0.880 mPa. The difference in the mean indicated pressure is due to the lager
arca of the indicated curve of the diesel engine (3580 mm’) and scale of construction. scale
of Imm=0.05 mPa while the CNG engine has area of 3300 mm * and scale of 1mm=0 04

mba

4.2 Engine Parameters And Fuel Economy Indices
4.2.1 Mecan Effective Pressure

The mean effective pressure of the diesel engine s determined to be 0783 mbPa. Fhe
mean eflective pressure of diesel engime ranged between 0.0-0.9 mPa The mean effective
pressure falls within the range. The mean effective pressure of the CNG engine 1s 0.695 mPa
This 1s Tess than that of the diesel engme, and 1t is a reflection of the values of the indicated
parameters 1.¢. the pressure values from mtake process through the exhaust process of the
diesel engine s greater than the values of the CNG engine. But the mechanical efficiency of
the CNG engine 1s greater than that of the diesel engme due to the complete combustion of
the CNG fuel. The mean effective pressure 1s the major factor m determining the effective
power of the engine, the diesel engine should generate more power than the CNG engine

The mean effective pressure of the tactor CNG engme s stahistically correlated with

the existing diesel engine with a standard cerror of less than 1%,

129



4.2.2 The Engine Displacement Capacity.

‘The engine displacement capacity of the diesel engine was determined to be
30x 10'm taken o consideration, the effective rated power, F7kW . and the mean effective
pressure 0.783 mPa the engine speed (rated), 2400rpm and a factor of 2 for four- stroke
engine.

During the design process, the engine displacement capacity was assumed to be the
same for the two tractor engines since the stroke to bore ratio was assumed to be the same for
the two engines. Hence, the rated effective power (N.” CNG.) for the CNG engine was
determined to be 41.7 kW. From the effective power rating of the two engines, they both fall
under the same category of tractor (1.e. e.g. standard or row crop tractor, power ranges from
PS5 1o 15O kW atihity tactor or lipht mdustnal tractor, power ranges fiom 15 to 100 K\W)
courtesy of Ford Motor Co. Also we have skid-steer tractor, power ranges between 15 kW to
60 kW (Courtesy J.1 Case Co).

The effective power of the tractor CNG engine has a standard error of 2.65%
compared with the existing diesel engime. Statistically, they are correlated and are in the same
category of tractor classification.

The diameter of the Cylinder, D, i1s determined to be 95 mm (0.095m) for the two
engines, and the stroke length is 104.5 mm = 0.1045m. The radius of the crankshaft{crank
radius)is deternnned (o be S2'mm- 0.052m.

4.2.3 Indicated and Effective Specific Fuel Consumption
4.2.3.1 Indicated Fuel Consumption
For the diesel engine, the indicated fuel consumption (g;) was determined to be

282.35g/kWhr at an indicated cllicieney of 0.30. The CNG engine has an indicated fuel
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consumption of 224.22¢/kWhr at an indicated efficiency of 0.32. The heat of combustion of
the CNG engine 1s greater than the diesel and the efficiency is also greater than that of the
diesel; henee, the mdicated fuel consumption of the CNG engime s less than that of dresel

Therefore, the CNG engine is more cconomical

4.2.3.2 The Effective Specific Fuel Consumption

The effective specific fuel consumption, g. for the diesel engine is 392 15g/kWhr
while that of the CNG engine 1s 203 79¢/kWhr. This 1s as a result of the ﬁwchanical
efficiency of the diesel engine 15 0.72 while that of CNG engine is of 0.85. More fuel will be
converted to heat energy leading to thermal loss and exhaust gas generation m the diesel

engme. Therefore CNG engme 1s more ecconomical than the diesel engine.

4233 Fffective Indicated Efficiency
The diesel engine has an effective indicated efficiency of 21.6% while the CNG
engine has indicated efficiency of 27.2%. This mmplies that the CNG engine 15 more

economical than the diesel engine.

4.2.34 Specific Power — To — Volume Ratio
The specific power- to volume of the prototype engime was deternined to be
15.80kW/htres, and the design tractor engine has 13,90 kW/litres. This tmphes that more

power to volume is experienced in the diesel engme than the CNG engme.



4235 Specific Power  To - Piston Ratio

FFor the diesel engine, the eflective power produced by Tdm™ area of the piston is
F6.58 kW while the CNG engine has a specific power - to - piston ratio of 1471 k\W/dm".
4.2.3.6  Mean Piston Velocity

Since the two engines have the same stroke length, and equal rated engime speed of

2400rpm, their mean piston velocity 1s the same and it is determined to be 8.36m/s.

4.3 Theoretically Regulated Characteristics Of Tractor Engines

4.3.1 Maximum Revolution Frequeney (Rotational And Speed) Without Load
(Idle Running)

Since the diesel and CNG engines have the same rotational speed of 2400rpm and the

two assumed to have the same level or degree of irregular control (regulation) of 0.006, the

1

maximum revolution frequency for the two engine at idle running and 2" was determined to

be 2544rpm.

4.3.2 ROTATIONAL SPEED UNDER MAXIMUM TORQUE

The diesel engine and the CNG engines have the same engine fixture co- efficient.
Koo = 1.3.The two engines have the same rotational speed under maximum torque and it s
determined to be 1846.15 rpm. As stated in section 3.2.4.2, that at maximum rotational speed
without load, the torque 1s 0.But at rated operating condition, the torque developed by the

diesel engime was 186.04 Nm, while the CNG engime developed a torque of 16393 N,



4.3.3

The two engines have the same engine fixture by moment. ki, cquals 1.2. hence. the

maximum torque at the maximum speed for prototype engine and design engine was

Maximum Torque (At 'The Maximum Speed, n

MAN
)

223.25Nm and 199,12 Nm respectively. This implics that at equal speed of rotation of the

Pto shaft. the power developed at the Pto (Plo power) of dicsel engine was greater than that

of the CNG engine.

Table 4.3a: Summary of values used in the construction of control characteristics graph for

the tractor Diesel engine

“Condition of

Engine speed

Torquet,

Engine

| Hourly fuel

Effective fuel

operation n( rpm) (Nm) eflective consumption | consumption,
power, N, G kg/hr) Lo (/K Whr)
(kW).

[dle runming 2554 0.00 0.00, 10 1.01 t 161,00

Rated 2400 186.04 47.00 18.43 392.15

condition .

Max. Torque | 1864.15 223.25 43.16 11871 433.50




Fable 4.30: Sunmimary of values ased in the construction ol control characteristics graph tor

the tractor CNG engine

Condition of’

operation

Fngine speed

n. (rpm)

Torque. ty

{(Nm)

= T
Idle running

Rated

condition

Max. Toque

2554

2400

1864.15

4.4.0

10.00

165.93

19942

Hourly Fuel Consumption

Engine
elfective
power, N,
(kW).

0.00. 10

41.70

3819

Hourly fuel
consumption

Gr, kg/hre

Fffective tuel
consumption

Le (2/KWhr)

(o]
~J
hn

TH00

117

on, 275

263.89

20021

The hourly fuel consumption for cach engine was determined under various

conditions such as idle running, under rated condition and under maximum torque. The

hourly fuel consumptions for the diesel engine under the stated condition were 4.01 kg/hr.

18.43 kg/hr and 18.71 kg/hr respectively. Similarly, the CNG engine has an hourly fucl

consumption of 2.75 kg/hr, 11.00kg/hr and 11.17 kg/hr under idle running. rated condition .

and under maximum torque respectively. This implies that the CNG engine is more

economical in terms of fuel consumption than the diesel engine. Considering also the fuel

consumption in litres/hours and the economy implication i.e. the cost per hour. for a specific

farm operation say ploughing where the engines were under maximum torque. the fuel

134




consumed per km by the NG engine (3. 832-N76.00 litre/km) s less than that of the diesel
ehgine (A A130es/km N1T76.52/km),
From the graphs, the hourly Tuel consumption was maximum under maximum torque
for both engmes, this implies that more fuel is chsumcd per hour under maximum torque.
The statistical analysis show that the two tractor engines have correlated Hourly fuel
consumption with standard error between 1-4% depending on the condition of operation of

the two engines (Appendix 2).

4.4.1 Effective Fuel Consumption

The clfective fuel consumption, o, (/KW ht) under various conditions of 1dle
runnimg, rated condition and under maxinmum torque was determmed for both the tractor
diesel and the CNG engine. The tractor diesel engine has an effective fuel consumption of
392 15¢/kWhr under rated  conditon, 433 950g/kWhr  under  maximum  torque and
461 ¢/kWhr under idle running at engine power Ne == 10 kW. The calculated eftfective tuel
consumption of CNG engine 1s 263 79g/kWhy at rated condition, 290.21¢/kWhr under
maximum torque and 275 ¢/kWhr under no load of 10 kW engine power gotten from the
eraph. The summary of values used 1 the construction of control characteristics graphs 1s as
presented 1n table 4 3a &b It implies that the tractor CNG engine is more cccvl1()l\1ipgl than
the tractor diesel engine.

The effective fuel consumption of the diesel engine is at maximum under wdle runnimg
condition when the effective power equals 10 kW At rated condition 1t 1s at mmmun,
under maximum torque, the effective fuel consumption increased to 433g/kKWhr. But in the

CNG engine, the effective fuel consumption followed a different pattern, the effective fuel



consumption 15 maxinum under maximum torque while ar vated conditton 1t has mmumum
value of 263 7907k Whr Under maximum torque, the effective power of the enaines (for both
diesel and the CONGY dropped from 47kW to A3 11 KW and 1.7 KW to 3300 kKW
respectively, hence the increase m the effective fucel consumption,

The spectfic fuel consumption for practical appheation for a 4 stroke diesel engine
ranges between 200 - 250g/kWhr (Adgidzi, 2002) but for 4 stroke petrol engine g, = 280 —
3400/kWhr while the eftfective fuel consumption determined at rated condition is 39215
Ko KWhro o But the design engme, using CNG as alternative fuel has its specific fuel
consumption withm the range ol the petrol engine.

Statistical analysis show that the specilic Tuel consumption of the CNG engine s
correlated (99%) with thcr existing engine but the standard error s greater and ranged
between 04 — 93% depending on the condition of operation of the engines. Hence, the CNG
engime has fower values of specific fuel consumption, which ltead to the higher standard error.
This implies that the tractor CNG engine is ecconomical (Appendix 2) -

Figs 4.41 a -d show the control charactenistics graphs for both engines. These graphs
mclude: Fig 4.41a - graph of hourly fuel consumption as a function of rotational speed, 1.e. n
=f (N, tk, G, o)

Figs 4.41b - Control characteristics as a [unction of torque re. tp = £ ( Ne.onoge Gy)
Figs 4 A1c - Control charactenstics as a function of effective powerte Noo f(n o)

Fig. 44 1d - Control charactenstics as a function of etfective power e No= ({t, Gy)
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4.5 Foangine Dynamic Design
This was required i the determmation of forces and moments acting on the ciank
mechanisms of the engine and also in the determination of the moment of inertia and mass of
the flywheel. The results of the forces and moment acting on the crank mechanism of the
engines are presented i Tables 3 da and b of appendix | for tractor diesel and CNG engine
respectively
4.5.1.  Forces Acting On The Gudgeon Pin.

Two forces act on the gudgeon pins, they are the gas pressure P, and the forces of

mertia Py,

4.5.1.1 The Gas Pressure P,

For the diesel engine, the gas pressure, P, at intake 1.e. between 0" — 180" crankshafl
rotation is the same at 270.27N and at compression from 180" 2300, the P, lorees increased
with an increase 1 the unglz,lc of rotatton of the crankshall and 1t s at maximum at the
beginning of combustion process (360" ~540") (i.e. at 370", P, = 86,204.36N). This reduces
till the end of the combustion process, the forces reduced to 2,315.23N and during the
expansion/exhaust process, the forces reduced to 131.36N. The value of P, at 370" implies
that pressure was highest at that point and hence the force P, i1s also at maximum. Pressure at

combustion P, for the diesel engine was determined to be 1334 mPa. At exhaust the

pressure 15 reduced 1o 0.453 mPa, hence the lower values of Py during the exhaust process.

For the CNG engine, the gas pressure at intake was 135 14N, this s low compared to
the diesel engine and this may be as a result of the difference i their pressures at intake. The

P, value is at maximum of 67,775.44N at the commencement of the combustion process and
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reduces to 1823 61N at the completion of the process, the P, value during expansion process
reduces 1o 102 71N and this may be also due o the Tow value of the pressure at exhaust

(0376 mPPa)

Greater forees of I act on the pudpcon pin ol the diesel engine compared (o the CNG
engine. Therefore, the diesel engine is exposed to more wear and tear hence the need for
frequent maintenance and services of the engine component. According to NMr. Stone.
(African review, 2002), a diesel engine will need a change between 250 - 500 hours while a
gas unit will need a change only after approximately 3000 hrs. Another significant
maintenance cost 1s a major overhaul, with gas engine only requiring one every 60,000 hrs,

fewer spare part and fess cost o the customen

4.5.1.2 Forces Of Inertia

The two engines have the same rotational speed of 2,400 rpm at rated condition hence,
they have the same angular velocity, o of 251.327 rad per second, the mass of reciprocating
component are the same and s equal to 3219 kg and the crank radius 1s 0.052m. Therefore
the two engines have the same force of nertia of 1™ order and second order at angles of
rotation of the crankshaft (= 0) 10573 11N and 2643 28N respectively. This imphies that
the two engines are exposed o the same forees of mertia, The angle of rotation ranges
between O 720" at 10" interval in radians and the results are as presented in the table 3.4a
&b, The resultant mertia forces, P ranged between -13216 38N at 0" to - 13216.38N at 720"
with the maximum 7929.83 at 180" Fig. .5.1.2 shows the forces of inertia, Py, P2 and the

resultant P against the angle of rotation of the crank a(in radians.)
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4.5.1.3 The Resultant Foree, Pres. Acting On The Gudgeon Pin

The vesultant foree is the sum ol the gas pressure Py and the mertia foree, Py at specilic
crank angle rotation. Since the two engines have the same force of inertia, but different in~ the
resultant force of the engines. Since the diesel engine has a greater P, value, the resultant of
the diesel engime 1s also greater than the ONG engime. This is also presented in tables 3 4a &
b of appendix 1. Figs 4.5 1.3a & b show the graphs of the force of inertia, P;, gas pressure, P,
and the resultant force P against the angle of rotation of the crankshaft for the two engines
respectively. The resultant force ranged between --12946. L TAN& 73 30801 N(maxumum at
370"y for diesel and between 13081 2AN& 54930 88N (maximum at 370"} for the ONG.
shows that the diesel engine 1s exposed 1o more torce (load) than the CNG engine, and thus it

needs to be maintained more frequently than the tractor CNG engine.

452 Force Acting On 'I‘l"m Crank Pin (Of The Crankshaft)
4.5.2.1 Force Acting On The Connecting Rod

The forces acting on the connecting rod, Peg was determined as the resultant forces
Pres per the cosine of the reflecting angle between the connecting rod axis and cylinder axis
as the crankshaft rotates at angle «.

The result is as presented in tables 3.4 a & b of appendix 1 for both engines. The
forces acting on the connecting rod ranges between 1,946 1IN and 73,377 19N for diesel
engie and 13,081.24N and 54,930 88N for the design engimme. But the forces acting on the
connecting rod of the diesel engine is greater than the one acting on the connecting rod of the

CNG engine due to the differences in the gas pressure forces and the resultant force.
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4.5.2.2 Centeifugal Forcee OF Inertia

The two engines have the same centrifugal force of inertia of - 6651 30N, since the fwo
engines have the same angular velocity, o, crank radius r and the Mass of connecting rod M
= 270 kg. The results arc as presented i tables 3.4 a & b of appendix 1,

The geometric sum of the P (centrnifugal force of mmertia) and Pey (force acting on the
connecting rod) gives the resultant force R' for a simple crank pin and a cvlinder. The
resultant force R varies (rom 19597 41N and 66725.89N for the tractor diesel engine and -
19,732 75N and 48,2779.58N for the tractor CNG engine. The difference may be as a result

of the cumulative effect of the gas pressure forces and the resultant foree.

4.5.2.3 Component Of The Connecting Rod Force

The component for¢es are two: forces 7,y acting through the crank radius and the

tangential force T, acting perpendicular to the crank radius.
The values of the force Z, acting through the crank radius at different angles of rotation s
also presented in tables 3.4 a & b of appendix | for the two engines. 1t ranged between -
12.946. 11N and 71,641 15N for the diesel engine and between --13081 24 and 53.631.27N
for the CNG engine.

The tangential force, Ty acting perpendicular to the crank radius also ranged between
—-6361.27N and 20,243.69N for the diesel engine and between —6404 99N and 14862 11N for
the CNG engme. The differences between the values of "I and 7 may be also as a result of the
cumulative effect of the difference in the resuttant foree Pres.

Figs 4.5.2 3a & b show the gmaphs ol the tangential toree for the two engines, which were

used in the determination of the moment of mmertia and mass of the flywheels.
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The resultant force, R was also determined for the various angles of rotation of the
crankshaft and the result s adso presented m tables 3 1a & b ofappendix 1 tor both enganes
Frgs 4.5.2 3¢&ed show the graphs of the resultant foree, R acting on the crank pin against the
angle of 1otation of the crankshaft () The values tanged between <4 474.64N at 330" crank
angle rotation and 139,273.82N maximum at 370" crank angle rotation for the diesel engine
and between 2873.32N at 330" crank angle rotation and 102600.73N maximum at 370" for
the tractor CNG engine. The resultant force on diesel enginme is Targer than that on the design

engine. This calls for frequent maintenance of the diesel engine.

4.5.3 Moment Of Inertia Of 'The Flywheel
The moment of mertia of the fIywheel of the diesel engine is determined to be 05210
kalm” and the moment of ineitia of the flywheel of the tractor CNG engine is 04622 kelm™
This implies that more torque 1s developed by the diesel engine than the CNG engine This 1s
as a result of the different in the resultant forces acting on the crank mechanism of the two
engines. The resultant force on the diesel engine 1s greater than that of the CNG engine. The
tangential force exerted on the crank pin of the diesel engime 1s greater than that exerted on
the CNG engine from Figs. 4523 a & b respectively, hence the excess area where excess
wotk “is determined from the graphs. The excess work determined to be 1236.65 Nm and
109515 N, for the diesel and the CNG engmes respectively This may account for the
difference mn the moment of iernia of the two enpines.
Statistically, the moment of ertia of the tractor CNG engine compared with the tractor

diesel engine is correlated (100%) and has a standard error of less than 1% (Appendix 2).
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4.5.3.1 Mass of the Flywheel

The mass of the flywheel of the diesel engine was 13 05 kg while that of the desien
engine is 1155 kg The diameter of the flywhecel for the two engines is taken to be the same
(0 40m) The difference i the mass of the ywheels of the two is also due to the difference
m the moment of inertia of the two engines. In the design of the flywheel, it must not be
excessively larue because such a ffywheel may cause the engine to slow in accelerating. 1t
would be needlessly heavy and expensive 1t will also increase the gyroscopic moment durimg

turnmg. and for machine not protected by slip clutches and shear pns.

454  Interpretation Of The Dynamies And Kinematics Guaph Of Tractor Engines

g 4.51.2 shows the graph of the forces of mettw ol the st order Py Py for second
order and the resultant mertia forees Py against the angle of rotation of Crank. At mitake the
maximum inertia force of the I order is at 180" (10573.1IN) i.e. at the end of intake
process. Similarly, the total resultant inertia force is maximum at 180" (7929.83N) crank
angle while the 2™ order force of inertia is at maximum at 90" (2643.28N). The graph 15
sinusotdal and during the compression stroke the mimuum values of Pj; and P, are obtained
at 360" crank angle rotation (-10573. 11N and -13216.38N) respectively while the second
order force of mertia Py avas at mimmum at the completion of intake. compression.
combustion and expansion processes. Hoimphes that at mtake and combustion the torces of
mertia Pyoand Pyare at maximum while at compression and expansion they are at nnmimuom
The forces of inertia acting on the Gudgeon are the same for the two engines.

Figs. 4 5.1 3 (a) and (b) show the gas pressure force, P, resultant mertia force P and

the resultant force P, acting on the Gudgeon Pin of the two engmes. The two graphs are



stifar, the mertia force P; at maximum pomnt (7929 83N for diesel Engine and CNG Engine
at the completion of intake and combustion processes. Gas pressure p, and the P (Resultant
FForce) are at maximum point duvimg the combustion process 1e. 86024 36N and 73308 0IN

respectively for the diescel engine and 67775 44N and 54879 09N for the design engine.

two engines.  The two graphs are similar, dunng the intake, compression and expansion
processes. the work done on the engine crank pin s less compared to the work done on the
crank pin during the combustion process. This imphes that the crank pm was subjected to
more tangential force. But CNG engine has fower tangential force at combustion compared
with diesel engine.

Fips 4.5 2 3 (¢) and (d) show the resaltant foree, R acting on the crank pio and during
the combustion process of the two engmes. Resubtant foree was at the maximum, but the
resultant R acting on the crank pm ol the CNG engine 1s fower - magnitude than the
resultant force acting on the crank pin of the diesel engine. This may be duge to the difterence

in their gas pressures.

4.55 Coustructional Features Of A 'Tractor CNG Engine

The tractor CNG engine operates on the principle of spark 1gnition engine and a
tractor dicsel engine is a compression ignition engine. Therefore, a tractor diesel engme that
is converted 1o a tractor CNG engine would have the following constructional features to sut
its operation as a spark ignttion engie.

CNG cylinder with values and vapour box: this is for the storage of fuel, a hose for

the refilling of the cylinder. These are high-pressure cylinders designed for storage of



CNG ata pressare of 20 mPa. A typical tank capacity is 00 litres, the number of eviinders
required depends an the size nl,."lhc tractor. A tractor is a heavy weight mucﬁinc and can carry
more cylinders placed behind the driver’s scat or placed in the floor of the Roll-over
Protective Structure (R.O.P.S) and any other place adjudged to be appropriate.
The vapour bag assembly: This is made up of PVC and it’s designed to cover the cylinder
valve. It is tubular in shape and has a threaded flange at one end screwed into the cylinder
neck threads and a screwed cap at the other end to give access to the cylinder valves.
TNI Electronic Regulator: Pressure regulator that reduces the gas pressure.
ON-Off Refueling Electronic Valve: Opens and controls gas {low from 20 mPa to just
above the atmospheric pressure.
Mixer: special air valve diaphragm carburetor that mixes the CNG and the pre-cleaned air.

A gaseous metering system instalted.
Ignition system and ignition trigger — the fuel injector of a tractor diesel engine is replaced
with six-cylinder contact-less distributor ignition system with spark plugs located in place of
injector.
Fuel Electronic Gauge: to be installed on the vehicle dashboard to control gas level in the

cylinder.



CHAPTER FIVE
5.0 CONCLUSIONS AND RECOMMENDATIONS
5.1 CONCLUSIONS

The effective power of the tractor CNG engine was determined to be 41.7 kW, which
falls within the same category as the diesel engine (its Effective power is 47k W). This shows
that with the rated power, the tractor CNG engine can be used to do most farm operations.

From the fuel economy indices and aﬁalysis, the tractor engine using Compressed
Natural Gas, as alternative fuel is more economical than its diesel counterpart, hence the use
of Compressed Natural Gas as alternative fuel for tractor engine is to be advocated.

The dynamic characteristics of the engines show that the tractor CNG engine crank
mechanism (reciprocating components) are exposed to a lesser force compared with the
tractor diesel engine, thereby reducing the susceptibility of the tractor CNG engine to
frequent repair and maintenance services unlike the tractor diesel engine.

The commissioning of the two CNG stations at Warri and Egbin near Lagos by the
Nigeria Gas Company (NGC) has further boosts efforts at utilization of natural gas as a

source of cheap automobile fuel in Nigeria (NGC, release, 1990).

52 RECOMMENDATIONS

The numerous advantages of the use of CNG alternative fuel for tractor engines and
automobiles generally include: production of emission free exhaust (low or no pollutant), it is
economical, and has low cost of maintenance for CNG engine to mention a few. It is
therefore recommended that the use of CNG as alternative fuel for tractors and automobiles

be encouraged.
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However, there are some hindrances that may affect its usage in totality especially in the
third-world countries like Nigeria. Such hindrances are as stated below and the appropriate
recommendations made.

Vehicles that use natural gas are handicapped by the limited sources of supply.
Natural gas is widely used but refueling facilities are not yet common even in larger cities. It
is therefore recommended that at state capitals major cities and local government
headquarters, Government should provide refueling facilities to be at the reach of the users.
Like in Nigeria for instance, we only have refueling stations in Warri and Egbin, that of
Egbin is presently not functioning. Therefore, more refueling stations need to be provided
and adequate maintenance should be adopted.

It is widely known that Natural gas is highly inflammable and it’s therefore needed to
be properly stored. A well designed storage and dispensing facilities should be put in place.
Farmers in the rural areas using tractor CNG engines could refill from stations and keep in a
cool environment for onward installation during operation when the need arises.

The positioning of the CNG cylinder on the tractor is another area that researcher and
designer should look into, because it is an established fact that the CNG cylinder / tank is an
added weight to the vehicle, unlike diesel or petrol driven automobiles whose tank has been
designed and appropriately installed. Vehicle or automobile to run on pure CNG should be
designed to have a storage tank, which could be used for a long distance before refueling.

Finally, lack of awareness is another hindrance facing the use of CNG as alternative
fuel. In the developed world, the use of Natural Gas Vehicle (NG V) is not new. But in this
part of the world, popular for as in seminars and workshop on the use of CNG as alternative
fuels for automobiles generally must be employed to consolidate gains already made for both

living in the cities and people living in rural areas where bulk of the population resides.
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Table 3.4a: Dvnamic characteristics values of the Tractor Di

APPENDIX 1

esel Engine

IANGLE/ALPHA BETA. | 5
| (deg) | (rad) frad). P.ON)  PL(N) L Pa(N) L P(N) PN P.(N) R’ Z. T | R
L0000 0.00 000 270.27-10573.11] -2643.28 -13216.38 -12946.11  -12046.11! 30/ -193597.41}-12946.11 0.00 32543.53
L 10000 617 004 27027 -10412.48! 1289635 -12626.08  -12637.99: 300 -19289.29| -12338.99 -2732.80° 31746.12
| 20000 035 009 27027 -9935.47] -2024.87) -11960.34 -11690.07  -11733.04 300 -18384.341-10641.94 -4940.97 29443 81
30000 032 013 27027 -9156.58 1047822 -16207.95  -10288.64. 30]  -16939.941 -8107.30 -6217.75. 23894.82
4000 070 .16 27027 -8099.47 835847 -8288.20.  -8397.33 300 -15048.63 -5481.74 -6361.27 21493.30
50000 087 G.19 27027 -6796.26) 2633726 -6066.99 518141 300 -12832.711 -2992.94 -5408.52" 16724.33
60000 105 622 27027 -5286.55) 2306492 2369365 378441 300 -10435.710 -1137.75 -3609.33 1212320
70000 122 624 27027 -3616.22 150135 122108 -1339.01 300 -8010.41] -151.80 -1350.61, 827321
80.00° 146G G35 27027 -1836.00 647.87  918.14 947.30. 300 -3704.00, -76G.05 91369  S851.02
90.00 137 25 27027 0.00: 264328 291333 2009.10° 300 -3642200 -75227 291335 2723
100,000 173 625 27027 1836.00) 4319.87 39014 4733.02 300 -1915.38 -194335 4317.93 579222
L 11000 192 24 27027 361622 364108 61133 6081.35 30 -569.75 -33643% 506621 641432
L 12000 209 (22 27027 5286.55 6608.10 687836 045,57 30] 394.27 176628 519422 6783.42
L 13000 227 0060 27027 6796.26 715526 TS2833 ~667.43 30/ 1016.15 -5962.1S 482102  6906.91,
140,000 224 T 06 27027 8099.47 764047 791074 8014.90° 30! 1363.60. -6887.87 109828  6878.48!
15000  2.62 {3 27027 Q15638 783494 $1032) 8169.28 30 1517.98 732005 316825 670366
160000 270 .09 27027 003547 791060  § 8087 8210.94 30 155964 -792763 213829  6TiT40
170000 207 (.04 27027 1041248 797286  £108.88 8206.62 30 1555320 -8136.19 107287 666773
180.000 3.0 C00 27027 1057311 792083 $200.10 $200.10° f 1348.80.  -8200.10 0.00  6631.30]
190000 332 004 280.84 1041248 7928.61 820645 8217.20. 1565.90, -8140.6” -1074.25 666788
120000 349 000 31335 993347 7910.60  $22303 §254.18: 1602.88 -7969.38 -2149.35 71038
L 21000 36T 003 6900 915638 783404  $204.00 826946 1618.16! -7622.03 -3207.11  6806.94]
122000 38 006 44059 809947 764047 S087 00 §103 54 154204 -7041.39 -1189.63  6913.09,
D 230000 S0 <019 $3023 0 679626 725526 S80S S0 03270 130140 -0183.09 -S000.38  608S 81
| 240000 319 002 0p9.50 $280.55 6608.10 277 7§ 154,60 803.30. -303¢.03 -3403.76 603718
L 250.000 430 -024 88003 361622 564108  oS310] 671905 6775 371701 330708 (e8181
U 260,000 451 023 {17065 1836.00 431987 310032 Se748 -977.120 2233073 -31T338 0 6140.310

R



Tabic 3.4a: Dyvnamic characteristic values ot the Tractor Diesel Engine

27000 471 -025 1576.65 0.00| 264328 421993 433832 -6651.30'  -2292.98] _1089.58 -4219.93  5408.28
280.00 489 -0.25 214438 -1836.00 647.87 279225 288093  -6651.30,  -3770.37] -213.65 -2872.99  4911.87
290.00 306 -0.24 299532 -3616.22 21591350 140397 144439 665130,  -5206.91] 16133 -143536  5245.77
300,00 S24 022 4313.40) -5286.55 3964.920  348.48 356950 -6651.30.  -6294.35]  107.31 -340.44 619639
| 31000 331 -0.19 6509.56 -6796.26 633726 172.30 175550 -6651.30]  -6475.75]  85.00 -153.60  6392.60
| 32000 36 016 993345 -8099.47 855847, 137498 139308  -6651.30  -5258.22|  909.40 -105531: 4475.03
| 33000 576 -0.13 15840.10° -9156.58 L1047822,  S361.88 540427 -6651.30°0  -1247.03) 430576 -3263.97  4474.64
340.00 593 -0.09 23333.86/ -9935.47 1196034 13393.52 13442751 -6651.300  6791.45] 12192.67 -5660.96 19810.18
330.00 &1 -0.04 37493.62-10412.48 12896.35' 2459727 2462049  -6651.30.  17969.19 24037.99 -5323.86 42343.19
36000 A28 0.00 43130.98 -10573.11 T1321638 3191460 3191160 665130 25263.30' 3191460  0.00 57177.89)
| 370.06 €26 5.04 8620436 -10412.48 1289635 330801 7337719 -6651.30°  66725.89 7164115 15866.86 139275.82)
38000 643 (.09 2983582 -9935.47 11960.34 4807153 -6651.50° 4142023, 4360121 2024369 $7398.24,
30000 S0 0.13 3951256 -9156.58 1047822 20263.87  -6651.30°  22612.37 233110 1768508 4921522
. 400.00 (.16 26586.21 -8099.47] _8558.47, 1826512 -6651.30 1161382 1162337 1383646 27302.88!
| 410.00 0.19 18328.81. -6796.26) 6337.26 12319.58 665130 566828 596491 1077922 15839.49]
L 420.00 (.22 1326562 -5286.55 -3962 92 052667 -6651.30 287537 286110 908391 10746.90
430.00 1210 091337 -3616.22 _1501 35 836163  -6651.30 191033 93627 830806  §978.00,
44000 025 765449 -1836.00 64787 836605  -6651.30 191473 63524 834221 $637.73
. 450.00 (25 609208 0.00) 264328 902184  -6651.30 2370.54 -223346 $73536 873611
4600 025 207330 1836.00) 431987 038852 -6651.30 203702 -30386° §74225  §799.42
470.00 024 417005 361622 5641.08 10093.61°  -6651.30 3442310 -5583.83 84081  8676.87
| 480.00 002 338162 5286.55) 6608.10 1043768 -6651.30' 378638 -7032.12 7693198  §336.30!
| 490.00 0.10 314374 679626 705526 1059715 -6651.30 394585 -824030 6663.11 7927.13,
| 500.00 016 282779 809947 764047 10606.10  -6651.30 395480 -0114.70 542325 748573
| 510.00 013 239747 915638 7834.94 1051288 -6651.30 3863.58 -9691.91 407794  7113.30,
520.00 0.09 244840 993547 7910.00 036708 -6651.30 374578 1003834 270700 685035
| 530.00 004 234703 1031248 7028 o1 028334 -6651.30 3634.04 -10197.07 134362 669935
| 540,00 000 231523 10573110 7920 83 10245060 -6651.30.  3393.76 -102330c 000 6631.30i
530,00 2004 13136 1041248 7028 61 S06T.S8 -6651.30 141628 -79983% -1054.00  6666.03!
L 56000 2000 13136 993547 7910 00 SUTIS2 -6651.30 1420.22 2779302 210198 (710.50]




Tanie 3.4a: Dynamic characteristic values of the Tractor Diese] Engine

L 570.00 695 -0.13 131.36 915().58;ll 132164 7834.94 8()29.28‘ 30 -7400.85, -3]13.96} 6780.24
| 580.00 1612 -0.16  131.36' 8099.471 -130.000 764047 7874.16 50 -6766.92:; -4026.32; 6851.85
590.00 1630 -0.19 13136 6796.26! 439.000 725526 7525.92 30 -5832.13° -4732.031 6867.87
600,00 1647 -022 13136 $286.55 1321.64]  6608.19 6903.29 30 -4664.14: -5089.32]  6735.60
161007 1065 -0.24 131.36. 3616221 202487  5641.08 5938.64 30; -3283.28 -4947.160 6360.65
62000 1082 -025 13136 1836.00 2483.87  4319.87 439260, 30| -1886.48 -4187.26.  5753.05
63000 1100 -025 13136 0.000 264378 264328 2865.63! 30 -716.41 -2774.641 528841
| 640.00 7 -0.25 13136 -1836.00] 2483.87.  647.87 803.97| 30! -39.62  -801.76.  5961.11
L 650.00 1134 =024 13136 -361622 202487 -1591.3% -1502.02! 300 -167.77 149263 8453.90
_660.00 (132 -022 12136 -3286.55 1321.64  -3964.92 -3926.69 30! -1180.32 374503 12340.50;
67000 1169 2019 13136 -6796.26 +39.00. -6337.26 -6322.94: 30 -3061 46 SS3236° 1696321
68007 1187 016 131.36 -8099.47  -230.00 -8358.47 -8358.07 30! -3372.61 646789 21747.07
L 690.0% 1261 -0.13 13136 -9156.58 -1321.64 -10478.22 -10428.65 30, -8308.85 630236 26159.34
700.0% 1222 -0.09 131.36 993547 -2023.87 -11960.34 -11872.46 30 -10768.40 199968 297]5.7&5
C 710,07 1229 004 131.36-1041248 -2483.87 -12896.33 -12777.03 30 c-124747°4 0 276287 3202?_.48;
720,00 1237 0.00 13136-10573.01 2262328 -13216.38 -13083.02 30 1-15082.02 .00 32821.353
~



Tabie 5.4h: Dynamic char

cteristics values of the Tractor CNG engine

'ANGLE ALPHA BETA| | | | : }
(degr  trad) (rad). P.(N) | Pu(N) | Po(N) | P.(N) P. (N) P.. (N) PN) | R Z T ! R |
G.00  0.00 0.00 3<141-10w7» 111 -2643.28] -13216.38 -13081.24  -13081.24! -6651.30! -10732.54! -13081.24] 0.00' 32813.79;
1000 017 004 135.14-10412.48 -2483.87] -12896.35 -12761.21  -12773.25 -6651.30 -19424.55! -12471.04) -2762.05_ 32014.96|
2000 035 009 13514 -9935.47 -2024.87] -11960.34 -11825.20  -11868.66] -6651.30 -18519.96. -10764.96 -4998.08 29708.37
36.00 052 003 135140 -9136.38 -1321.64! -10478.22 -10343.08  -10424.84] -6651.30! -17076.14/ -8305.82! -6300.06 26152.14i
3000 070 016 13314 -8099.47 -159.00/ -8558.47 -8423.33  -8334.24] -6651.30) -15185.54! -5571.11' -6463.99° 21740.16
5000 0.87 019 13514 679626/  459.001 -6337.26 -6202.12  -6319.09] -6651.30! -12970.39] -3059.60 -3528.99. 16956.71)
6500 105 ¢22 13514 -5286.35 {321.641 -3964.92 -3829.78  -392282 -6651.30; -10574.120 -1179.36! -3741 33 12334.58,
TC000 1220 G240 13504 -3616.22 2024.870 -1391.35 -145621  -1498.130 -6651.300 -8149.43  -167.33! -1488.76  8448.96'
800 130 025 13514 -1836.00 2483.87)  637.87  783.01 807.87 -6651.30, -3843.43  -39.91: §083  3958.06
90,00 1.5 025 1354 0.00° 264328 264328 277842 2869.54] -6651.30] -3781.76] -717.38 277842  5287.90
10006 173025 13314 1836.00 2483.87 431987 11350} 1396500 -6651.300 -2054.80° -1888.081 4190.81  3754.06|
JI000 192 024 12504 3616220 2024.870  3611.08  3776.22 594253 -6651.30'  -708.77. -3287.43' 193640  6362.08
2000 209 022 13511 328655 1321.64  6608.19 674333 690716/ -6651.300  255.86 -4666.76] 3092.17  6736.93
20000 227 (.10 13304 679626 439.000 723326 T390.40 T520.77) -6651.300  878.47' -5855.120 473135 6868.92
0000 2a0 006 13314 8099.47  -439.000 764047 TTTI6] "§77.99'° -6651.30° 1226.69° -6770.211 4028.28  6852.56/
SU000 262 043 13514 915658 -1321.641 783104 T970.08 $033.09 -6651.301 1381.79° -7404.36! 311333 6780.66
6000 270 009 13311 993347 -2024.870 791060 804374 807332 -6651.30° 1424.02 -7796.68. 210297 “6710.69
G000 207 (004 3534 10412.48 -2483.87.  7928.61  8063.7S 8071.36° -6651.30] 1420.06. -8002.09. 10538  6666.07;
ISCO0 314 000 13304 1057311 -2643.280  7929.83 806497 8064970 -6651.301 1413.67. -8064.97 000 6651.30]
19000 332 -0.04 16048 10412.48 -2383.87  7928.61  8089.09 8096.721 -6651.301 1445.42) -8027.23' -1038.30  6666.38!
200000 320 .009 10351 993547 -2024.87)  7910.60  S104.12 £133.93! -6651301 148263 -7833.28! 211823 6713.57
D000 36T 013 24344 913658 -1321.640 783494 S078.3S $142.240 -6651.30, 149094 -7504.97; 313777 679265
22000 382 006 20532 809947  -459.000 764047 T9437Q 805041 -6651.300 139911 -6918.39 ~i1lodd 688531
J3000, 400 019 38890 679626 459.00, 723526 Toddl2 “788.380 -6651.30]  1137.08] 6036211 -4897.06  6941.11
22000 408 022 20095 3286.55 1321.640 660819 Ti1514 T288.000 -6651.30]  636.70! -4924.07| 337294 6873.87]
230000 430 <021 oof04 3616220 2024.870 364108 0309.12 0490.77! -osﬂ.soi S160.53 -3590.72] -3307 11 6580.94]
Covo0 482 025 R98 40 1836.00 248387 431087 321830 38409 -6651.300 -1267.210 -2211.59; -390890  6016.39°
\\
~



Table 3

Ak Dyvnamic

characteristic value of the Tractor CNG Engine

Wrﬁo.oou 471 -023 1213.08 0.00] 264328 264328 385636 3982.83' -6651.30] -2668 q -995.71 -3856.36  5319.56'
| 280.000 459 -0.25 1676.52 -1836.00] 2483 647.87  2324.39 239821 -6651.30] 4253.090 -177.85 -2391.60  5033.18
| 290.00] 06 024 236567 -mo;uu_ 2024.87. -1591.35 77432 796.620 -6651.30] -5854.68 88.98. -791.63  5819.80
| 300.000 324 -0.22 3435.92 -5286.55| 1321.640 -3964.92  -$20.00 -541.85 -6651.30 -7193.15 -162.90 351678 7374.18
| 310000 S41 -0.19 S21532 -6796.26]  459.00  -6337.26  -1121.94 43100 -6651.300 -7794.40] -553.47 1000.} 8407.37
| 320000 39 6.6 799895 -8099.470 -459.00 -8558.47  -350.52 -566.89 -6651.30, -7218.19] -370.06. 42944 760039
| 330000 76 -0.13 12791.07 -9156.58 -1321.64 -10478.22 231285 2331.14 -6651.30] -4320.16] 185729 -1408.78  2837.32
| 340.000 .63 -0.09 20341.83 -9935.47 -2024.87 -11960.34  $481.49 $512.67 -6651.30, 1861.37] 7721.05 -3384.82 10231.01
| 350.00 €10 -0.04 30080.35-10412.48 -2483.87 -12896.35 1720022 -6651.30 10548.92| 16793.28 -3719.32 27394 01
| 360.00 628 000 3363448-10373.11] -2643.28 -13216.38 2241810 22418.10. -6651.30! 13766.80] 22418.10 0.00 38184.89
 370.00 65 0.04 67775.44-10412.48 -2483.87 -12896.35 34879.09  34930.88 -6651.30' 48279.58] 53631.27 11878.09 102600.73
| 380.00 .63 0.09 1712329 -9935.47 -2024.87. -11960.34 35316295  33292.20 -6651.30/ 28640.90; 32010.27 14862.1] 35

390.00 6.8 0.13 31835.90 -9156.58 -1321.64 -10478.22 2133368 2152450 -6651.30 14873.20] 17149.28 ;3007.04 65
| 400,000 698 (.16 2149126 -8099.47 -459.00 -8558.47 1263579  13106.12 -6651.30] 6454.82 833561 092834 .80
L 41000 T (.39 1203903 -6796.26.  459.00 -6337.26 86077 §763.99 -6651.30] 2112.69. 4243.38 7668.19 96
420,00 T33 0 0.22 10763.00 -5286.55. 1321.64  -3964.92  6798.08 696304 -6651.30,  311.941 209343 6641.11 30

430.00 T3 (.24 803473 -3616.220 2024.87  -1591.33 0 A2I33§ 0628.90 -6651.30,  -22.40' 74040 638742 A3

440.00 oS 025 620049 -1836.00, 2482.87 647.87  6828.36 706385 -6651.300  414.55  -323.99 704640 23
1,450,000 T.83 0.05 492742 0.00 264328 264328 737070 "818.98 -6651.30. 1167.68 -1934.75 75707 30
| 160.000  §07 025 201683 1836.000 248387  4310.87  8336.70 $601.46 -6651.30, 1950.16/ -3333.18 ~842.3 49
| 47000 820 024 3361 3616.220 2024.87.  5641.08 900294 9262.15  -6651.30] 2610.85 -5123.86 T715.80 g2
| 480.00 83§ 0.22 2% 5286.55, 1321.64  6608.19 038988 2044 -6651.301 3069.14] -6367.52 7166.21 34
| 49000 $:53 019 252079 679626/ 459.00 725526 9776.03 996042 -6651.301  3309.12] -7743.18 626273 68
L 500.00 8§73 G.de 226015 809947 -439.00. 764047 9900.62 0030.98  -6651.30{ 3379.68] -8620.45 3120.17 733308
L 510,00 SO0 U3 207) 9136.58 -1321.64 783494  0906.61 998493 -6651.30] 3333.63] -9203.43 387241 7032.08
52000 908 009 j93ded 003347 -2024.87 791060 0§35 24 9891.47  -6651.30; 3240.17] -9550.17 257303 681354
| $30.00  S23 004 183949 1041248 -2483.87 792861 978810 V70734 6651.30] 3146.04 -971325 128082 669005
L 540,00 S22 000 182301 1057311 -2643.28; 792983 975284 073284 -6651.30]  3i01.54] -9752.84 0.00  6631.30
_”11&0.8 Ved 004 :m.uﬁ::: -2483.87 792801  §03:.32 803890 -6651.30  1387.60' -7969.01 -1030.94 6066368
L0000 O 7T 00w 10271 993347 -2024.87 791000 8033 SO42.77 -6651.300 1391470 770320 -209449 070910




Table >.4b: Dynamic characteristic values ot the Tractor CNG Engine

57000 995 013 10271 915658 -1521.04 783494 793765 8000.40 -6651300 134910 -7374.23 -316276  6777.12]
580.00 1612 -0.16 10271 809947 -15000 764047 772318 784514 -665130 1193.84| -6741.97 -401148  6846.44)
590.00 1630 -0.19 10271 679626 43900  T25526 7357.97 749673 -665130] 84543 -5829.43 -471168 685995
600.00 1037 -022 10271 528655 132164 660819 671090  6873.94 -6651.301 22264] -464432 -50669 672532
610.00 10635 -0.24 10271 3616220 202487  3641.08 574379  5909.17 -6651.30] -742.131 -3268.97 -4622.61  6349.89.
620.00  10.82 -0.25  102.71 183600 2483.87 4319.87 443258  4563.04 -6651.30] -2088.26] -1874.33 -4160.31  5745.46]
630.00 1100 025 102 0.000 264328 264328 - 271599  2836.04 -6651.300 -3815261 -709.01 -272599  $29239!
640.00 1117 -6.25 10271 -1836.00, 2483.87  647.87  30.58 774.41 -6651.300 -5876.89]  -57.43 -TT228  5984.36]
630.00 131 -0.24 10271 3616220 2024.87 -1501.35 138864  -1531.50 -6651.30 -8182.80! -171.06 152..82 849136
660.00 1.2 -6.22 10271 -5286.55 1321.64  -3964.92 386221 -3956.04 -6651.30 -10607.34 -1189.35 377102 238537
670.00 .69 -0.19 10271 -679626 43000 -6337.26 -623133 635213 -6651.30 -13003.43 -3075.60 553760 17010.50
680.00 1187 -0.16 102.71 -8099.47 -459.00 -8558.47 85576  -8367.10 -665130 -15218.400 -5592.36 68088 2179941
690.00 204 -0.13 10271 -9156.58, -1321.63 -1047822 1037551  -10457.53 665130 -17108.83 -8331.86 63:¢81 2621390
70000 222 -0.09 10271 -993547 202487 -11960.34 -11837.63  -11901.21 -6651.30 -18552.511-1079448 3¢ "9 2077187
710.00 (236 -0.04  102.71-10412.48 -2483.87 -12806.35 1276365  -12805.71 -6651.30 -19457.01 1230274 27eciT 3207048
72000 257 000 102.71-1057301 265328 -13216.38 137367 1311367 -6651.30 -19764.97 -13113.6" £ 00 3287863
P



Intake Volume (cubic meter)

Appendix 2

Compressicn Volume (cubic meter)

Combusticn Volume (cubic meter)

Va-diesel 6.55E-04
Va-CNG 8 Q7E-04
Correlation

Column 1
Column 1 1
Covariance

Column 1
Column 1 5776E-09
Descriptive Statistics

Cciumnt

Mean 0.000731
Standard Error 7 BE-05
Median £.000731
Mode #N/A
Standard Deviatcn 0.00010748
Sampie Variancs 1.1552E-08
Kurtosis #DIV/IO!
Skewness #DIV/O!
Range 0.000152
Minimum 0.000655
Maximum 0.000807
Sum 0.0014862
Count 2

Ve-dieset 4.04E-05
Ve-CNG 5.38E-05
Correlation

Column 1
Column 1 1
Covariance

Column 1
Coiumn 1 4.489E-11
Descriptive Statistics

Columnt

Mean 0.0000471
Standard Errc 6.7E-C8
Median 0.0000471
Mode #N/A
Standard Deviaticn 9.47823E-Cc
Sample Variance 8.978E-1"
Kurtosis #DIV/0!
Skewness #DIV/0!
Range 0.00001234
Minimum 0.0000404
Maximum 0.00005238
Sum 0.000084z
Count z

Vz-dieset 4 28E-05
Vz-CNG 5.70E-05
Correlation

Column 1
Column 1 1
Covariance

Column 1
Column 1 5.041E-11
Descriptive Statistics

Column

Mean 0.0000485
Standard Error 7 1E-06
Median 0.0000488
Macde #N/A
Standard Deviation  1.0041E-05
Sampie Variance 1.0082E-10
Kurtosis #DIV/Q!
Skewness #DIV/Q!
Range 0.0000142
Minimum 0.0000428
Maximum 0.000057
Sum 0.0000998
Count 2




intake Pressure (mPa)

Compression Pressure (mPa)

Combustion Pressure (mPa)

Pc-diesel 7.02E+00
Pc-CNG 5.28E+00
Correlation

Column 1
Column 1 1

Covariance

Pa-diese! 1.46E-01
Pa-CNG 1.23E-01
Correlation

Column 1
Column 1 1
Covariance

Column 1
Column 1 0.00013225

Descriptive Statistics

Pz-diesel 1.33E+01
Pz-CNG 1.01E+01
Correlation

Column 1
Column 1 1
Covariance

Column 1
Column 1 2.706025

Column1
Mean 0.1345
Standard Error 0.0115
Median 0.1345
Mode #N/A

Standard Deviation 0.01625346
Sample Variance £.0002645

Kurtosis #DIV/0!

Skewness #DIV/0!

Range 0.023
Minimum 0.123
Maximum 0.146
Sum 0.269
Count 2

Descriptive Statistics

Column 1

Column 1 0.748225
Descriptive Statistics

Columni
Mean 6.155
Standard Error 0.865
Median 6.155
Mode #N/A
Standard Deviation  1.223295
Sample Variance 1.49645
Kurtosis #DIVIO!
Skewness #DIV/0!
Range 173
Minimum 5.28
Maximum 7.02
Sum 12.31
Count 2

Column1

Mean - 11.8¢5
Standard Error 1.645
Median 11.695
Mode #N/A
Standard Deviation 2.32638%
Sample Variance 5.41205
Kurtosis #DIV/IO!
Skewness #DIV/0!
Range 3.29
Minimum 10.05
Maximum 13.34
Sum 23.3¢

Count 2




Intake Temperature (K)

Compression Temperature (K)

Combustion Temperature (K)

Ta-diesel 3.34E+02
Ta-CNG 3.45E+02
Correlation

Column 1
Column 1 1
Covariance

Column 1
Column 1 33.23522

Descriptive Statistics

Tc-diesel 9.88E+02
Tc-CNG 9.92E+02
Correlation .

Cofumn 1
Column 1 1
Covariance

Column 1
Column 1 3.861225

Descriptive Statistics

Tz-diesel 2.48E+03
Tz-CNG 2.25E+03
Correlation

Column 1
Column 1 1
Covariance

Column 1
Column 1 14762.25

Columni
Mean 338.315
Standard Error 5.765
Median 338.315
Mode #N/A

Standard Deviation 8.152941
Sample Variance 66.47045

Kurtosis #DIV/O!

Skewness - #DIVIQ!

Range 11.53
Minimum 333.55
Maximum 345.08
Sum 678.63
Count 2

Descriptive Statistics

Columni
Mean 990.225
Standard Error 1.9€5
Median 8g80.225
Mode #N/A

Standard Deviation 2.77893
Sample Variance 7.72245

Kurtosis #Div/0!

Skewness #DIV/O!

Range 3.93
Minimum 988.26
Maximum 892.19
Sum 1980.45
Count 2

171

Column

Mean 2366.5
Standard Error 121.5
Median 2366.5
Mcde #N/A
Standard Deviation  171.8283
Sample Variance 285245
Kurtosis #DIV/O!
Skewness #DIV/0!
Range 243
Minimum 2245
Maximum 2488
Sum 4733
Count 2




Expansion Temperature (K)

Expansion Pressure (mPa)

Tb-diesel 1.29E+03
Tb-CNG 1.19E+03
Correlation

Column 1
Coiumn 1 1
Covariance

Column 1
Column 1 2734.767
Deszriptive Statistics

Column1

Mzan 1240.885
Siangard Error 52.295
Median 1240.825
Mode #N/A
Standard Devigtion 73.9563
Sampie Variancs 5489.534
Kurtosis #DIV/0!
Skewness #DIV/O!
Range - 104.59
Minimum 11886
Maximum 1293.19
Sum 2481.79
Count 2

Pb-diesel 4 53E-01
Pb-CNG 3.76E-01
Correlation

Column 1
Column 1 1
Covariance

Column 1
Column 1 0.001482
Descriptive Statistics

Column1

Mean 0.4145
Standard Error 0.0385 .
Median 0.4145
Mode #N/A
Standard Deviation  0.054447
Sample Variance 0.002985
Kurtosis #DIV/0D!
Skewness #DIV/O!
Range 0.077
Minimum 0.376
Maximum 0.453
Sum 0.829
Count 2




Effective Power (kW)

Mean Effective Pressure

Moment of Inertia of Flywheei

Ne-diesel 47
Ne-CNG 417
Correlation

Column 1
Column 1 1
Covariance

Column 1
Cotumn 1 7.0225

Descriptive Statistics

Pe-diesel 0.783
Pe-CNG 0.6¢5
Correlation

Column 1
Column 1 1
Covariance

Column 1
Column 1 0.001938

Descriptive Statistics

jfw-diesel 0.5218
jfw-CNG 0.4622
Correlation

Coiumn 1
Column 1 1
Covariance

Coiumn 1
Column 1 0.0C0891023

Column1

Mean 44 35
Standard Error 2.65
Median 44,35
Mode #N/A

Standard Deviation 3.74766594
Sample Variance 14.045
Kurtosis #DIV/O!

Skewness #DiIV/0!

Range 53
Minimum 41.7
Maximum a7
Sum 88.7
Count 2

Columnt

Mean 0.73¢
Standard Error 0.024
Median 0.732¢8
Mode #N/A
Standard Deviation 0.0622253¢7
Sample Variance 0.003872
Kurtosis #DIV/0!
Skewness #DIV/0!
Range 0.C&8
Minimum 0.6¢8
Maximum 0.783
Sum 1478
Count 2

Descriptive Statistics

Column1

Mean 0.48205
Standard Error 0.0288%
Median 048202
Mode #N/A
Standard Deviation 0.04221427%
Sample Variance 0.001782045
Kurtosis #DIV/Q!
Skewness #DIV/IO!
Range 0.0867
Minimum 0.4622
Maximum 0.5219
Sum 0.9841
Count 2




Fuel Economic Indices

Specific Fuel Consumption(g/kWhr)

Specific Fuel Consumption(g/kWhr)

Specific Fue! Consumption(a/kWhr)

ge idle diesel 461
ge idle CNG 275
Correiation

Column 1
Column 1 1
Covariance

Column 1
Column 1 8649

Descriptive Statistics

ge rated diesel 392.15
ge rated CNG 263.89
Correlation

Cotumn 1
Column 1 1
Covariance

Column 1
Column 1 4112.657

Descriptive Statistics

ge max tk diesel 433.5
ge max tk CNG 290.21
Correlation

Cofumn 1
Column 1 1
Covariance

Column 1
Column 1 5133.006

Ccilumn 1

Mean 368
Standard Error 93
Median 368
Mcde #N/A
Standard Deviaticn  131.5219
Sample Variance 17298
Kurtosis #DIiv/0!
Skewness #DIV/0!
Range 186
Minimum 275
Maximum 461
Sum 736
Count 2

Descriptive Statistics

Column1
Mean 328.02
Standard Error 64.13
Median 328.02
Mode ZN/A

Standard Deviation ©0.59352
Sample Variance 8225.314

Kurtosis #Div/o!

Skewness #DIV/0!

Range 128.26
Minimum 263.89
Maximum 382.15
Sum 656.04
Count 2

Column
Mean 361.855
Standard Error 71.645
Median 361.855
Mode #N/A

Standard Deviation 101.3213
Sample Variance 10266.01

Kurtosis #DIV/0!

Skewness #DIV/O!

Range 143.29
Minimum 280.21
Maximum 433.5
Sum 723.71
Count 2




Fue! Economic Indices

Hourly Fuel Consumption(kg/hr)

Hourly Fuel Consumption(kg/hr)

T idle diesel 461
GT idie CNG 275
Correlation

Cofumn 1
Coiumn 1 1
Covariance

Column 1
Coumn 1 0.8649

Descriptive Statistics

GT rated diesel 18.43
GT rated CNG 11
Correlation

Column 1
Column 1 1
Covariance

Column 1
Column 1 13.80123

Descriptive Statistics

Column1
Mean 3.68
S:andard Error 0.83
Meadian 3.68
Moas #N/A
S:zndard Deviation 1.3152186
" Sample Variance 1.7298
Kutosis #DIV/0!
Skawness #DIV/0!
Range 1.86
Minimum 2.75
Mzximum 4.61
Sum 7.36
Count 2

Column1
Mean 14.715
Standard Error 3.715
Median 14.715
Mode #N/A

Standard Deviatior 5.253803
Sample Variance  27.60245

Kurtosis #DIV/0!

Skewness #DIV/0!

Range 7.43
Minimum 11
Maximum 18.43
Sum 29.43
Count 2

Hourly Fuel Consumption(kg/hr)

GT max tk diesel 18.71
GT max tk CNG 11.17
Correlation

Column 1
Column 1 1
Covariance

Column 1
Column 1 14.2128

Descriptive Statistics

Column’i
Mean 14.94
Standard Error 3.77
Median 14.94
Mode #N/A

Standard Deviation 5.331585
Sampie Variance 28.4258

Kurtosis #DIV/0!
Skewness #DIV/0t
Range 7.54
Minimum 1117
Maximum 18.71
Sum 29.88

Count 2




