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ABSTRACT
ETHANOL FUEL FOR DIESEL TRACTORS
By

Jose Marcio da Cruz

Ethanol appears to be a feasible motor fuel for farm engines
because it can be derived from agricultural surpluses and residues
as raw material in the ethanol production process. The use of this
fuel in turbocharged diesel tractors is considered in this disserta-
tion. This investigation was performed to evaluate the conversion of
a diesel tractor for dual-fueling with ethanol by attaching a
carburetor to the inlet air system or with the use of an alcohol spray-
injection kit. The spray-injection approach consisted of a fuel tank,
an air supply line, an orifice, a fuel filter, an instrument panel,
and the necessary valves and fittings. In this system the mixture of
water and alcohol is injected into the air stream by means of pressure
from the turbocharger. The carburetor was attached to a by-pass
apparatus which allowed the engine to start and shut off on diesel
alone.

Different water-ethanol mixtures were used in the tests. For
the spray-injection approach, the mixtures and also distilled water

were used in combination with various nozzle sizes.






One energy unit of diesel fuel could be replaced with about one
energy unit of spray injected ethanol, and one energy unit of carbureted
ethanol replaced a little more than one energy unit of diesel fuel.

Approximately 46 percent of the energy for the turbocharged
65 kW diesel tractor could be supplied by carbureted ethanol, and about
30 percent by the spray-injection approach. Knock limited the extent
of substitution of ethanol for diesel fuel. The degree of knock was
associated with the amount of water in the ethanol. Spray-injected
water had little effect on the engine performance.

The dual-fueling with ethanol caused a slight increase in brake
thermal efficiency. Exhaust temperatures were much lower for equivalent
high torque levels. Maximum power was increased by 36 percent with

the spray-injection approach and about 59 percent with carburetion.
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CHAPTER 1

INTRODUCTION

In light of the growing dependence of the world economy on fossil
fuels, the demand for petroleum has been steadily increasing. This
situation has been compounded with the recent political developments
in the Middle East, moving energy to the front ranks of concern of the
international community.

After World War II, the economies of all nations have become more
and more interdependent. This economic interdependence was bothbthe
cause and the effect of the rapid recovery from the devastation of war
and of a long period of desirable economic growth. But, on the other
hand it created insecurity, since the nations did not control the
destiny of their economies. Petroleum played a very important role,
both in promoting economic growth, and in creating an economic
insecurity (27).

Many studies have dealt with the energy problem from the economic
view point. Emphasis has been placed on the impact caused by the re-
cent increases in price of petroleum on the behavior of different
national economies, on the creation of incentives for developing alter-
native forms of energy, and on the formation of international
agreements.

Alcohol has been a strong candidate as an alternative source of

motor fuel because it can be made from renewable resources and, thus,






be a net addition to the energy supply without overdrawing fossil fuel
reserves. In actuality, the energy ratios for alcohol (energy in/
energy out) is not very satisfactory. However, this technology has
been changing quite fast, and it is expected that the net gain of
energy will increase in the future. The production of alcohol from an
appropriate energy source can lead to the creation of a highly useful
liquid fuel from a less useful form of energy (28).

Because of the convenience, natural gas is often used in the
production of alcohol at the processing plant. Nevertheless, natural
gas is also the prime source for nitrogen fertilizers and low pollut-
ing fuel for home and industrial heating, and should not be diverted
to the production of alcohol. Other sources such as coal, biomass and
solar energy, which are abundant or renewable, may be used. The de-
cision of which source to use will depend on the cost of the energy
source. Thus, there are alternatives which are independent of external
markets and can readily take the place of natural gas at the alcohol
processing plant (24).

Perhaps we should not analyze alcohol production in terms of
energy in and energy out, because a renewable source of energy could
be used, such as forest residues and other agricultural residues, and
those are not suitable for fueling internal combustion engines. The
alcohol net gain controversy varies from place to place and from
country to country. In Brazil, alcohol production has proved to be an
efficient way to replace fossil fuels (1).

Ethanol appears to be a feasible motor fuel for farm engines
because it can be derived from agricultural surpluses and residues (in

particular, corn in the United States) as raw material in the ethanol






production process. Furthermore, farmers can possibly incorporate
the production of their own fuel as a by-product of the food produc-
tion system. Even though ethanol production is practical through the
use of sugar cane rather than corn in Brazil, it does not appear
commercially viable in the United States at present (28).

Ethanol in the U.S. is mainly made from corn, which has created
a controversy concerning the use of food for fuel. However, the part
used to produce alcohol is starch, and by-products from the fermenta-
tion process can be used as a high protein feed supplement, which adds
to the benefits of farm produced alcohol. The by-products can also be
used in human consumption; however, it would require a change in eating
habits. Such a change can probably be achieved with effective market-
ing and advertising.

Scientists are currently workiﬁg on the development of commercial
processes that will convert cellulose and plant fiber into alcohol, which,
when successful, will open up a vast new source of feedstock for alco-
hol production. Cellulose feedstocks can be obtained from sources such
as corn stalks, tree farms, saw mill wastes, crop residues, and even
garbage (24).

The use of alcohols as fuel should benefit agriculture directly
and indirectly. A very large proportion of the labor involved in the
alcohol production would constitute employment opportunities in coun-
tries having labor surpluses in rural areas. In addition, it is possi-
ble that development of special alcohol crops may afford beneficial
substitutes for crops that appear to be in economic over-production in

some areas. For instance, the U.S. government pays farmers to not






produce in order to control prices. Instead of eliminating over-
production, it should be possible to utilize surplus crops for alcohol
production.

The impact of the use of biomass fuel has created an international
controversy concerning food production. There is a food shortage in
various parts of the world because of uneven distribution (27). With
adequate planning and management, including the replacement of tradi-
tional crops to a substantial extent, a decrease in food production can
be avoided (27). Furthermore, experts from the club of Rome (1) ack-
nowledge that there is enough biomass for energy production to avoid
an impact on food production. Perhaps a world policy shéuld be formu-
lated to provide even distribution of agricultural products for both
food and fuel.

Petroleum will probably have to be replaced by other energy sources
for all countries during the next fifty years. The substitution of
petroleum for other sources of energy, in most cases, requires highly
complex and large technical installations, and the magnitude of this
task can only be recognized and assessed within a global context.
Agriculture will certainly have to be viewed in this same context (1).

Ethanol might become the farmers' fuel. By modifying tractor
engines to burn alcohol, farmers can use the fuel produced from their
surplus crops to produce more crops (28).

Tractors, as well as other agricultural equipment, are powered
by diesel engines. Diesel engines burn fuels by compression heating
of the air-fuel mixture to the ignition temperature. Because of this,

a wide variety of fuels can be used. Alcohol is pre-mixed with the






combustion air that is ignited by the flame produced when conventional
diesel fuel is injected, provided that the pre-mixed alcohol does not
auto-ignite in an uncontrollable way. These characteristics of the
diesel engine permit the use of a number of biomass based fuel materials,
in this case alcohol, which may be substituted for part of the

petroleum fuels.

The dual-fueled engine, by virtue of its ability to run either
on diesel fuel or on a mixture of diesel and alcohol fuel over a wide
range of relative concentrations, in the author's judgement, is an
attractive and suitable unit for operation where alcohol fuel supplies
are readily available. Furthermore, the engine may be easily changed
over from dual-fueling to diesel operation, which is of particular con-
venience when the alcohol supply may be fluctuating (4).

A kit, which is no longer on the market, developed by M & W Gear
Company, allows diesel tractors to be converted to dual-fueling. This
system includes a fuel tank, hose and nozzle to deliver the alcohol
into the engine. The tank is pressurized with the outlet air from the
turbocharger, which forces alcohol from the tank through a hose into
the inlet to the turbocharger. This system provides little control of
the alcohol fuel because the flow of alcohol into the engine increases
with increase on turbocharger pressure. Turbocharger pressure varies
as the load in the tractor varies (13).

A carburetor can also be used to introduce alcohol into the intake
air. This method appears to be promising due to its low cost and the
possibility that, with proper guidance and some knowledge of shop

mechanics, the farmer could make the modification himself. The






dual-fueling of agricultural equipment having diesel engines can help

farmers become less dependent on fossil fuels (4).






CHAPTER 2

LITERATURE REVIEW

Because of the recent interest in alcohol as an alternative fuel,
this literature review covers wide aspects of alcohol and its use in

internal combustion engines.

2.1 Comparison of Available Fuels

The combustible elements in fuels are predominantly carbon and
hydrogen with small amounts of sulfur as the only other fuel element.
Petroleum and alcohol fuels are both mixtures of complex hydrocarbon
compounds, which are responsible for different properties of the fuels.
Knowledge of these differences is very important to enable good under-
standing of the performance of fuels. Fuel comparisons are outlined in
Table 1.

The definitions of the following characteristics are vital for

understanding, evaluating and comparing fuels.

2.1.1 Caloric Value (heating value)

The heating value is one of the most important determinations
necessary in fuel comparisons. It is defined as the amount of heat
energy contained in the fuel, and is the basis for computations of
thermal efficiency.

The most common method to determine the heat value is the bomb

calorimeter. The heating value is determined by actually burning the
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fuel sample and measuring the temperature rise. The temperature rise

is converted to heating value for fuel mass by algebraic comparison with
the heating value of benzoic acid. Corrections are made for the heat
contributed by the ignition wire, and the heat of formation of nitric
acid and sulfuric acid, by-products of the combustion process (3).

Any fuel containing hydrogen yields water as one product of com-
bustion. At atmospheric pressure, the partial pressure of the water in
the resulting combustion gas mixture will usually be sufficiently high
to cause water to condense if the temperature is allowed to fall below
48 to 60° C. This causes liberation of the heat of vaporization of
any water condensed. The low heat value is determined assuming that
no water vapor condensed in the process, whereas the high heat value
is calculated assuming that all water vapor condensed (3).

Ethanol contains about two-thirds as much energy as gasoline and
diesel fuels. Methanol has only 48 percent of the caloric value of
gasoline. The low energy content of both causes the fuel consumption
to normally be higher when alcohol is used. Consequently, a larger
volume of alcohol has to be burned to provide the work delivered by

petroleum fuels on a normal engine (20).

2.1.2 Octane Rating

The octane number of a fuel is determined by comparing the unknown
fuel with various mixtures to find the knock tendency. A mixture of
iso-octane and heptane is matched to the unknown fuel in knock tendency
following the specified procedure in the American Society for Testing

Materials -- Cooperative Fuel Research knock engine testing (16). A fuel
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that causes less knock than iso-octane is rated by the amount of tetra-
ethyllead in iso-octane required to match the knock of the unknown
fuel (16).

The octane rating is a measure of the ability of a fuel to resist
knocking during combustion. The knocking ratings of the fuels are in
rough proportion to the auto-ignition temperatures.

The octane rating of alcohol is significantly higher than that of
gasoline. The high octane rating allows the fuel to be burned in a
more efficient high compression ratio engine. The benefits gained through
higher compression offset some of the disadvantages of greater fuel

consumption because of lower energy content (5).

2.1.3 Heat of Vaporization

The difference in energy content between saturated-vapor and
saturated liquid is called latent heat of vaporization. It represents
the quantity of energy required to vaporize a unit mass of a saturated
liquid at a given temperature or pressure.

Because alcohol has a higher heat of vaporization and a lower
vapor pressure than gasoline, starting alcohol-fueled engines in
cold weather is difficult. The S.I. engine will not start on alcohol
alone in temperatures below 10° C (10). For efficient operation in cold
weather, the intake air should be around 90° C (10). The high heat of
vaporization causes the alcohol to cool the intake air as it evaporates.
This can increase the power output because a higher volumetric effi-
ciency can be obtained with the cool compressed air. There is less
work done on the compression stroke because vaporization holds down

temperature and pressure which forms more dense air. More work is done
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on the expansion stroke since the mole product per mole mixture is

higher (16).

2.1.4 Vapor Pressure

For every liquid, the internal molecular activity is such that
molecules escape from the surface until the pressure within the
space next to the surface reaches a value that allows the net exchange
of molecules between the liquid and vapor to come to equilibrium.
This pressure is called the vapor pressure. Because molecular activity
depends upon temperature, the vapor pressure in turn is a function
of the temperature of the liquid. This induces problems with cold
start, because the vapor pressure drops with a drop in temperature (16).
Thus the fuel tends to resist evaporation as the temperature is de-
creased. This again causes problems in cold starting of engines on

alcohol fuels.

2.1.5 Cetane Number

The cetane number represents to diesel engines what the octane
rating represents to spark-ignition engines. However, the relationship
between the cetane number of a diesel fuel and the performance of a
diesel engine should not be confused with the relationship between the
octane number of gasoline and the performance of a spark-ignition engine.
With a spark-ignition engine, raising the octane number improves poten-
tial engine performance by allowing the compression ratio to be in-
creased. In the diesel engine, the desirable level of cetane number
is established by the requirements of good ignition quality at light

loads and low temperatures (12). Cetane, also called hexadecane, has
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a low self-ignition temperature and, therefore, is a good fuel to
prevent knock in a compression ignition (CI) engine.

The reference scale for measuring CI knock is based upon hexa-
decane and heptamethylnonane as primary reference fuels with assigned
values of 100 cetane and 15 cetane respectively (16).

The cetane number tends to increase as octane number decreases.

Thus, fuels having very high octane numbers, such as alcohol are inappro-
priate fuels for direct fueling of diesel engines. In other words,
alcohol will not ignite in the conventional diesel engine when compressed,
because of its low cetane number. However, it can be used as a supple-

ment to reduce diesel fuel consumption.

2.1.6 Stoichiometric Air/Fuel Ratio

The stoichiometric air/fuel ratio is the chemically correct mass
of air used, to convert a given amount of fuel into completely oxidized
products.

The speed with which fuel induction takes place in an engine (CI)
makes it impossible to obtain perfect mixing of air and fuel. 1In
order to consume all of one, there must be an excess of the other. If
maximum power is desired, an excess of fuel must be supplied so that
all the oxygen available will be consumed. If economy is desired, an
excess of air must be present so that all the fuel will be burned (12).

A lower air/fuel ratio compared to gasoline and diesel fuels is
required for alcohol, because of the presence of molecular oxygen in
alcohols and the lower number of carbons oxidized in the combustion

process (see Appendix C for derivations).
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2.2 Alcohol Blends

When used as a fuel in spark-ignition engines, alcohols may be
blended with gasoline or used alone. Alcohol blends are in some re-
spects interchangeable with gasoline and therefore, seem to have the
advantage of being more adaptable fpr current spark—-ignition engines.
Alcohol, when blended with gasoline (907% unleaded gasoline and 10%
ethanol), is called "Gasohol." This mixture has been used successfully
in automobiles.

When fueling gasoline/alcohol blends made with methanol, many
automobiles perform unacceptably by present standards. Modifications
are required to replace materials in the fuel system that are not
compatible with alcohol blends (10).

The most noticeable effect when an alcohol blend is used in an
unmodified engine is a leaner air-fuel mixture. An engine operating on
an alcohol blend behaves as if the carburetor is adjusted to give less
fuel (5). For both methanol and ethanol, the engine can operate satis-
factorily with these lean mixtures according to Imgamells and Lindquist
research, although the carburetor should be adjusted to compensate for
added alcohol, by enlarging the jets (10).

Expected effects when unmodified engines are operated on a leaner
mixture than the theoretical air-fuel ratio include the following:

1. Lower fuel economy is expected, because of the
low heating value of alcohols. However, on the
energy basis (km per GJ) the addition of
alcohol to gasoline causes improvements in fuel

economy, because thermal efficiency is increased.
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More efficient burning because of its

combustion characteristics, particularly

when operating under lean conditions (10).
Deterioration in driveability, because of the
sensitivity to phase separation with low

amounts of water (10).

Higher power output--the heat of combustion of equal
volumes of stoichiometric air/alcohol and air/
gasoline mixtures are nearly identical. More
power is obtained because of alcohol's higher
latent heat of vaporization which cools the air
entering the engine much more than gasoline, and
this increases the air density and the mass flow
(10). A 10% gain in power output with methanol

is possible when very high mixtures are used (10).
Lower carbon monoxide and hydrocarbon emissions--
As there is more air available to burn the fuel,
combustion is more complete and emissions are
lower. If the fuel mixture is very lean, however,
hydrocarbon emissions will increase because of
poor combustion characteristics élO):

Generally, higher emissions of nitrogen oxides--
Emissions of nitrogen oxides peak on the lean side of
the theoretical fuel air ratio. Tuning engines
increasingly leaner from this peak, however, will

again reduce oxide emissions (10).
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7. Road octane increases, and better engine
performance (10).
8. Cold starts generally do not present a problem.

(10).

2.3 Straight Alcohol in S.I. Engines

The use of straight alcohol for spark-ignition engines introduces
certain new problems. Intake systems of engines have to be redesigned
to aid in vaporization of the fuel because of the much higher latent
heat of vaporization. Some fuel system metals, plastics and elasto-
meters have to be changed to avoid corrosion and incompatibility
problems (10).

Pischinger (19) points out that a relatively high boiling point
of alcohol along with heat of vaporization, which is 3.5 times higher
than gasoline, make it very difficult to attain a lean mixture in the
engine. The mixture formation along the way to the combustion chamber
is hampered by these characteristics even in warm alcohol engines.

In the same way, heat is affected in gasoline engines with cold running
conditions (leaner air-fuel ratio). This means that the alcohol engine
never warms up properly in the carburetion area, so that the operation
of a car so equipped always requires a rich mixture. As a result, both
the fuel consumption and emissions of carbon monoxide become unaccept-
able. To get good performance, the intake air must be pre-heated along
with the walls of the inlet manifold. The engine heat radiation con-
tributes to this heating.

Difficulty in cold starting can be overcome by using a device to

spray a second fuel in the intake air. It has also been proposed that
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heaters be used to evaporate a small quantity of the alcohol instead
of the use of a second fuel (19).

Other factors that have to be taken into account are the compres-
sion ratio and ignition timing. The compression ratio should be raised
to take advantage of the high octane fuel. Ignition advance is recom-
mended because alcohols have a lower flame temperature and faster
burning velocity (19).

Power, fuel economy, emissions and maximum torque are determined
by the amount of air that can be inducted into each cylinder and the
energy that can be liberated by the combustion process utilizing the
oxygen in the air. The cooling effect caused by a higher latent heat
value decreases compression work or allows induction of a greater mass
of air into each cylinder (4).

Carbon monoxide and hydrocarbon emissions are nearly the same for
methanol and ethanol compared to gasoline alone, but a marked differ-
ence appeared in the emission of nitrogen oxides (7). For methanol,
emissions of nitrogen oxides are slightly lower, and they peaked at a
richer mixture of air/fuel.

Alcohol fuels have been used successfully in automobiles. 1In
extremely severe road tests in Brasil covering more than 100,000 km,
no damage whatsoever was observed in the engines that could be blamed
on the use of alcohol (19). 1In January of 1978 the state of California
demonstrated that a conventional automobile could be operated on 100
percent methanol. The fuel economy was excellent, ranging from 6 to 7
kilometer per liter (km/l), which corresponds to about 12 to 13 km/1 on

an energy equivalent to gasoline (because of the lower caloric value
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of alcohol). The fuel economy of the gasoline version was lower, being
about 8.9 km/1 (15).

A Brasilian magazine ''Quatro Rodas'" (20) shows a comparison of
two Brasilian Ford passenger cars. The cars are the same except that
one was designed for alcohol and the other for gasoline. The average
fuel consumption was 13.7 km/l1 for the gasoline version and 11.5 km/1
for the alcohol (80 percent by volume) car. At constant speed (40 km/hr)
and fifth gear, the alcohol car showed better fuel economy (17.0 km/1)
than the gasoline version (16.8 km/l1). The surprise was the brake ther-
mal efficiency (BTE). The gasoline version had a 27 percent BTE, while
the alcohol version had a surprising 37 percent BTE, which is even

higher than the diesel cycle (around 35 percent).

2.4 Alcohol Use in Diesel Engines

Since the majority of tractors are powered by diesel engines a
comprehensive review of the different methods of using alcohols in
diesel engines is reported. The methods include the conversion of an
engine to burn straight alcohol, and the conversion for dual-fueling

or the use of alcohol to supplement diesel fuel.

2.4.1 Total Alcohol Fueling

Here, two approaches are possible for fueling a diesel engine
with straight alcohol solutions. One approach is to place additives
into the alcoh;l to improve its cetane rating; the other is to modify
the engine to straight alcohol.

Because alcohols have a high octane ratio, they may be used in

spark-ignition engines, which need a fuel that when mixed with air,
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can be compressed in the cylinders without self-igniting. On the other
hand, diesel engines need a fuel with exactly the opposite character-
istics; in other words, a fuel that will self-ignite when injected into
the cylinders. From the above explanation the question can be raised:
How can alcohol (high octane ratio and very low cetane number) be

used in diesel engines? Holmer (8) solved this problem by adding "cetane
improvers" with high self-ignition capacity.

Engines are capable of burning alcohol through this method with
few modifications. The main change would be the injector pump which
must be modified to be self-lubricated, since alcohols do not have
lubrication characteristics. Furthermore, the pump also must compen-
sate for the fuel injected into the cylinders, because the fuels have
different heat values, and burn at different air/fuel ratios.

Even though this method displaces 100 percent of normal diesel con-
sumption it has been proved unfeasible due to technical problems and high
price of cetane improvers (8). For these reasons, this method has low
potential in saving diesel fuel unless a low price cetane improver is
developed.

Through major mechanical modifications, an engine can be converted
to burn straight alcohol. Modifications would include the addition of
a spark-ignition system, bringing the compression ratio to around
twelve-to-one, and a change in the fuel injection system (6).

A gasoline engine can be adapted and optimized to burn alcohol.
This engine must have its compression ratio increased, and consequently
its parts may be subjected to overstress because the original engine

was not designed for high cylinder pressures. The ideal engine for
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conversion to alcohol fueling is the diesel engine because it functions
at a high compression ratio, and therefore it is reinforced to withstand
stress under such a conditiomn.

The alcohol consumption in a modified diesel engine is lower than
that of a spark-ignition engine not optimized for alcohol. This differ-
ence in fuel consumption would increase even more when the engine is
working with frequent acceleration and deceleration such as in urban
traffic conditions (14).

The method of burning straight alcohol in a modified engine is
called the Brandt system (26). The compression ratio is lowered to
around twelve-to-one. The alcohol is injected at high pressure directly
into the cylinders using a self-lubricated fuel pump and specially lubri-
cated injectors. Alcohol is thus mechanically atomized into a fine mist
which evaporates instantly in the cylinder as it abéorbs the heat de-
veloped in the compression stroke of the engine. An ordinary spark plug
is used to ignite the air/fuel mixture.

The required modifications include a decrease in compression ratio,
addition of a spark-ignition system and replacement of the fuel injec-
tion system with an injection system compatible with alcohol. The
engine can have its compression ratio altered by three approaches: 1)
by changing the engine head, with a different clearance volume to
achieve the desired compression ratios; 2) by replacing pistons with
different shaped pistons to obtain the desired compression ratio; and
3) by replacing the connecting rods with shorter rods.

The spark plug can be installed by drilling a hole through the

head at each cylinder and fitting a sleeve through the water jacket.
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A distributor or electronic ignition system can be used to provide
ignition timing.

Higher heat is required to vaporize the alcohol when greater
amounts of water are present. Therefore, a heat exchanger is necessary
to provide adequate vaporization, without interfering with air flow.
Either the hot radiator water or the exhaust gases are available as a
free heat source. In the case of turbocharged engines, the air is
heated by compression, and the heat transferred from the exhaust through
the turbocharger case, however, this heat is not enough to provide all
the heat needed (9). Control of vaporization is important. Any heat
in excess of that required for complete vaporization reduces air density
and thus lowers the engine performance (9).

Although the Brandt system is quite sophisticated, it is not
impossible for the farmer with a good knowledge of mechanics to make the
modifications himself with proper directions. However, it should be
done by a reliable mechanic, or shop. Even though recent work has not
been done, this technique provides potential for replacing 100 percent
of diesel fuel requirements. However, the fuel consumption is expected
to be greater than diesel consumption, in spite of the fact that
efficiency and power are expected to increase. The operational costs

will depend on the production cost of alcohol (26).

2.4.2 Blending Diesel and Alcohol Using an Emulsifier Process

The preparation and injection of a homogeneous mixture of alcohol
and diesel oil is technically feasible but requires a comparatively
high engineering outlay. Its disadvantage is demulsification of the

mixture when the engine is not running or during cold operation (11).
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Goering (29) indicated that a diesel engine performed satisfactor-
ily on a 10 percent anhydrous ethanol blend with diesel fuel, provided
that the fuel system and injector pump were either chilled or pressurized
to prevent vaporization of the alcohol and related vapor-lock problems.

Solly (23) developed a new fuel called '"cocohol." This fuel was
produced in a simple process by the chemical combination of ethanol
and coconut oil., Cocohol has similar chemical and physical properties
to cetane, the chemical pure standard for diesel fuel. The viscosity
and solidification temperatures are very similar. Furthermore, the
fuel was shown to operate a high speed diesel engine at a greater thermal
efficiency than diesel 0il. This fuel is still in the phase of research.

Pischinger et al. (18) tested a Volkswagen's Passat (Dasher in USA)
which was available with gasoline, ethanol (in Brazil) or diesel engines.
The test included alternative fuels such as: peanut oil and soybean

"

0il, hydrated ethanol with '"cetane number improver," and hydrated
ethanol. They concluded that vegetable oils considered as alternatives
to diesel oil have properties as adequate for diesel engines as those
of the alcohols for S.I. engines. Partial substitution by blending was
very attractive because of good miscibility, comparable energy densities,
and the absence of any need to modify either engine or fuel systems
with the consequent possibility of immediate introduction.

They also concluded that alcohol/diesel oil blends with reasonable
proportions are possible if the poor miscibility is overcome by chemical

or mechanical means. For 30 percent blends, the following rates of

substitution can be expected:
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1. 30 percent by volume vegetable oil substituting
about 30 percent diesel oil.
2. 30 percent by volume ethanol substituting about
20 percent diésel oil.
3. 30 percent by volume methanol substituting about
16 percent diesel oil.
When compared the car powered by the swirl-chamber ethanol diesel
engine with the one powered by the ethanol S.I. engine at comparable
vehicle performances, they found the consumption of the S.I. car to be

very close to that of the diesel.

2.4.3 Dual-fueling

Since the total conversion of the diesel engine to alcohol is
expensive, dual-fueling seems more attractive. Different ways of dual-
fueling include: 1) the mixture of alcohol and diesel fuel at the
intake gallery of the injection pump; 2) the use of two injection pumps
(one for alcohol and one for diesel fuel) to supply fuel to a single
injector; 3) the dual-fueling of the diesel engine with carbureted
alcohol; 4) the use of two injectors in each cylinder with a separate
fuel system for each; and 5) spray-injection using turbocharger pressure.

In the first process the alcohol is sprayed by means of an injec-
tion pump, at the intake gallery of the diesel injection pump. This
design calls for a complete and separate diesel fuel system with tank,
feed, pump, injection pump and separate injectors (8). This system can
replace up to 50 percent of the diesel, but it requires high technology.

The fuel consumption in terms of volume, is expected to be greater than
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the operation with diesel alone. The reduction of the costs of
operation will depend on the production cost of the alcohol.

Basically, the use of two injection pumps (one for alcohol and
one for diesel fuel) to supply fuel to a single injector work in the
same way as in the first method, but instead of spraying the mixture
of alcohol and diesel into the gallery, it goes to a third injection
pump, which sprays the mixture into the cylinder (8). As in the first
method, this system can save up to 50 percent diesel fuel, and the engine
efficiency is improved.

In the case ofdual-fueling a diesel engine with carbureted alcohol,
a carburetor is installed on the combustion air intake system of a
diesel engine. With the manifold carburetion system, the alcohol is
mixed with the manifold air. The ignition is then induced by the con-
ventionally injected diesel fuel (4). This method has good potential
for a partial substitution of diesel fuel, since it is less expensive
to construct than the others, and the farmer can do it himself with
proper information. This system can displace approximately 50 percent
of the energy for diesel engines (5). Although the production cost of
alcohol is prohibitive at present in the United States, the costs of
operation can be reduced, since the efficiency and power increase.

Smith (22), mentioned that a sonic nozzle which atomizes the
alcohol in a modified intake manifold was able to burn more than 50
percent alcohol in a diesel engine without the fuel separation, knocking,
and lubrication problems normally associated with diesel/alcohol
blends. The alcohol droplets enter the cylinders with the air stream,
totally separate from the diesel fuel system. He also reported that
compared to using straight diesel fuel, the test engine developed

higher power.
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For dual-fueling with dual injectors, two injectors are installed
in each cylinder with a separate fuel system for each. The engine is
fitted with a distributor type injection pump, and a simple hole in-
jector in each cylinder head is installed. With this system, as much
as 80 percent of the fuel energy can be supplied from methanol with
proper timing of both injection systems (8).

The replacement of diesel fuel here is the highest among the
dual-fueling methods, but it requires sophisticated engineering.
Furthermore, the investment to install this system is very high. It
is doubtful that the operational costs for this process can be lowered,
even with low production cost of alcohol, because of the high
investment cost in the systemn.

The M & W Gear Company kit, referred to in the Introduction, has
been used to convert a turbocharged diesel tractor to dual-fueling. In
this system, a mixture of water and alcohol (aquahol) is injected
into the air stream by means of pressure from the turbocharger. A
tank is pressurized with the outlet air from the turbocharger, which
forces alcohol from the tank through a hose into the inlet. This
system was promoted to increase power and efficiency, and replace about
30 percent of normal diesel consumption (13).

Based upon the literature review for this thesis, the author has
prepared a table to summarize the different methods of using alcohol

~

in diesel engines (Table 2).
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2.5 Theory of Knock

To understand knock we first have to understand the phenomenon of
combustion in internal combustion engines.

In S.I. engines the combustion normally begins at the spark plug
where the molecules in and around the spark discharge are activated to
a level where reaction is self-sustaining. Once the reaction is under-
way, a spherical flame front will advance from the spark plug. In
the vicinity of the chamber walls both turbulence and temperature are
low and therefore the flame speed is retarded. 1In this stage the
unburned gas ahead of the flame front, and the burned gas behind the
flame front are compressed by expansion of the burning mixture and are
raised in temperature. Therefore, the pressure throughout the chamber
is continually increasing. The final stage of combustion is when the
flame slows down as it approaches the walls of the combustion chamber
and is finally extinguished (16).

To understand knock we must first define it. However, a satisfac-
tory definition for knock is difficult to give because of the complexity
of the combustion process. In general, knock is the term used to
signify any unusual sound that arises because of autoignition in the
combustion process (16). If knock implies autoignition, an infinite
range of severity can be present, and high speed photography of the
combustion process would be necessary for identification of the knock.
If knock implies pressure differences in the combustion process, then
the sensitivity of the pressure-measuring equipment would be a factor
in the definition. If knock implies sound, which was considered in

this dissertation, then the sensitivity of the ear enters the problem.
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The cause of knock or detonation in spark-ignition engines and
compression ignition engines is basically the same. In both situatioms,
compression ignition is followed by a rapid pressure rise. However,
"in'the spark-ignition engine it is the last part of the charge to burn,
while in the compression ignition it is the first part up to, and some-
times including, the whole charge'(25).

The tendency of given fuel to detonate is measured by its octane
number. A higher octane rating means the antiknock (antidetonation)
qualities of the fuel are better. In the spark-ignition engine the
combustion process rarely occurs without some trace of autoignition
(detonation). When autoignition occurs the pressure and temperature may
abruptly increase because of the sudden release of chemical energy
(16). The consequent rise in pressure compresses the end gas ahead of
the flame front and therefore its temperature and density increase
causing autoignition at the periphery of the combustion chamber. The
combustion time is always shortened by autoignition with consequent
sharper rise in pressure that may lead to an audible sound called knock.
Two distinct types of autoignition can be developed in the combustion
process, and each with various degrees of severity (16): explosive
(usual) and nonexplosive autoignition. Explosive means that the rate
of chemical reaction is greater than the rate of expansion. Nonexplosive
means that the rate of expansion is greater than the rate of chemical
reaction so that the pressure pulse in the autoigniting region is too
small to cause the audible sound called knock. In S.I. engines it is
relatively easy to distinguish between knocking and non-knocking opera-

tion if only because the sensitivity of the ear can afford an acceptable
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distinction. It is the end portions of the mixture that may self-
ignite, and, if knock appears, it will appear near the end of the com-
bustion process (16).

In the C.I. engine, air alone is compressed and raised to a high
temperature on the compression stroke. One or more jets of fuel are
then introduced into the combustion chamber. The jet disintegrates
into a core of fuel surrounded by a spray envélope of air and fuel
particles (16). This envelope is created both by the atomization and
vaporization of the fuel and the turbulence of the air in the combus-
tion chamber as it passes across the jet and strips the fuel particles
from the core. At some location in the spray envelope a mixture of air
and fuel will form and oxidation becomes imminent (16). This period
of physical delay is the time between the beginning of injection and
the attainment of chemical reaction conditions. In the next stage,
called the chemical delay, reaction starts slowly and then accelerates
until inflammation or ignition takes place. At some location, or at
many locations, flame appears. Rather than an orderly propagation of
flame along a definite flame front, entire areas may explode or burn
because of the accumulation of fuel in the chamber during the delay
period (16).

In the C.I. engine, the fuel is injected into hot air and combus-
tion begins with autoignition. Thus, if pressure disturbances are
apparent, it is at the beginning of the combustion period that knocking
occurs (16). Self-ignition is the essential condition for establishing
either a pressure difference or a rapid pressure rise in the chamber

of the C.I. engine.
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The so-called knock rating of a diesel fuel is found by comparing
the fuel with hexadecane, which is more often called cetane. Cetane
number describes the ignition characteristics of the fuel rather than
knock. Fuels with higher cetane rating have lower ignition delay.

Since ignition delay is the primary factor controlling the initial auto-
ignition in the compression ignition engine, it is reasonable to con-
clude that knock is related to the ignition delay of the fuel (16).

If the delay time is long, there will be more opportunity for
the fuel and air to mix intimately before combustion starts. The air-
fuel mixture in the compression ignition engine is not homogeneous.
Regions exist with droplets of fuel alone, with fuel vapor alone, with
air alone, and with fuel-air mixtures. When ignition begins in a region
that contains fuel and air, flame will propagate if the regions of
mixtures is continuous. Adjacent regions on the verge of self-ignition
may ignite from heat transferred from the burning region. In any event,
it would be difficult to distinguish between flame propagation and self-
ignition which is aided, of course, by the high temperatures being
generated in the chamber (16).

"Ricardo conceived the combustion process in the compression-
ignition engine as taking place in three stages, the first of which is
the delay period. The delay is always long enough that, when ignition
occurs, there is an appreciable amount of evaporated and finely divided
fuel well mixed with air. Once ignited, this fuel tends to burn very
rapidly by reason of the multiplicity of ignition points and the high
temperature already existing in the combustion chamber. This period

of rapid combustion is Ricardo's second phase of the process. After
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the period of rapid combustion, the fuel which has not yet burned,
together with any fuel subsequently injected, burns at a rate controlled
principally by its ability to find the oxygen necessary for combustion.
This period is Ricardo's third stage of combustion" (25).

If the ignition delay of a fuel is too large, too much fuel is
injected into the combustion chamber prior to ignition. Simultaneous
ignition of this large amount causes an excessive pressure rise and it
will produce a sound due to the impact of the gases in the combustion
chamber.

The high pressure differences created by ignition at different
points in the combustion chamber cause the gas to vibrate which in turn
cause vibration of the walls of the chamber producing an audible sound

called knock (16).



CHAPTER 3

OBJECTIVES

The overall objective was to demonstrate the feasibility of

using alcohol as alternative fuel for diesel farm tractors, and deter-

mine any associated problems. More specific objectives were:

1.

To evaluate the performance through laboratory
testing of a diesel tractor, dual-fueled with the
use of an alcohol spray-injection kit.

To evaluate the conversion of diesel engines for
alcohol use by attaching a carburetor to the
inlet air systems of turbocharged tractors.

To determine the relationship of water content in
the alcohol to the increase in power and fuel
consumption.

To develop a method for injecting the right
amount of alcohol into the tractor under varying

load conditions.
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CHAPTER 4

EXPERIMENTAL PROCEDURES

Dual-fuel tests were conducted with a four cylinder turbocharged
diesel engine "Ford 7700"l tractor (see Specifications in Appendix A).

A schematic arrangement of the apparatuses are given in Figures 1 and 2.

4.1 Testing Procedure

In the first part of the tests, a commercial kit produced by M & W
Gear Company1 was mounted on the tractor. In this system the mixture
of water and alcohol was injected into the air stream by means of
pressure from the turbocharger. ~Different water-alcohol mixtures and
distilled water were used in combination with various nozzle sizes to
determine optimum nozzle size and fuel combination for this system.
The graduations and fuel mixtures were as follows:
1. 50 percent ethanol-water mixture, using graduated nozzle
sizes of: .51 mm, .76 mm, .89 mm, 1.02 mm and 1.09 mm.
2. 84 percent ethanol-water mixture with nozzle sizes
graduated at .13 mm intervals as follows: .51 mm, .64 mm,
.76 mm, .89 mm and 1.02 mm.
3. 100 percent ethanol for nozzle sizes .51 mm, .64 mm and .76 mm.

4, Distilled water with nozzle sizes of .51 mm and .64 mm.

1Trade names are used in the thesis solely to provide specific information.
Mention of a trade name does not constitute a warranty of the product by
Michigan State University or an endorsement of the product to the
exclusion of other products not mentioned.

33
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The maximum useable nozzle size in each case was limited by engine
knocking.

All the tests for the spray-injection method of dual-fueling were
run at 2100 engine rpm or 1000 rpm pto speed (the higher pto speed was
chosen to accommodate the high speed dynamometer used). For this ex-
periment the tractor was connected to two dynamometers through its
power-take-off to load the engine (see Figure 1) because the main dyna-
mometer would not measure more than 37 kW at 1000 rpm. The procedure
used was to load the engine for 5.5 N, read at the main dynamometer
scale, and subsequently increase the load by increments of 5.5 N,
until the recording range of the main dynamometer was approached. The
resulting total load was then transferred to an auxilliary dynamometer
and the testing continued by incrementing the load by 5.5 N.

The last reading was then obtained by setting the speed control lever
of the tractor to full load position, followed by loading the main
dynamometer until the tractor tachometer indicated 2100 engine rpm.

The second method of dual-fueling was done by attaching a carbure-
tor to the inlet air system of the turbocharger. The tractor was
connected to a dynamometer through its power-take-off (see Figure 2, 2a).
In order to determine the optimum substitution of ethanol for diesel
fuel via carburetion, the following feasible combinations were tried:

1. Varying air/diesel fuel ratios.
2. Varying air/ethanol ratios.
3. Different ethanol concentrations--100, 80 and

50 percent by volume.

The procedure used was as follows: The engine speed was set at

2100, 1600 and 1150 engine rpm, which corresponded to full, 3/4, and 1/2
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Arrangements of the apparatus.

Figure 2a.
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engine load respectively, using diesel fuel alone. At each of the
above engine settings the ethanol/air ratio was then increased by means
of the throttle valve in the carburetor until incipient knock was
heard. From there, the alcohol was throttled back to the point where
no more knock was heard.

Because the tractor was rated for a maximum of 63 kW at 2100 rpm
engine speed, the aim was to supply the maximum proportion of ethanol
combined with the minimum diesel fuel to obtain the 63 kW without inci-
pient knock. To accomplish the optimum amount of ethanol, the diesel
governor was set to full load on diesel alone, then the throttle valve
on the carburetor was gradually opened, until it reached the maximum
engine horsepower without undue knock. A mark was placed on the diesel
governor cable where the maximum hp occurred. The same was done on the
carburetor throttle valve. The diesel lever was then pulled back until
knock was heard, then the ethanol was decreased until knock was no longer
heard. This procedure was followed until 63 kW at 2100 rpm was obtained.
Second marks were placed on the diesel governor cable and throttle
valve where the diesel and ethanol were compatible. With those cable
traveling distances, a cable was connected from the carburetor throttle
valve to the diesel pedal on the tractor's cabin.

Once the linkage was installed between the carburetor and diesel
governor, the engine was tested again at 2100 rpm engine speed. For
tests with the carburetor approach, the engine was loaded to 23 kW and
the dynamometer scale read, and subsequently the load increased by
7.5 kW, until the maximum increment of 7.5 kW was obtained. The last
reading was then obtained by setting the engine to a full load position

on dual-fueling.
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4.1.1 Measurements

Power and torque were obtained using pto dynamometers. Introduc-
tory tests with the conventional tractor and dynamometer provided a
maximum torque of 482 Newton-meters at 1000 rpm pto speed.

For the spray-injection method, the dynamometers used were a
General Electric cradle type as the main dynamometer which provided
accurate measurement of power output, and a M & W Gear hydraulic type
as the auxilliary dynamometer which was used to hold the transferred
load, as explained earlier in this chapter.

For the carburetor approach, the tractor was connected to a dyna-
mometer through its power-take-off. The dynamometer used was a M & W
Gear P-2000 Hydra-Gauge.

For both methods, the engine rpm was read at the tractor's tacho-
meter located in the cabin. Because of dynamometer limitations, the
tests with the spray-injection method were done only at 2100 rpm engine
speed (1000 rpm pto shaft speed). With the carburetor method, a tacho-
meter located on the dynamometer instrument panel measured the tractor

pto shaft speed.

4.1.2 Temperature

The exhaust temperatures for both methods of dual-fueling were
measured by a pyrometer gage installed on the tractor.

For the dual-fueling test with carbureted ethanol, copper constan-
tan thermocouples and a "Digistrip II" recorder were used to measure
the intake air temperature, which was the same as the ambient tempera-
ture, and the air temperature at the tube which connects the turbo-

charger to the intake manifold. The Digistrip II manufactured by Kaye
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Instruments, was programmed to record temperatures at 10 second

intervals.

4.1.3 Turbocharger Pressure

The turbocharger pressure for both methods was measured by a
""Stuart-Warner" turbopressure gage number 360H82320Z2 installed on the
tractor cabin. The gage read from zero to 30 pounds per square inch

(psi) with a sensitivity of *14 kPa.

4.1.4 Fuel Consumption

A fuel measuring device was built using graduated pippetes to
measure the consumption of both diesel and ethanol solutions. A stop
watch was used to time the output from two pippetes of calibrated
volume. The fuel was then measured under various engine loads, as
stated in the Testing Procedure earlier in this chapter (see Figures 3

and 4).

4.1.5 Air Flow

Air flow was measured using a 73.5 mm diameter orifice at the end
of a surge tank of 95 liters capacity. Another surge tank of 208 liters
capacity was placed between the tractor intake air and the smaller surge
tank. The 208 liters capacity surge tank was used to buffer pulsations
on the manometer. The air flow measurements were taken by using a
water manometer which was used to measure pressure drop across the

orifice at the inlet of the surge tank (see Figures 1 and 2).
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4.2 Procedure of Analysis

Because the internal combustion engine is a complex device, a
careful analyses of variables is necessary to provide or to verify new
design concepts. To ensure a correct analyses, the following performance

factors were used.

4.2.1 Fuel Consumption and Thermal Efficiency

For every pound of air inducted into the engine, a proportionate
amount of fuel should be inducted. Hence, the brake specific fuel
consumption in Kg per hour is proportional to the air consumption. The
fuel consumption is a comparative parameter that shows how efficiently
an engine is converting fuel into work. This parameter has been used
more often and is preferred by the author, rather than thermal efficiency,
because all quantities are measured in standard and accepted physical
units.

Any form of internal combustion engine is a steady-flow machine
with air and fuel entering at atmospheric pressure and temperature and
products of combustion leaving at atmospheric pressure., For these flow
conditions, the heat of combustion that can be obtained from the air-fuel
mixture with the use of a calorimeter, is the heat of combustion at
constant pressure. The combustion engine produces work and releases
heat only as a by-product. Thus, the ratio of work obtained from the
engine to the energy input is called "brake thermal efficiency." Brake
thermal efficiency is an indication of how well the engine is utiliz-
ing the energy contained in the fuel. This parameter was computed from
the product of power in kW and a constant divided by the sum of the

product of high heat value and mass flow rate of each fuel in every
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test run (see equation in Appendix B). The high heat values of the

fuels were extracted from Table 1.

4.2.2 Volumetric Efficiency

Since both air and fuel are partners in the combustion process,
it is evident that both are equally important. However, the volume
occupied by a liquid or gaseous fuel is a fraction of the volume
occupied by the air. For this reason, the induction of the air presents
the greatest problem. If the engine does not induct the largest possi-
ble amount of air, the power output of the engine will be restricted,
no matter how much fuel is added. A basic requirement for an engine is
its capacity for inducting a large amount of air during each intake
stroke. The mass of air inducted by the engine per intake stroke is
called the unit air charge or actual air capacity.

The volumetric efficiency is the actual air capacity, when divided
by the theoretical air capacity, which is the mass of air that would
fill the displacement of the cylinders at inlet temperature and pres-
sure, becomes the volumetric efficiency. The actual air capacity was
calculated by entering the value of pressure difference for each test
run in the continuity equation (see Appendix B). Pressure differences
were read at the manometer. The theoretical air capacity was obtained
from the product of engine rpm, engine displacement and density of the

air.

4.2.3 Air-Fuel Ratio

The work developed by the engine depends directly upon the amount

of energy released when a mixture of air and fuel burms. To understand
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the chemistry of combustion, the air-fuel ratio parameter was created.
This mass ratio shows the relative portions of air and fuel inducted.
This ratio when compared with thé stoichiometric air-fuel ratio (theo-
retical air-fuel ratio). This mass ratio was calculated by dividing the
actual air capacity, which was obtained as explained before, by the

mass of fuel used at the run. This mass of fuel was obtained in
accordance with the time spent to empty the pippete at the respective

run, and density of the fuel used.

4.2.4 Peak-Power

For a given rpm the engine power can be shown by either torque or
brake horsepower, depending on the type of work for which the engine
was designed. The crankshaft power from an engine is called brake
horsepower, and it is measured with all engine components functioning.
Torque is not strongly dependent on the speed of the engine, but depends
on the volumetric efficiency and friction losses (16). Thus, if the
mass of air of the engine increases by dual-fueling, because the mass
of air increases as it cools, torque also increases accordingly. Because
the engine tests were done at constant engine speeds, and horsepower
is proportional to the product of torque and speed, peak horsepower
was one of the major parameters analyzed. Peak horsepower was read

directly from the dynamometer scale with the engine running at full load.

4,2.5 Exhaust Temperature

Since the C.I. engine inducts a constant amount of air on the
intake stroke at a given rpm, a small amount of fuel injected into the

engine will not require all of the air in the cylinder. This occurs at
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part load. As the load is increased, greater amounts of fuel are
injected and more and more of the air is required for combustion. At
some stage, further injection of fuel leads to part of the fuel not
being fully oxidized and to a more rapid increase of the exhaust
temperature. Hence, the exhaust temperature is another way to analyze
performance. This parameter was measured directly with a pyrometer for

each respective run.

4.2.6 Turbocharger Pressure

A turbocharger, as the name implies, is a compressor coupled to
a turbine which receives its driving power from the exhaust gases from
the engine. The function of the turbocharger is to increase the mass
of intake air, allowing more fuel to be combusted. Consequently, output
power is increased. There is a direct correlation between the centri-
fugal compression on the turbocharger and the speed of the impeller
(16). Therefore, the ratio of turbopressure and atmoshperic pressure
is also related. The pressure ratio and mass flow rate are fixed by
the volume demanded by the engine (16). If a greater mass flow rate
is desired to obtain more power, the compressor speed must be raised
(engine speed constant) with consequent increase in the pressure ratio.
But with this increased inlet pressure to the engine, the volumetric
efficiency increases and a greater volumetric air flow is received by
the engine. Thus, the air capacity of the engine at constant speed
varies with varying compressor speed. Because the carburetion of
ethanol changés the intake air density, and consequently the mass flow
rate and pressure ratio, the turbopressure also was an object of

interest in this investigation.
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4.2.7 Maximum Proportion of Fuel Energy from Ethanol

The heating value of a fuel is colloquially called the heat of
combustion and is determined by burning the fuel with oxygen in a bomb
calorimeter and noting the temperature rise of a cooling bath. The
amount of heat transferred to the cooking bath will depend, in part, on
whether all or part of the water vapor formed by combustion is condensed.
If all of the water vapor can be condensed, a higher heating value is
obtained. If none of the water vapor is condensed, a lower heating
value is obtained.

The maximum proportion of fuel energy from ethanol was computed
from the product of the high heat value of the ethanol, mass of fuel
used at each run, and the percent of ethanol in the mixture, divided
by the sum of the product of high heat value and mass flow rate of each
fuel for each>run. The high heat value of the fuels were extracted from
Table 1. The procedure of determination of these values was explained
above.

Ethanol has about two-thirds the energy content of diesel fuel
and gasoline. However, it improves power output because of its high
latent heat of vaporization.

How the variables discussed above affect engine performance will
depend, in part, on the system used to dual-fuel turbocharged diesel

engines.



CHAPTER 5

DUAL-FUELING THROUGH SPRAY-INJECTION

This system uses the pressure from the turbocharger to inject the
mixture of water and ethanol through a feed line and filter. The
ethanol solution flows through an orifice that meters the mixture into

the air stream going into the intake side of the turbocharger.

5.1 Equipment Description

The spray-injection kit consists of a 132 liter tank, an air supply
line, ethanol/water mixture (aquahol) supply line, an orifice, a
fuel filter, an instrument panel, and the necessary valves and fittings.
The system is automatically activated by turbocharger pressure to pro-
vide a preset flow of ethanol/water solution. When turbocharger pres-
sure drops below a preset point, the flow of ethanol/water mixture is
stopped. The turbocharger pressure varies with engine load and speed.

The air supply line connects to the air outlet pipe between the
turbocharger and the intake manifold. During operation, the line
carries pressurized air to an air/fuel separator on top of the fuel
tank. This separator keeps the ethanol/water mixture from backing up
into the air line. A fuel drain is provided at the bottom of the tank.
The ethanol/water mixture supply line connects the tank through a fil-
ter to a turbocharger inlet. The system is shut off by closing a

valve in the alcohol supply line (see Figure 5).

48
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5.2 Performance*

The performance of the tractor was analyzed using a series of
six parameters in order to evaluate the optimum performance in terms
of maximum brake power, thermal efficiency, volumetric efficiency,
exhaust temperature, fuel consumption, and turbocharger pressure. The

results are described under the following appropriate sub-headings.

5.2.1 Maximum Brake Power

Although various ratios of air and fuel can be burned in the diesel
engine, it was found that a definite ratio was required to obtain maxi-
mum torque at a given speed. Thus, the richest ethanol-air ratios that
could be used without knock, in combination with the slightly lower
maximum diesel fuel-injection, were able to produce about 36 percent
more than the engine maximum power when fueling with diesel alone (see
Figures 6 and 7).%**

Data presented also in Figures 6 and 7 shows that the maximum power,
when using ethanol for all ethanol/water solutions, peaked higher than
when operated with conventional fuel. The 50 percent ethanol by volume
shows the best results of maximum replaceable energy combined with
best thermal efficiency. The peak power was reduced as the percentage
of water in the ethanol/water solution decreased.

Maximum power values obtained by dual-fueling were higher than the
54 kW maximum power obtained with diesel fuel alone. The 54 kW of power

obtained with diesel fuel alone was designated as 100 percent power.

*System output performance of the tests are reported in data tables of
Appendix D.

**A1]1 the figures in this dissertation refer to tests done at 2100 rpm
engine speed, unless otherwise specified. Each point in the figures is
an average of three readings.
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Power values obtained with different ethanol mixtures were compared

with the diesel fuel standard of 100 percent (Table 3).

Table 3. Percentages of maximum tractor power obtained using
different ethanol/water mixtures at different injection

rates.

Nozzle sizes (mm/10)

Spray injected liquid
5.1 6.4 7.6 8.9 10.2 10.9

100 percent ethanol per volume 128% 967 80%  * - -
84 percent ethanol per volume 1217 1327 132% 1157 8372  --
50 percent ethanol per volume 105% 119% 126% 145% 145%Z 337%
Distilled water 96% 96Z -- - -— -

*The test was done by increasing torque to the point where knock was
heard. The dashes indicate that no value was read, because knock re-
stricted the measuring of power when using the larger nozzle sizes

in some cases.

5.2.2 Thermal Efficiency

Data presented in Figure 8 indicates that for the same torque
levels, the 84 percent ethanol by volume provided a higher brake ther-
mal efficiency. Brake thermal efficiency for the other fuels tested
was shown to be close to that of conventional diesel fuel at low torque

levels.

5.2.3 Volumetric Efficiency

As indicated in Figure 9, the volumetric efficiency increases as

torque increases. This is because the level of turbocharging increases
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as the energy in the exhaust increases which drives the compressor
faster.

Because of the high latent heat of vaporization of ethanol
(cooling effects cause more air to be packed into the cylinder), higher
volumetric efficiency was expected when using ethanol solutions; this
effect, however, was not observed, except for the 50 percent ethanol
solution. This was because the cooling effects of the alcohol decreases
volumetric efficiency of the engine because of lower temperature and
pressure in the manifold. Furthermore, the turbocharger in the trac-
tor provided a constant-pressure increase. In the constant-pressure
system, the objective is to hold the exhaust pressure at a constant
and higher pressure than atmospheric pressure so that the turbine
can operate at an optimum efficiency (16). The cooler burning of the
ethanol solution might have affected the turbocharger efficiency, since
it depends upon the exhaust-gas temperature and the turbocharger re-
lease pressure. It can also be seen in Figure 9, that the volumetric
efficiency increased as the water content in the alcohol increased. This
effect was expected because the higher latent heat of vaporization of
the water cools down the air, thus packing more air through the

turbocharger.

5.2.4 Exhaust Temperature

For all levels of torque, the exhaust temperature was lower for
the spray-injected ethanol/water solutions and it decreased as the por-
tion of water was increased (see Figure 10). The reason behind this

is that alcohol burns at a lower temperature and the alcohol heat content
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is lowered with added water. Furthermore, the cooling effects of water
which has a high latent heat of vaporization, contributes even more to

this phenomenon.

5.2.5 Fuel Consumption

Figures 11 through 14 illustrate the amount of diesel fuel in
Kg/hr that can be saved by using the spray-injection approach. As
Figures 11 and 12 show, the amount of ethanol solution used is ébout
twice as great as the amount of diesel displaced on a mass basis. This
means that there is nearly a direct trade-off of fuels in terms of
energy content, since the ethanol contains about half of the diesel
energy per unit volume.

Figure 13 shows the fuel consumption in conventional and dual-
fueled diesel tractors by means of spray-injection with different etha-
nol solutions. The maximum net ethanol used to displace ethanol solu-
tion was the most suitable in reaching the maximum ethanol/water mixture
consumption with engine best performance.

The maximum proportion of fuel energy supplied on different
ethanol/water solutions in combination with different nozzle sizes are
shown in Figures 15 through 18. As expected, the energy supplied in-
creases as the nozzle size increases, up to the point where the maximum
allowable replacement energy is reached. Then it decreases, as seen
for the 10.9 mm nozzlé size curve in Figure 15. It is also shown that,
as the percentage of water in the ethanol decreases, the fuel energy
supplied by the alcohol to the engine decreases, without affecting its

performance. One exception is the 84 percent alcohol which contained
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a lower proportion of water, but did not provide maximum torque as high
as that obtained when using the 50 percent ethanol solution.

The effects of water in the ethanol without affecting the engine
performance, and the maximum proportion of fuel energy from ethanol are
presented in Figure 18. As it shows, the 50 percent ethanol by volume
demonstrated best results. Furthermore, the maximum portion of energy
that could be supplied by ethanol without sacrificing engine perform-
ance was limited to 30 percent. The energy supplied by ethanol with

good performance declined as the amount of water in the alcohol increased.

5.2.6 Turbocharger Pressure

The turbocharger pressure values decreased with the use of alcohol.
The vélues of turbocharger pressure for spray-injecting different alco-
hol concentrations did not change much at lower concentrations of
ethanol. On the other hand, the waterless ethanol presented higher

turbopressure than the ethanol/water mixtures (see Figure 19).

5.3 Summary

Table 4 presents a summary of the tractor performance with the
spray-injected approach. As it shows, the 50 percent ethanol solution
with the 0.89 mm nozzle size achieved the highest degree of replacement
of diesel in combination with maximum torque and brake thermal

efficiency.

5.4 Effects of Water Injection On the Engine Performance

Alcohols are cheaper to produce with higher water content. Since
steam produced at the combustion of the diesel creates a controversy

about increasing power when injected in the combustion chamber, the
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Table 4. Effects of nozzle size and percent of ethanol/water

solution on engine performance.

Maximum

Nozzle Ethanol/water Maximum Maximum proportion of
size solution B.T.E. torque replaceable
(mm) (%) (%) (N-m) energy (%)
5.1 100 23 651 19

84 23 598 15

50 20 535 10
6.4 100 21 488 32

84 23 651 23

50 22 584 14
7.6 100 19 407 32

84 23 651 31

50 22 635 18
8.9 100 - - -

84 21 569 46

50 23 732 29
10.2 100 - - -

84 18 407 56

50 21 732 34
10.9 100 - - -

84 - - -

50 8 163 29

(Tests done at 1200 rpm engine speed)
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effects of spray-injected water and diesel fuel were also investigated.
As seen in Figures 20 and 21, the brake torque, brake thermal efficiency,
and volumetric efficiency decreased as the water flow increased. The
peak torque is comparable with conventional fueling at lower water

flow, as seen on the .51 mm nozzle size curve (see Figure 20). Even
though the volumetric efficiency is higher than conventional for both
nozzles, an increase in water flow (nozzle size) caused a substantial
decrease in equivalent brake torque compared to the low water flow.

With the conventional fuel system the volumetric efficiency was also
increased.

Data presented in Figure 22 shows that, as expected, the exhaust
temperature decreased when distilled water was injected into the engine.
The exhaust temperature for the same torque levels, was comparable
with alcohol. When higher mass of water mixed with ethanol was used,

the exhaust temperature dropped quite substantially.

5.5 Problems Encountered

The clogging of the smaller nozzles, as well as the alcohol line
filter, were the only minor problems encountered with the spray-injec-
tion approach. However, these problems cannot be attributed to the
spray-injection method, but to the impurities remaining in the alcohol
after the distilling process.

This problem was encountered only at the beginning of the experi-
ment, because the tests were done as part of a larger project at Michigan
State University, which entailed the use of alcohol distilled from corn.
Initially, the author's associates who were responsible for distilling

alcohol from corn, encountered problems in producing alcohol without
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impurities. As the distillation process was perfected, the problem of

impurities in the alcohol was resolved.



CHAPTER 6

DUAL-FUELING THROUGH CARBURETION

The second method of dual-fueling was done by attaching a carbure-

tor to the inlet air system of the tractor turbocharger (Figure 23).

6.1 Equipment Description

The carburetor approach comnsists of a carburetor, a by-pass system,
choke plate/throttle valve system, control linkage, electric fuel pump,

in line filter, and the ethanol fuel tank (Figure 24).

6.1.1 Carburetor

The carburetor used was '"Carter YF No. 4499S" down draft type,
with a 30.5 mm throat diameter and a 1.02 mm diameter main jet. This
carburetor was purchased at a salvage yard at a very low price.

The sizing of the venturi for the carburetor for dual-fueling the
diesel engine with carbureted alcohol, was based upon a continuity

equation. From the continuity equation we have that:

Qair = /4 x d2 x Ke x v2g Ahgy, (1)
where:
d = orifice diameter, which becomes the

diameter of the venturi
Kc = orifice coefficient. This was obtained from
reference 21 page 305 for sudden expansion and

D1/D2 = 0.0 (see Appendix B for more detail).

75



Figure 23. Intake air carburetor mounting.
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g = gravitational acceleration.

Ah

the vacuum in the venturi (head of air).
This data was recommended as 8.5 KPa by

reference 16.

Qair = volume of intake air by the engine, and

is calculated by the following formula:

2 x R.P.M. x displacement
2 or 4(number of strokes per cycle)

Qair =

The sizing of the carburetor jet for dual-fueling a diesel engine

with carbureted alcohol, was obtained from the following formula:

_ d,2
AF = 1.64 (df) b4

where:
AF = air/alcohol ratio, obtained from results
of reference 4, page 26.
¥ = air/fuel ratio constant extracted from
table in reference 16, page 390.
d = diameter of the sized venturi.
df = diameter of fuel orifice (jet).

6.1.2 By-pass Apparatus

In order to permit the engine to start and shut off on diesel
alone, a by-pass system was built (Figure 25). This system was built with
the inlet air divided into two parts. One part of air passed through the
carburetor to draw alcohol from the carburetor jet. The other part went
through the by-pass in order to assure that the engine was not lacking

air. A throttle valve placed at the by-pass outlet was used to manually
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control the direction and amount of air flowing through the system. The
by-pass apparatus allowed the engine to start carbureting the alcohol
when the engine reached an optimum speed for dual-fueling operation.

The system was built from pipes at the Agricultural Engineering

shop (see Figure 25).

6.1.3 Fuel Pump

A Stuart-Warner model 235 series fuel pump electrically operated
with the 12 volt tractor battery was installed to provide adequate flow
of alcohol from the ethanol tank to the carburetor. The pump had a
"built-in" fuel screen to catch large impurities. An additional fuel
filter (Fram 3G) was incorporated in the line at the "in" port of
the pump to assure clean fuel delivery to the carburetor. The fuel

pump was recommended as being compatible with alcohol.

6.2 Performance

The performance of the tractor with carbureted ethanol was

analyzed through the following parameters.

6.2.1 Maximum Power

Maximum power values obtained with carbureted alcohol were higher
than the tractor maximum torque values obtained with diesel fuel alone,

which was designated as 100 percent. The following maximum torque values

are shown in Table 5.
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Table 5. Engine maximum torque with carbureted alcohol.

Engine speed (PTO speed) R.P.M.

Carbureted fuel
2100 (1000) 1600 (755) 1150 (540)

100% ethanol 136% 130% 1067%
81% ethanol solution 143% 118% 128%
50% ethanol solution 159% 138% 1067%

The maximum tractor power obtained when carbureting different
ethanol/water mixtures is shown in Table 6. As shown at the highest
speed tested, increased water in the alcohol increased the degree of
diesel substitution and peak power. On the other hand, the 817 ethanol

solution presented the best result throughout the different engine speeds.

Table 6. Maximum tractor power obtained when carbureting different

ethanol/water mixtures.

Engine speed (R.P.M.)
2100 1600 1150
Fuel used Power Fuel Power Fuel Power Fuel
(kW) energy (kw) energy (kW) energy
(%) * (%) * (%) *
Diesel fuel only 57 - 57 - 38 -
Diesel + 100%
ethanol (carbure-
ted) 77 20 74 20 40 22
Diesel + 81% eth-
anol (carbureted) 81 24 68 31 48 23
Diesel + 507 eth-
anol (carbureted) 90 34 79 25 40 19

*Percent of total fuel energy contributed by the alcohol.
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6.2.2 Thermal Efficiency

Data presented in Figure 26 indicates that when the oxygen in the
cylinder begins to limit further torque, increased over-fueling (when
curves start to peak) with alcohol produced highef brake thermal effi-
ciencies than over-fueling with diesel fuel. 1In these tests, this
characteristic was more noticeable with the 50 percent ethanol solution
than with the use of other ethanol solutions. The use of the 80 percent
ethanol by volume permitted an increase in brake torque without over-
fueling, since a steep increase in brake thermal efficiency was noticeable.

At low torque levels brake thermal efficiencies appeared higher
with diesel fuel alone than with ethanol. This reversal of relative
efficiency characteristics between high—torgue and low torque condi-
tions was also noticed by Barnes, et al. (2), Panchapakesan, et al. (17),
and Cruz (4). The percentages of water in the alcohol influenced the
peak brake thermal efficiency along with torque levels. The 100 percent
ethanol presented the highest brake thermal efficiency among the other
ethanol solutions tested. The 84 percent ethanol solution showed lower
results than 100 percent ethanol at lower torque levels, but was equal
or greater at high torque levels.

The use of a 50 percent ethanol solution reduced the mass of oxygen
inducted into the cylinder by the turbocharger on each intake stroke.

At high torques, greater over-fueling was required with the 50 percent
ethanol solution than with the other fuels to obtain a given torque

level causing brake thermal efficiencies to be lower.
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6.2.3 Volumetric Efficiency

Carbureting ethanol showed similar behavior as the spray-injection
method. Lower volumetric efficiencies than diesel alone were observed
for the carburetor approach (see Figure 27). The reasons are the same
ones explained previously in the spray-injected method. In contrast
with the spray-injection approach, no relationship was observed between

water content in the ethanol and volumetric efficiency.

6.2.4 Exhaust Temperature

The low exhaust temperature with the use of the higher water con-
centration ethanol, in combination with lower engine torque, was a result
of the typically low exhaust temperatures at low torque (see Figure 28).
Exhaust temperatures at high torque levels were about 125° C lower with
carbureted ethanol than with diesel fuel alone. Even though the engine
developed 40 percent more brake torque with the carbureted ethanol solu-
tions, the exhaust temperature did not go above the temperature obtained
when the engine was operated on diesel alone. No relationship was

observed between ethanol/water concentrations and exhaust temperature.

6.2.5 Fuel Consumption .

As shown in Figure 29, the difference between the total consumption
(diesel and ethanol) and the diesel consumption with carbureted ethanol
is the amount of alcohol consumed. And the difference between the diesel
consumption with conventional system and diesel consumption with carbur-

eted ethanol is the amount of diesel displaced by the carburetor method.
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At low torque levels the ratio of alcohol used and diesel dis-
placed was about two-to-one. But since alcohol has about half of the
caloric value of the diesel fuel, the energy input remains the same.

As torque increased the ratio of alcohol consumed to diesel dis-
placed was no longer two-to-one. Instead, a smaller ratio between these
two parameters occurred. Therefore, more than one energy unit of diesel
fuel was replaced by one energy unit of ethanol. The replacement
showed best results at the peak torque for conventional fueling.

The degree of fuel substitution which can be achieved within the
engine performance restrictions determined in these tests is shown in
Figure 30. The behavior of the diesel replacement with different alco-
hol concentrations indicates that the amount of diesel fuel displaced
by the ethanol varies with the torque level and percentages of water in
the ethanol. At low torque levels the replacement of diesel appeared
higher with the 100 percent ethanol and it decreased as the concentra-
tions of alcohol in the alcohol/water solution decreased. A reversal
of this phenomenon was observed at high torque levels. Throughout the
brake torque ranges otherwise obtained with conventional fueling, the 81
percent ethanol solution presented a more constant degree of replacement
(~45 percent).

The air/alcohol ratios found at various torque levels before

incipient knock was heard are indicated in Table 7.
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Table 9. Air/alcohol ratio prior to onset of knock.

Percent of maximum torque (diesel only)
Carbureted fuel
0* 40 60 80 100 130
100% ethanol 22[53]** 22([53] 24[49] 29[40] 44[25] 47([21]
81% ethanol
solution 22[45] 22[44] 21[50] 20[46] 19[44] 26[31]
50% ethanol
solution 18[35] 17[34] 15[36] 15[35] 15[33] 13[30]

* Engine at 2100 rpm and no load.
**Numbers in brackets indicate the percent of total fuel energy con-

tributed by the ethanol. Numbers not in brackets represent the air-
alcohol ratio.

These data indicate that only a limited proportion of carbureted
ethanol could be used to fuel turbocharged diesel tractors, and that
this proportion decreased as engine torque approached maximum levels.
This proportion was restricted to air/ethanol mixtures which were

sufficiently lean to avoid knock.

6.2.6 Turbocharger Pressure

Because the carburetion of alcohol changes the intake air density,
and consequently the mass flow rate and pressure ratio, the turbocharger

pressure also was an object of interest in this investigation (see Figure
31). The turbocharger pressure values were lower for the carburetor
method of dual-fueling than the engine operating on diesel fuel alone.

At low torque levels the variation of water concentrations in the ethanol
dolutions did not affect the turbocharger pressure. However, at high
torque levels an increase of water in the ethanol solutions caused a

significant decrease in turbocharger pressure.
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6.3 Effects of the Carburetor on the Engine Performance

Performance characteristics of the carburetor relative to the heat
requirements for alcohol evaporation are presented in Table 8. Cooler
intake air was obtained when alcohol was carbureted. At lower engine
speed and load, there was insufficient heat in the air to evaporate
alcohol solutions with higher concentrations of water, as demonstrated
in Table 10. As load was increased the proportion of unevaporated
ethanol decreased until engine inlet temperatures were approximately
those of the ambient air. The amount of water in the ethanol influenced
the amount of unevaporated ethanol, since the negative differences were
greater for ethanol with a higher concentration of water. An excgption
to these findings occurred at no load for 1600, and 1150 rpm engine
speed. The reason why the values did not agree on those was that
higher percentages of total energy were contributed by the alcohol.

At lower engine loads, an air pre-heater might be required to prevent
uneven distribution of liquid particles among the cylinders. The
turbocharger does more heating of the air at higher rpm or load.

These data presented in Table 8 also indicate that only a limited
proportion of carbureted alcohol can be used to fuel diesel engines,
and that this proportion decreased as engine torque approached maximum
levels. This proportion was restricted to air/ethanol mixtures which

were sufficiently lean to avoid knock.

6.4 Problems Encountered

Two problems were encountered with this approach. First of all,
the engine produced exhaust backfire on sudden increases of ethanol

intake. The reason was because the engine did not respond fast enough
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to completely burn all of the ethanol. Exhaust backfire in C.I.

engines is caused by an unbalanced air/fuel ratio, in other words, by
excess oxygen obtained from the previous stroke and unburned gases at
the following stroke. These two combined were ignited by the hot carbon
deposits at the exhaust pipe, causing backfire followed by a black

cloud of smoke which originated from the carbon deposits released at

the explosion.

When the ethanol was carbureted, a sudden opening of the throttle
valve caused a larger volume of ethanol to be drawn into the cylinders,
and as a result unburned fuel was released. Since the turbocharged
tréctor operated on a rich air/fuel ratio, some oxygen was left at the
exhaust pipe from the previous stroke. Hence, exhaust backfire occurred
when excess alcohol came in contact with the hot exhaust air as ex-
plained above. This problem, however, did not occur when the ethanol
was throttled slowly. Based on this, the problem was soived by attach-
ing a linkage from the throttle valve to the choke plate on the carbure-
tor. The choke plate was installed to open and close twice as fast
as the throttle valve to eliminate the sudden flow of ethanol.

Another problem encountered was ;hat the bolts which hold the
throttle valve at the throttle rod vibrated loose. They were drawn
into the turbocharger which ruined the compression blades. The reason
was because the intake air rushing through the opening of the throttle
valve caused vibrations, and these vibrations caused the bolts to
loosen. To solve this problem, the valve and choke were riveted in

place.



CHAPTER 7

DISCUSSION OF RESULTS

After tests with the 7700 turbocharged diesel tractor, it became
apparent that the ignition delay characteristic of the alcohol fuel
was the factor responsible for the onset of the knocking phenomenon
which governs diesel performance with the spray injected and carbureted
ethanol. Certain factors commonly associated with reduced cylinder
temperatures, such as the higher latent heat of vaporization of the
ethanol and the induction of water into the cylinder, were related to
an increased tendency for knock. The tests indicated that the use of
richer alcohol/air mixtures prior to the onset of knock was limited to
twenty-one parts of air to one part of alcohol. Furthermore, the com-
bustion of alcohol/air mixture depended very much on the relative propor-
tion of alcohol to the diesel oil inducted.

The ignition delay and associated knock imposed limitations on the
extent of alcohol use in engines. It restricted the degree of substitu-
tion for petroleum fuel that might be accomplished by the methods of

spray injection or carburetion.

7.1 Knock
When knock occurs two different types of vibration may be present.
In one case a large amount of mixture may autoignite and so give rise
to a very rapid increase in pressure throughout the combustion chamber
which will be a direct shock on the engine structure. The ear will de-

tect a thudding sound from the impact and consequent free vibrations of
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the engine parts. In the other case, a large pressure difference may
exist in the combustion chamber, and the resulting gas vibrations can
force the walls of the chamber to vibrate at the same frequency as the
gas. An audible sound or ping is then evident (16). Any unusual sound
that arose because of the dual-fueling with alcohol set the limit of the
increase in flow of alcohol.

In the C.I. engine, knock becomes apparent when there are signifi-
cant pressure disturbances because of autoignition. Autoignition is
essential for starting combustion in the C.I. engine.

The severity of the pressure rise upon ignition will depend on the
length of ignition delay (as well as on the self-ignition temperature).
Injection occurs over a-relatively long period. If the fuel has a
long delay period, a larger amount will be injected and accumulated in
the chamber during the delay period. Autoignition will tend to be un-
controllable because of the amount of high temperature mixture in the
combustion chamber.

The knock which resulted from dual-fueling appears to be very
complex. There are two possible explanations for this phenomenon.
First of all, during the dual-fueling test, audible knock did not occur
when low concentrations of alcohol were being carbureted. This was
because alcohol and air were more homogeneous, and the engine was
operating in a richer air/fuel mixture, making it easier for diesel to
find the right proportion of air to start the ignition. As the mass of
carbureted alcohol was increased, regions containing alcohol droplets
or alcohol vapor alone, as well as diesel droplets or diesel vapor,

existed in the combustion chamber. Air/fuel ratios were leaner, making
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it more difficult for the diesel to find the right proportion of air

to diesel to start the ignition. In other words, the physical delay
increased. When the ignition occurred, those regions of fuel previously
described became mixed with the air due to turbulence, allowing the
flame to propagate. The resulting rapid increase in pressure caused the
sound called "knock."

The second explanation is that when alcohol was added to the inlet
air, most of the alcohol ignited simultaneously as diesel ignition
occurred. The cetane rating or octane rating of the alcohol may have
had little or no impact on the process. The knock might have happened
because of excess energy released by combustion of the alcohol in a
very short period of time. For example, if a major portion of alcohol
had been injected instead of carbureted, then this problem might not
have occurred. In this situation, the combustion process begins as
alcohol and diesel fuel are injected and this process continues at a
steady rate as diesel and alcohol are being injected. As a result, a
longer combustion process and a less rapid pressure rise would énsue.

Although the diesel flame continues to burn at a steady rate, the
path of combustion for the diesel fuel varies with the percentage of
alcohol present in the mixture. The increase of water in the alcohol
aggravates the tendency for knocking. As explained before, this may
be due to the high latent heat of vaporization of the mixture and the
resulting longer ignition delay. Or perhaps this is better explained
by the fact that, as the percentage of water in the alcohol increased,
the cooling effects of the water caused the diesel to burn at the same

steady rate, but along a narrower path or range (see Appendix B for
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sketch of the combustion process with different alcohol/water mixtures).
Consequently, a larger portion of the air/alcohol mixture was available
to ignite simultaneously.

As the air/diesel ratio decreased to the point where oxygen in the
cylinder was insufficient for complete combustion, an earlier omnset of
incipient knocking was observed limiting the maximum decrease in air/
alcohol ratios. Air/alcohol ratios which could be tolerated without
undue knock had to be made leaner as the proportion of water in the
carbureted mixture was increased. At lower air/diesel ratios, this
tendency was accentuated.

With the carburetor method the engine tended to knock less than
the spray-injected approach. Consequently, higher displacement of
diesel fuel was possible with the alcohol. This was probably because

of more uniform mixing of alcohol and air with the carburetor approach.

7.2 Performance

At part load, a small amount of fuel injected into the engine will
not need all of the air in the cylinder because the C.I. engine inducts
a constant amount of air on the intake stroke. As the load is increased,
greater amounts of fuel are injected and more and more of the air is re-
quired for combustion. At some stage, further injection of fuel leads
to part of the fuel not being oxidized and to the production of smoke.
Even with this condition, part of the air in the engine may not react
because of failure of the injected fuel to find air which will cause
the engine torque to level off. With dual-fueling this phenomenon

happened later than with conventional fueling, permitting the tractor
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to reach much higher torques. Table 11 presents a summary of the
tractor performance both with and without dual-fueling.

The increase in power due to the use of alcohol was greater for
carbureted alcohol than spray-injected alcohol. Combining the richest
alcohol/air ratios that could be used without knock with the minimum
diesel fuel injection, produced 59 percent more torque, when ethanol
was carbureted, and about 36 percent higher torque with the spray-
injection approach.

At the richest diesel/air ratio an increase in alcohol/air ratio
did not cause much increase in torque, as this amounted to over-fueling
with limited oxygen.

Increasing the water content in the carbureted ethanol/water
mixture caused an increase in maximum power. This fact was even more
noticeable for the carbureted alcohol than spray-injected alcohol.

Although alcohol caused a decrease in volumetric efficiency, it
increased torque and power quite substantially. The reason was that
alcohol, with a high latent heat of vaporization, acted as an inter-
cooler when evaporated into the intake air. The reduction in tempera-
ture was beneficial to the engine performance because more dense air
entering the engine allowed a greater mass flow of air. The volumetric
efficiency of the engine decreased because of the lower temperature and
pressure in the manifold. Intercooling reduced both compressor effi-
ciency and the inlet pressure to the engine, but increased the density
and mass flow rate which increased torque and power.

The results of the carburetor approach were plotted in Figure 32.

Also, the most suitable ethanol solution and nozzle size (50 percent and
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.89 mm) for the spray-injection approach was plotted and used for com-
parison. Except for the 100 percent ethanol dual-fueled by the carbure-
tor approach at higher torque ranges, dual-fueling with carbureted
ethanol solutions showed superior results in replacing diesel fuel.

The reason why the spray-injected ethanol showed lower maximum
proportion of replaceable energy at low torque levels was because the
rate of injection varied with turbocharger pressure. Turbocharger
pressure increased as torque increased. The carbureted ethanol showed
the opposite behavior because the throttle valve settings, which con-
trolled the flow of alcohol, were a function of incipient knock rather
than turbocharger pressure. At high torque levels the onset of knock
with carbureted ethanol occurred earlier because of a rapid pressure
rise resulting from the combustion of a greater volume of injected
diesel fuel.

A higher percentage of maximum fuel energy from the carbureted
waterless ethanol was possible at low torque levels. When lower amounts
of diesel were injected at low torque levels, the combustion rate was
not large enough to produce a rapid pressure rise. However, as torque
increased the opposite occurred. As the injection rate of diesel in-
creased, the rapidity of pressure rise due to the diesel combustion
also increased. Consequently, a drop in the maximum proportion of fuel
energy occurred.

As the amount of water increased in the mixture of carbureted
ethanol, incipient knock happened earlier as explained before. Conse-
quently, a smaller proportion of fuel energy was replaced by the alcohol.

However, as explained earlier in this chapter, the combustion of the
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diesel was less violent as water in the alcohol mixture increased.
As a result there was a less rapid pressure rise and a similar propor-
tion of alcohol could be carbureted as torque increased

The maximum substitution of alcohol for diesel fuel via injection
and carburetion are shown in Figures 33 and 34. As these Figures show,
the carburetor used the ethanol more efficiently than the spray-injected
system. The portion of diesel displaced by the carburetor method was
larger. Furthermore, the total consumption (diesel and ethanol) is
smaller at high torque levels with the carburetor. At low torque levels
with carbureted ethanol, there is nearly a direct trade-off of fuels in
terms of energy content, but as torque increases, the engine uses the
alcohol more efficiently. In other words, one energy unit of alcohol
displaces more than one energy unit of diesel. In addition, with this

system, maximum torque is increased.

7.3 Efficiency

For all ethanol concentrations used over the high range of engine
torques, higher efficiency levels were found in engine operation with
carbureted ethanol than in operation with the spray-injected method.

One exception was found when the 50 percent ethanol solution was spray-
injected. In this case, a higher efficiency level occurred at low
torque levels and an equivalent efficiency level occurred at high torque
levels when compared with operation using carbureted ethanol.

The carburetion of the 50 percent ethanol solution reduced the
mass of oxygen that could be inducted at higher torque levels. Greater
over-fueling was then necessary to achieve a given torque level under

maximum torque conditions, which caused a drop in efficiency.

t
|
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The spray-injected approach presented an increase of brake thermal
efficiency across the full range of torque when the 50 percent alcohol
concentration was used. At higher air/alcohol ratios, which produced
low engine torque levels, brake thermal efficiency with the carburetor
approach appeared lower than that for operation with diesel fuel alone.
The probable cause was the incomplete combustion of alcohol resulting
from low cylinder temperature. However, at lower air/alcohol ratios
the opposite occurred. Higher brake thermal efficiency was obtained
with carbureted alcohol.

The lower air/alcohol ratios in combination with the higher air/
diesel ratios caused higher efficiency than the opposite combination
when different alcohol concentrations were carbureted. The addition of
water in the alcohol decreased efficiency, since problems with ignition
delay were accentuated. This was even more noticeable for carbureted

50 percent ethanol than with the spray-injection system.

7.4 Turbocharger Pressure

A parallel between an increase of water content in the alcohol
and turbocharger pressure drop was observed when compared to conventional
fueling. This phenomenon can bé explained by either of the following:
1) the alcohol displaces the air that would be drawn otherwise; 2)
fanning loss due to denser flow of air/alcohol mixtures; and 3) inter-
cooling reduces both compressor efficiency and the inlet pressure to
the engine.

When the engine speed is increased, compressor operation is rela-

tively inefficient while the boost pressure strongly increases. This
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is undesirable for most engines, since maximum pressures on combustion
are also raised (16). Therefore, alcohol improves compressor effi-
ciency, because it lowers the outlet pressure of the turbocharger

particularly at high speed and load.

7.5 Exhaust Temperature

Exhaust temperature with carbureted alcohol and spray-injected
alcohol was lower than that with diesel fuel alone by approximately
90° C at high torque. This was because of the lower burning tempera-
ture of the alcohol. Even though the exhaust temperature was low with
spray-injected alcohol, it gradually dec?eased further as the amount
of water increased in the carbureted alcohol. This occurrence was not
noticeable for the carbureted alcohol, because the portion of the
energy contributed by the alcohol was different for each alcohol con-

centration at equivalent torque levels.

7.6 Control Linkage and Maximum Proportion of Energy Replaced

Based upon results obtained with the manually operated carburetor,
a control linkage was built to replace the maximum allowable amount
of alcohol.

The tractor specifications stated that the tractor was capable
of a maximum power of 65 kW at full load. Farm traétors, however,
usually work between 70 and 80 percent of the engine maximum power.
At 65 kW the maximum energy displaced by the ethanol was 37 percent
because of earlier onset of knock. At a lower power output of 54 kW or
less, up to 47 percent of the diesel energy could be replaced by the

carbureted ethanol. If the maximum allowable power it to be obtained,
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the linkage control can be set for a maximum of 37 percent replacement.
However, the linkage system can be adjusted to replace 47 percent

of the energy by a simple adjustment of the linkage. This could normally
be used on a farm tractor since maximum power is seldom used.

This practical implementation of replacing the maximum allowable
amount of alcohol with the carbureted ethanol was done by using a
throttle valve at the carburetor and by-pass outlet. This valve varied
the proportion of the inlet air drawn through a fixed jet carburetor,
and it was connected to the carburetor choke plate through a linkage.
This valve/choke system functioned such that the throttle valve remained
partially open at no load. The choke plate opened gradually, together
with the throttle valve at the rate of 2 to 1. Once the choke plate was
fully opened, and the system required more alcohol fuel to meet the
load, a spring system allowed the throttle valve to continue to open
until the demand was met. If the system called for a reversal, the
throttle valve closed gradually until it reached the point where the
choke plate was fully opened. Then the choke plate started to close at
a faster rate together with the throttle valve, until it was completely
closed. The engine continued idling at 1000 rpm on diesel fuel alone.
Thus, any stalling due to a sudden burst of alcohol was avoided. A
coordinating linkage was connected from the throttle valve at the
carburetor by-pass apparatus to the diesel pedal at the tractor's cabin.
The coordinating linkage functioned such that:

1. The choke plate opened and closed twice as

fast as the throttle valve.
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2. A minimum diesel injection level sufficient
for pilot ignition was maintained at all times.

3. The valve started supplying alcohol when the
engine reached 1000 rpm (determined by obser-
vation of engine sound and exhaust smoke during
the test), and it varied the amount of alcohol
supplied to meet all torque levels up to that
achieved by the minimum pilot diesel injection
in conjunction with air/ethanol ratio just short
of that which produced knock.

4. Torque levels beyond that described in (3), would
be met by injecting increased amounts of diesel
fuel beyond that required for pilot ignition.

The linkage system allowed the engine to start with diesel alone.
Then when the engine was run at 1000 rpm, the valve started to increase
the volume of ethanol in accordance with the torque required until
it reached the maximum amount of alcohol before incipient knock.

If more torque was required and the maximum allowable air/ethanol
ratio was not sufficient to supply it, the system will increase the
energy input from injected diesel fuel. When a torque decrease was
called for reversing the system, the linkages maintained the maximum
allowable ethanol and the energy supplied by the diesel first decreased
(by means of the diesel governor) until it reached the minimum diesel
required. Then the energy supplied by the ethanol decreased until

the desired output torque level was reached.
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The throttle valve controlled the half of the intake air which
entered through a fixed jet carburetor, and the other half was supplied
through a by-pass. At full throttle, the by-pass was fully blocked
forcing the air to go through the carburetor to fuel the maximum allow-
able ethanol. Under these circumstances, the diesel injection rate
remained at the minimum allowable value, and the engine maximum capacity

to induct air was not reduced.







CHAPTER 8

SUMMARY AND CONCLUSIONS

Tests with the converted turbocharged diesel tractor to dual-
fueling by means of the spray-injection and carburetor methods led to
the following conclusions:

1. Partial substitution of diesel fuel can be achieved

by these approaches. The replacement of diesel with
ethanol is limited to 30 percent for the spray-
injection method. With direct control linkage, the
carburetor approach can replace about 37 percent of
the diesel with alcohol if the engine is set for 65 kW
maximum power or 47 percent if the engine is set for
87 percent of the tractor maximum power.

2. An increase of water in the ethanol of up to 50
percent resulted in a decrease of the replaceable
diesel fuel.

3. The spray-injection kit developed the best results
for power, brake thermal efficiency and replaceable
energy with the 50 percent ethanol in combination
with the 0.89 mm nozzle size. This combination
resulted in an increase of about 36 percent in the

engine maximum power.

112
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For the spray-injection method, the best nozzle
sizes for use on the Ford 7700 at the respective
ethanol concentrations of 50 percent by volume,

84 percent by volume, 100 percent by volume;

are 0.89 mm, 0.64 mm, 0.51 mm respectively.

The carburetor approach showed the best performance
with the 81 percent ethanol solution. And this
combination developed 43 percent more power than

the engine maximum power with conventional fueling.
With the 50 percent ethanol solution, the carburetor
approach resulted in an increase of about 59 percent
in the engine maximum power.

The rate of torque increase with an increase in
ethanol/air ratio, was greater for ethanol with larger
concentrations of water. This occurred because the
engine had a tendency to knock less with lower ethanol
concentrations.

For both methods, the brake thermal efficiency of
the tractor was slightly greater with ethanol and an
increase of the portion of water in the ethanol
caused a reduction of the thermal efficiency.

With the spray-injection method, except for the 50
percent ethanol solution, the volumetric efficiency
was decreased by the use of ethanol solutions.
Furthermore, the addition of water in the ethanol

resulted in an increase of volumetric efficiency.
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With the carburetor method, the volumetric efficiency
was also decreased by the use of ethanol solutionms.
The amount of diesel fuel replaced increased with an
increase of water content in the spray-injected
ethanol solutions tested. Among all ethanol concen-
trations and methods, the carburetion of the 81
percent ethanol solution presented the highest degree
of replacement.

Spray-injected water did not increase power and had

little effect on engine performance.
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APPENDIX A

GENERAL ENGINE SPECIFICATIONS

General Dimensions*

Height to top of Ford cab

Height to top of exhaust

Ground clearance under front axle

Ground clearance under rear axle

Width at minimum track

Overall length (to end of lower links)

Wheelbase (long)

Wheelbase (short)

Turning diameter (long wheelbase) without brakes

Turning diameter (long wheelbase) with brakes

Weight (with Ford cab)

Total with fuel, oil, and water
On front axle (long wheelbase)
On front axle (short wheelbase)
On rear axle (long wheelbase)

On rear axle (short wheelbase)

Weight (without Ford cab

Total with fuel, oil, and water

On front axle (long wheelbase)

2880
3070

584

679
1880
3815
2580
2172
4290

3680

3710
1180
1250
2220

2460

3220

1130

*Dimensions measured with 7.50 x 16 front tires and 15.5 x 38 rear

Ford 7700

mm
mm

mm

kg
kg
kg
kg

kg

kg

kg

tires.







Weight (without Ford cab) cont'd

On front axle (short wheelbase)
On rear axle (long wheelbase)

On rear axle (short wheelbase)

Engine

No. of cylinders

Bore

Stroke

Displacement
Compression ratio
Firing order

Idle speed

Maximum no-load speed
Rated speed

Tappet clearance intake

Exhaust

Cooling System

Type

Thermostat
Starts to open at:
Fully open at:

Pressure cap

Clutch

Type

Pedal free travel

117

Ford 7700
1190 kg
2090 kg

2030 kg

4
112 mm

107 mm

4195 cm?

15.6:1

1-3-4-2

600-700 rev/min
2325-2375 rev/min
2100 rev/min
+355-.406 mm

.432-.482 mm

Pressurized recirculating by-pass

75.6° C
89° C

.5 (.9 with air conditiomers) (bar)

Single dry plate

31-38 mm
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Power Take Off Ford 7700
Type Independent, hydraulically actuated
Engine speed for 540 rpm PTO speed 1900 rpm
Engine speed for 1000 rpm PTO speed 2060 rpm

Hydraulic System

Type Live with position control, draft sensing
and category II - 3-point linkage

Draft sensing systems

Dual sensing upper link S
Load monitor S
Nominal system pressure 172.4 bar

Flow at rated engine speed

@ 2100 PSI (147.6 bar) @ remote outlet 36.7 liters
Steering
Type Hydrostatic with tilt steering wheel
Front sheel toe-in 6-13 mm
Brakes
Type Mechanically actuated disc
Pedal free travel 25-32 mm

Electrical Equipment

Alternator 12 volt, negative ground
32 amp -
51 amp Std.
Starter Positive engagement, solenoid operated

Battery 128 amp./hour
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Lubricants Ford 7700
Transmission/rear axle Ford M2C53A
Power steering reservoir Ford M2C41A
Front wheel bearings Ford M1C137A
Lubrication fittings Ford M1C137B
Engine oil Ford M2C121A (300)

Viscosity Grade and API Classification

Temperature: Diesel:

Below 32° F (0° C) Ford 300 or SAE 10W (CD) - low ash




120

APPENDIX B






121

APPENDIX B

CALCULATIONS

1. Torque (N, m) kW x 9, 549.2

R.P.M.

Dyno reading (1bs) x 2.0336

2. Power (kW)

2mT 2 1

kW corrected = 80,000 X 7. (;‘)

=
N

3. Specific gravity
* Specific gravity, ethanol = 0.785 grams/cc at 25.6°C
* Specific gravity, diesel = 0.853 grams/cc at 25.6°C

Liquid flow

Ethanol E%E-x 3.22 = kg/hr alcohol
. ml .
Diesel Sac X 3.071 = kg/hr of diesel

Distilled water %%E x 3.6 = kg/hr of distilled water

4, Proportion of energy from alcohol

HHV alcohol x kg/hr x % of alcohol in the mixture

HHV diesel x kg/hr + HHV alcohol x kg/hr x % of alcohol in the
mixture

5. Brake thermal efficiency
kW x 3600

HHV diesel x kg/hr + HHV alcohol x kg/hr x % of alcohol
in the mixture

B.T.E. =

NOTE: HHV from Table 1 and reference 3.




6.
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Air flow
I D
1 Vs
P Vi P, Vg Vg
+Z, 4 === +Z, + == + K==

dair 1 2g  dair 2 2g 2g

V.A

[}
<
>

|
<

]
<

Pl - P2 ) Q2
dair A, 2
2 g
Q=4AK Y/, AP
& Bair
Q = AK V/2g x Ah
Q(kg/hr) = % x (orifice diameter)2 x orifice coefficient x dair x

V2 x g x Ahead (air)

Orifice coefficient = 0.62 from reference 21 pp 531

d(water)

Ah(air) = Ah(water) x 3(air)

d(air) B—-.—I—{%—;—M-N/m:;

2~}
1]

Pabs = Patm(std) + Pgage






7.

8.
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Tabs = tstd + thermometer
R = 8311.4 N * m/kg mole °K

Air fuel ratio (AFR)

_ Kg/hr air
AFR Kg/hr fuel

Volumetric efficiency (0)

. _ Actual air capacity (Kg/hr)
Theoretical air capacity (TAC)

TAC = Iev. X min. x No. cylinders x 1 intake stroke X m3
min. hr 4 2 rev. cylinder “ intake
stroke
Keg
X3
m
3
m

Displacement = No. cylinders x Intake Stroke

.. TAC = r.p.m. x 60 x engine displacement x %-x density

Sizing the venturi for the carburetor for dual-fueling diesel

engine with carbureted alcohol

2 .
Qair =7/4 x d° x K, % \/ég Ah(air)

Ke = frictional loss coefficient







Sudde
D,/D,
0.0
0.1
0.2
0.4
0.6
0.7
0.8
0.9

From
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n expansion

Ke
1.0
0.98
0.94
0.71
0.41
0.22
0.13
0.04

reference 21 pp 305.

Assume Dl/DZ 0.0 = Ke =1.0

Ah(air) = ft3(water) _

air

air

Ah = 2 - 3 in Hg (from personal conversation with Ford)

Take Hg = 2.5 in Hg

2.5 in Hg

= 34.0 in HZO

-2 in Hg
7.355 x 10 in o0

34 in H20 x 62.4 1b

b = 28,213 in air

ft” (air)

0.0752

Volume of intaked air by the engine

_ 2(cylinders) x RPM x displacement

. 3, .
4 (strokes) (in”/min)

Ford 7700 displacement 256 in3

RPM = 2060 engine or 1000 PTO
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_ 2060 x 256

_ . 3
air = 2 % 60 - 4, 394.67 in~/sec

Q

Since Q = m/4 d2 * Ke x /2ghair

®x1.0 /2 %32 - 2x12 x 28,213

4,394.67 =

I E]

4% = 1.1983

d = 1.20 in or 30.5 mm diameter of the venturi.

10. Sizing the jet for the carburetor for dual-fueling diesel

engine with carbureted alcohol (equation from reference 16)

. 4,2
AF = 1.64 (df y

Y = from table in reference 16 pp 390.
d = diameter of venturi
df = diameter of fuel orifice (jet)

AF = from results of reference 4 pp 26

—

alcohol/air ratio thousandths = 36

inverse = 27 air/alcohol
(this air/alcohol ratio is
the maximum allowed
alcohol combined with the
minimum diesel)

torque

36

alcohol/air thousandths
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For AP = 34 in of water, it was from table 11-1 reference 16 that
= 0.0250.

2

d
= l.64(5§) Y

=

1.2.2
37 = Les52) x 0.0250

\/f.64 x (1.2)% x 0.025
27

df = 0.043 in diameter of fuel orifice (jet)

df
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SCHEMATIC OF THE DISTINTEGRATION OFF FFUEL JET (16)

[ depth of jet

-

neriphery of jet

core of jet core of

fuel
front
nozzle of jet
velocity
disintegration of jet ‘-.__.~___,//fginf jet
PATH @ DIESEL FLAME WHEN DUAL-FUELING DIFFERENT
ALCOHOL/WATER MIXTURES.
fuel nozzle
compression of the cases at
the periphery of the flame.
— — \\\\
/ - \ 100% ethanol
\\\ 84% ethanol
\\\- ¢ N 1 50% ethanol
\— \’
\\~— ' N—

- _ -/_/ piston at top

dead center.
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APPENDIX C

STOICHIOMETRIC BALANCE

Ethanol

+ 3 H20 + 11.28 N2

C, H. OH + 302 + 3 (3.76) N2 -+ 2 CO2

275
(246 + 6 + 16) + (3 x 32) + (11.28 x 28) ~ (24 + 64) + (6 + 48) +
(11.28 x 28) 467.84 ~ 467.84

96 kg O2 required for 46 kg fuel

O2 + N2 > Air > 96 + 327.14 = 423.12 kg of air

air _ 423.12 _ . _
fuel - 46 9.11 o AFStoich =9.11

Methanol

CH3 OH + 1.502 + 1.5 (3.76) N2 > CO2 = 2 HZO + 5.64 N2

32 + 48 + 157.32 > 44 + 36 + 157.92 + 237.92 > 237.92

48 kg 0, required for 32 kg of fuel

2

O2 + N2 -+ Air - 48 + 157.92 = 205.92 kg of air

air _ 205.92 _ . _
fuel = 32 644 o AFgtoich T 0-44

Diesel Fuel

+ 24.5 O2 + 24.5 x 3.76 N2 + 16 CO, + 17 HZO + 92.12 N

C16 B3y 2 2
(226) + 784 + 2679.36 > 704 + (306) + (2573.36)
3589.36 > 3589.36

784 kg O2 required for 226 kg of fuel



N

2

130

+ 02 = air 784 + 2479.36 = 3363.36
air _ 3363.36 _ . _
foel = 226 = 14.89 o AFStoich = 14.89

F"
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APPENDIX D

TEST AND COMPUTED DATA
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