Performance and Emissions

Each of the test fuels was run in the VCR engine at five different conditions, representative of rated
torque, rated power, and part loads at the rated power speed. The basis for selection of these conditions
was an extensive engine mapping done early in this project to define the rated torque point, rated power
point, and the timing settings for both the best torque and for the equivalent of a 5-gM/hp-hr NOx level.
To review, the test conditions were defined as follows:

Mode 1  Condition is representative of rated torque speed and overall equivalence ratio, using an
injection timing (3° BTDC) for the controlled NO, condition on a baseline diesel fuel.

Mode2  Includes the same speed and load conditions as Mode 1, but using the best torque
injection timing for each test fuel.

Modes 3-5 Rated power and part load conditions at the rate power speed, using a fixed timing of
3" BTDC.

The engine settings for the five modes were given in Table 6.

Normally, the results of engine studies of fuel effects on performance and emissions are dominated by
variations in the engine test conditions — in particular, speed, load, and ignition timing. The data
obtained in this study are separated into five data sets that can be treated independently, thereby
eliminating the dominance of the engine conditions in the results.

Preliminary Examination — We initially developed scatter plots showing the relationships among the
dependent variable and each of the independent variables. Statistical analysis of the data sets indicated
that fuel properties do play a role in most of the engine performance and emissions characteristics
measured. In some cases, the majority of the variation of these characteristics could be related to the fuel
properties. In many other cases, however, only a portion of the variations were accounted for in the fuel
properties, and the rest of the variations were due to the fact that the effects were small and experimental
error becomes a more significant factor.

Power — Our analysis of the power in a given data set (Mode) indicated that the power was not a very
strong function of the fuel properties. The scatter plots did indicate that the power within a Mode was
directly related to the combustion efficiency of the fuel, as shown in Figure 28 for Mode 1. These results,
indicated graphically and in linear regression analysis, showed that the variations in power within a given
mode were not highly cormrelated with the fuel properties.

CO Results — The behavior of CO emissions was very similar to the power data, at least in the higher
power modes, where the emissions levels were related more strongly to the combustion parameters than
to the fuel properties, within the data sets for each Mode. The power in these experiments was fixed
within some range of variation that depended on minor variations in the combustion process. The power
settings were defined based on fixed overall air-fuel ratios held constant for all tests within the given
- Mode. It appears that of the fuels that would actually run in the engine, the properties of the fuel must
be within a range of acceptability that produces similar results in the global performance parameters, such
as the power and the CO emissions. At the lighter load conditions, the initial statistical analysis indicated
that the fuel properties did play a role in the CO emissions, with the boiling-point distribution and the
aromatic structure playing the most important roles.
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Figure 28. Power variations in Mode 1 versus apparent combustion efficiency

Hydrocarbons — Scatter plots of the hydrocarbon emissions indicated that the fuel physical properties
dominated the results within each mode. Figure 29 shows the hydrocarbon emissions plotted versus the
viscosity for the Mode 1 test condition. Similar results were obtained for the other test conditions. The
preliminary statistical analysis indicated that the relationships between the hydrocarbon emissions and the
fuel properties were, in fact, dominated by the boiling-point distribution and the viscosity for all test
conditions.

Smoke — Statistical analysis of the smoke data indicated that fuel properties play a significant role in
controlling these emissions. Fuel structure appears to dominate these relationships, with total aromatic
content an important factor at all test conditions. Other important fuel properties are the sulfur content,
the aromatic ring structure, and the boiling-point distribution. The order of importance of these properties
varies somewhat as the engine load is reduced: the boiling-point distribution and viscosity become more
important at the lighter loads, where the injection process might be more affected by these properties than
at the higher load conditions.

NOx Results — Scatter plots of the NOx data indicated dominant effects of fuel composition and cetane
number at all but the lightest load condition. These trends are demonstrated in the scatter plots of these
fuel variables, presented in Figures 30 and 31 for the Mode 1 condition. The preliminary statistical
analysis indicated that the aromatic content and structure, and the structure of the alkyl groups are
important.
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Statistical Analysis — The results of the statistical analysis verified that Mode 2 represented the best test
condition for examining the fuel composition and property effects on the NOx, smoke and HC emissions.
The stepwise analysis was first performed using three subsets of the independent variables. The subsets
were defined to include the combustion parameters, the physical properties, and the chemical properties.
Although different properties could have been included in each subset, the goal was to determine where,
or if, the physical properties or chemical properties, or combustion parameters dominated the emissions
characteristics. For instance, one result was that power and CO emissions did not display significant fuel
dependence at any combination of test conditions.

The combustion properties include the air-fuel ratio, peak combustion pressure, peak heat-release rate, the
angles of occurrence of these peak values, beginning of injection, indicated and brake power, energy input,
cumulative heat release, and the combustion efficiency. NOx emissions were highly correlated with the
combustion characteristics at the rated power and rated torque conditions, with R? in the range of 0.97.
The R? value dropped dramatically at the part-load conditions. The other emissions were not highly
correlated with the combustion parameters, based on R? values below 0.5.

The fuel physical properties include average boiling point, heating value, initial boiling point, T50, T95,
specific gravity, viscosity, cetane number, vol% aromatics, olefins, and saturates, and wt% carbon,
hydrogen, and sulfur. The NOx emissions displayed dependence on T50, specific gravity, the heating
value, and vol% aromatics at all but the lightest load condition. The smoke number correlated mainly
with boiling point distribution and viscosity across the load range (R? in the range 0.5 — 0.75), indicating
a dominance of the physical processes on the soot formation and oxidation.

The stepwise regression analysis included a very broad range of chemical composition variables. In

stepwise regression, the computer method substitutes a succession of regression models into the data to
determine the best fit each model can obtain, thereby exploring several functional forms for the
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correlation. The initial analysis included both the NMR characterizations and the GC/MS hydrocarbon-
type breakdowns. As expected, the NMR and GC/MS data were highly colinear. The NMR data provide
a great deal of structural information regarding the location and environment of the hydrogen within the
fuel molecules, and in that sense provide more information regarding the structure of the fuel. The
statistical analysis indicated that both the NMR and GC/MS data provided nearly equivalent
representations of the results. We believe that NMR analyses is less routine than GC/MS; therefore, the
subsequent statistical analysis included only the component hydrocarbon composition data obtained by
GC/MS. NOx emissions displayed a strong dependence, (across the speed and load range of the engine)
on the hydrocarbon-type data, with R in the range 0.6 — 0.8. The ignition quality, in terms of the engine-
based cetane number, was also highly correlated with the chemical composition.

Following the stepwise regression analysis, we calculated linear fits using all possible combinations of
those fuel variables found to be important in one or more of the fits for each subset. We used these
results as the basis for selecting the best linear models for each independent variable at each test condition.
Although scatter plots of the residuals (degree of statistical fit of each dependent variable) were indicative
of linear behavior, we tried to improve the linear models by using natural-log-transformed, curvilinear,
and interactive terms. The R?, or fit, of the model was not improved by the inclusion of these nonlinear
terms.

We developed the final models for each of the emissions at each speed-load condition. The results of
these analyses for the Mode 2 test condition appear to present the best indication of the effects of the fuel
properties and composition on the cetane number and the emissions. We discussed the Mode 2 models
in detail in the following paragraphs, and definitions of the terms are presented in Appendix B.

NOx — The NOx emissions were highly correlated with the combustion parameters, reflecting the kinetic
nature of the NOx formation mechanism. The Zeldovich kinetic model for NOx relates the formation
process to the concentrations of the nitrogen and oxygen species in the flame zone and the time and
temperature of reaction (Zeldovich, 1946; Hanson & Salimian, 1984). The local adiabatic flame
temperature is appropriate for use in the Zeldovich mechanism. The adiabatic flame temperature and the
overall combustion rate are directly related to the chemical composition of the fuel. These dependencies
are reflected in the regression equation that was developed for NOx:

NOx = A;+A,x(AlkylNaphthalenes)
+Ax(Indenes)+A x(% Carbon),

where concentrations are in wt% and the coefficients are:

A = -9634 R’= 082
A= 022
A, = 024
A= 117

The regression analysis included several variables describing the aromatic structure:

» Alkyl benzenes » Alkylnaphthalene
e Indanes/Tetralin » Acenaphthylenes
e Indenes » Acenaphthenes

* Naphthalene e Tricyclics
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The results indicate that two-ring structures lead to higher NOx levels, while the level of unsaturation
indicated by the indenes tends to lower levels of NOx. The importance of the total aromatic nature of the
fuel is reflected in the carbon content.

As indicated in the stepwise regressions discussed under "Statistical Analysis", the fuel physical properties
provided a good indication of the NOx trends when they alone were used in the regression analysis. The
final regression equation did not include fuel physical properties, however, because the stepwise analysis
indicated that the physical properties added little to the prediction of the NOx emissions when the
chemical composition parameters are included in the analysis. This finding is related to the fact that the
physical properties and the chemical composition are colinear in many cases, that is, they tend to change
in the same way if a fuel blend is varied, i.e., aromatic content increases with boiling point.

Smoke — The smoke number reflects the soot fraction of the particulate emission. Soot emissions depend
on the difference between the soot formation and the soot oxidation rates in the engine. A great deal of
soot is formed during combustion in diesel-engine cylinders, but most of this soot is oxidized prior to
exhaust. The soot formation mechanism is dependent on fuel composition, the thermodynamic state in
the combustion chamber, and the mode of combustion (premixed versus diffusion). The soot oxidation
mechanism is dependent mostly on the thermodynamic state and the physical processes associated with
mixing. Regression of the Bosch smoke data indicated that only a part of the variation could be accounted
for in the fuel properties. This probably reflects the fact that the soot oxidation mechanism depends more
on the physical processes than on the chemical composition of the fuel. That portion of the smoke
emissions that can be accounted for in the final properties is best modeled using the following equation:

Bosch Smoke = A,+A,x(Acenaphthylenes)
+A;x(Alkylbenzenes)+A ,x(Tricyclic aromatic)
+Ag%(Total aromatics)+A¢x(vol% aromatics),

where concentrations are in wt% except as indicated, and where:

A= 224 R:= 06l

A, = —0.065
A, = —0.029
A, = 008
A= 0.027
AS = _ 0013

Most of the combustion event in the test engine occurred in diffusion bumning of the fuel jets. Palmer and
Curtis (1965) indicate that the tendency for soot formation in diffusion flames decreases in the order:
naphthalenes>benzenes>diolefins> monolefins>paraffins, where the tendency to form soot decreases in
each group with increasing molecular weight (except the paraffins) and increasing compactness.

The results of the regression analysis indicate a direct relationship with the total aromatic content and the
concentration of three-ring aromatics. We expected this effect based on the conclusions of Palmer and
Curtis. The inverse relationship with the acenaphthylenes and the alkyl benzenes may be related to the
decreased stability of the tertiary carbon atoms in these structures, the increased molecular weight, or the
compactness of these groups of compounds. Inclusion of the vol% aromatics provides a marginal
improvement in the R? and may reflect an interaction with the density.
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It should be noted that the Bosch smoke number is not an accurate measurement of the total mass of
particulate emissions. The regression equations generated using these data reflect this limitation, and the
resulting discussion should be considered in light of this limitation. Future experiments should consist
of total mass measurements, with actual breakdown between the soot and the soluble fraction

HC - Surprisingly HC emissions decreased with increasing boiling point at all speed-load conditions.
This relationship is demonstrated in Figure 32 for the Fischer-Tropsch fuels, where the HC emissions are
plotted versus the fuel fraction or average boiling point. Figure 33 is a similar plot of the Mode 2 smoke
data, showing that the smoke tends to increase with fraction number. The regression equation for the HC
emissions reflected this inverse relation with the boiling-point distribution, as reflected in the T50
coefficient. As indicated above, the regression equations for smoke did not include boiling-point
information. They did indicate, however, that boiling-point data could be used in lieu of some of the
composition data to account for some variation of smoke. The regression equation for the HC emissions
is:

HC = A;+A,x(Alkylbenzenes)+A,x(T50)
+A x(Indenes)+A ox(Monocycloparaffins)
+AgX(% Carbon)

where concentrations are mass percentage, and where:

A = 2161 R’= 0.83

A, = 0.095
A, = -0.004
Ay = -015
A= 0029
A® = —021

The unburned hydrocarbon emissions from diesel engines are dependent on both the physical processes
that occur in the engine and the fuel properties that affect combustion efficiency. The physical processes
include fuel atomization, vaporization, mixing and impingement, as well as quenching in the bulk gas due
to over-rich or over-lean conditions and thermal quenching in the boundary layers; all these processes
result in incomplete burning. If the HC emissions are in fact dominated by the physical processes that
lead to incomplete combustion, the properties that lead to increased soot production will likely produce
reduced HC emissions. One possibility is that the total mass of unreacted carbon is accounted for in either
the HC or the smoke emission, with the distribution also dependent on the conditions in the engine and
on the fuel properties. '

The direct relationship between the HC and the alkylbenzenes and monocycloparaffins most probably
reflects the stability of these structures relative to the other hydrocarbon groups. This hypothesis is
supported by the inverse relationship with the less stable indenes. The relationship to the wt% carbon
probably reflects the propensity of the fuels to form soot rather than HC.
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'fASK 3 CLEAN-FUEL STUDY

The goal of Task 3 was to study the results of the fuel fraction analyses and the emissions measurements
to recommend methods to produce reduced-emissions diesel fuels. During the foregoing studies, the
concepts of aromatics identity, aromatics concentration, and ignition quality (cetane number) emerged as
the central variables for emissions control for a given boiling range. The comparisons with the F-T
materials showed that the aromatics in the petroleum blendstocks are a crucial determining factor for
emissions. With these observations in mind, we developed an approach to the Clean Fuel Study in which
we would use the emissions measurements for the samples to select a formulation via linear programming
for the lowest-emission test fuel meeting possible future diesel specifications — with and without F-T
material. Continuing this approach, we used linear programming to formulate three fuels spanning the
range of aromatics concentrations likely to be encountered at about 55 CN. The complementary set of
three formulations spanning the likely cetane range at 15% aromatics were also developed by linear
programming. These levels of aromatics content and cetane number are representative of those used in
fuels certified as reformulated diesel fuels in California. (Nikanjam, 1993).

We processed enough of the selected materials to perform performance and emission tests similar to those
in Table 6, which were obtained for the sample fractions. This testing was carried out on the same engine
configuration and with the same standard diesel fuel as before. We then compared these results with the
predicted values and the values of the correlations.

Determining Blend Compositions for Low-Emissions Fuels

The preliminary statistical analysis of the engine performance and emissions data indicated the dominant
effects of the aromatic content, aromatic type, and cetane number, on the emissions. However, much more
detailed analysis is required to develop relationships between the various fuel properties and the emissions.
A simplified approach was therefore taken in the design and formulation of "low emissions" diesel fuels.
The approach consisted of including the emissions data for each cut as properties that could be modeled
using linear programming techniques.

Distillation of original components provided a large number of potential blend components. Collectively,
they contained a wide range of properties, and in general, several different blend formulations could be
determined with properties meeting any particular set of specifications. In general, our goals were to
produce full-boiling-range fuels that would either provide the lowest possible emissions, or would indicate
the independent effects of aromatic content and cetane number. The blend compositions of 10 different
low-emissions fuel concepts were determined using the linear programming (LP) technique for selecting
an optimal solution from many acceptable solutions. This process allowed us to rapidly select a blend
formulation that was best for each particular concept.

We calculated a blend formulation for each low-emission fuel concept, which differed in the constraints
placed on the problem or in the property that was optimized. Table 9 gives a description of each
calculated blend. Of the four "minimum-emissions"” test fuels, Fuel 1 was designed for the lowest possible
emissions, using all of the available components. Fuel 2 had the added constraint of using the most of
one of the least valued products — LALCO. Concentrations of LCO and LCGO, typical of actual refinery
operation, were used to design the lowest possible emissions in Fuel 9. Fuel 10 had the same constraints
as Fuel 1 except that the high-quality Fischer-Tropsch materials were not included in the blend.
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Table 3. Low-Emissions Fuels Descriptions

Blend No. _ Blend Concept Description

Minimum emissions

Minimum emissions with maximum use of light-cycle oil product (low-aromatics LCO)
Minimum aromatics concentration with CN 55 to 56

Maximum aromatics concentration with CN 55 to 56

Maximum cetane number with aromatics 15-16%

Minimum cetane number with aromatics 15-16%

50:50 mixture of blends 3 and 4*

50:50 mixture of blends 5 and 6*

Minimum emissions with LCO and LCGO products in typical abundance

10 - Minimum emissions, F-T products excluded

* Not calculated directly by linear programming

Next, two sets of three test fuels each were devised to test two important trends. Fuels 3 and 4 were
designed to examine the effects of aromatic content, at a constant cetane number of 55. Fuels 5 and 6
were designed to examine the effect of cetane number at constant aromatic content of 15%. Fuels 7 and 8§
were designed to be the midpoints between Fuels 3 and 4 and Fuels 5 and 6, respectively. ‘

© 00 N O b WON -

Several preliminary actions facilitated the selection process. The Mode 2 data were selected as the most
appropriate for the selection. Because the LP method optimizes on a single property, we defined an
"emissions parameter” for each component by normalizing and adding the normalized emissions data in
each concept. We normalized the emissions data by dividing the measured or predicted emissions data
by the respective target value for each component. If the target emissions levels are achieved exactly for
each emission, the emissions parameter (EP) equals 4. Values of EP below 4 indicate emissions levels
better than the target, and values greater than 4 indicate that the target levels are not achieved. The EP
provides a convenient parameter to compare different fuels, even if the target values are never achieved.

The targets, based on the rated torque condition, were:

4 g/hp-hr for CO,

2 g/hp-hr for HC,

5 g/hp-hr for NOx,

2 for Bosch smoke number.

The LP problem was computerized using the optimization feature of Quattro Pro to include as many
components as practical, and preliminary runs were made with the individual distillation cuts. The results
showed that adjacent cuts were in general not selected in similar quantities, so more realistic, broad-range
cut properties were calculated by linear combination of the individual cuts weighted by their yield. The
goal was to select one, or at most two, cut points for a given stock. Accordingly, the LP was provided
with artificial stocks comprising adjacent fractions, for example, fractions 1 through 4, or fractions 3
through 5, etc. The possible combinations of adjacent fractions provided the LP problem with about 215
different blendstocks, including the full-boiling-range products.

Two further actions helped reduce the scope to manageable proportions. The component properties were
entered in a Quattro Pro spreadsheet library and set up so they could be input to the problem readily,
allowing a large number of components to be tried rapidly by manual action. The other action reduced
the number of artificial stocks requiring trials. In addition to the blend formulation, the LP solution
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indicates the relative utility of unused components to the blend. Preliminary LP runs quickly established
that similar cuts had similar utilities to the blends. For example, if a blend made of cuts 3 through 5 was
not used in a blend and had low utility, a blend made of cuts 3 through 6 of the same product would also
have low utility and would not be used. These actions allowed calculation of optimal blends from a set
of fuels including the parent stocks, products, and all the practical distillation cuts.

In this way, linear programming computed the blend compositions based on the property and emissions
data for each component. The properties of each of the blends were also computed based on the
assumptions of linear blending. The results of these calculations for the aromatic content and the cetane
number are summarized in Table 10. The measured cetane numbers, also listed in Table 10, are in some
cases significantly different than the computed values, indicating the nonlinear nature of the cetane scale.

Table 10. Computed and Measured Properties of the
Low-Emissions Fuels

Fuel Aromatics Computed VCR
Number (wt %) CN Measured CN
1 10 70 62
2 7.8 66 40
3 0.7 57 43
4 29 63 41
5 15 75 60
6 7.7 63 29
7 15 60 41
8 11.3 69 44
9 8.7 73 56
10 13.9 . 55 50

Clean-Fuel Experimental Results and Discussion

The Phase III test fuels included the 10 "low emissions™ fuels described in the previous section, as well
as repeats of the fractions of the Fischer-Tropsch wax material (FT1) and fractions of a straight-run
material (FT2) from the Fischer-Tropsch processing of coal.

Linear programming was also used to compute the other properties and compositional data for each of the
fuel blends. The statistical models for emissions are based mainly on the composition of the fuels and
physical properties that are also linear functions of the composition. It is reasonable, therefore, to assume
that the computed values of these properties are appropriate for use in the statistical models of the
emissions. The results of the calculations of the properties and compositional data are presented in
Table 11. These are linear combinations of component properties and variables such as viscosity which
have blending indices were not transformed via a blending index.

Fischer-Tropsch Fuels
The Fischer-Tropsch fuels consisted of two different materials produced from the indirect liquefaction of

coal. Each of these materials and seven fractions of both materials were subjected to both CVCA ignition
experiments and VCR engine ignition and combustion and emissions testing. Both F-T liquids were added
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to the project after its inception, but FT2 came at about the time Task 3 was started, so its evaluation was
- done as part of Task 3 and reported here.

The CVCA and VCR ignition quality ratings of the various materials were in excellent agreement with
each other, both demonstrating that the full-boiling-range base materials had relatively high cetane
- numbers in the range of 65 to 85. The cetane numbers of the fractions of both materials demonstrated
strong relationships to the boiling point, as shown in Figure 34 for the VCR cetane ratings. The lower-
boiling fractions of each of these materials had relatively low cetane numbers. The cetane numbers
increased dramatically in the higher-boiling-range fractions, to the point where it was not possible to
provide accurate ratings of the highest-boiling-point fraction because the compression ratio of the VCR
engine could not be lowered sufficiently to accomplish ignition at TDC.

Figure 34 shows that the cetane numbers of all fractions of the FT1 material were higher than the
corresponding fractions of the FT2 material. These differences are clearly related to differences in the
composition of the two materials. However, although the total aromatic contents of both materials were
very low, the FT1 material had significantly higher levels of aromatics than the FT2 material.

All of the Fischer-Tropsch materials were tested at five different speed and load conditions in the VCR
engine. As described previously, Mode 2 was the rated torque condition for the test engine. The injection
timing was adjusted for each fuel to give the maximum torque output of the engine. Mode 2 represents
a test condition at which the NOx emissions are sensitive to the ignition quality of the fuel. The NOx data
for this condition are presented in Figure 35. Although data are missing for the FT2 materials, the NOx
emissions are clearly higher for the FT2 materials than for the FT1 materials. In addition, the differences
are larger for the lower-boiling-point fractions, where the differences in the ignition quality are also larger.
The corresponding data for the Mode 1 condition, a retarded timing and low-NOx condition, indicated no
systematic differences between the two fuels.

The smoke data at all test conditions indicated a systematic difference between the two materials, with the
FT1 always higher than the corresponding FT2 fractions. This difference is probably related to the
differences in aromatic content of the two materials where FT'1 has effectively zero aromatic content and
FT2 has only 2% vol aromatics. In addition, there was a trend at all test conditions for the smoke
emissions to increase with boiling point, due most likely to the physical effect of the boiling point on the
evaporation rates of the fuel in the engine. These trends are demonstrated in Figure 36 for the Mode 2
test condition.

The unburned hydrocarbon (HC) emissions displayed an interesting trend that was consistent at all test
conditions. The trend consisted of a dramatic, systematic decrease in the HC emissions with increasing
average boiling point. These results are demonstrated in Figures 37 and 38 for the Modes 1 and 2 test
conditions, respectively. These results are not consistent with the intuitive impression that the higher-
boiling fractions would produce high HC emissions. The results are probably because the higher-boiling
fractions are higher molecular weight components that are emitted as particulate, or that agglomerate or
condense in the exhaust system.

The value of the Fischer-Tropsch materials is indicated by the fact that the emissions parameters, or EPs,
averaged over all of the fractions of both materials, were well below the averages for all of the test
materials. The EP values for all of the test materials are presented in Figure 39 for the Mode 2 test
condition. The dashed line in Figure 39 represents the average EP of approximately 4.3, indicating that
on average, the emissions were above target values. The average EP for the FT1 fuel fractions was 3.8
and that for the FT2 fractions was 2.86, both well above average and both below the target value.
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Figure 34. VCR cetane ratings of the Fischer Tropsch materials
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Nitric oxide emission data for the Mode 2 test condition
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Figure 36. Bosch smoke numbers for the Mode 2 test conditions
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Figure 37. Hydrocarbon emissions for the Mode 1 test conditions
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Low-Emissions Fuels

As discussed above, ten low-emissions fuels were formulated using linear programming techniques. The
constraints on the properties and the compositions used in the calculations had to be relaxed in several
cases to meet the emissions requirements. The aromatic content and the cetane number data, presented
in Table 10, are plotted in Figures 40 and 41, respectively, for the ten low-emissions fuels. The target
cetane number for fuels 3, 4, and 7 was 55 CN, while the aromatic content was to vary over a range from
less than 10%—-30%. The actual cetane numbers for these fuels were in the range 42 to 43 CN and the
aromatics ranged from 1%-30%. The target aromatic content for fuels 5, 6 and 8 was 15%, with cetane
number varying from 63 to 75 CN. The actual cetane numbers of these fuels ranged from 30 to 60 CN
and the aromatic content varied from 8%-15%, with variation due to limits imposed by the available
blending materials. It should be pointed out that several of the fuel components had to be recreated from
the feedstocks for Task 3, making some variation of originally measured properties and the ones prevalent
in Task 3. Further these materials were available in short supply making it impractical to perform the
number of CN replicates necessary to reduce variability of results.

These results reiterate that the cetane number does not always blend linearly. The resulting fuels, although
lower in cetane number than originally planned, do offer the opportunity to study the effects of variation
in aromatic content at nearly constant cetane number (Fuels 3, 7 and 4 in order of aromatic content) and
the effects of variation in cetane number at modest variation in aromatic content (Fuels 5, 8, and 6 in
order of cetane number).

We believe that the Mode 2 test conditions provide a more-sensitive measurement of the fuel effects on
the NOx emissions than the other modes because the injection timing was adjusted for maximum torque
on each fuel. The Mode 2 NOx data for the 10 low-emissions fuels are presented in Figure 42. The
corresponding data for HC, CO, and smoke emissions are presented in Figures 43 through 45, respectively.
The results in Figure 42 indicate a trend towards increased NOx emissions as the aromatic content is
increased from 1%~30%. In addition, HC emissions appear to decrease and CO and smoke emissions
increase with the increase in aromatic content.

Increasing the cetane number from 30 to 60, while holding aromatic content in the range from 8 to 15,
results in a significant reduction in NOx emissions. This variation in the cetane number results in a
corresponding increase in HC, CO, and smoke emissions.

Fuel 1 was designed to be the lowest-emissions fuel that could be produced from the large number of
potential blending materials that were available in this study. Although the NOx emissions of this fuel
were clearly the lowest, other fuels had lower levels of the other emissions. This demonstrates the utility
of using the emissions parameter for the fuel-to-fuel comparisons.

The EPs computed from the linear programming model and the actual values based on the measured
emissions are presented in Figure 46 for the Mode 2 test conditions, and several points can be made.
First, the predicted EP values are all very close to the target level of 4. This is indicative of the results
of the linear programming model, in which the EP was set as one of the constraints. The second point
is that the actual EPs follow the same trends as the predicted, indicating that the basis of the modeling
work is correct in a linear sense. The same conclusion was also arrived at in the detailed statistical
analysis, where the relationships between the emissions and the fuel properties and composition are linear.
The third observation is that the actual EP values are significantly below the predicted and the targets in
8 out of the 10 cases, with EPs in the range of 3.5.
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Figure 40. Aromatic content of the low-emissions fuels
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Figure 41. VCR cetane humbers of the low-emissions fuels
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Figure 42. NOx emissions for the low-emissions fuel at Mode 2
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Figure 43. Hydrocarbon emissions for the iow-emissions fuels at Mode 2
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Figure 44. CO emissions for the low-emissions fuel at Mode 2
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Figure 45. Bosch smoke number for the low-emissions fuels at Mode 2
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Figure 47. Emissions parameter, calculated and measured at Mode 1
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As shown in Figure 39, the average EP for the 80 fuels examined in this project was 4.3 at the Mode 2
test condition. The reduction from 4.3 to 3.5 indicates that full-boiling-range low-emissions fuels can be
designed and produced using actual blendstocks. Similar conclusions can be drawn from the data at the
other test conditions, as can be verified by examining the Mode 1 EP values for the low-emissions fuels
and all test materials, in Figures 47 and 48, respectively. The corresponding data for the other test
conditions are presented in Appendix C.
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Figure 48. Emissions parameters for all test materials at the Mode 1 test conditions

Clean-Fuel Discussion

The results of the experiments indicated that aromatic content, aromatic type, cetane number, distillation,
and density are all important in affecting the engine performance and emissions. These results agree with
recent findings reported in the literature. The results, however, also indicate that the overall chemical
structure is important in controlling the emissions and cetane number. It is simply not enough, for
instance, to reduce the total aromatic content; the reduction of the tricyclic aromatic content also appears
to be very important for NOx and smoke control. This may be most efficiently accomplished by
hydrotreating the heavier fractions of the diesel fuel. Also, the cetane number relationship to the emissions
is simply a manifestation of chemical structure that inheritently produces lower emissions. The data base
from these experiments is extensive and could be the subject of much additional analysis. The following
section is a brief summary of the most important conclusions drawn from analyses that have been
completed to date.
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