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Uso de Oleo de Soja como Combustivel para
Motor de Ciclo Diesel
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ABSTRACT

Diesel fuel price is rapidly increasing burdening the agricultural production costs. Additionally, diesel is contributing
to a significant amount of life cycle greenhouse gases emissions. Strategically, using agricultural feedstock, such
as soybean oil, will reduce fossil fuel price volatility and carbon footprint from agriculture. Although cheaper than
biodiesel, use of pure soybean oil has shown to damage a regular diesel engine because of its high viscosity. In this
work, a novel technology was developed and tested to overcome this problem by fueling a direct injection Diesel engine
with refined soybean oil (edible oil) heated by engine coolant and exhaust gases. Thermal efficiency, air/fuel ratio, fuel
injection timing, exhaust temperature and exhaust emissions were evaluated. The major finding of this study was to
identify the feasibility of running a modified engine properly with heated soybean oil. The results showed that soybean
oil use reduces emissions of nitrogen oxides, but contributes both to lower thermal efficiency and higher emissions of
other products such as carbon monoxide and particulate matter compared to fossil diesel. Despite these negative results,
solutions to reduce pollutant emissions are feasible.
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RESUMO

O preco do 6leo diesel tem sobrecarregado os custos da producdo agricola. Paralelamente a isso, o diesel de petréleo tem
contribuido com significativa emissdo de gases de efeito estufa. Estrategicamente, o uso de matérias-primas agricolas,
como o 6leo de soja, podem reduzir a volatilidade do preco do combustivel féssil e a pegada de carbono da atividade
agricola. Apesar de ser mais barato que o biodiesel, o emprego de 6leo de soja puro tem se mostrado prejudicial
ao motor Diesel por causa de sua alta viscosidade. Neste trabalho, uma nova tecnologia foi desenvolvida e testada
com a finalidade de superar este problema pela alimentacdo de um motor Diesel de injecdo direta com 6leo refinado
de soja (6leo comestivel) aquecido pela dgua de arrefecimento e pelos gases de exaustdo. Eficiéncia térmica, razdo
ar/combustivel, tempo de injecdo do combustivel, temperatura de exaustdo e emissGes foram avaliados. A principal
constatacdo deste trabalho foi identificar a viabilidade de se operar um motor adequadamente modificado com 6leo
de soja aquecido. Os resultados mostraram que o uso de 6leo de soja reduz as emissdes de 6xidos de nitrogénio, mas
contribui para menor eficiéncia térmica e altas emissdes de outros produtos como monéxido de carbono e material
particulado, em comparacdo ao diesel féssil. Apesar destes resultados negativos, solu¢ées para reduzir as emissoes de
poluentes sdo factiveis.
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Introduction meeess——————

The word ‘development’ can mean evolution, denoting a
process of progressive change of the current conditions;
the word ‘sustainable’ can express protection, avoiding
the downfall of the conditions, either in the present or in
the future. Therefore, sustainable development is often
defined as manner of economic development that attends
the present needs without compromising the capacity of
future generations to supply their needs (Munn, 1992). De-
spite global ecological awareness, the reality still shows
evident and continuous environmental degradation. Be-
cause energy plays an essential role in the development of
the society, it is fundamental to recognize the importance
of choosing more sustainable forms of energy.

The growing demand of fossil fuels and the limited
easily exploitable oil reserves have contributed to the con-
tinuous increase of the oil price. With rising fossil fuel
price comes the constant cost increase in supply chain.
The agribusiness, for instance, is strongly impacted since
it heavily depends on machines that consume diesel fuel.
This strong dependency on diesel has considerably in-
creased the agricultural sector expenses and, as conse-
quence, has stimulated the use of renewable sources, like
biomass, to produce alternative fuels (biofuels).

One possibility of replacing diesel is to utilize trans-
esterified vegetable oils (fatty acid esters), commercially
known as biodiesel. Biodiesel has great importance for
having physical and chemical properties similar to the
diesel fuel, not demanding changes in the engines. In
spite of being an excellent alternative, biodiesel is more
expensive than fossil diesel partly because of the cost of
transesterification process that also requires a significant
initial investment (Corsini et al., 2015).

Vegetable oils are cheaper than their respective esters.
They are also easier to be obtained because the produc-
tion of vegetable oil requires less processing (Falcon et
al., 1985; Loos et al., 1985). Thus, the use of pure, non-
transesterified vegetable oils in diesel engines is a desirable
alternative to fossil diesel.

The first reference of using vegetable oil as fuel is
from the beginning of the twentieth century. In the
1900 World s Fair in Paris, Rudolf Christian Karl Diesel
declared to the posterity: “In any case, it 's seem certain
that the motor-power can still be produced from the heat
of the sun, which always is available for agricultural pur-
poses, even when all our natural stores of solid and liquid
fuels are exhausted” (Knothe, 2001, p. 1104). Since that
time, several experiments with different kinds of vegetable
oil and their respective esters as fuel for diesel cycle en-
gines have been realized.

Researchers in many countries have carried out
experimental works using vegetable oils to replace tradi-

tional fuel of diesel cycle engines (Ramadhas et al., 2004).
Straight vegetable oil can be used as fuel in diesel engines
with some minor engine modifications, playing an impor-
tant role to reduce the environmental impact of fossil fuels.
Results showed that running engine with vegetable oil
had similar thermal efficiency, less power, higher particu-
late matter, and reduced nitrogen oxides (NO,,) emission
compared to diesel fuel. On the other hand, vegetable oil
methyl esters performance and emission characteristics
are comparable to diesel, what made them a good diesel
fuel substitute.

Advantages of using straight vegetable oil include do-
mestic production that would help to reduce petroleum im-
ports; biodegradable and non-toxic; renewable fuel made
from agricultural crops and waste; low aromatics and sul-
phur content; 80% heating value compared to diesel, rea-
sonable cetane number, and enhanced lubricity.

However, technical difficulties with using straight
vegetable oil were also reported like long term storage that
affects fuel stability due to in oxidation and consequently
engine performance and durability; material compatibility
with some diesel engine components; and cold weather
operations.

A common-rail turbocharged diesel engine fuelled with
rapeseed oil, biodiesel and diesel fuel showed power
loss (from 18 to 22%) from use of rapeseed oil and
biodiesel at low loads, but at higher loads, the fuels
had similar performance about 2800 rpm (Corsini et al.,
2015). This behavior was attributed to the combined
effects of density and viscosity of vegetable oils, elec-
tronic unit control, and injection timing (varied accord-
ing to load). Opacity tests demonstrated the contribution
of the biofuels in reducing soot formation and particu-
late emissions. Pollutant emissions are comparable to
or lesser than those of diesel fuel, with exception of hy-
drocarbons (HC) emission from rapeseed oil that were
higher.

Other study showed a decreasing trend for specific
fuel consumption with load increasing in a direct in-
jection Diesel engine (D’Alessandro et al., 2016). The
study was conducted with different loads and fuel namely
diesel, biodiesel, linseed oil, refined palm oil, five virgin
vegetable oils (sunflower, palm, corn, soy and peanut) and
two waste frying vegetable oils (sunflower and palm). Due
to lower calorific values, specific biodiesel consumption
was 14-15% higher and vegetable seeds oils consumption
was 10-30% higher than diesel. Comparing fuel emissions,
a decreasing carbon monoxide (CO) emission and an in-
creasing nitrogen oxides (NO,,) emission were observed
with increasing load due to the higher combustion chamber
temperatures caused by increased fuel injection confirmed
by higher exhaust gases temperature. For biodiesel, ex-
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haust gas temperature at higher loads was comparable
to that of diesel, and at lower loads, it was higher than
for diesel. With vegetable oils, exhaust gas temperature
was often lower than that of biodiesel. Injector fouling
caused by waste frying sunflower oil, refined palm oil and
biodiesel was comparable to that of diesel. Soy, sunflower
and peanut oils caused a medium grade fouling on the in-
jectors, while corn and palm oils produced a medium-high
grade fouling and carbonaceous deposits near the nozzles.
Injector fouling caused by linseed oil was quite high.

A study was conducted to evaluate diesel performance
and emissions of a 6 cylinder, turbocharged and after-
cooled, direct injection Diesel engine with 10% and 20%
volumetric blends of cottonseed oil, sunflower oil, cotton-
seed biodiesel and sunflower biodiesel (Rakopoulos et al.,
2014). They found the fuel injection pressure diagrams
and the ignition delay were almost the same for biofuel
blends and neat diesel. With blends, the heat release rates
were little delayed towards the final term of combustion,
and cylinder temperatures were slightly reduced. The main
contributions of biofuel use were:

+ Significant reduction of smoke opacity. Raw oils
were better than their biodiesel counterpart and cot-
tonseed oil performed better than sunflower;

« Slight increase in nitrogen oxides (NO,,) emissions.
No difference between vegetable oils and biodiesel;

 Increase of carbon monoxide emissions with the
vegetable oil blends but decrease with biodiesel
blends compared to diesel;

Increase of unburned hydrocarbon emissions. Higher
increase for the vegetable oils than the corresponding
biodiesel cases;

+ Engine brake thermal efficiency (fuel economy) with
all biofuel blends practically the same as diesel
fuel.

Subramaniam et al. (2013) found that the vegetable oil
should not be used directly as fuel because of free fatty
acids, phospholipids, sterols, water, odorants, and other im-
purities. To allow its use as fuel, the vegetable oil requires
chemical modifications like transesterification, pyrolysis,
and emulsification. In another study, Muralidharan and
Vasudevan (2011) analyzed the performance, emissions
and combustion characteristics of a variable compression
ratio engine fuelled with waste cooking oil biodiesel and
diesel blends.

The experiments confirmed that the brake thermal effi-
ciency, specific fuel consumption, brake power, exhaust
gas temperature and mechanical efficiency of engine were
a function of biodiesel blend, load and compression ratio.

Although use of straight vegetable oils as fuel for diesel
cycle engines has demonstrated technical problems, rela-
tively few experiments have been carried out to identify
solutions to overcome the challenges of pure vegetable
oils burning, searching for better and complete oxidation
of them in diesel engines (Andrade, 1983; Falcon et al.,
1983). This study aimed to adjust the viscosity of the
soybean oil, one of the most common vegetable oil in the
world, by changing the form of injection into the com-
bustion chamber, to allow its application in compression
ignition engines. It was used a double heating system
characterized by two heat exchangers, installed before and
after the injection pump, respectively, to supply the ther-
mal energy (heat) required to reduce that viscosity. The
direct injection engine was operated in laboratory to mea-
sure performance and emissions. All tests were performed
with soybean oil and conventional diesel fuel as reference.

Material and methods m—

This research utilized a modified four-cylinder direct in-
jection Diesel engine used in common tractors to perform
routine agricultural operations, see Table 1.

Table 1 - Engine features.

Item Description
Manufacturer Perkins

Model ADA4.248 (direct injection)

Type Four stroke diesel cycle

Number of cylinders Four, vertically assembled

Coolant Water driven by centrifugal pump
Displacement 4067.198 cm®
Bore 100.965 mm
Stroke 127 mm
Compression ratio 16/1

Diesel fuel driven by rotative
injection pump (CAV)

23° before top dead center (bTDC)

Feeding

Injection timing

To address the high viscosity of the soybean oil for
proper diesel engine operation, a special fuel heating sys-
tem was installed jointed with the engine, aiming to take
advantage of the energy of the cooling water and exhaust
gases. The soybean oil heating system is shown schemati-
cally in Figure 1.

The soybean oil from the tank was heated to about 70 °C
in a first stage by the engine coolant, Figure 2(a). This
temperature was sufficient to reduce its viscosity from
37 ¢St to 13 cSt according to Kern (1987), so that it would
not damage the injection pump by the high shear stresses
of a very viscous fluid.
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Figure 1 - Sketch of the soybean oil heating system.
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1 - Vegetable oil from the tank (25 °C) at atmospheric pressure;
2 - Slightly heated vegetable oil (70/80 °C) at atmospheric pressure;

3 - Slightly heated (70/80 °C) pressurised vegetable oil;

4 - Highly heated (about 150/200 °C) pressurised vegetable oil flowing to the injector the nozzle;

5 - Hot cooled from the engine;
6 - Slightly cooled coolant flowing to the radiator;
7 - Hot exhaust gases from the engine;

8 - Slightly cooled exhaust gases flowing to the exhaust pipe.

Figure 2 - Heat exchangers: (a) cooling water as hot fluid;
(b) exhaust gases as hot fluid.
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After being pressurized by the pump, the fuel passed
through a second heating stage using the exhaust
gases, Figure 2(b), that allowed the oil to reach higher
temperatures (in the range of 150 — 200 °C) and viscosi-
ties around 2.5 cSt or less. This second step implied in
the change of properties such as viscosity, surface tension
and volatility. In order to avoid excessive heating of the
soybean oil, a butterfly type valve was installed in the
exhaust duct. This valve allowed partial deviation of the
exhaust gases directly to the atmosphere to enable a ther-
mal transfer control of the exhaust gas heat exchangers.

The engine was coupled to an Eddy current dynamome-
ter to collect the experimental data at 1200, 1400, 1600,
1800 and 2000 rpm for both fuels at full load, Figure 3.

The engine was cold started with diesel fuel until the tem-
perature at the exit of the injector nozzle reached 80 °C.
After this, the fuels were switched (at this temperature,
the vegetable oil viscosity did not cause problem to the
injection pump and the engine).

The fuel mass consumption was registered directly
through the reservoir disposed on a digital scale that
recorded the decrease in mass of the fuel in function of
the demand imposed by the engine. The air consumption
was measured using a "hot wire anemometer" calibrated
through an orifice plate system. The anemometer was con-
nected to the intake air duct. LabVIEW® program was
used to collect data from both systems.

The torque was obtained from the dynamometer display
that was calibrated using standard weights. The engine
rotation was read by means of the dynamometer’s brake
control device.

Several temperatures were collected using thermocou-
ples, namely:

a) fuel temperature at the exit of the injection
nozzle;

b) fuel temperature at the exit of the coolant heat
exchanger (first heating step, just before the injection
pump in the engine fueled with soybean oil);

c) exhaust gases temperature at the outlet of the exhaust
manifold;

d) exhaust gases temperature at the exhaust heat
exchanger outlet (in the soybean oil driven motor);

e) cooling water temperature at the head outlet;
f) crankcase oil temperature;

g) particulate matter flow temperature at the exhaust
tip.
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Figure 3 - Sketch of the experimental bench with respective measurement systems.
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The particulate matter was collected by flowing part
of the exhaust gases through a glass fiber filter installed
in a flange produced specially to contain it. The collec-
tion time was fixed to 5 minutes and the filter was dried
and weighted before and after collection process, with
the differential value between the recorded weightings
meaning the retained material.

The regulated pollutants (carbon monoxide - CO, car-
bon dioxide - CO4, hydrocarbons - HC and nitrogen oxides
- NO,) and the residual oxygen (O2) were analyzed and
quantified, as specified in Table 2, by sucking a small
portion of exhaust gases expelled by the engine.

The injection pump, attached to the motor by three cap-
tive screws, allowed angular movement around its axis,
what made possible to identify the optimal point for the
engine operation throughout advance or delay of the injec-
tion point. Table 2 describes the instruments used during
the experiments.

Results and discussion me——

Modified diesel engine fueled with heated

soybean oil

The soybean oil temperatures reached above 150 °C at the
exit of the injectors, Figure 4, due to its heating by engine
cooling water and exhaust gases in the heat exchangers,
allowing the establishment of viscosities around 2.5 cSt,
according to abacus found in Kern (1987). These values
are close to the standardized viscosity for fossil diesel, i.e.,
2.7 cSt (D’ Alessandro et al., 2016).

Figure 4 - Fuel temperature (exit of injector nozzle) in
function of engine speed and type of fuel (full load).
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Consequently, the process of renewable fuel injec-
tion into the combustion chamber has been substantially
improved by the suitability of the spray mechanism.
This led to the fractionation of the fuel into small par-
ticles (droplets) for the formation of a favorable combus-
tion air/fuel mixture, as expected. When the vegetable
oil was heated, the described problems by literature dis-
appeared, confirming the real contribution of this artifice
to the injection and combustion processes by the bene-
ficial interference in its viscosity. Venanzi et al. (1985)
found that the use of a fuel with standardized value for this
property influences positively the vaporization process
inside the combustion chamber, the physical and chemical
combustion delays, and the consequent formation of the
chemical radicals.
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Table 2 - Details of employed instruments.

Item

Description

Measurement system of torque and rotational speed

Measurement system of time

Measurement system of temperature

Measurement system of atmospheric condi-
tions (temperature and pressure)

Measurement system of air consumption

Measurement system of fuel consumption

Measurement system of emission gases

Manufacturer: Schenck
Model: W260
Type: Eddy current ynamometer
Accuracy: 0.1 Nm; 1 rpm

Manufacturer: Sports Timer
Accuracy: 0.01 s

Type: chromel-alumel thermocouple (K)
Accuracy: 1°C

Manufacturer: Wilh. Lambrecht K. G.
Type: thermometer/barometer
Accuracy: 1° C; 0.5 mm Hg

Manufacturer: Bosch
Type: hot wire anemometer
Accuracy: 0.1 g/s

Manufacturer: Mettler Toledo
Type: electronic scale wired to a computer
with LabVIEW program
Accuracy: 0.01 g/s

Manufacturer: Tecnomotor
Type: TM-131 analyser
Accuracies: CO - 0.01 %; CO2 - 0.1%;
HC - 0.01 ppm; NOx - 1 ppm; O2 - 0.01%

Stoichiometric validation and adjustment ===

The replacement of diesel oil by vegetable oils leads the
diesel engine to run with poorer mixtures when the fuel
pump injection is not changed. This combustion process
with excess of air causes invariably a torque reduction and
a sensitive decrease in the black smoke emission - solid
particles (Almeida, 1980).

The representative molecule of diesel fuel is n-cetane
(hexadecane), expressed by the chemical formula C16H34
according to Pulkrabek (1997). The stoichiometric com-
bustion reaction of hexadecane with air is characterized
by an air/fuel (AF) ratio equal to 14.9, according to
equations (1) and (2):

ChHsy + 24.505 + 24.5 (3.762) Ny — 16CO5+
17TH,0 + 24.5(3.762) N, (1)

245 x2x16424.5 x 3.762 x 2 x 14

=149
16 x 12+ 34 x 1

&)

On the other hand, vegetable oils are triglycerides
formed from three acidic radicals (Almeida, 1980), rep-
resented generically by oleic acid, which generates the

AF ratio =

molecule of triolein (C57H1040¢). Its reaction with atmo-
spheric oxygen explains the burning stoichiometric value

for this type of fuel, leading to an AF ratio equal to 12.4,
according to equations (3) and (4):

Cs57H10406 + 80 05 + 80 (3762) Ny — 57C0O5 +
52 Hy O + 80 (3.762) o (3)

80 X 2 x 16480 x 3.762 x 2 x 14
57 x 124104 x1+6 x 16

=124
4)

AF ratio =

Therefore, it was decided to increase the injection pump
flow rate (around 40%) to adjust the stoichiometry of the
combustion when migrating from the fossil fuel to the
renewable one. The aim was to increase torque and power
in order to compensate the performance losses due to the
lower calorific value of the soybean oil.

Figure 5 shows the air/fuel ratio behavior for the two
fuels. The engine fueled with diesel worked at the stoichio-
metric operation point (equal to 14.9) or at slightly poor
operation point. In case of the soybean oil, due to the 40%
increase in the fuel discharge, the engine was operated
with rich mixtures (air/fuel ratios lower than 12.4), with
deleterious consequences on thermal efficiency and carbon
monoxide emission.
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Figure 5 - Air/fuel ratio in function of engine speed and
type of fuel (full load).
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If the injection pump flow had not been changed for
soybean oil, the air/fuel ratio would be reduced by the
higher density of the vegetable oil compared to the diesel
fuel, since the injected fuel volume would remain con-
stant. Even so, poorer mixtures would be formed, leading
to systematic reduction of the torque and less emission
of pollutants related to the operation of the engine with
excess air.

In order to increase the soybean fuel flow, the injection
pump was modified, compensating the engine torque drop
due to the use of vegetable oil. The corresponding curve to
this higher fuel flow is shown in Figure 5. The direct effect
on engine torque is plotted in Figure 6 that shows very
similar performance of diesel engine when fueled with the
two fuels. The soybean oil has 10% lower calorific value
than diesel (Stern et al., 1983).

Figure 6 - Torque in function of engine speed and type of
fuel (full load).
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For maximum torque loss at 2000 rpm there was
a reduction in the volume of soybean oil injected by
the pump that operated at its maximum fuel flow limit.

For both types of fuel, torque levels did not increase with
rotation as the same rate as fuel consumption. This sug-
gests that the shorter time available for the burning process
inside the combustion chamber were not favorable to a
fuel oxidation reaction for large-scale conversion of its
chemical energy into mechanical work.

Fuel consumption and thermal efficiency

The engine thermal performance is always strongly influ-
enced by the fuel discharge, i.e., the air/fuel ratio. Accord-
ing to Pulkrabek (1997), the use of stoichiometric mixtures
releases higher rates of heat, causing higher temperature
peaks inside the combustion chamber and better rates of
thermal efficiency.

Due to the increase of the injection pump’s discharge in
the case of vegetable oil use, there was an augmentation
of around 40% of its mass consumption in comparison to
the fossil diesel, Figure 7. As mentioned before, air/fuel
ratios lower than the stoichiometric point were used for
soybean oil tests, resulting in almost 40% lower thermal
efficiency at 1800 rpm compared to the diesel oil, Figure 8.

Figure 7 - Fuel consumption in function of engine speed
and type of fuel (full load).
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The increase of the injection pump’s discharge for
soybean oil caused engine operation without excess air,
eliminating from vegetable oil a very important feature:
combustion amid wide oxygen availability. Therefore,
the process of air/fuel mixture formation and the burning
speed were impaired, with lower oxidation fuel and lower
conversion of its chemical energy into work.

This condition generated two consequences: the in-
crease in the torque was not proportional to the higher
fuel flow rate and the combustion chamber temperature
decreased due to the lower heat release. These aspects
determined a lower thermal efficiency (on average, 20%
lower) and a higher emission of pollutants, especially par-
ticulate material (black smoke).
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Figure 8 - Thermal efficiency in function of engine speed
and type of fuel (full load).
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One of the main reasons for this worse performance was
the burning of rich mixtures, as previously commented.
When the mixtures are poor, there is a great approxima-
tion of the so-called air standard (ideally, air-only motor)
in which the specific heats vary little with temperature.
This allows a small diminution of the isentropic coeffi-
cient value, leading to higher theoretical thermal efficiency
values (Pulkrabek, 1997), according to equation (5):

= e B DRG0 ©)

where 7 is the thermal efficiency, r stands for the com-
pression ratio, k is the isentropic coefficient, and 8 means
the cutoff ratio (positive volumetric variation during the
combustion process).

Exhaust gases

Figure 9 shows that the temperature of the exhaust gases
rose with the increase of the engine speed due to the greater
energetic input caused by the greater fuel consumption.
In addition, as already pointed out, the engine rotation
increase diminished the available time for the development
of a complete combustion process inside the chamber. This
fact contributed to the exhaust temperature raising by the
late burning of a fuel portion in the exhaust manifold after
exhaust valve opening.

A comparison of the application of the two fuels showed
lower exhaust temperatures in case of the diesel due to
combustion of poor mixtures and more complete burning
at the beginning of the expansion stroke. This second
aspect is result of appropriate properties of the fuel like
as viscosity and volatility, which guaranteed good atom-
ization in the injection process, small ignition delay and
rapid heat release to be transformed into mechanical work.
Thus, in the case of diesel fuel, when the exhaust valve was
opened, the temperature of the exhaust gases had already
decreased considerably.

Figure 9 - Exhaust temperature in function of engine speed
and type of fuel (full load).
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With soybean oil, the presence of rich mixtures did
not allow full oxidation of its molecules. In this case, a
lower heat release for the mechanical work production
occurred in the expansion stroke. In addition, it was ob-
served a larger amount of fuel that burned in the exhaust
manifold, increasing the temperature of the exhaust gases
and the emission of pollutants, especially particulate mat-
ter. Specifically at the engine speed of 2000 rpm, when
the temperature of the exhaust gases exceeded 650 °C, it
was noticed that the exhaust manifold became incandes-
cent, denoting great loss of fuel enthalpy and low thermal
efficiency.

As stated earlier, the injection pump was handled to
increase the soybean oil discharge and the torque pro-
duction. Thus, the rich mixtures with soybean oil made
that the combustion process occurred amid oxygen short-
age, the opposite of diesel oil combustion that was always
performed with air excess. This behavior is shown in
Figure 10 that demonstrates that the diesel fuel engine
discharged more oxygen than the soybean oil engine.

Figure 10 - Residual oxygen (O2) concentration in the
exhaust manifold in function of engine speed and type of
fuel (full load).
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This fact triggered a large emission of carbon monoxide
(CO) and total hydrocarbons (HC) by using soybean oil. In
this situation, a partial oxidation of the fuel happened be-
cause there was not sufficient oxygen to react with carbon
and hydrogen present in the fuel to convert it into carbon
dioxide and water. This trend is observed in Figures 11
and 12.

Figure 11 - Carbon monoxide (CO) emission in function
of engine speed and type of fuel (full load).
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Figure 12 - Hydrocarbons (HC) emission in function of
engine speed and type of fuel (full load).
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In the case of diesel oil, the emission of these gases
was kept very small by the burning at stoichiometric or
slightly poor mixtures (with up to 10% excess air), in direct
agreement with literature information (Pulkrabek, 1997)
that highlighted very low CO and HC rates in combustion
of poor mixtures, especially those with 20% excess air.
Even in these types of mixtures, there is some hydrocarbon
emission due to their heterogeneity, which means that
some fuel molecules do not find all the necessary oxygen
for a complete combustion reaction.

Another explication can be based in the undesirable
cooling of the flame front caused by its contact with cylin-
der walls, and by the expansion stroke that causes pressure

and temperature reductions, what leads to burning failure
in some portions of the fuel and slower combustion process
(Pulkrabek, 1997).

In this context, the use of soybean oil, with low volatil-
ity, aggravated this phenomenon by recondensation of part
of fuel that was vaporized in the initial stage of the com-
bustion, droplet collision with internal walls of the engine,
polymerization, and incomplete burning by more complex
combustion than in the case of diesel fuel (Almeida, 1980).

On the other hand, there is a specific point in Figures
11 and 12 related to the operation of the soybean oil en-
gine at the 2000 rpm. In this speed, the injection pump
has suffered an automatic flow cut because it was already
operating in its maximum possible discharge. Under these
conditions, the mixture within the combustion chamber
reached the stoichiometric condition, leading to drastic
reductions in CO and HC emissions that were close to the
values of diesel fuel engine. Nevertheless, stoichiometric
or slightly poor mixtures produced some CO due to their
characteristic heterogeneity, with some rich portions that
induced incomplete burn. This behavior is more signifi-
cant for the motor driven by soybean oil, probably due to
the presence of the fuel polymerization phenomenon that
hindered its complete oxidation.

In relation to the carbon dioxide (CO;), a more efficient
combustion process determined a higher formation of this
gas, as can be seen in Figure 13. This specific condition
denoted a more complete burning process of the soybean
oil (oxygenated fuel) characterized by the fact that a large
part of the carbon was oxidized to carbon dioxide and a
considerable portion of hydrogen was transformed into
water vapor.

Figure 13 - Carbon dioxide (CO5) emission in function
of engine speed and type of fuel (full load).
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The nitrogen oxides (NO,,) values are displayed in
Figure 14. The use of soybean oil did not allow the com-
bustion chamber to reach as high temperatures as verified
in the diesel fuel engine. Lower combustion temperatures,
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combined with air/fuel ratios smaller than the stoichio-
metric point, always contributes to lower nitrogen oxides
emissions (Pulkrabek, 1997). These conditions were the
reason for the lower level of NO,, emission by the soybean
oil engine, even though the oxygen content of the renew-
able fuel was considerable - between 10% and 15%, by
mass, according to Almeida (1980).

Figure 14 - Nitrogen oxides (NO,) emission in function
of engine speed and type of fuel (full load).
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Particulate material emission of the vegetable oil engine
were higher because of the use of rich mixtures, Figure 15.
At speeds in which the soybean oil/air mixture was closer
to the stoichiometric value, the higher particulate emission
was linked to the insufficient time for the complete oxida-
tion of the carbon to COs inside the combustion chamber.
This behavior led to the exhaust gases temperature increase
by the late burning of the remaining fuel in the exhaust
manifold and to the reduction in the thermal efficiency.

It is important to note that the operation of compres-
sion ignition engines in the stoichiometric range usually
generates excessive levels of particulate emissions, which
is highly attenuated by the use of poor mixtures, with air
excess (Pulkrabek, 1997).

Figure 15 - Particulate material emission in function of
engine speed and type of fuel (full load).
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In spite of the substantial decrease in the viscosity of the
soybean oil due to its heating in the heat exchangers (cool-
ing water and exhaust gas), which also contributed to in-
crease its volatility, strong polymerization of the injector
nozzles was observed, Figure 16.

Figure 16 - Aspects of injector nozzle: (a) injector nozzle,
assembled in its holder, recovered by carbonized varnish;
(b) carbonized and clean injector nozzles.

(a)

(b)

As the engine used in the experiments was remanufac-
tured but not previously operated and was not disassem-
bled after the tests, it was supposed the same damages
were occurred with the pistons, inlet and exhaust valves,
head and cylinders. This deleterious effect is related to
the polyunsaturated feature of the soybean oil, mainly
constituted by linoleic acid that presents two molecu-
lar unsaturations, and by linolenic acid with three dou-
ble bonds in its molecule (Ma & Hanna, 1999). These
chemical structures facilitate the rapid degradation of
vegetable oil by atmospheric oxygen, generating var-
nishes (polymer compounds) that are carbonized almost
instantly by the high temperatures in the combustion
chamber.
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Conclusions |

It was possible to operate compression ignition engines
with heated pure soybean oil. It was concluded that:

a) the use of vegetable oil demanded the increase of
injection pump discharge in order to maintain the
same level of mechanical performance (torque);

b) the higher fuel discharge of soybean oil eliminates
any possibility of engine operation with excess air,
causing deleterious effects about thermal efficiency
and emission of some regulated pollutants;

¢) due to the burning of rich mixture, the engine fueled
with soybean oil was operated frequently with low
oxygen availability, what caused excessive emissions
of carbon monoxide (CO) and hydrocarbons (HC).
At 2000 rpm, when the air/soybean oil mixtures ap-
proached the stoichiometric value, CO and HC levels
were reduced, becoming close to those related to the
fossil diesel;

d) carbon dioxide (CO-) emissions decreased with in-
creasing of CO and HC emissions, proving the defi-
cient oxidation of carbon and hydrogen in both fuels
(diesel and soybean oil);

e) nitrogen oxides (NO,,) emissions of soybean oil
were smaller than diesel, showing that combus-
tion temperatures were lower because of incomplete
vegetable oil oxidation in function of its chemical
feature and rich mixtures;

f) more particulate matter was produced with soybean
oil because of the rich mixture’s combustion; at 2000
rpm, when the air/fuel ratio approached the stoichio-
metric value, the high levels of particulate matter
were maintained by the insufficient time for com-
plete carbon oxidation to COs into the combustion
chamber;

g) in spite of soybean oil heating to reduce its viscosity,
hard injector nozzle polymerization, in spite of the
soybean oil heating to reduce its viscosity, hard in-
jector nozzle polymerization (caused by the polyun-
satured feature of the vegetable oil) was observed.

The increment of pollutant emissions during the ex-
periments proved that soybean oil was not feasible
considering the specific engine used in the tests. A
possible solution for this problem might be the appli-
cation of turbo-charging with a secondary fuel, like
as ethanol, with favorable properties. The realization
of further investigations should contribute to increase
the use of renewable fuels in internal combustion en-
gines, with positive effects in the environment.
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