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1. INTRODUCTION

Rudolf Diesel, a German engineer, introduced the compression ignition engine over
100 years ago in 1892. In the last 20 years engine research and development has exploded in
on)ier to address the issues of air pollution, fuel supplies, and international competition. Based
on the diesel engine’s superiority in fuel economy and low emissions of hydrocarbons and
carbon monoxide, the diesel engine is a popular choice for medium and heavy duty
applications. However, due to dwindling petroleum supplies and increasing air pollution
concerns, interest in renewable fuels has become increasingly important.

A number of studies have shown that organic seed oils, such as soybean, safflower,
rapeseed, and their esters, are viable alternative fuels for diesel engines. One benefit of these
alternative diesel fuels is that they are nontoxic and biodegradable. Two areas where
vegetable oils and biodiesel have significant advantages over diesel are its low particulate
emissions and high cetane number.

A number of diesel emissions studies have been conducted with blends of esters of
vegetable oils with diesel fuel. Specifically, extensive research has been conducted with
methyl soyate, the methyl ester of soybean oil. However, no study has investigated why
methyl soyate reduces emissions. Also, no research has been conducted to determine which
ester in methyl soyate provides the lowest emissions. Knowing which ester produces the
lowest emissions could lead to breeding of soybeans to produce more of the low emission

fatty acid. Also, the soybean oil could be processed differently in order to produce more of

low emission esters. The objective of this study is to test the various esters in methyl soyate
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to determine which ester produces the lowest emissions. This should provide a basis for
understanding methyl soyate’s emission reduction effect. Also, the cetane improving effect of
methyl soyate is evaluated.
The major tasks for this project were:
| 1. Evaluate the impact of the oxygen content in the methyl soyate on the exhaust
emissions from a diesel engine and compare the emissions of blends of methyl
soyate with diesel fuel, octadecane with diesel, and a cetane improver with
No. 2 diesel fuel.

2. Compare the emission levels of the various fatty esters which make up

methyl soyate.
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2. LITERATURE REVIEW

In this chapter vegetable oils and their esters are discussed and their emissions

characteristics are evaluated.
2.1 Vegetable Qils

Interest in vegetable oils as alternative diesel engine fuels resulted from the oil
shortages of the 1970's. In the late 1970's and early 1980's extensive research on vegetable
oils as a possible diesel fuel substitute was conducted. Many researchers concluded that
vegetable oils can be safely bumed for short periods of time in diesel engines. However, using
raw vegetable oils in diesel engines for extended periods of time may result in undesirable
effects on the engine. For instance, heavier ring groove deposits and ring sticking have been
observed [1,2,3]. Also, injector deposits increase dramatically and spray patterns are
adversely affected with use of vegetable oils. Schlautman et al. [2] observed that after 159
hours of use the fuel injectors no longer atomized the fuel, instead, the fuel injector only
produced four streams of fuel.

Another problem with vegetable oils relates to their physical properties. Table 2.1 lists
a few properties of some common vegetable oils compared with diesel fuel. One can see that
the viscosity of the vegetable oils is between 10 and 15 times larger than the viscosity of No. 2
diesel fuel. Higher viscosity reduces fuel atomization and increases fuel injection spray
penetration. Deeper spray penetration increases the likelihood of fuel impinging on the
cylinder wall, which is believed to increase piston ring sticking and lubrication oil dilution

[2,3]. Also, the cloud and pour points of the vegetable oils are considerably higher than for
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Table 2.1. Fuel properties of vegetable oil [5].

Fuel HHV, Cetane No. Cloud Pour Point, | Viscosity, cSt
MJ/kg Point, °C . °C @40°C
Peanut Oil 39.5 41.8 12.8 -6.7 39.60
Soybean Ol |  39.6 37.9 3.9 -12.2 32.60
Sunflower Oil |  39.6 37.1 72 -15.0 33.90
No. 2 Diesel | 453 47.0 -15.0 -33.0 2.70

diesel fuel. The cloud point of a fuel is the temperature at which the fuel begins to crystallize
and become cloudy. The pour point is the temperature where the fuel will no longer flow
from an overturned container. A high cloud and pour point restricts the usage of the fuel to
warm climates and summer use.

If vegetable oils are to compete with diesel fuel, the oil must meet today’s exhaust
emissions standards with only minor modifications to the engine or exhaust system. Barsic and
Humke [1] fueled a single cylinder, direct injection, naturally-aspirated diesel engine with
peanut oil, sunflower oil, and 50/50 blends of these oils with No. 2 diesel fuel. The results
indicated that the oxides of nitrogen (NO,) emissions for the vegetable oils were not
significantly different than for diesel fuel. Increases in unburned hydrocarbon (HC), carbon
monoxide (CO), and particulate emissions at maximum fuel delivery were due primarily to
operation at higher equivalence ratios. Based on an equal energy input, NO, emissions were
similar for the vegetable oils and their blends with diesel fuel. Hydrocarbon emissions for

peanut oil, sunflower oil and their blends were 50% higher than for neat diesel fuel. Carbon
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monoxide emissions for vegetable oils were about twice that of diesel fuel for some operating
conditions and lower for others. The increase in CO emissions as greater amounts of
vegetable oil were blended with diesel fuel may be due to fuel property effects. Also,
particulate emissions increased as the concentration of vegetable oil was increased. There
were generélly higher emissions as the concentration of vegetable oil was increased.
Hemmerlein et al. [6] used six diesel engines to evaluate the engine performance and
emissions characteristics when fueled with rapeseed oil. The results were that CO emissions
were up to 100% higher with rapeseed oil compared to diesel fuel. An increase in HC
emission was also measured. The increase depended on the operating range of the engines
and could increase by as much as 290% compared to diesel fuel, but the NO, emissions were
up to 25% lower with rapeseed oil. Particulate emissions were reduced by 30 to 50% with
rapeseed oil in engines with indirect injection combustion chambers. Direct injection engines
showed higher particulate emissions (90 to 140%) with rapeseed oil compared to diesel fuel.
The results discussed above indicate mixed results when using vegetable oils in diesel
engines. A large amount of research has also been conducted with vegetable oil esters,
commonly referred to as biodiesel. Biodiesel consists of alkyl esters of fats and oils from
renewable sources, such as plants and animals. Nearly every study performed to date has
shown that alcohol esters of vegetable oils or their blends with No. 2 diesel fuel can be used as
a substitute for diesel in short term tests. The presence of oxygen atoms in the biodiesel fuels
assures more complete combustion of the fuel. This reduces CO, HC, and particulate matter

in the exhaust gas when compared to No. 2 diesel fuel. In order to better understand esters,
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the esterfication process, called transesterfication, is explored next.
2.2 Transesterfication

In order to solve some of the problems associated with burning vegetable oils in diesel
engines, the yegetable oils may be reacted with an alcohol to create an ester. Figure 2.1
shows the chemical reaction for producing esters of vegetable oils. The vegetable oils consist
of a 3-carbon glycerin molecule with three attached fatty acid chains, represented by R;, R,,
and R,. This molecule is called a triglyceride. The transesterfication process involves reacting
the vegetable oil with an excess of the stoichiometric amount of alcohol in the presence of a
base catalyst [4]. Figure 2.1 illustrates the reaction using methyl alcohol and potassium
hydroxide. Other alcohols, such as ethyl, isopropyl, and butyl alcohol, may be used instead of
methyl alcohol. Also, many bases may be used in the place of potassium hydroxide.

2.3 Properties of Vegetable Oil Esters
Table 2.2 lists some of the properties of alcobol esters of vegetable oils. The

viscosities of the esters are reduced substantially from the viscosities measured for the

CH,O00R | CH;O0R CH, - OH

KOH
CHJOOR,  + CH;0H ——® CH,00R, + CH-OH

CH,O00R , CH,O00R , CH, - OH
Vegetable Methyl Methyl Glycerin
0Oil Alcohol Esters

Figure 2.1. Transesterfication of vegetable oil using methyl alcohol and potassium hydroxide

catalyst [4].
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vegetable oils, although they are still slightly higher than No. 2 diesel fuel. Reducing the

viscosity will improve fuel atomization and improve air-fuel mixing in the combustion
chamber. The heating values of the esters are slightly increésed from their vegetable oil
derivatives. However, the heating values for the esters are still lower than the heating value of
diesel fuel. A lower heating value will result in slightly higher fuel consumption.

Freedman et al. [7] investigated possible methods for predicting the heat of
combustion for fatty esters and triglycerides. First, the heat of combustion was measured
using a Parr adiabatic calorimeter according to a modification of ASTM D240 and D2015. A
linear regression analysis yielded equations that related the heat of combustion to carbon
number (CN) or chain length, electron number (EN) or number of valence electrons, or

molecular weight (MW). The calculated heats of combustion for the fuels were nearly

Table 2.2. Fuel properties of vegetable oil esters [5].

Fuel HHV, Cetane No. Cloud Pour Point, | Viscosity,

MJ/kg Point, °C °C cSt @40°C
Methyl Soybean 39.8 46.2 2.0 -1.0 4.08
Ethyl Soybean 40.0 48.2 1.0 -4.0 4.41
Butyl Soybean 40.7 51.7 -3.0 -7.0 5.21

Methyl Sunflower 39.8 47.0 0.0 - -

Methyl Peanut - 54.0 5.0 - 4.90
Methyl Rapeseed 40.1 - -3.3 -14.7 6.10
Ethyl Rapeseed 414 - -4.7 -18.7 6.75
No. 2 Diesel 452 46.0 -19.0 -33.0 2.70
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identical for all three regression equations, based on either CN, EN, or MW.

One of the most important properties of a fuel used in a compression ignition engine is
the cetane number. The cetane number is a measure of the ignition quality of a fuel. Ignition
quality is dependent on a number of factors such as molecular weight, structure, and volatility.
Goering et al. [8] reported that the cetane number of fatty esters increases with increasing
carbon chain lengths and decreasing number of double bonds. Callahan et al. [9] investigated
the cetane numbers of several fatty esters, fatty alcohols, and triglycerides using a constant
volume bomb. He established a relationship which calculated an estimated cetane number
(ECN) from the measured ignition delay time as determined in the bomb. Callahan also
reported that the ECN increased with carbon length from C,, to C,, with saturated esters, and
from C,, to C,, for saturated alcohols. For saturated triglycerides the ECN decreased with
increasing carbon numbers from C,, to C,;. For all classes of fatty materials, the ECN
decreased as unsaturation increased.

Freedman et al. [10] correlated the cetane number of methyl esters with various other
properties. The measured cetane number and physical properties of the esters were analyzed
to obtain regression equations and to rank the physical properties’ ability to correctly estimate
cetane number according to the R-squared values. The descending order of precision for
predicting cetane number from the physical properties is as follows: boiling point, viscosity,
heat of vaporization, heat of combustion, carbon number, surface tension, melting point,
refractive index (n*°,), and density.

A common method of increasing the cetane number of a diesel fuel is to add a small
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amount of what is called a cetane improver. One of the most common cetane improvers
available today is ethylhexyl nitrate. Sobotowski et al. [11] studied the cetane response of
several low sulfur diesel fuels with ethylhexyl nitrate used as a cetane improver. Seven fuels
from East Coast, Gulf Coast and Midwest refineries, an emissions certification fuel and a low
aromatic California fuel were evaluated. The test results demonstrated a lower cetane
response of the non-California diesel fuels than would have been considered typical in the
past. However, the low aromatic California fuels were exceptionally responsive to the
addition of ethylhexyl nitrate. For example, for a 0.1% ethylhexyl nitrate concentration, the
non-California fuels produced a 2.9-3.9 cetane increase, but the low aromatic California fuel
produced a 7.6 increase in cetane number. Also, relatively small differences in cetane
response of the non-California fuels were observed.
2.4 Effect of Fuel Composition on Engine Emissions

Using biodiesel or blends of biodiesel with diesel fuel has several desirable effects on
the fuel properties. First, biodiesels have higher cetane numbers than No. 2 diesel. This
higher cetane number is believed to help reduce particulate emissions. Another desirable
effect biodiesel produces is the reduction of aromatic compounds in the fuel. The presence of
aromatic compounds in the fuel is believed to increase particulate formation in diesel engines
[32]. The final desirable effect of biodiesel is the presence of oxygen in the fuel. The
additional oxygen leans out the mixture and helps reduce particulate, HC, and CO.
Unfortunately, it also tends to increase NO, concentrations.

Spreen et al. [23] fueled a 1994 7.6 liter Navistar DTA-466, direct injection,
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turbocharged and aftercooled heavy-duty diesel engine with a set of ten fuels having specific
variations in cetane number, aromatics, and oxygen to study the effects of those fuel
properties on emissions. The emissions were measured during the EPA transient FTP
operation of the Navistar engine tuned for a nominal 5 g/hp-hr NO,, then repeated using a 4
g/hp-hr NO, calibration.

For the Navistar engine the cetane number was determined to be the most important
fuel variable associated with HC, CO, and NO, emissions. The emissions data indicated that
the engine was more sensitive to cetane number changes when it was calibrated for 4 g/hp-hr
NO, emissions than 5 g/hp-hr NO, emissions. For the 4 gram calibration, increasing cetane
number by 10, while keeping all other fuel variables constant, resulted in a HC decrease 13
times as great as the corresponding HC decrease for the 5 gram calibration. For a cetane
number increase of 10, the CO and NO, emissions for the 4 gram calibration decreased by 4.5
and 1.5 times the amount of the corresponding decreases for the 5 gram calibration.
Increasing only cetane number decreased particulate emissions for the 4 gram calibration but
did not change the particulate emissions for the 5 gram calibration.

Spreen reduced the aromatic content of the fuel by using fuels with a naturally low
aromatic content (10%). The aromatic content of the fuel significantly affected particulate
matter emissions for both engine calibrations. Aromatic content was a significant factor for
the emissions of HC and NO, for the 5 gram calibration, but not for the 4 gram calibration.

The oxygen level of the fuel was increased by adding two forms of glycol diether

materials, ethylene glycol dimethyl ether (monoglyme) and diethylene glycol dimethyl ether
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(diglyme). The oxygen content of the fuel was a significant variable in particulate matter
emissions. A 2 percent oxygen content of the fuel produced an equal particulate matter
decrease for both engine calibrations. For the 5 gram calibration, addition of monoglyme
increased HC emissions, but addition of diglyme did not. Also, for the 5 gram calibration,
addition of diglyme increased NO,, but monoglyme did not.
2.5 Durability

Zhang et al. [12] used three Yanmar 3TN75E-S direct injected, naturally aspirated
diesel engines fueled with the methyl ester of rapeseed oil, a 50/50 blend of methyl ester of
rapeseed oil with No. 2 diesel, and No. 2 diesel to evaluate engine durability and performance.
The three engines were tested with their respective fuels for 200 hours. It was determined
that the methyl ester of rapeseed oil and diesel fuel did not show significant differences when
compared on a basis of performance and durability. Factors investigated include engine brake
power, thermal efficiency, carbon deposits, injector tip coking, lubrication oil deterioration,
and wear of engine components. The only noticeable undesirable effect of the ester fuel was
an increase in lubricating oil dilution. The engine fueled with the 50/50 blend showed possible
durability problems including carbon deposits in the combustion chamber, injector coking, and
an increase in metal concentration in the lubricating oil.

Perkins et al. [13] also used three Yanmar 3TN75E-S direct injected, naturally
aspirated diesel engines fueled with methyl ester of rapeseed oil, a 50/50 blend of methyl ester
of rapeseed oil with No. 2 diesel, and No. 2 diesel. Each engine was operated for 1000 hours

to evaluate the engine’s durability. The primary factors which were investigated were engine
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brake power, injector coking, and engine component wear. It was found that the methyl ester
of winter rapeseed oil was equivalent to No. 2 diesel when compared on the basis of long term
performance and wear. The only noticeable adverse effect due to the ester fuel was a slight
decrease in the engine oil viscosity.

2.6 Diesel Engine Emissions Fueled with Vegetable Oil Esters

One of the most important areas of research of biodiesel is the engine emissions
produced by engines fueled with biodiesel. Geyer et al. [14] reported that methyl esters of
cottonseed and sunflower oil have displayed significant reductions in particulate, but have
contributed to higher exhaust temperatures as well as higher NO, emissions. Kaufman and
Ziejewski et al. [15] found that methyl and ethyl esters of sunflower oil have reduced smoke
emissions. Contrary to Geyer’s results, Kaufman and Ziejewski found that the methyl and
ethyl esters of sunflower oil reduced exhaust temperature. Furthermore, Kaufiman and
Ziejewski found that the methyl esters of winter rapeseed oil, when evaluated as a supplement
to diesel fuel, have demonstrated smoke and exhaust temperature reduction in blends
containing as little as 10% ester.

Schumacher et al. [16] used a Caterpillar 3408 and four International Harvester 574
tractors fueled with diesel fuel and soybean-based biodiesel blends to test the engine’s
emissions and performance. The results indicated that engines fueled with 100% soybean-
based biodiesel did not lose a significant amount of maximum torque capacity, but developed
approximately 5 to 7% less power at peak power conditions than engines fueled with No. 2

diesel fuel. The engine’s exhaust opacity readings declined as the concentration of soybean-
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based biodiesel in the biodiesel/No. 2 diesel fuel blend increased. Carbon monoxide emissions
tended to decrease when engines were operated at peak torque as the percent of soybean-
based biodiesel in the fuel mixture increased, but remained relatively constant at peak power
conditions. NO, exhaust emissions tended to be lower when engines were fueled with 10-
40% biodiesel/diesel blends compared to 100% diesel or 100% soybean-based biodiesel, with
100% soybean-based biodiesel having the highest NO, emissions. Kusy [17] found similar
results when he fueled a direct injection John Deere 4640 tractor with the ethyl ester of
soybean oil.

Schumacher et al. [18] also used a 5.9 liter direct injection turbocharged Cummins
diesel engine in a Dodge pickup to compare engine efficiency, wear, performance, and
emissions of 100% soybean-based biodiesel with 100% diesel fuel. He found that the fuel
efficiency was nearly identical to that obtained when the engine was fueled with diesel fuel.
The engine did not appear to be wearing at an accelerated rate and no abnormal coking was
observed on the fuel injectors, on top of the piston, or on the valves. The power of the engine
fueled with 100% soybean-based biodiesel was 5% less than when fueled with No. 2 diesel.
Carbon monoxide emissions stayed about the same, HC was reduced by 48%, particulate
matter by 20%, but NO, emissions were increased by 13% when the engine was fueled with
100% soybean-based biodiesel. Based on performance tests with 100% soybean-based
biodiesel in a 1.6 liter Volkswagon indirect injection diesel engine, Pischinger et al. [19]
reported that the difference in power and torque between diesel fuel and soybean-based

biodiesel were insignificant while smoke levels were significantly lower for biodiesel compared
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with diesel fuel.

The effects of methyl, ethyl, and butyl esters of soybean oil on the performance and
emissions of a John Deere 4239TF, direct injection, turbocharged diesel engine were
investigated by Wagner et al. [20]. The performance of soybean-based biodiesel did not differ
greatly from those of diesel fuel. The HC, CO, and particulate matter emissions were similar
to diesel fuel. NO, emissions were higher for all the ester fuels. Smoke was definitely less
visible under full rack conditions for the methyl and ethyl esters cbmpared to diesel fuel, but
was greater for the butyl ester.

Alfuso et al.[21] found that methy] ester of rapeseed oil caused a rise in NO,
emissions, a decrease in HC and CO emissions, and a strong reduction in smoke levels in
direct injected diesel engines. However, particulate matter produced by the methyl ester in
transient cycles was higher than that given by diesel fuel. Mittelbach et al. [22] noted that two
different methyl ester fuels derived from rapeseed oil gave significantly lower total particulate
matter and polynuclear HC emissions than No. 2 diesel. However, the methyl ester fuels
produced higher levels of NO, emissions and aldehyde emissions than did No. 2 diesel fuel.
Geyer et al. [14] reported that methyl esters of cottonseed and sunflower oil displayed
significant reductions in particulates, but also had higher exhaust gas temperatures as well as
higher NO, levels.

Zhang et al. [25] used a John Deere 4276T, four cylinder, turbocharged, direct
injected diesel engine to investigate the emission characteristics of blends of methyl and

isopropyl esters of soybean oil with No. 2 diesel fuel during a steady state test. All of the
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esters were observed to reduced CO emissions, with the greatest reduction 0f25.3%
produced by a 50% blend of methy! ester with diesel. Also, all éf the esters produced lower
~HC emissions with the maximum reduction of 29.0% from the 50% isopropyl ester blended
with diesel. Particulates and solid carbon emissions were significantly reduced when the
engine was fueled with blends of methyl and isopropyl esters. The 50% isopropyl ester
blended with diesel fuel gave the largest reduction of particulates and solid carbon emissions,
at 28.0% and 55.3%, respectively. However, the soluble organic fraction of the particulates
for the methyl and isopropyl blends increased with increasing concentrations of esters in the
fuel blends. The NO, emissions for all ester blends were slightly higher than for diesel fuel.
McDonald et al. [24] used a Caterpillar 3304 PCNA, 7 liter, indirect injection,
naturally aspirated diesel engine equipped with a diesel oxidation catalyst. The engine was
fueled with soybean-based biodiesel and blends with diesel to test the engine’s emission and
performance characteristics. The results showed that when the engine was fueled with 100%
soybean-based biodiesel the engine had 9% less peak power and 13.7% higher brake specific
fuel consumption than when fueled with No. 2 diesel fuel. When the engine was fueled with a
30/70 blend of soybean-based biodiesel with No. 2 diesel, the blend produced 4% less peak
power and had 3.8% greater brake specific fuel consumption.
The tests performed by McDonald included a steady state and a transient engine test.
The steady state test was the ISO 8178-C1 steady state test procedure. The 30/70 blend
decreased total particulate matter without the oxidation catalyst, but the decrease was not

statistically significant. The neat soybean-based biodiesel reduced total particulate by 31%
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without the oxidation catalyst. When the oxidation catalyst was used, the blend reduced
particulate matter by 35% and the neat soybean-based biodiesel reduced particulate matter by
59% when compared to No. 2 diesel fuel. The particulate matter results for the transient test
were similar to the steady-state ISO tests, with the neat soybean-based biodiesel providing
total particulate matter reductions of 23% for the light-duty transient cycle and 30% for the
heavy-duty transient cycle.

McDonald reported that gaseous emissions showed a decrease of several species for
the neat soybean-based biodiesel. The neat-soybean based biodiesel showed a 12% reduction
in NO, when compared to diesel, but the 30/70 blend did not show a statistically significant
change. Using neat soybean-based biodiesel reduced HC by 24% and HC was reduced 18%
for the 30/70 blend. The CO did not decrease when using the neat soybean-based biodiesel,
but decreased 6% when the 30/70 blend was used.

In general, vegetable oils, their esters, and their blends with diesel fuel, lower carbon
monoxide, unburmed hydrocarbon, smoke and particulate emissions, but usually increase NO,
emissions slightly relative to No. 2 diesel fuel. The engine performance and durability of these
fuels is also similar to diesel fuel. Vegetable oil esters have proven that they have the potential
to replace diesel fuel. They also show potential for being useful as diesel fuel additives to

reduce emissions and improve cetane numbers.
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3. EQUIPMENT AND PROCEDURES

This chapter will dicuss the equipment used for this study and descibe how the
equipment was used. First, a brief description of the engine setup is presented. The second
section discusses the emissions equipment used in the study. The third section describes the
data acquisition system used to collect the data. The last section discusses methods and
equations used for data analysis.

3.1 Engine Test Setup

The engine used to conduct the engine tests was a John Deere 4276T four cylinder,
turbocharged, direct injected diesel engine. The engine specifications are given in Table 3.1.
The engine was connected to a General Electric model TLC2544 DC electric dynamometer.
The dynamometer was controlled with a GE Siltron dynamometer controller. The
dynamometer was used to control the speed of the engine. The output torque from the engine

was controlled by changing the rack position of the fuel injection pump. The engine torque

Table 3.1. Specifications of John Deere 4276T.

Bore 106.5 mm
Stroke 127.0 mm
Connecting Rod Length 202.9 mm
Compression Ratio 16.8
Maximum Power 57.1 kW @ 2100 rpm
Peak Torque 305.0 N-m
Firing Order 1-3-4-2
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was measured with a Lebow load cell mounted on the dynamometer torque arm.

Fuel consumption was determined by placing a six gallon fuel tank on a Toledo model
8140 Weight Plate electronic scale with a 0.01 kg resolution. The mass of the fuel was
recorded at the beginning and end of each test. The time between fuel measurements was
measured with a stopwatch. Fuel temperature was measured by a thermocouple at the inlet to
the fuel injection pump and held constant at 40 °C + 2 °C. The fuel was cooled by a shell and
tube heat exchanger after leaving the tank and was reheated with a 250 Watt Chromalox
model CIR-2101 cartridge heater. The heater was controlled by an Omega model CN76022
electronic temperature controller and model SSR240AC2S solid-state relay.

The atmospheric pressure was measured with a Datametrics Barocel pressure sensor.
Boost pressure, exhaust pressure, and engine lubricating oil pressure were measured with
bourdon pressﬁfe gauges. A Kistler model 6061A pressure transducer was installed in the
engine cylinder head and was used to measure the cylinder pressure at every 0.25 degree of
crankshaft rotation. The pressure signal was amplified with a PCB charge amplifier and
recorded with a Zenith Z-386 computer through an Analog Devices RTI-860 data acquisition
board. A computer program collected pressure data for 24 engine cycles, calculated an
average cycle, and the result was saved to a floppy disk.

Thermocouples were used to measure temperatures at various locations on the engine
and the emissions sampling system. The thermocouples used for this study are listed in
Appendix A.

The volume flow rate of air into the engine was measured with a Meriam model
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50MC2-4 laminar flow element. The preésure drop across the laminar flow element was
measured with a water manometer.
3.2 Emission Measurement Equipment

3.2.1 Gaseous Emissions Equipment

The sampling system used for all the gaseous emission analyzers except the
hydrocarbon analyzer is illustrated in Figure 3.1. The sample was drawn from the exhaust
pipe after the turbocharger with a vacuum pump. Two filters were used to remove
paﬁiculates and other solid material from the sample stream. The first filter was a 12 inch
long, 1 inch diameter stainless steel tube loosely packed with glass wool. The second filter
was a Balston model 38/25 filter. After the sample stream was filtered, it was passed through
a condenser. The condenser is a coil of 0.375 inch diameter stainless steel tubing in a 10
gallon container filled with ice water. The water in the sample stream condensed on the
interior surface of the tubing. The water ran down the tube into a reservoir constructed of
PVC plastic. The dried sample exited the ice bath and was introduced into a manifold, where
the sample was distributed to the analyzers. The concentrations of carbon monoxide and
carbon dioxide in the engine exhaust were measured with two Beckman model 864 infrared
analyzers. The concentrations of nitric oxide and total oxides of nitrogen were determined
with a Beckman model 955 chemiluminescent NO/NO, analyzer and a Thermo Electron
model 10A chemiluminescent NO/NO, analyzer.

The sample for the hydrocarbon analyzer was drawn from the exhaust pipe after the

turbocharger. The sample was drawn to the analyzer through a line heated to 190 °C by a
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vacuum pump internal to the analyzer. Since the sample for the hydrocarbon analyzer was not
passed through the ice bath condenser, the unburned hydrocarbon was measured on a wet
basis. The unbumed hydrocarbon in the exhaust gas was measured with a Beckman model
402 heated flame ionization detector hydrocarbon analyzer. Finally, the oxygen concentration
was measured with a Beckman model 7003 polarigraphic oxygen monitor.

3.2.2 Dilution System

Diesel engine particulate matter is measured in a different manner than the gaseous
emissions. Figure 3.2 illustrates the particulate sampling system specified by the
Environmental Protection Agency in the Code of Federal Regulations [27]. The system
consists of a primary dilution tunnel, a heat exchanger, a positive displacement pump (PDP),
and a constant volume sampler (CVS). The dilution tunnel is intended to simulate the mixing
process which occurs in the atmosphere, where some of the unburned hydrocarbons will be
adsorbed and condensed onto the particulate surface.

In the particulate sampling system the PDP will draw a constant volumetric flow rate
of diluted exhaust gas through the dilution tunnel. During a transient test the temperature and
flow rate of the exhaust gas will vary considerably. Therefore, the heat exchanger is used to
maintain a constant temperature of the diluted gas entering the PDP. Since the pressure in the
dilution tunnel (ioes not vary significantly during a transient test, the PDP will draw a constant
mass flow rate of diluted exhaust gas.

The particulate measurement system as specified by the Code of Federal Regulations is

very expensive. Many researchers have developed less expensive dilution tunnel systems.
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The dilution tunnel used in this study is a simplified full flow dilution tunnel. Since the
objective of this study was not to determine if the engine met EPA emission levels, the system
illustrated in Figure 3.2 was not necessary. The dilution tunnel system used for this study was
designed and built by B.C. Murray and the details of the design and validation tests can be
found in his M. S. thesis [33].

The particulate sampling system used in this study contained a double dilution tunnel.
Figure 3.3 is a schematic of the primary and secondary dilution systems. The primary dilution
system was used to dilute the exhaust gas with compressed air and the secondary dilution
system allows the diluted exhaust gas to be further diluted. For the tests performed during
this study, the secondary dilution system was not used because sufficient dilution was
acheived with the primary dilution system.

The primary dilution tunnel was built in 1989 of standard galvanized spiral ventilation
duct. The tunnel has a diameter of 0.305 meters. The distance between the introduction of
the engine exhaust and the sample probe is 3.05 meters, corresponding to ten tunnel
diameters. This distance was selected to provide sufficient distance and time for proper
mixing of the engine exhaust with the dilution air. Yu Zhang conducted tests to verify that
proper mixing occurred and the details are included in his 1994 M.S. thesis [25].

Dilution air was supplied to the primary dilution tunnel by an Ingersoll-Rand Centac II
two stage air compressor. The compressed air was supplied to the primary dilution tunnel
through a 5 cm diameter pipe at 620 kPa and the flow rate was controlled with a ball valve.

An in-line air filter and a smooth edged orifice were installed after the ball valve. A Viatron
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model 141 pressure transducer and a thermocouple were located between the compressed air
filter and the orifice plate. The dilution air flow rate was calculated using the measured
pressure and temperature of the compressed air on the upstream side of the orifice plate. The
orifice plate calibration was extracted from B.C. Murray’s thesis [33]. The in-line filter was
used to prevent particles from entering the dilution tunnel from the compressed air line. An
air-exhaust muffler was fitted to the end of the compressed air line to reduce noise associated
with the uncontrolled expansion of the dilution air as it entered the dilution tunnel.
3.2.3 Particulate Sampling System

Figure 3.4 shows the particulate sampling system used in this study. The sampling
system consists of valves, a vacuum pump, a flow meter, a by-pass valve, a vacuum gauge,
and a filter holder apparatus. The ball valve immediately after the dilution tunnel was opened
at the beginning of the test and closed at the end so the filters could be changed. The
secondary dilution system, which was located upstream of the filter chamber, could increase
the dilution ratio. However, for the tests run during this study, a higher dilution ratio was not
necessary. The filter chamber was used to support a primary and a secondary filter. The
distance between these filters was 8.9 cm, and a thermocouple was positioned between them
to measure the temperature in the filter holder during sampling. A second thermocouple was
located at the inlet to the gas meter so the density of the sample flow could be computed.

The electric counter attached to the ROOTS sample flow meter was capable of
displaying the total amount of gas that had passed through the sampling system during the test

as well as the instantaneous flow rate. The sampling pump had a by-pass line with a valve that
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was adjusted manually to keep the flow rate of particulate sample constant during the test.
This was necessary because the sample flow rate would drop as the filters became loaded with
particulate.

The filters used to collect the particulate sample in this study were 110 mm Paliflex
T60A20 filters. The particulate sample volume flow rate was selected to be 7.0 cfm in order
to collect at least 10 mg of particulate matter on the filters to reduce the impact of filter
weighing errors. |

3.2.4 Particulate Filter Weighing

The particulate filters were stored and weighed in a humidity controlled weighing
chamber. Humidity was controlled with an Omega humidity controller. The temperature of
the chamber was monitored and was 75 °F + 1°F.

The particulate filters were stored in the weighing chamber for at least 48 hours
before weighing, before and after the particulate sample was collected. This period allowed
the filters to equilibrate to the environment in the weighing chamber. The filters were stored
in 150 mm diameter plastic petri dishes. The petri dish was lined with aluminum foil to allow
any electrostatic charge which may have accumulated during the particulate collection process
to be removed. The dish was then placed on a grounded rack in the weighing chamber.

After 48 hours of equilibration on the grounded rack, the filters were weighed with a
Mettler model AE240 analytical balance. The scale was tared before each weighing and the
filter was left on the scale for 90 seconds. At the end of 90 seconds, the filter mass was

recorded. The filter was then placed back into the filter chamber. After all filters had been
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weighed, each filter was then reweighed using the same procedure. The filter masses were
then averaged to determine the mass of the particulate.
3.2.5 Soluble Organic Fraction Extraction

The particulate filters were Soxhlet extracted for four hours with methylene chloride
using 125 ml flasks and Allihn type condensers. During extraction the particulate filter was
contained in an 80x25 mm extraction thimble. Two Electromantle heaters heated the flasks
and maintained a constant solvent temperature.
3.2.6 Emissions Data Collection Procedure

The engine test procedures were primarily dictated by the small amount of fuel
available for each test. Table 3.3 identifies the test procedures used for each fuel test. The
diesel fuel column in Table 3.3 indicates the diesel fuel used for each fuel test. Four low sulfur
diesel fuels were used throughout this study, denoted by LSA, LSB, LSC, or LSD. The
notation for the fuels also indicates sulfur content of the diesel fuel. For instance, LSA stands
for Low Sulfur diesel fuel A. Fuel properties for all of the fuels used during this study are
presented in Appendix D. Tables 3.4 through 3.6 list each test procedure used. At the
beginning of each day the engine was operated at 2100 rpm and 100% of full load for one
hour to condition the engine and dilution tunnel. Since the main purpose of the testing was to
determine the particulate reducing potential of the esters, all the engine tests were steady state
tests at 1400 rpm and 100% full load. This operating condition was selected because the
engine used for this testing produced its highest particulate level at this condition. Therefore,

any filter weighing errors would become less significant in the final results. At the end of each
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Table 3.3. Test procedures used for fuel tests.

Test Diesel Fuel Procedure
Oxygen LSA A
Cetane Improver/Octadecane LSC B
Methyl Soyate LSC C
Methyl Palmitate LSB C
Isopropyl Palmitate LSB C
Methyl Stearate LSC C
Isopropyl Stearate LSC C
Methyl Oleate LSC C
Methyl Ester of Safflower Oil LSD C
Methyl Ester of Linseed Qil LSD C

into a waste fuel container. Doing this allowed the fuel from the previous test to be washed
day, the engine was operated at 2100 rpm and 100% of full load for 30 minutes to purge the
engine of the tested fuel and to clean the fuel injectors.

After the warm-up period was completed, the engine speed was reset to 1400 rpm and
allowed to equilibrate for 30 minutes. Following the equilibration period, a warm-up set of
particulate filters were taken for 15 minutes. This filter set was used to warm-up the filter
chamber so the temperature effects would be minimized. After the warm-up filter a 15 minute
test was performed. A 15 minute test involved collecting a particulate sample for 15 minutes
while simultaneously recording two 6 minute sets of emission data and recording cylinder

pressure data. After the test was completed, the fuel tank was switched and the fuel system
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Table 3.4. Fuel test procedure A.

RPM % full load Fuel Time Comment
2100 100 No. 2 Diesel 60 min warm-up
1400 100 No. 2 Diesel 30 min equilibration
1400 100 No. 2 Diesel, 20.5 % O, 15 min data collection
1400 100 No. 2 Diesel, 20.8 % O, 15 min data collection
1400 100 No. 2 Diesel, 21.0 % O, 15 min data collection
1400 100 No. 2 Diesel, 21.3 % O, 15 min data collection
1400 100 No. 2 Diesel, 21.7 % O, 15 min data collection
1400 100 No. 2 Diesel, 22.0% O, 15 min ‘ data collection
1400 100 No. 2 Diesel, 20.5 % O, 15 min data collection
1400 100 No. 2 Diesel, 20.8 % O, 15 min data collection
1400 100 No. 2 Diesel, 21.0 % O, 15 min data collection
1400 100 No. 2 Diesel, 21.3% O, 15 min data collection
1400 100 No. 2 Diesel, 21.7 % O, 15 min data collection
1400 100 No. 2 Diesel, 22.0% O, 15 min data collection
1400 100 No. 2 Diesel, 20.5 % O, 15 min data collection
1400 100 No. 2 Diesel, 20.8 % O, 15 min data collection
1400 100 No. 2 Diesel, 21.0 % O, 15 min data collection
1400 100 No. 2 Diesel, 21.3 % O, 15 min data collection
1400 100 No. 2 Diesel, 21.7 % O, 15 min data collection
1400 100 No. 2 Diesel, 22.0% O, 15 min data collection
2100 100 No. 2 Diesel 30 min engine purge
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Table 3.5. Fuel test procedure B.

RPM % full load Fuel Time Comment
2100 100 No. 2 Diesel 60 min warm-up
1400 100 No. 2 Diesel 30 min equilibration
1400 100 No. 2 Diesel 15 min filter warm-up
1400 100 No. 2 Diesel 15 min test

1400 100 05%C.I 30 min equilibration
1400 100 05%C.I 15 min filter warm-up
1400 100 05%C.L 15 min test
1400 100 50 % MS 30 min equilibration
1400 100 50 % MS 15 min filter warm-up
1400 100 50 % MS 15 min test

1400 100 50 % C,H,, 30 min equilibration
1400 100 50 % C,;H,, 15 min filter warm-up
1400 100 50 % C,;H,, 15 min test
1400 100 No. 2 Diesel 30 min equilibration
1400 100 No. 2 Diesel 15 min filter warm-up
1400 100 No. 2 Diesel 15 min test

1400 100 0.5%C.L 30 min equilibration
1400 100 05%C.L 15 min filter warm-up
1400 100 0.5%C.L 15 min test
1400 100 50 % MS 30 min equilibration
1400 100 50 % MS 15 min filter warm-up
1400 100 50 % MS 15 min test
1400 100 50 % C,sH,¢ 30 min equilibration
1400 100 50 % C,;H,, 15 min filter warm-up
1400 100 50 % C,;H., 15 min test
1400 100 No. 2 Diesel 30 min equilibration
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Table 3.5 (continued).

RPM. % full load Fuel Time Comment
1400 100 No. 2 Diesel 15 min filter warm-up
1400 100 No. 2 Diesel 15 min test
1400 100 05%Cl 30 min equilibration
1400 100 05%ClL 15 min filter warm-up
1400 100 0.5%C.L 15 min test
1400 100 50 % MS 30 min equilibration

was allowed to purge for 5 minutes. The fuel system was purged by draining the return fuel
out of the fuel system. As shown in Tables 3.4-3.6, each test was replicated three times.
3.3 Data Acquisition System

An Analog Devices RTI-820 board was used to collect the emission data from the
gaseous emission analyzers. The RTI-820 board with a Zenith Z-386 computer scanned the
emission signal channels every second and placed the data in a file. The cylinder pressure data
were measured with a Kistler pressure transducer and collected with an Analog Devices RTI-
860 board. The pressure data was then averaged for 24 engine cycles. The engine crankangle
signal was produced by a BEI ‘incremental shaft encoder. Cylinder pressure data was taken
every 0.25 degree of crankangle with 12 bits of resolution and was stored on a floppy disk for
later analysis.

3.4 Data Analysis
The methods and equations for data analysis are presented in this section. The first

part o