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Experimental Evaluation of Oxygen-Enriched Air and
Emulsified Fuels in a Six-Cylinder Diesel Engine

by

R.R. Sekar, W.W. Marr, R.L. Cole,
T.J. Marciniak, and D.E. Longman*

Abstract

The objectives of this investigation are to (1) determine the technical
feasibility of using oxygen-enriched air to increase the efficiency of and reduce
emissions from diesel engines, (2) examine the effects of water-emulsified fuel on
the formation of nitrogen oxides in oxygen-enriched combustion, and (3) investi-
gate the use of lower-grade fuels in high-speed diesel engines by emulsifying the
fuel with water. These tests, completed on a Caterpillar model 3406B, six-cylinder
engine at the facilities of AutoResearch Laboratories, Inc., are a scale-up from
previous, single-cylinder-engine tests. The engine was tested with (1) intake-air
oxygen levels up to 30%, (2) water content up to 20% of the fuel, (3) three fuel-
injection timings, and (4) three fuel-flow rates (power levels). The Taguchi
technique for experimental design was used to minimize the number of experimental
points in the test matrix. Four separate test matrices were run to cover two different
fuel-flow-rate strategies and two different fuels (#2 diesel and #6 diesel). A liquid-
oxygen tank located outside the test cell supplied the oxygen for the tests. The only
modification of the engine was installation of a pressure transducer in one cylinder.
All tests were run at 1800 rpm, which corresponds to the synchronous speed of a
60-Hz generator. Test results show that oxygen enrichment results in power
increases of 50% or more while significantly decreasing the levels of smoke and
particulates emitted. The increase in power was accompanied by a small increase in
thermal efficiency. Maximum engine power was limited by the test-cell
dynamometer capacity and the capacity of the fuel-injection pump. Oxygen
enrichment increases nitrogen-oxide emissions significantly. No adverse effects of
oxygen enrichment on the turbocharger were observed. However, if oxygen
enrichment is used to increase power, the turbocharger size should be rematched to
the engine. The engine operated successfully with #6 fuel, but it operated at a
lower thermal efficiency and emitted more smoke and particulates than with #2 fuel.
Oxygen enrichment increased thermral efficiency and significantly reduced smoke
and particulate emissions when the engine operated with #6 fuel.

* 1 anoman is affiliated with AutoResearch Laboratories, Inc.







1 Introduction

1.1 Background

Initial investigations showed that it is economically desirable to use low-grade diesel fuel to
operate diesel engines for cogeneration.!:2 However, the high viscosity and poor ignition
characteristics of low-grade fuel have limited its use in medium- and high-speed diesel engines.
Those investigations suggested that oxygen-enriched air and water emulsified with the fuel would
improve the ignition and combustion characteristics of low-grade fuel while significantly increasing
the power output of the engine.

A series of experiments was designed with the objectives of (1) determining the technical
feasibility of using oxygen-enriched air to increase the efficiency of and reduce emissions from
diesel engines, (2) examining the effects of water-emulsified fuel on the formation of nitrogen
oxides (NOy) in oxygen-enriched combustion, and (3) investigating the use of lower-grade fuels
in high-speed diesel engines by emulsifying the fuel with water. Although neither oxygen
enrichment nor water-emulsified fuel use in diesels is new, the experimental program was the first
in which both concepts had been used together.

Results of single-cylinder-engine tests indicated that (1) power output from the engine
could be increased by at least 50% with only a 20% increase in peak cylinder pressure; (2) smoke
and particulate emissions could be dramatically decreased with oxygen enrichment; (3) oxygen
enrichment improved engine operation with lower-grade (#4 diesel) fuel; (4) NOx emissions
increased significantly with oxygen enrichment; and (5) primarily through fuel-injection retard, the
NOy emissions (measured in grams per kilowatt-hour) with oxygen-enriched air could be
decreased to about the normal-air level.3-7

The current test project used a six-cylinder diesel engine. The objectives were to
(1) investigate whether the trends observed in the single-cylinder engine would scale up to a
commercial engine; (2) study the effect of oxygen-enriched air on turbocharger performance and
matching requirements; (3) study the effects of water-emulsified fuels, using a commercially
available emulsifier, on engine performance and emissions; and (4) use a low-grade (#6) diesel
fuel in a high-speed engine in conjunction with oxygen enrichment and water emulsification.

The earlier, single-cylinder-engine tests required a larger number of experimental data
points. The current series of tests was limited to a few test points because of budgetary
constraints. To obtain as much information as possible with a few test points, it was decided to
use the Taguchi technique of experimental design. This statistical method identifies the most
significant variables and provides an error band in the measurements.

A Caterpillar model 3406B engine (a popular, mass-produced six-cylinder engine) was
used in this test. Tests were conducted at the AutoResearch Laboratories, Inc. (ALI), facility in




Harvey, Illinois. The test facility and instrumentation details are discussed in Section 2 of this
report.

1.2 Report Structure

Section 2 of this report contains a description of the test setup, including (1) the engine,
(2) the fuels, (3) the oxygen-supply system, (4) the instrumentation, and (5) the test matrix.

The Taguchi technique for experimental design is briefly described; more detailed descriptions can
be found in Appendix A and in the references.

Section 3 presents the pertinent results of the experiments and a description of the problems

encountered during testing. Section 4 draws upon the results of Section 3 to present the
conclusions and to make recommendations.

The appendixes contain information about the Taguchi technique (Appendix A) and
detailed test results (Appendixes B and C).




2 Experimental Setup

2.1 Engine

The experiments were performed with a six-cylinder, four-stroke-cycle, turbocharged and
aftercooled diesel engine (Caterpillar model 3406B) that is commonly found in heavy-duty on-
highway trucks. The engine specifications are listed in Table 2.1. The only engine modification
was installation of a combustion-pressure transducer in cylinder number 1. A photograph of the
engine in the test cell is shown in Figure 2.1. The control panel is shown in Figure 2.2.

2.2 Fuels

Fuels of grades 2 and 6 (ASTM D-396) were used for the experiment. The tightly
controlled parameters for #2 fuel are shown in Table 2.2. The parameters for #6 fuel are loosely
controlled. The sample of #6 fuel that was used in these experiments was derived from a blend of
#2 fuel with residual fuel to obtain better control of the viscosity. Measured properties of the #6
fuel are shown in Table 2.3.

2.3 Oxygen-Supply System

Oxygen was supplied from a liquid-oxygen storage tank located outside the test cell. The
oxygen level of the engine's intake air was enriched by injecting a controlled flow of vaporized
oxygen into the intake air-filter housing, where it was diluted with ambient air. The turbocharger
mixed the oxygen with the air. The volume-percent (% vol.) oxygen level of the intake air was
measured at the aftercooler housing by using a microfuel-cell-type (Teledyne model 326A) oxygen
analyzer. The safety systems installed were similar to those used in the previous tests done on the
single-cylinder engine.” An "oxygen enable" safety valve, activated by engine boost pressure, was
added to provide early detection of possible turbocharger problems. A schematic diagram of the
oxygen-supply system is shown in Figure 2.3.

2.4 Fuel-Supply System
2.4.1 #2 Diesel Fuel

The engine's fuel-supply system was modified to accommodate an emulsification system.
The emulsifier, made by Harrier, Inc., was installed according to the schematic diagram shown in




TABLE 2.1 Engine Specifications

Item Value
Number of cylinders 6
Bore (mm) x stroke (mm) 137 x 165
Displacement (L) 14.6
Engine speed (rpm) 1800
Injection timing (°btdc,? static) 24
Compression ratio 14,501

@ °btdc = degrees before top dead center.

FIGURE 2.1 Photograph of Engine in Test Cell




FIGURE 2.2 Photograph of Control Panel

Figure 2.4. The device mechanically created a "micro-emulsion" of fuel and water.8 The amount
of water emulsified with the fuel was controlled by adjusting the calibration factor of the device's
electronic feedback system. The engine's fuel-injection system was not modified.

2.4.2 #6 Diesel Fuel

A special supply system was designed to handle the #6 fuel. A schematic diagram is
shown in Figure 2.5. Because of the high viscosity of this fuel, the system included primary and
secondary heating systems to bring the viscosity down to 20 centistokes (20 cSt), the maximum
fuel viscosity recommended by the engine manufacturer for marine fuels.9 The fuel was derived
from a blend of residual fuel and #2 diesel fuel to achieve a viscosity that could be handled by the
engine's fuel-injection system without modifications.

The fuel-supply pressure to the engine's fuel-injection pump was also increased to ensure
proper injection-pump filling with the high-viscosity fuel. No modifications were made to the
engine's fuel-injection pump, lines, or nozzles.
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FIGURE 2.3 Schematic Diagram of Oxygen-Supply System

2.5.2 Combustion Pressure

The engine's cylinder head was modified to accept an AVL 8ZP30 combustion-pressure-
transducer adapter. An AVL 8QP500ca water-cooled, piezoelectric, pressure transducer was
attached to the adapter. A newer model QC32-E transducer was installed at the beginning of the
#6-fuel series of tests, but it quickly corroded because of the high sulfur content of the fuel.
Combustion pressures and crank angle (CA) were recorded by means of the computer-based data-
acquisition system developed during single-cylinder-engine testing.’

2.5.3 Fuel Flow

A positive-displacement, four-piston, Fluidyne flowmeter was used for the #2-fuel series.
However, the Fluidyne flowmeter was unable to operate without the pistons sticking in their bores
with the #6 fuel. The unit was replaced by a Flo-Tron mass-flowmeter system, and no further
problems were experienced.
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FIGURE 2.5 Schematic Diagram of Emulsification System for #6 Fuel
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FIGURE 2.6 Schematic Diagram of Mini-Dilution Tunnel

2.5.4 Air Flow

Combustion air flow to the engine was measured by using a TSI model 8450 air-velocity
transducer (hot-wire type), which was calibrated for a 6-in. (inside-diameter) air duct.

2.5.5 Turbocharger Speed

An optical device was used to monitor the rotational speed of the turbocharger. The unit
consisted of a heat-resistant fiber-optic probe, a red light-emitting diode, a photocell, and an
amplifier. A small piece of heat-resistant reflective tape epoxied to the turbocharger shaft reflected
one pulse of red light onto the photocell for each revolution of the shaft.

2.5.6 Engine Coolant Flow

An Aeroquip (Barco) venturi-type flowmeter was used to measure the coolant flow.




14

2.6 Design of Experiment

Tests in this report measure the effects of four independent variables upon six d?pf,nd.em
variables. The independent variables are oxygen level, water content of the fuel, fuel-injection
retard, and fuel-flow rate. Three levels of each independent variable were planned, although the
plan was modified during testing. One of the independent variables, the fuel-flow rate, was
subdivided into two series of tests. The dependent variables are power output, thermal efficiency,
peak cylinder pressure, turbocharger speed, NOy emissions, and smoke and pz.ir.ticulate e@ssions.
These were repeated for two fuels, #2 diesel fuel and #6 diesel fuel. Fn addition, a duplicate of
each test was run to provide information on the repeatability of the experiments.

An exhaustive test matrix, which would have required 2 X 2 X 2 X 34 = 648 tests, would
have been too expensive. Therefore, the Taguchi technique was adopted to reduce the 34 test
matrix to 9 runs.14:15 This reduced the total number of test runs to 72. In addition, the Taguchi
technique provided a statistical framework for determining the percentage contribution of each
factor to the total variation observed in the experiments, together with a quantitative error-bar

estimate.

To cover the three levels of four independent variables, a Taguchi orthogonal array Lg(34)
was chosen. The array, indicated in Table 2.4, is sufficiently large to measure the main effects of
each independent variable, but it does not provide information on interactions between the

independent variables.

Some departures from the ideal Taguchi technique were necessary. The Taguchi technique
specifies that the trials should be run in random order, to the extent that it is possible. This
minimizes the effect of unknown or uncontrolled factors, such as engine wear. Because of the
difficulty of changing the fuel-injection timing, randomization was done only within each block of
timing settings.

The two different fuels, #2 diesel and #6 diesel, were treated as separate orthogonal arrays
because the fuel type is a discreet, rather than a continuous, variable and because only two levels of
fuel type were tested.

The fuel-flow rate was also divided into two series having separate Lg orthogonal arrays.
The first series, designated as matrix A, is based on fuel-flow rates measured with the engine
drawing 100%, 75%, and 50% of full power at 0° injection retard, 21.0%-oxygen air, and no
water added to the fuel. These fuel-flow rates were measured in baseline tests separate from the
orthogonal test array. In the matrix A tests, adding oxygen to the zir did not result in significantly
more power being produced by the engine, because the fuel flows were held constant for each fuel-
rate level. g
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TABLE 2.4 Test Matrix Using the Taguchi Lg(34) Orthogonal

Array
Fuel-Injection Oxygen Fuel-Flow  Water
Level, Retard Concentration Rate Content
Trial # ) (%) (%) (%)
Level 1 0 21.0 100 0
2 4 255 75 10
3 8 30.0 50 20
Trial # 1 1 1 1 1
2 1 2 2 2
3 1 3 3 3
4 2 1 2 3
5 2 2 3 1
6 2 3 1 2
i 3 1 3 2
8 3 2 1 3
9 3 3 2 1

The second series of fuel-flow rate tests, designated as matrix B, was based on the fuel
flows required to achieve specified equivalence ratios. The equivalence ratio is defined as the
measured combustible-to-oxygen ratio divided by the stoichiometric combustible-to-oxygen ratio.
The equivalence ratios were measured from tests with the engine drawing 100%, 75%, and 50% of
full power at 0° injection retard, 21.0%-oxygen air, and no water added to the fuel. These
equivalence ratios were measured in baseline tests separate*from the orthogonal test array. In
contrast to the matrix A series, the fuel-flow rates in matrix B vary in direct proportion to the
amount of oxygen flowing into the engine. Thus, as oxygen is added to the air, the fuel-flow rate
increases and the engine produces more power.

The increased power of the second fuel-flow-rate series (matrix B) required another
modification of the L9 matrix. Maximum engine power was limited by (1) the dynamometer
capacity; (2) the test-cell heat-removal capacity; and (3) the maximum flow rate of the fuel
injectors, particularly when water was added to the fuel. Because of these limitations, neither
30.0% oxygen nor 100% fuel-flow rate could be run. For the tests using #2 fuel, those points on
the orthogonal array were treated as dummy conditions, as shown in Table 2.5, and the analysis of
variance (ANOVA) was modified accordingly. Dummy treatment of conditions and modification
of ANOVA are described in detail in the Taguchi technique references.

To minimize the need for dummy treatment when #6 fuel was used, the oxygen
concentrations, fuel-flow rates, and water contents for matrix B were modified (see Table 2.5).
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TABLE 2.5 Levels of Independent Variables for Matrix B

Fuel-Injection Oxygen Fuel Water
Fuel and Retard Concentration Rate Content
Level (%) (%) (%) (%)
#2 Diesel
1 0 21.0 758 0
-] 4 25.5 75 10
3 8 21.0 50 20
#6 Diesel -
1 0 21.0 75 0
2 4 23.0 62.5 5
3 8 25.0 50 10

The main advantages of the Taguchi technique are (1) a nine-fold st

: H reductio
of test runs; (2) straightforward determination of the percentage contribution of lear::l:nirtnzz nur:ilber
valﬂaﬁle to the observecli6vaﬂation of the dependent variables; and (3) determination of erroft:;nzrs“
which can be plotted.'® Details of the T i i : . ; )
e aguchi technique are given in Appendix A and in the
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3 Experimental Results

As discussed in Section 2, the Taguchi technique was used to design the test matrix. All
the tests were conducted at a single engine speed — 1,800 revolutions per minute (rpm). The
independent variables and the test sequence are presented in Tables 3.1 and 3.2. Because of
dynamometer capacity limitations, constant-equivalence-ratio tests at higher oxygen levels could
not be run at the 100% load point. This would have required the engine to operate at over
500 brake horsepower (bhp), which exceeds the dynamometer limit of about 400 bhp. Hence,
matrix B (Table 3.2) was modified so that the maximum load point is only 75% of the base
engine rating. The nine-point matrix was analyzed to study the main effects and the confidence
interval due to each independent variable. The dependent variables of interest — NOy and
particulate emissions, thermal efficiency, brake specific fuel consumption (BSFC), exhaust
temperature, turbocharger speed, cylinder pressure, and ignition delay — are discussed below.
Selected graphs are shown to support the discussion.

3.1 Test Series I: #2 Diesel Fuel

Tests with #2 diesel fuel were fairly standard, except that some test points were run with
water-emulsified fuel. Two sequences of tests were conducted, the first at constant fuel rate and
the second at constant equivalence ratio. Although the first sequence was completed as planned,
the constant-equivalence-ratio test matrix had to be modified because of the facility’s limitations
(noted above). Test results were similar to those from the single-cylinder-engine tests, except that
the six-cylinder engine produced slightly higher levels of NOx emissions. Differences in the way
the two engines were supercharged probably account for the differences in NOy emissions.

»

TABLE 3.1 Percent Contribution by Independent Variables and Error, #2 Fuel, Matrix A

Dependent Variables

Thermal Exhaust  Turbo- Peak
Independent Partic- Effi- Temper- charger Cylinder Ignition
Variable NO, ulates Smoke ciency ature Speed Pressure Delay
Timing 4.48 13.90 1.68 7.92 0.91 0.55 28.26 0.00
Oxygen 95.10 38.74 37.46 1.18 0.78 0.90 1.23 52.03
Fuel rate 0.05 2.96 8.23 88.88 95.63 98.16 68.44 33.16
Water 0.29 19,70 12.44 0.07 2.19 0.29 1.34 7.68

Error 0.08 4.70 40.19 1.94 0.48 0.09 0.73 Tan2
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TABLE 3.2 Percent Contribution by Independent Variables and Error, #2 Fuel, Matrix B

Dependent Variables

Thermal  Exhaust Turbo- Peak
ic- i- Temper- charger Cylinder Ignition
dent Partic Effi

'ne/:\’:?:mz NOy ulates Smoke ciency ature Speed Pressure Delay
Timing A4x 1931 5.77 11.83 4.39 5.19 1217 5.05
Oxygen 93.91" 58.13 25855 46.76 42.66 49.05 57 .50 20.81
Fuel rate 0.00 1.00 20.61 35.82 48.43 42.23 26.25 16.19
Water 1.08 2.66 17.23 0.57 0.58 0.19 1.83 53.97
Error 0.57 18.89 30.83 5.01 3.95 0.09 2.25 3.98

3.1.1 Percent Contributions by Independent Variables

One of the benefits of applying the Taguchi technique to experimental design is the ability
to estimate the contributions of independent variables to a given effect and of random error to the
variation measured in the dependent variables. These estimates are tabulated for #2 fuel and shown
in Tables 3.1 (matrix A) and 3.2 (matrix B). Taking the NOx column in Table 3.1 as an example,
the interpretation is as follows: Random error accounts for only 0.08% of the variation in the NOy
measurement, so the measurements are a good representation of the physical results. Oxygen
enrichment accounts for 95.10% of the variation in NOx measurement, so it is the most important
independent variable with respect to NOy emissions. Fuel-injection timing accounts for 4.48% of
the variation in NOyx measurement, so it is a minor independent variable. The fuel rate and water

content of the fuel have negligible effects on NOy emissions.

Under the smoke column, the random error accounts for 40.19% of the variation in the
smoke measurement, which is the largest percentage contribution. Therefore, the smoke
measurement is probably an unreliable indicator of actual smoke. The smoke results indicate the
difficulty of making accurate measurements near the detection threshold of the instrument. The
particulates measurement, which used a different instrument, produced a more reliable result, as
indicated by its 4.7% error contribution.

3.1.2 Emi~zs’ons of Nitrogen Oxides

As observed in the earlier, single-cylindpr-engine tests,3 cqmbustlon-air oxygen level has
the largest effect on NOy emissions. Tables 3.1 and 3.2 show that it accounts for over 93% of the
measured variation. Higher oxygen levels increased NOy substantially (Figure 3.1), which could
pose a major challenge in commercializing this concept. Injection-timing retard reduced NOy
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FIGURE 3.1 Effect of Oxygen Content on NOx Emissions, #2 Fuel, Sequences 1
and 2, Matrix A

significantly (Figure 3.2), but since it accounted for only 4.4% of the measured variation, it was
not sufficient to offset the effect of the increased oxygen level. The insignificantly small effect of
water-emulsified fuel on NOy emissions (Figure 3.3) for this multicylinder-engine test series is
similar to that observed in the single-cylinder-engine tests. It is possible that a larger quantity of
water may be required to produce a significant reduction in NOx emissions. Both the single-
cylinder-engine tests and the six-cylinder-engine tests used as much as 20% water.

The level of NOy emissions from oxygen-enriched diesel engine operation continues to be a
major challenge. However, as the only component of the exhaust emissions that is still a problem,
the NOx emissions may be easier to solve by using a catalyst or some other means of after-
treatment. Fuel-flow rate has a negligible effect on NOx emissions.

3.1.3 Smoke and Particulate Emissions

As noted above, the contribution of random error to the variation in smoke measurement
was larger than the contributions of any of the independent variables. This is because the amount
of smoke emitted by the engine is close to the lower detection threshold of the instrument. Visual
observations showed that smoke, which was very low to start with, virtually disappeared with
increased oxygen.
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The contribution of error is a smaller percentage for the particulates measurement than for
the smoke measurement. For both matrix A and matrix B, the oxygen concentration is the most
important independent variable. The mass of particulates was reduced by 50% at oxygen levels
higher than 25% (Figure 3.4). This is significant, because no other methods are known to reduce
particulate emissions to this level within the combustion chamber. Industry, in general, depends
on trap oxidizers in the exhaust stream to meet the particulate standards. Oxygen enrichment offers
an alternative in particulate control efforts.

Oxygen concentration is more clearly shown to be the most important variable for matrix B
than for matrix A. In matrix B, the equivalence ratio, which determines the fuel rate, is
independent of the oxygen concentration, whereas in matrix A, it is the mass flow of fuel that is
independent of oxygen concentration. Thus, in matrix A the equivalence ratio is coupled to
oxygen concentration and is not truly independent. Table 3.2 shows that fuel-injection timing is
second in importance to oxygen concentration, but its effect is obscured by random error.

In this series of multicylinder-engine tests, particulate measurements showed more
consistency than they did in the previous, single-cylinder-engine tests. Use of the mini-dilution
tunnel is responsible for the improvement.
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3.1.4 Thermal Efficiency

Table 3.1 shows that the fuel-flow rate accounts for over 88% of the variation in thermal
efficiency in the matrix A tests. When the fuel-flow rate is increased, friction and other losses do
not increase as rapidly as power output increases. Injection timing accounts for about 8% of the
variation in thermal efficiency. Retarding the timing reduces thermal efficiency slightly. Oxygen,
by itself, has a negligible effect on thermal efficiency. However, if the fuel-flow rate is increased
as oxygen is added, as in the matrix B tests, there is a gain in thermal efficiency from 36.7% to
39.7% as oxygen increases from 21% to 25%. These trends were also observed in the single-
cylinder-engine tests. Figures 3.5, 3.6, and 3.7 show the effects of fuel-flow rate, injection
timing, and oxygen content of air, respectively, on thermal efficiency for both matrix A and

matrix B tests.

3.1.5 Ignition Delay

Although Tables 3.1 and 3.2 suggest that ignition-delay results differ between matrix A and
matrix B, the measured results are similar. Oxygen, as shown in Figure 3.8, significantly reduces
ignition delay. This is to be expected, because a higher oxygen concentration makes the fuel more

readily ignitable.
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FIGURE 3.5 Effect of Fuel-Flow Rate on Thermal Efficiency, #2 Fuel
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Up to 10% water in the fuel increases the ignition delay slightly, as shown in Figure 3.9.
For larger amounts of water, the results differed between matrix A tests and matrix B tests. The
reason for this difference may be that with oxygen enrichment the matrix B tests injected larger
quantities of fuel, hence larger quantities of water, into the cylinders than was for the case for the

matrix A tests.

Matrix A and matrix B tests also showed similar trends in ignition delay as a function of
fuel-flow rate, as shown in Figure 3.10. The decrease in ignition delay with increasing fuel-flow
rates suggests that the higher cylinder temperatures associated with the higher fuel-flow rates
ignites the fuel more readily. Fuel-injection timing had a negligible effect on ignition delay.

3.1.6 Cylinder Pressures and Heat-Release Rates

Cylinder-pressure diagrams were obtained in all the test runs. From the experimental
cylinder-pressure data, the heat-release rate as a function of crank angle was calculated with a
computer code developed for this project. All the cylinder pressures, heat-release rates, rates of
change of cylinder pressure, and cumulative neat-release rates are presented in Appendixes B
and C. As expected, the heat-release diagrams show a faster combustion rate and reduced ignition
delay at high oxygen levels. These are desirable attributes in diesel engines.
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For matrix A tests, the fuel-flow rate accounted for 68% of the variation in peak cylinder
pressure, followed by fuel-injection timing, which accounted for 28% of the variation. Oxygen
enrichment, by itself, had a negligible effect on peak cylinder pressure. Water content of the fuel

had little effect on peak cylinder pressure.

For matrix B tests, the apparent large effect of oxygen enrichment on peak cylinder
pressure is due to the coupling between actual fuel flow and oxygen enrichment. Increasing the
fuel-flow rate increases the peak cylinder pressure, as shown in Figure 3.11. This is expected
because the higher power associated with higher fuel-flow rates is derived from a higher cylinder
pressure. The important finding (shown in Figure 3.12) is that oxygen enrichment, by itself, has
little effect on peak cylinder pressure. If more fuel is added to take advantage of the increased
power potential of oxygen enrichment, peak cylinder pressure increases, but the increase is not due
to the added oxygen. Fuel-injection retard, as shown in Figure 3.13, has a smaller effect on peak
cylinder pressure than does the fuel-flow rate. The effect is similar for both test matrices.

3.1.7 Other Parameters

Exhaust temperature and turbocharger speed are the other parameters of interest in
evaluating the oxygen-enrichment technology. Fuel flow accounts for 95% of the variation in
exhaust temperature in the matrix A tests, as shown in Figure 3.14, and 98% of the variation in
turbocharger speed, as shown in Figure 3.15. This appears reasonable, because the fuel flow is
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the source of energy for the turbocharger. Water content of the fuel has the next-largest effect on
exhaust temperature, but it accounts for only 2% of the variation. Water content has a negligible
effect on turbocharger speed.

In matrix B tests, oxygen content of the air appears to make a major contribution to both
exhaust temperature and turbocharger speed, but this is due to the strong coupling between fuel
flow and oxygen content. Both exhaust temperature and turbocharger speed increase with
increasing fuel flow. If oxygen enrichment is used to increase the power output of the engine, the
turbocharger must be rematched to the engine to avoid excessive pressures, and the higher
temperatures must be dealt with. No adverse effects were observed from the higher boost pressure
and exhaust temperature, but test-stand limitations prevented realization of the full power potential
of oxygen enrichment.

3.2 Test Series ll: #6 Diesel Fuel

Test matrix A, characterized by constant fuel-flow rate, for #6 fuel was identical to the one
used for #2 fuel. However, test matrix B (constant equivalence-ratio case) had to be modified
when #6 fuel was used. The limitations of the dynamometer, malfunctioning of the water-fuel
emulsifier, and the inability of the fuel system to efficiently handle the heavy fuel forced the engine
load to be redefined. The test engine, Caterpillar model 3406B, was a high-speed diesel engine
that had never been operated with #6 diesel fuel before these tests. One of the project objectives
was to operate this engine with a lower-grade fuel, such as #6 diesel fuel. The expectation was
that the oxygen-enriched air would make it easier to burn a lower-grade, cheaper fuel in a high-
speed diesel engine. The main problem with a heavy fuel is its viscosity. Typically, commercial-
grade #2 diesel fuel (widely used in the United States) has a 3.0-cSt viscosity, which is very
closely controlled and monitored. Heavy fuels, on the other land, are not well-specified. The
batch of #6 fuel used in this test series had a viscosity of about 22.0 cSt. Thus, the problem was
to pump and inject the fuel into the engine. A fuel-heating system was installed in the test cell, and
the fuel was heated to about 200°F. This reduced the fuel viscosity sufficiently to inject the fuel
into the engine. The engine was not modified to accommodate the #6 fuel, so some penalty in
efficiency was expected.

3.2.1 Percent Contributions by Independent Variables

The percent contributions of the independent variables and of random error to the measured
variation in dependent variables are shown in Tables 3.3 (matrix A tests) and 3.4 (matrix B tests).
The contribution of random error to the smoke measurement is a smaller percentage of the variation
than was the case for #2 fuel. The engine produced considerably more smoke when running on #6
fuel than when running on #2 fuel. Thus, the measuring instrument was able to operate in a more
accurate range.
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ercent Contribution by Independent Variables and Error, #6 Fuel,

TABLE 3.3 P
Matrix A
Dependent Variables
Thermal Exhaust Turbo- Peak

Independent Partic- Effi- Temper- charger Cylinder Ignition

Variable NO, ulates Smoke  ciency ature Speed Pressure Delay

Timing 4.29 13.14 2.40 15.14 7.95 1.98 . 18.26 0.00

Oxygen 93750 31,435 72 29 15.08 0.28 0.21 0.60 14.56

Fuel rate 14 43582 8.24 58.75 83.97 95.37 75:01 45.23

Water 1.44 13.86 5.95 0.00 1205 0.48 0.00 0.00

Error 0.36 5.74 11.13 10.77 6.74 il 6.13 40.21
TABLE 3.4 Percent Contribution by Independent Variables and Error, #6 Fuel,
Matrix B

Dependent Variables
Thermal Exhaust Turbo- Peak

Independent Partic- Effi- Temper- charger Cylinder Ignition
Variable NO, ulates  Smoke ciency ature Speed Pressure Delay
Timing 7.98 6.88 0.94 11.91 2857 22.70 16571281
Oxygen 90.39 65.63 70.06 48.08 34.21 42.59 59.87 0.99
Fuel rate Q.00 15,72 14.79 19.98 23.69 22.64 16.68 J.2
Water 1.66 5.94 5.14 0.00 1.56 1.28 111 11116
Error 0.98 5.83 9.06 20.03 14.97 10.78 20.69 73.31

The ignition delay shows a large percent contribution due to error for the tests with #6 fuel.
During these tests, the shaft encoder slipped, with the result that the ignition-delay measurements
are inaccurate. However, other measurements are not affected.

3.2.2 Emissions of Nitrogen Oxides

The NOy emissions were slightly lower with #6 fuel than Wit!l #2 fuel: The trends were
similar to those of the earlier data. Oxygen enrichment was the dominant variable (as .shown in
Figure 3.16); NOy emissions increased by a factor of five when the oxygen level was increased
from 21 to 30%. Water-emulsified fuel had no measurable effect in reducing NOy emissions.

“4
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FIGURE 3.16 Effect of Oxygen Enrichment on NOx Emissions, #6 Fuel

Retarding the injection timing reduced NOx (as shown in Figure 3.17), but not enough to
compensate for the effects of higher oxygen levels. The data indicate that, if the objective is to
have the lowest NOx emissions with #6 fuel, then zero oxygen enrichment and the maximum
timing retardation should be employed. The data reinforce the conclusion that one of the two major
challenges to implementing oxygen enrichment in engines is NOx control.

3.2.3 Smoke and Particulate Emissions

The engine produced more smoke with #6 fuel than with #2 fuel. With oxygen
enrichment, the visible smoke virtually disappeared. The smoke meter was not working properly
and could not provide quantitative data. The mass particulate measurements were repeatable and
showed predictable trends. Oxygen-enriched air (Figure 3.18) and fuel-flow rate (Figure 3.19)
markedly decreased particulates. Retarding the injection timing increased the particulate emissions
(as shown in Figure 3.20). Figure 3.21 shows that water emulsification of the fuel had a mixed
effect on particulates, which increase with small amounts of water but decrease with larger
amounts of water.
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3.2.4 Thermal Efficiency

Thermal efficiency is lower for #6 fuel than it is for #2 fuel. Fuel-flow rate accounted for
about 58% of the variation in thermal efficiency for the matrix A tests. Oxygen enrichment and
fuel-injection retard each contributed about 15% to the variation in thermal efficiency. These
effects were much larger than the effects of oxygen enrichment and fuel-injection retard for #2 fuel.
This suggests that (1) combustion of #6 fuel is slower than combustion of #2 fuel and
(2) combustion is not complete before the end of the power stroke. Thus, oxygen enrichment
improves thermal efficiency by speeding up the combustion process, while fuel-injection retard
degrades thermal efficiency by starting combustion later. Water had no measurable effect.

As was the case for the #2 fuel tests, the strong coupling between oxygen enrichment and
fuel-flow rate in the matrix B tests apparently gave oxygen enrichment a large influence on thermal
efficiency. However, most of that effect can be attributed to the increased fuel-flow rate with
increased oxygen content of the air. The effects of fuel-flow rate, oxygen enrichment, and fuel-
injection retard are shown in Figures 3.22, 3.23, and 3.24, respectively.
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3.2.5 Ignition Delay

Ignition-delay analysis of data on #6 fuel was hampered by the phase shift experienced in
obtaining the cylinder-pressure diagrams. The optical shaft encoder appears to have drifted
7-12 crank-angle degrees during the course of #6 fuel tests. Although this has been corrected by
an analytical procedure (matching the compression-pressure curve to the earlier #2 fuel data), the
accuracy of the ignition-delay estimate is less than desirable. This can be seen in the large error
terms in Tables 3.3 and 3.4, which account for 40% of the variation in matrix A measurement and
73% of the variation in the matrix B measurement. For this reason, no definite conclusion about
the ignition delay of #6 fuel could be drawn. This does not affect other data, which are
independent of the shaft encoder.

3.2.6 Other Parameters

Peak cylinder pressure follows the same trends as were measured with #2 fuel. That is, the
fuel-flow rate makes the main contribution to the variation in peak cylinder pressure, with fuel-
injection retard having a smai’zr effect. Oxygen enrichment and water content of the fuel have
negligible effects. The coupling between fuel-flow rate and oxygen enrichment in the matrix B
tests accounts for the apparent large effect of oxygen enrichment in those tests. The effect of fuel-
flow rate on peak cylinder pressure is shown in Figure 325
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FIGURE 3.25 Effect of Fuel-Flow Rate on Ignition Delay, #6 Fuel

Fuel-flow rate has the major effect on both exhaust temperature and turbocharger speed.
These results are similar to those for #2 fuel. If oxygen enrichment is used to increase the power
output of the engine, it will be necessary to rematch the turbocharger to the engine, but this is a
normal practice. The effects of fuel-flow rate on exhaust temperature and turbocharger speed are
shown in Figures 3.26 and 3.27, respectively.
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4 Conclusions and Recommendations

Conclusions

. The scaled-up, multicylinder-engine tests proved that oxygen-enrichment

technology is applicable to a self-sustaining product, such as the turbocharged
heavy-duty engine used here. Previously reported tests were performed on an
externally supercharged, single-cylinder engine. Most of the results are scalable
from single-cylinder-engine tests. The slightly lower NOy emissions measured
with the single-cylinder engine are believed to be due to differences in the ways
the two engines were supercharged.

. As the oxygen content of the combustion air is increased to 30%, NOy

emissions increase by a factor of five or more, which is the same order of
increase observed in single-cylinder-engine tests. The NOy reduction due to
fuel-injection retard is relatively small, and the NOy reduction due to water-
emulsified fuel is negligible. This leaves control of NOx emissions as the major
challenge in adapting oxygen-enrichment technology to diesel engines.

. To the best of the investigators' knowledge, water-emulsified #6 fuel was

successfully used in a high-speed diesel engine for the first time. Use of low-
grade fuel offers considerable operating-cost savings potential. Oxygen
enrichment can facilitate the use of heavy fuels in high-speed engines by
(1) reducing smoke and particulate emissions and (2) improving thermal
efficiency. The reduced thermal efficiency and high particulate emissions
measured without added oxygen are an indication of incomplete combustion.
However, additional research is necessary to further reduce emissions, improve
combustion, and investigate the effect of these fuels on engine durability.

. No adverse effect on turbocharger performance due to oxygen-enriched air was

observed. If oxygen enrichment is used to produce additional power, the
turbocharger must be rematched to the engine. This is a consequence of the
increased fuel flow, rather than the added oxygen, and is normal procedure in
the design of diesel engines.

. The potential for increased power density and reduced particulate generation

remains the same as was reported in the single-cylinder-engine tests.
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4.2 Recommendations

1%

The NOy emissions and availability of a low-cost, compact membrane are the
two major challenges in commercializing the oxygen-enrichment technology,
and research efforts should focus on these two issues. Novel methods must be
investigated to reduce the formation of NOx during combustion, as well as in
postcombustion equipment, such as a catalytic converter.

An advanced membrane design should be developed that uses materials highly
permeable to oxygen. A full-scale cogeneration system should be designed to
make full use of the oxygen-enrichment technology. Analytical and paper
design should be subject to thorough design review by the industrial
participants before a full-scale hardware system demonstration is

commissioned.

Further investigation of water-emulsified fuel should be given a low priority.
Up to 20% water emulsified with the fuel has little effect on NOyx emissions.
Whether larger amounts of water would be effective in controlling NOy is
unknown, but such large amounts of water could be expected to cause longer
ignition delays and corrosion in the fuel-injection system.

Use of heavy fuel, such as #6 diesel fuel, in a high-speed diesel engine has
significant economic merit. Because the economic incentives are high, research
is warranted on improved combustion efficiency, lower emissions, and engine
durability with low-grade fuel.

7
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Appendix A:

Analysis of Data



46

TABLE A.1 Sample Analysis Table, Matrix A, #2 Diesel Fuel

a. Analysis of main effect

Injection Oxygen Fuel Rate Water
Trial  Retard (°)  Conc. (%) (%) (%) NOy | NOx I
No. 0,4,8 21,25,30 100,75,50 0,10,20 (g/kWh) (g/kWh) Mean Factor

1 1 1 1 1 6.36 6.29 18.48 A,
2 1 2 2 2 18.62 18.45 15.48 Az
3 1 3 3 3 30.87 30.29 13.48 A3
4 2 1 2 3 377 3.92 4.38 B,
5 2 2 3 1 14.36 15.27 15.52 B,
6 2 3 1 2 27.56; - 279200 27 55 SSEEE
7 3 1 3 2 2.92 3001577 Cy
8 3 2 1 3 13.12 13.28 15.55 C;
9 3 3 2 1 24.11 24.42 16.12 Cs3
Total 141.79 142.84 | 15.13 D,
CFa 2233.82 2267.03 | 16.43 D,
Avg. 15.75 15.87 | 15.88 D
b. Analysis of variance
Contri-
Source | S \ F St bution (%)
Timing 2 76.13 38.06 483.69 7597 4.48
Oxygen 2 1611.10 805.55 10236.45 1610.95 95.10
Fuel 2 0.99 0.49 6.29 0.83 0.05
Water 2 5.05 203 3211 4.90 0.29
Error, e 9 0.71 0.08 1.34 0.08
Total 17 1693.98 100.00

2 Correction Factor. See Roy (Reference 1), pp. 50 and 112.
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where

Fo(f1.f2)

variance ratio required for confidence level of (1-a),
fi = degrees of freedom for the mean (f] = 1),

fo = degrees of freedom for the error,

Ve error variance, and

number of tests under that condition.

=
Il

The definitions of the above terms are given in the next section. The variance ratio is
determined from the same F-tables used in ANOVA (Reference 2). In the calculation of
confidence intervals for this analysis, the variance ratio of 5.12, which corresponds to a 95%
confidence, is used for all cases. The confidence intervals are shown in the main effect plots as
two parallel curves bounding the curve of the main effects.

A.2 Analysis of Variance (ANOVA)

Results of the experiments were analyzed to estimate the contribution of individual
factors to the performance and emissions of the engine. ANOVA is the statistical technique used
for this purpose. The technique determines the variability (variance) of the data and provides a
measure of confidence derived from the variance. In the analysis of variance many quantities,
such as degrees of freedom, variation, variance, etc., are computed and organized in a standard
tabular format, as shown in Table A.1b. A brief description of the various terms is provided
below.

A.2.1 Degrees of Freedom (f)

The number of degrees of freedom is a measure of the amount of information that can be
uniquely determined from a given set of data. For data concerning a factor, it is numerically
equal to one less than the number of levels. For a factor A with three levels, A| data can be
compared with A and A3 data and not itself. Thus, f =2. For an experiment with n trials and
r repetitions of each trial, the total number of trials is n X r, and the total number of degrees of
freedomisnxr- 1.

In Table A.1, for example, n=9,r=2, and f=17.
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A.2.2 Variation (S)

Variation, or the sum of the squares of deviations, is a measure of the deviation of the
experimental data from its mean value.

A.2.3 Variance (V)

Variance measures the distribution of the data about the mean of the data. It is the value
of variation divided by the degrees of freedom, i.e., V = S/f. The variance associated with the
error, Ve, signifies the extent of dispersion of individual measurements; a large V. means a large
difference between individual measurements.

A.2.4 Variance Ratio (F)

Variance ratios are used for the so-called significance test made prior to the calculation of
the percentage of contribution to see if the variation is larger than the error (denoted by e in
Table A.1b) variance. It is the ratio of variance due to the effect of a factor and variance due to
the error term, F = V/Ve. This ratio is used to measure the significance of the factor under
investigation with respect to the variance of all the factors included in the error term. The
F-value obtained in the analysis is compared with a value from standard F-tables for a given
statistical level of significance.

A.2.5 Pure Sum of Squares (S')

The variance due to a factor contains some amount due to error. The pure sum of squares
is the expected amount of variation due solely to the factor by subtracting off the contribution
from the error. It is determined by S'=S - f X V.

A.2.6 Percent Contribution

The portion of the total variation observed in an experiment attributed to each significant
factor is reieted in the percent contribution. The percent contribution for any factor is obtained
by dividing the pure sum of squares for that factor by the total variation, ST, and multiplying the
result by 100. The percent contribution due to error (unknown and uncontrolled factors)
Provides an estimate of the adequacy of the experiment. If the percent contribution due to error
is low, say 15% or less, then it is assumed that no important factors were omitted from the
experiment. A high value (50% or more) would indicate that some important factors were left
out, conditions were not precisely controlled, or measurement error was excessive.
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A.3 Dummy Treatment

Because of the limitations of the operating system, it was necessary to modify the levels
of oxygen and engine load in matrix B for the #2 fuel experiments. Dummy treatment
accommodates two-level factors by using only two of the three possible levels for the factor, with
the indicated third level simply repeating one of the previous two levels. Orthogonality is
maintained with either one of the two levels for the factor being repeated, so whichever is easier,
cheaper, or makes more sense should be repeated. In our experiments, level 3 of oxygen
(i.e., 30%) was modified to assume the value of level 1 (i.e., 21%), and level 1 of the engine load
(i.e., 100%) was modified to assume the value of level 2 (i.e., 75%). Analysis of main effects and
variance follow the same procedures for cases without dummy treatment.

A.4 References for Appendix A
1. Roy, R., 1990, A Primer on the Taguchi Method, Van Nostrand Reinhold, New York, N.Y.

2. Ross, P.J., 1988, Taguchi Techniques for Quality Engineering, McGraw-Hill Book Co.,
New York, N.Y.
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Appendix B:

Data Sets from the Six-Cylinder Engine Tests
with #2 Diesel Fuel







ARGONNE 6-CYLINDER ENGINE TEST MATRIX

SEQUENCE #1 (#2 FUEL)

FUEL RATE

ALI ANL OR INJ. OXYGEN LOAD WATER

TEST # CODE EQU. RATIO RETARD % % %
301¢€ B.L. - 0 il 100 0
302¢€ B.L. = (0] Pt 75 0
3D3C B.Ls - 0 2.1 50 0
342 A2 FUEL* 0 25.5 75 10
351 B3 EQ.R.** 0 “ad 50 20
343 A3 FUEL 0 30 50 20
307C B.L. - 8 21 100 0
344 A8 FUEL 8 5.8 100 20
309A B7 EQ.R. 8 21 50 10
310B B9 EQ.R. 8 a2l 75 0
311A Bl - 4 21 100 0
345 A6 FUEL 4 30 100 10
313A B4 EQ.R. 4 21 75 20
346 AS FUEL 4 25.58 50 0
347 A9 FUEL 8 30 75 0
352 B8 EQ.R. 8 2 0 i) 75 20
348 A7 FUEL 8 N 21 50 10
349 Al FUEL 0 &L 100 0
319A B2 EQ.R. 0 25.5 5 10
353 Bl EQ.R. 0 21 75 0
350 A4 FUEL 4 21 75 20
322A BS EQ.R. 4 295 50 0
323C B6 EQ.R. 4 21 g 10

* Maintain baseline fuel rate measured at corresponding engine

load.

*% Maintain baseline equivalence ratio measured at corresponding
engine load.




54 o

ARGONNE 6-CYLINDER ENGINE TEST MATRIX

SEQUENCE #2 (#2 FUEL)

FUEL RATE
ALI ANL OR INJ. OXYGEN LOAD WATER
TEST # CODE EQUI. RATIO RETARD % % %
324A A8 FUEL* 8 25.8 100 20
3258 B9 EQ.R.** 8 21 75 0
326A B7 EQ.R. 8 21 50 10
327 AS FUEL 4 25.5 50 0
354 B6 EQ.R. 4 21 75 10
329 A4 FUEL 4 a1 79 20
330 Al FUEL 0 ol 100 0
331 B2 EQ.R. 0 25.5 75 10
332 A3 FUEL 0 30 50 20
333 A6 FUEL 4 30 100 10
334 B4 EQ.R. 4 21 79 20
335 B5 EQ.R. 4 a5.9 50 0
336 A7 FUEL 8 21 50 10
355 B8 EQ.R. 8 25.5 i 20
338 A9 FUEL 8 30 5 0
339 A2 FUEL 0 255 75 10
356 Bl EQ.R. 0 21 75 0
357 B3 EQ.R. 0 21 50 20
* Maintain baseline fuel rate measured at corresponding engine

load.

* % Maintain baseline equivalence ratio measured at corresponding
engine load.

’



Comparison of Baseline Data At Different Engine Load Levels

L e e e s, 4.5 ake niarai e o/ & &ile SLSAOANE % @ & b s 8e wn 301C 302C 303C
Test Matrix Data Point # ............... BL BL BL
B e o s nn s os a0 &s 6 na s o oehiniminss oo 12/31/91 12/31/91 12/31/91
Fuel Type (#) .cccsccssccnssssccsasnssnse 2 } 2 2
Injection Retard (deg./btdc) ........... 0 0 0
G2 in Intake Air (Vol—=%)  ccccseocaiosssios 21 21 21
02 in Exhaust Air (Vol-%) .....c.ccccec.. 3104 1231 shet
Intake Air Flow (Kg/min) .ecececceccccecsscss 24.80 21.08 17.89
G2 Flowrtron ALr (Kg/Min) ... cacoana 5.75 4.89 4.15
02 Flow from Bottle (kg/min) ........0.. 0.00 0.00 0.00
MEEa IO YR Fowallcd /MATL), Tt s e ots v s o am ste o' 5.75 4.89 4.15
Engine Load Level (%) .ccccceccccccnncss 100 75 50
Lo R (AT DY e e e e g P e S R LR 223.6 167.7 111.9
H20 in Fuel (Wt-%) -- Planned .......... (0] 0 . 0
H20 in Fuel (Wt-%) -- Actual ........... (0] 0 0
Net Fiel Rate (Kg/min)" S cec.cssesnsasssss 0.770 0.591 0.429
ERel=Eo=02TRal 0. 0t Jcs rias o ae sseassssans 0.1339 0.1209 0.1033
BEECH KRR =NE) s A b L i@ - via sieie ae s 0.207 0.212 0.230
Turbo Speed (YPM) ..cceeccscccccccscscns 65400 55900 45700
Intake Manifold Pressure (MPa) ......... 0.19 0.16 0.14
Peak Cylinder Pressure (MPa) ..c.ceccecene 10.48 8.97 741
Exhaust Temperature (K) ...ccececececess 821.5 773:7 703.2
Thermal EXficiency: (F) s seioesiansisions 40.9 39.9 36.7
SmoKe (%) ccccccceccccccccscccssccscnnsns 1% a7 253
Parciculates (g/KWH)  cuccasenasssanosives Q227 0.309 0.440
O i A e A e s o 6.73 6.60 6.20
Ignition Delay (deg) .cceccecccccccccsnns 13,7 14.3 16



Comparison of Baseline Data for

R R s e e e
Test Matrix Data Point # .
P s e suasenm WA NN wY
Etue - Type s ) 8 ol ataters alcietatals
Injectlon Retard (deg. /btdc)
02 in Intake Air (Vol-%) ...
02 in Exhaust Air (Vol-%) ..
Intake Air Flow (kg/min) ...
02 Flow from Air (kg/min) ..
02 Flow from Bottle (kg/min)

Total 02 Flow (kg/min) ......
Engine Load Level (%) .......

e s s

IS A e e S e B R T o e

H20 in Fuel (Wt-%) -- Planned
H20 in Fuel (Wt-%) -- Actual

Net Fuel Rate (kg/min) ......
st e el 5 T S0 s TR s SR
BERE SfWaIRW=IT] = o alns e s
TUrbo Speed (Xrpm) «eveaseecos
Intake Manifold Pressure (MPa)
Peak Cylinder Pressure (MPa)

Exhaust Temperature (K) .....
Thermal Efficiency (%) ....
BMERB SR ) > S e e ¢ v5
Particulates (g/kwh) .
HOX (g IKWR] - 00 5 sis 5 o
Ignition Delay (deg) .

DY

p e e e e e e e e le e

Different Injection Timing Retards

AR AT 3o01cC
s hnrtar b BL
S 12/31/91
S 2
B e 0
SEF 21
SR e Tl
e T 24.80
R 5.75
A 0.00
e 5.75
et SR 100
e 223.6
i 0
R et 0
S e 0.770
v e ola el ¢ 0.1339
eI T 0.207
e n. o el 65400
b 0.19
B R 10.48
g 821.5
i sisaaee 40.9
e Lot
NI SO 0.227
Sl e 6.73
SN 13.7

311A
BL
01/22/92
2

4
20.9
11.4

24.93
5.78
0.00
5.78

100

223.6

0

0

0.793

0.1372

0.213

68200
0.20
971

845.4
ab.7

2.2

0.278
Bvadl
14.3

307cC
BL
01/30/92
2

8

21
11.6
25.97
6.02
0.00
6.02
100
223.6
0

0
0.815
0.1353
0.219
70100
0.21
9. 17
856.5
38.6
2.5
0.344
4.12
16

9¢
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No. 2 Fuel, Matrix A
0 Degree Retard, 21% Oxygen, 100% Load, 0% Water

RUDL # §ciaisnisie s S A e N B e G e o 349 330 °
Test Matrix Data Point # ......... Fs o Al Al
PEIRE o R S St e 01/31/92 01/17/92
Fuel Type (#) ccc.. R cisielotels 2 2
Injection Retard (deg./btdc) ........... 0 0
@23an Intake Air (VOl=%) .ccccvceccecceces 20.9 20.9
02 in Exhaust Air (Vol-%) ....... Sl sloivi-te 11.4 11-5
Intake Air Flow (kg/min) ........... SO 23.92 24.53
02 Flow from Air (kg/min) ....... o LR £ 5 555 5.69
02 Flow from Bottle (kg/min) ....ccceee. 0.00 0.00
Total 02 Flow (kg/min) ...cccceece eTattory 5.55 5.69
Engine Load Level (%) ccccceccccccccccns 100 100
e s e e e s m s co e s ansssanisnee 219.8 223-6
H20 in Fuel (Wt-%) -- Planned .......c.. (0] 0
H20 in Fuel (Wt-%) =-- Actual ........... (0] 0
Net Fuel Rate (kg/min) ....ccccececcccas 0.769 Q777
FOE ] -_to=0lNRat1or ... scennsness ceeee 0.1386 0.1366
BSFC (kg/kW-hr) e e R e RN 0.210 0.208
Turbo Speed (Xpm) c:ccoecsececsoscssnss cece 65800 66400
Intake Manifold Pressure (MPa) ....cccce 0.19 0.20
Peak Cylinder Pressure (MPa) .....ceccee 10.28 10.28
Exhaust Temperature (K) «.ceccecececcses 834.3 830.9
Thermal Efficiency (%) .cccoocevecsscnns 40.2 40.5
SmoKe (F) iihies Lo o OB e e R »isie ik 1.8
Particulatesii(G/RWI)  ccsseseiss e 0:.235 0.200
e (T L R R e s e 5o s 5 o ww o assss 6.36 6529
Ignition Delay (deg) ....... shelalal stayals niahore 14.2 14.3




No.
0 Degree Retard,

2 Fuel,
25.5% Oxygen,

gl e S e A G R
Test Matrix Data Point # ....

DAEE o aleies vie s nieanine
Fuel Type (#) e

Injection Retard (deg./btdc)
02 in Intake Air (Vol-%) ....
02 in Exhaust Air (Vol-%) ...
Intake Air Flow (kg/min) ....
02 Flow from Air (kg/min) ...
02 Flow from Bottle (kg/min)

Total 02 Flow (kg/min)
Engine Load Level (%)
Power (kW) P e S S e

e e e 0 e

H20 in Fuel (Wt-%) -- Planned
H20 in Fuel (Wt-%) =-- Actual

Net Fuel Rate (kg/min)
Fuel-to-02 Ratio ....
BSFC (kg/kW-hr) aimrote

e s e e

Turbo Speed (TPm) s cesesseos
Intake Manifold Pressure (MPa)
Peak Cylinder Pressure (MPa)

Exhaust Temperature (K) .....

Thermal Efficiency (%)

Smoke (%) S A R

Particulates (g/kwh)

NOXR(G/RWNYET, o it s vivie s aosisos oo

Ignition Delay (deg)

58

Matrix A

. .
. .
. . .
& & 8 9 572 . m
o . .
. . .
sUE M & s b %
.
.

75% Load, 10%

01/24/92
2

0
25.5
16.7

20.24
4.40
127
5.67

Water

342

A2
01/27/92
2

0
2505
16.7

20.31
4.42
1.27
5.69

0.9
0.15
18.62

13.9

“J
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No. 2 Fuel, Matrix A
0 Degree Retard, 30% Oxygen, 50% Load, 20% Water

2

 Run C L e R . ® 8 8l s ot et @i o) s Tmbavars 332 343
. Test Matrix Data Po N N i i e A3 A3
Date ........ L AE LA L R 01/17/92 01/27/92
Fuel Type (#) cccccsccacoacas e e 2 2
Injection Retard (deg./btdc) Ny T N o 0 0
02 in Intake Air (Vol-%) ...... e as e 30 30
B auSt ALY (Vol=%) .cvesensosenss 22.3 22
Tntake Alr Flow (Kg/min) cesseoscaseetes 17.24 157532
SRRl SErom, ALY (KG/MIN) sowecwsecoseas 3250 1852
@2 Flow Exrom Bottle (kg/min). ccececesocess 2:15 2315
RO oW - (KG/MIN) - oesssscseneesans 565 5.67
Engine Load Level (%) ....c...c..... esee 50 50
R . L viee e 109.9 109.9
H20 in Fuel (Wt-%) -- Planned ...ccccce. 20 20
H20 in Fuel (Wt-%) -- Actual ........... 20 20
Net Fuel Rate (kg/min) ...... e @t ety 0.429 0.428
Fuel-to-02 Ratio JE T AR ccsccee o e 0.0760 0.0754
BSFC (Kg/KW=hTY) -ccceeeaoes 0.234 0.234
Turbo Speed (YPM) .cecceccececccccaas Sl e el =tots 44000 43600
Intake Manifold Pressure (MPa) ....c.... 013 0:13
Peak Cylinder Pressure (MPa) ....cecceas 791 8.10
Exhaust Temperature (K) b sl sheie minte ol e s loNe 684.8 684.8
Thermal Efficiency (%) «cccccceces eistnie tete 36.0 3652
ST L o« s Sieishe s otele s s sinisie s s & s vieie e 0.6 0.8
Particulates (g/kWh) ..cccccccccccccccns 0.136 0.176
L e S TR 30.29 30.87
Ignition Delay (deg) «ccceoceoceccccsccaasne : 14.4 15.6
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No. 2 Fuel, Matrix A
4 Degree Retard, 21% Oxygen, 75% Load, 20% Water

R e R e o alha 4ia s - isi/ariesb sl nrallaNaRars s ularararsnts 329 350
PastiMatriy Data Point # .o e eene A4 A4
BaEe R s 01/15/92 02/03/92
EuelEMyRe (#F) s cics cicesiciscalosionsiaiaalen e 2 2
Injection Retard (deg./btdc) ........... 4 4
02 in Intake A1r (Vol-%) <c.ceccosccssaca 20.8 20.9
2N ExhanstrALr (Vol==%)«  Sadssdces wasale 12 3 12
Intalkel AR Rl ow (K MR ok ekl iisis oo lna 20.76 20.41
@A Plows froms AT ARG /AN ), & cteieis s siciolaiatals 4.82 4.74
O2 Flowittom Bottlel (Kg/min)= .. cscescsss 0.00 0.00
Tobalt02 SRlow B MEN )5 < Sds sioaste alesioisis sls 4.82 4.74
Engane: Lioad Level () @ cci.iisscasnsnsoass 75 5
O e T e e et & alehete s avo uie) » (orwhscarar i as atars aails 163.6 162.3
H20 in Fuel (Wt-%) =- Planned .......... 20 20
H20 in Fuel (Wt-%) == Actual ....cccec.. 20 20
NetSEuelSRate s (g /MIN) "~ . ceraonsanniaee s 0.590 0.591
Rue=Co=00 MR OB 00 0. S o aeln oibsis e it 0.1225 0.1247
BSEC R (Ka AcWhr )t ahe B e e e 0.216 0.218
Turho: SpEed MEDM) s it oiv o e sine oo o sinisan 56100 56000
Intake Manifold Pressure (MPa) ......... 0.16 0.16
Peak Cylinder Pressure (MPa) SR e 8.16 8.09
Exhaust Temperature (K) «.ccceececocccces 75852 769.8
Thermal RERLH CIONCYM(E)Y " o b sintinte e slens 39.0 38.7
Smoke (%) i 1 R e e T o L R e 152 127
Bantiiculatesiilg /WA ) 8- 5 s o oo S s e o s 0.210 0.230
NOx (g/kWwh) G O T R T R S R i 3.92 3.77
Ignition Delay (Aeg) cueveeeveeneeeeeennn. 16.6 17
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No. 2 Fuel, Matrix A
4 Degree Retard, 25.5% Oxygen, 50% Load, 0% Water

RUN # <c-cceccccs B aisee Srds thera ardl sl st ety 327 346
, Test Matrix Data Point # .......... R A5 AS
B s e o i s cemss ey e s 01/14/92 01/29/92
REEERRE (F) < ccsoessesnen . e Bl S 2 2
,Injectlon Retard (deg 74 o5 oc bl [ 4 4
02 in Intake Air (Vol-%) ...... e s et 25.5 25.5
SRR EEhausSt ALr (VOl=%) ccvecvsccoacase 18.2 18
OREOEER AN Y Flow (kg/min) .c..ccoseasane Ars 17.59 17.69
YOElew from Alr (kg/min) ....csc0050.0 s 3..83 3.85
02 Flow from Bottle (kg/min) B a L SR 110 L)
THRENIRO2 Flow (Kg/MiN) cccccccscsscacanse 4.93 4.96
' Engine Load Level (%) ...... R e 50 50
Power (KW) <eeevo.. St e N e e 107.3 108.6
H20 in Fuel (Wt-%) -- Planned .....c.... 0 0
H20 in Fuel (Wt-%) -- Actual ........... 0 0
Net Fuel Rate (kg/min) ...ccececcccccaccas 0.428 0.428
BHEISEG=02 RAt10 .csacescccacsncssscs ess 0.0869 0.0864
BSFC (Kg/KW-hr) «e.voeo.. A e B e e 0.239 0.237
Turbo Speed (rpm) SllEl o7 /o' arie 0 s win wiaial s o e miuinieaia 45800 45900
Intake Manifold Pressure (MPa) ...... o 0.14 0.14
Peak Cylinder Pressure (MPa) ...ccoceescs 6.95 7.15
Exhaust Temperature (K) 5 O s ) e O 703 .7, 705.9
Thermal Efficiency (%) o nin) e e we a e oats 35,53 3557
SUEIEE( BN o oo o sicis s eiac oo sid|h o 9 winlnin e s TESE 1.6 1.8
Particulates (g/kWh) ......... S o e 0.196 0.230
NOX (g/KWh) eceveenn. i p e e oo ok L s 15.27 14.36
Ignition Delay (deg) ecceceececcccsccsss ety . 13.9 14.8
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No. 2 Fuel, Matrix A
4 Degree Retard, 30% Oxygen, 100% Load, 10% Water

Fuel Type (#) 250 e R als Bayan

o e N e S o S S e T 333 345
TestaMatrisc Data Boint # .c.isasadisse] A6 A6
DRI et P o U BRSPS, = 01/22/92 01/29/92
‘v dad S Bawhe =
Injection Retard (deg./btdc) .......... 4 4
@2 HncTntake Adr (Vodl=%) c...siam58 0058 30 30
G2 im Bxhaust - Al rS(Vol=%) ..::::655500: 203 20.5
Intake Ry Flow: (Kg/Min). ..«stisesszess e 23.97 24.01
G2 [Flows fromAdr (Kg/min) . «scisetistnss 4.87 4.88
@2y Flowi from Bottlex(kg/min) ‘..a:s2%5::72 2.98 2.99
TotalSoZN Ml ow g /ming « Y5 . ahst oo st s 7.85 787
Engineffoad"Tevel (3) = .....«258556%%5555% 100 100
Power (kW) FARCE s OAmsensdu ey i heh s v iy 221.1 2211
H20 in Fuel (Wt-%) -- Planned .......... 10 10
H20 in Fuel (Wt-%) -- Actual ........... 10 10
NetuFuel S Rake =(Ka/min) | o o.ssssi:adohsm. 0.770 0.768
EHe ] - o=0 R G et e oieanntesnb bt o 0.0981 0.0976
BSRCS (e IRW=hr ¥ . L i i 0.209 0.208
TUBBO Spaad T (TDM) . 2% et secntsanssiosensn 64300 63700
Intake Manifold Pressure (MPa) ......... 0.19 0.19
Peak Cylinder Pressure (MPa) ........... 10.01 10.19
Exhaust Temperature (K) /% s\ nte allal'e] sl le s u /el e 814.8 809.3
Thermal Efficiency (%) «vveeevveneeenn.. 40.4 40.5
B R B e e LR T 155 0.8
Particulates (g/kWh) olalnluiis lare e le o l'al uladets lal's s 0.185 0.185
NOXE(aRRI) T o o ot 27.92 27.66
Ignition Delay (deg) O O RO ety 1257 1223
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No. 2 Fuel, Matrix A
8 Degree Retard, 21% Oxygen, 50% Load, 10% Water

AUE  cssees s g T R S Y 336 348
Test*Matrix Data Point # ....... Criravialel s A7 A7
R e < st cescaescasasssassssesssssses 01/23/92 01/30/92
Fuel Type (#) el aRt ok ue el Tar 801 &) laLiereh wiiere S lekalote 2 2
In]ectlon Retard (deg./btdc) ...ceeeeonn 8 o8
020 in Intake Alr (Vol-=%) cc.cecscacssocass 20.9 20.9
0210 Exhaust Air (Vol=-%) cccecce. aaeleies 1356 136
Intake Air Flow (kg/min) .........ccc0... 17.48 17,76
EREIET N Eron Alr (Kg/miN) .ceescssacssas 4.06 4.12
02 Flow from Bottle (kg/min) ........ s 0.00 0.00
Total 02 Flow (Kg/min) ...cceeecen e oo 4.06 4.12
Engine Load Level (%) .cicceeccccccccacas 50 50
Vo T LI e i e SR RN SR 102.2 104.8
H20 in Fuel (Wt-%) -- Planned ....cccs0. 10 10
H20 in Fuel (Wt-%) -- Actual ....... s 10 10
Net Fuel Rate (kg/min) ....... s et B 0.430 0.429
Fuel-to-02 Ratio ....... e e e e Cra Do r e 0.1059 0.1041
HERSRIEG RN D)~ eeiea s saosassensone 0.252 0.246
Turbo Speed (XPM) cceeccscsccsscccsscsns 47200 . 47400
Intake Manifold Pressure (MPa) ...ceceae 0.14 0.14
Peak Cylinder Pressure (MPa) ..c.ccoceces 6.29 6.44
Exhaust Temperature (K) «ccccccee S anar ek shaile 710.4 712.0
Thermal Efficiency (%) ccccecccccconanns 33.5 34.4
St (100) U TR SRR e P S R b 2.6 4.2
Particulates (g/kWh) R disiieie e 0.501 0.568
O T T e - o ot iofs s s sin o mis s n asiamasasss 3.00 2.92

Ignition Delay (deg) «cecccccecccccananes . 17.8. 17.3
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No. 2 Fuel, Matrix A
8 Degree Retard, 25.5% Oxygen, 100% Load, 20% Water

RO e e e s sl =iele alalalx s s s lnaNe nk SEiuke a's 324A 344
Test Matrix Data Point # ...... TR A8 A8
Bate. S5k ek Massuanesnen s v vin e whe N FEPRNCR 01/03/92 01/28/92
Fuel Pype (F) s ihe Sin % 8 miae 8 eie w0 s v s HEA ey 2 2
Injection Retard (deg./btdc) ........... 8 8
02 in Intake Air (Vol-%) ..... e e e i, 25.5 25.5
02 "1n BExhaust Ailr (Vol=%) .<coeeoeen i e e 15.8 16.2
Intake Air Flow (kg/min) ....... el - 24.31 24.54
02 'Rlow Trom Air (Kg/MIN) «ovssesscnssss 5.29 5.34
02 Flow from Bottle (kg/min) ........... 1252 1.54
Total 02 "Flaw " (Kkg/MIN) s coos'ssseesss s - 6.81 6.88
Engine Load Level (%) .ceveeeeeecaenn *aiete 100 100
Power (KW) ....... NI i O i s & : 217.6 2173
H20 in Fuel (Wt-%) -- Planned .......... 20 20
H20 in Fuel (Wt-%) -- Actual ......... = 20 20
NefaEue IS Rate (g/mMin) . oo .oeiaieslsaise ois e 0.770 0.770
DRI Sle ok v ehillo B dh g UCEI S P o SR 0.1130 0.1120
BSFC (kg/kW-hr) ....... 0.212 0.213
TUrEbo Sp e (DM e . . . o e e o . 65400 65000
Intake Manifold Pressure (MPa) ......... 0.19 0.19
Peak Cylinder Pressure (MPa) ........... 8.61 8.77
Exhaust Temperature (K) alelokelaaiaminin aininin n c 819.3 81332
Thermal Efficiency’ (%) .:ccoeeesessnnnne 39.8 39.7
Smale (Y ol L s Rigsta » u/le'ls ] et o 0 n 0l mlals e ol e Q.7 -3
Particulates (g/kWh RIS Lo A oy s 0.177 0.136
NOx (g/kwWh) Wi aea el e/ e R ceeasn 1328 13512

Ignition Delay (ABg)  ...c.ssvs sy } 12.9 135
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No. 2 Fuel, Matrix A
8 Degree Retard, 30% Oxygen, 75% Load, 0% Water

S P e R N 338 347
Test Matrix Data Point # ..... SR A A9 A9
T e R LIAE 7 SRRt SRE s 01/23/92 01/30/92
Fuel Type (#) A A e O T S T T 2 2
In]ectlon Retard G{deg. /DEAC) = ..casiv sicisiorss 8 8
02 in Intake Air (Vol-%) .......... Giaknkene 30 30
02 in Exhaust Air (Vol-%) ....c.cceccecas Plal il 21 .4
Eake 2lr Flow (Kg/min) ..ecescecsseete o 20.68 20.92
GeFFlow from Air (Kg/min) ...ceese ok ey ok 4.20 4.25
02 Flow from Bottle (kKg/min) ..ccccccces 2457 2.60
Total 02 Flow (kg/min) .......... Rxadorarans 6.77 6.85
Engine Load Level (%) .«.ccceeececnnccnnn 75 75
Power (KW) ceececcccocccccsoncnnnnns S 15855 161.0
H20 in Fuel (Wt-%) -- Planned ......c... (o} 0
H20 in Fuel (Wt-%) -- Actual ........... 0 0
Net Fuel Rate (kg/min) e e s R 05592 0. 591
FUEl-to—02 Ratio ..ccocssscvosass & = sinione 0.0875 0.0863
BSFC (Kg/KW-hr) .eeeeeeeens 0.224 0.220
Turbo Speed (IPM) ceccecccccsccccccnnnas 56300 56100
Intake Manifold Pressure (MPa) ....ccc.. 0.16 0.16
Peak Cylinder Pressure (MPa) ..cccoceceeee 7.60 782
Exhaust Temperature (K) .«..c... o i = a2 ) 782.6 780.4
Thermal Efficiency (%) «ccecccccecccccns 37.6 38.3
SMOKE (%) ceceeeccscssccscscacncsoncanns 0.4 1.6
Particulates (g/kWh) ....... e iaay a Al e ahe 0.141 0.171
HO% (/KWN)  ovoooasessess 24.42 24.11

Ignition Delay (deg) aiialal et aial mp wfichiny € lar mivel AL 6he1 . 13.4 12.9
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No. 2 Fuel, Matrix B
0 Degree Retard, 21% Oxygen, 75% Load, 0% Water

RN TR . ELF cs 5ia s s s s srcisrarejaiosetntoraiit 356 353
Test Matrix Data Point # .ccccecocanoccios Bl Bl
AR o o T SR TR S R S e 02/25/92 02/26/92
Fuel Type (#) +eeeeccsccsscsccasssnannas 2 9
Injection Retard (deg./btdc) ........... 0 0
02 in Intake Air (VOol=%) .scccssssscscins 21 20.9

02 in Exhaust Air (Vol-%) ..ccccccccccccs 12 11.9

IntaketAlriEllow. (Kg/MAN) - aiciecisie olatatniatayste 2i1..53 20.70
02 ‘Flowrtrom-Air HKg/mMLn) ;. <« e «steenatesiaias 4.99 4.80
92 'Flowitrom Bottile S(Kg/min) & ceeeesessioo 0.00 0.00
Rotal OPWRIow - (Rg/MIT ) e clas iiers: atetst o shetatatore 4.99 4.80
Engine Load Level (¥) ccccacocasoasaosios 75 75
DOWET S RUIEIE s e S bariss s s age ot stnt ot alior stotarsiavers 167.4 161.0
H20 in Fuel (Wt-%) -- Planned .......... 0 0
H20 in Fuel (Wt-%) -- Actual ........... (0] 0
NetSne R ate KM L e e ete oiivie; inavearone 0.614 0.587
Euel=ta=02 BP0 0 e o o e i s e e e o 0.1229 0.1222
BSECH (g AW N ) e e s s S st o b 0.220 0.219
Eurbo=Snaecl (EDM)EENE I . ol o oen o s o arasarote 56500 55500
Intake Manifold Pressure (MPa) ...eece.. 0.16 0.16
Peak Cylinder Pressure (MPQ) ....ceeees. 8.99 8.77
Exhaust Temperature (K) Slisi'e where o ohn o et uteH 784.3 781.5
Thermal SEEEIcTIeNCY M) . i e o eesios o 38.4 38.6
Smoke (%) ol ter ittt aliohiape tu ter s at-a o, 5. aiwlay o aF AL w) 9 W oh st e 2.4 1.8
Particnlates (q/KWh)r" cle . ieaessssssiess 0.34 0.326
LB L R i e R 6.79 7 <0
IgnitionsiDelay (ded)l v...esessseesdcseos 501 15.4



67

No. 2 Fuel, Matrix B
0 Degree Retard, 25.5% Oxygen, 75% Load, 10% Water

BUIGE <%= T e i Se e Al e 331 319a
Test Matrix Data P01nt N s e s T o B2 B2
DR 8 csevsaneeasn S oaeiae s e G S e et B 01/17/92 01/31/92
Fuel Type (#) ccccccevccccccse B S B 2 2
In)ectlon Retard (deg /btdc) i 0 0
02 in Intake Air (Vol-%) By S IEE e S P a 25.5 25455
02 in Exhaust Air (Vol-%) ...... e e : 1i5:% 2 1504
QGREREER AN Flow (Kg/MIN) ceosceeseasosena - 26.13 24.88
E2FElow from Air (kg/min) ..ccceveacceca 5.68 5.47%
02 Flow from Bottle (kg/min) ........... 1.64 1.56
PEEalN02" Flow (kg/min) ...cescens O 7:32 6.97
Engine Load Level (%) cccccesscccccccsne 75 75
Power (KW) ...... S W I, 260.7 246.6
H20 in Fuel (Wt-%) -- Planned .......... 10 10
BRI Fuel (Wt-%) == Actual  .cccconcssse 10 10
HEEEne INRoate (kg/mMiN)  cesceconscansssaa 0.888 0.842
BEBL=ED=02 Ratio  <ccsecscesvue o Mt me e i 0.1213 0.1209
BERORIEG IcW=NT) %l a's e oo ocssnesinessess 0.204 0.205
Turbo Speed (Xpm) ccecececccccceces R RS 69900 67700
Intake Manifold Pressure (MPa) ......... 0.21 0.20
Peak Cylinder Pressure (MPA) ...cceecese 11.44 11.06
Exhaust Temperature (K) -..... wAo)tn o Voo u 10)7wr V050 837.6 836.5
Thermal Efficiency (%) «cccceccecces e o1 0 41 .3 41.2
BIOKE (F)  ocesveive Shalols e oe ehapune Rafombe lu¥e oo ie 0.4 1.4
BRECiculates (0/KWH) © «ocaie s viansioniainaaane 0.126 0.196
HERRIRIIWENG. . . . . st s osdere wisrannsasainmmteinte 17.90 18.08
S Eren Delay (deg)’ . ..-:eceisesiameeeses . 1254 1835
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No. 2 Fuel, Matrix B
4 Degree Retard, 25.5% Oxygen, 50% Load, 0% Water

R I e a i hans s ah9 & & & ek 510 &) viw ecnbar wilal'als 322A 335
Test Matrix Data Paint # " .. 000 liitedeelels B5 BS
R X e T salis o 2 wis nlabiamiiardm 0) 8w 4 ke da AlaTaty 01/16/92 01/22/92
B T ) e s = mia = %o /a0 o olaialaahe s alals ale 2 2
Injection Retard (deg./btdc) " "Ll 4 4
@2 in Intake ATFE (Vol=%) ... 0 i o daie. 2535 25.5
QTS E RN SENATE S (Vall=g) = et 17 52 16.7
EO BRI oW g/ ML) " oo o as s, 20.19 20.72
GENETewEtrom s Adr S(RG/MITL) "<C e e e e o 4.39 4.51
Q2R ElowRtron-Bottle *(Keg/min) = .oe o vdes = gtz 1.30
TOEATNGONK T oy e /) ™ S s o e v sl s b e 5.66 5.80
EngrieSLonduLega it (318 02 S0 MR et 50 50
e 219 (D] = Rt i AP P 8 159.7 164.8
H20 in Fuel (Wt-%) -- Planned .......... (o] 0
H20 in Fuel (Wt-%) == Actual ....ccceoce. 0 0
Neb SRl SR A e (R IAT) ™ ceccacccnrsnatty 0.581 0.601
BV o = e 8 5 o Y e e SRR S SRR B o0l 0.1027 0.1036
TR (R A 1) e e et e e L T T 0.218 0.219
TUEBORSPeed M rpm) = o o s v ion s oes s sl 54900 56500
Intake Manifold Pressure (MPa) ......... 0.16 0.16
Peak Cylinder Pressure (MPa) .......ec.. 8.37 8:31
Exhaust Temperature (K) B B0 G e o i 766.5 782.6
Thermal EEficiency (%) ..ccceecccennonas 38°7 38.6
Shusiazs [ED) o r it b e e 2.5 2.9
BaLErtculatesiig/RKWRY " i il tevesay 0.118 0:15

NOx (g/kWh) EE R ARAE D PN 17355 15.54

Ignition Delay (deg) <uvevevveneenvnnnn. 1332 13.9
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No. 2 Fuel, Matrix B
4 Degree Retard, 21% Oxygen, 75% Load, 10% Water

o e e P S SR S P 323¢ 354
Mest Matrix Data Point # ...ccecccccccns B6 B6
D s el 2L TR AR NS b o 02/25/92 02/26/92
FREINEYDe (#) .cccacaccconss 5 i e e 2 2
In]ectlon Retard (deg thbEde) i s ket e nin 4 4
CEEER Intake Alxr (Vol—=%) <ccceccncnacs M 20.8 20.9
R shanst Alr (Vol-%) .iececcevcceece a5 1221
ISR Bl e (KEG/MAN)  cceavcssecesaBae 21591 21,77
e from A1r (Kg/min) .c.eceieccaccons 5.08 5.05
@i Elow from Bottle (kg/min) ..c.ceccecces 0.00 0.00
Total 02 Flow (kg/min) ...... A T 5.08 5.05
Engine Load Level (%) ...... e P 75 75
Power (KW) ..ccccccccccncccee o ot atmielin) el 8l s 166.1 166.1
H20 in Fuel (Wt-%) -- Planned ........ e 10 10
H20 in Fuel (Wt-%) -- Actual ......c.... 10 10
ek Fuel Rate (Kg/min) ..ccccccccccancasns 0.621 0.616
Fuel-to-02 Ratio ...... AR &L a5 1 m) 4 47 riar o &) o Bi% B e 0.1221 0.1219
ESECN (RG/RW=NY) +.ececcassensnnsossass = 0.224 0.222
Turbo Speed (rpm) e ¢l s/ Miae) SFaTS w e &1 o A ) o ) §1e eie 57600 57800
Intake Manifold Pressure (MPa) ......... 0.17 ()i L/
Peak Cylinder Pressure (MPa) ......... e 8.13 8.11
Exhaust Temperature (K) ..ccccecceccces . 783.7 785.9
Thermal Efficiency (%) s S a-av sl o o ey S o 377 37%9
Smoke (%) ....0. e A R T el e . 1.4 a7
Particulates (g/kWh) ...... a9y o at mrlac o S i 0.400 0.368
NOx (g/kWh) ....... 4.51 4.37

Ignition Delay (deg) ..ccccce. o G g 5 16.2 16.1
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No. 2 Fuel, Matrix B
g8-Degree Retard, 21% Oxygen, 50% Load, 10% Water

RUL B e aital +a sisliein ayariatiere s sta s iuza er s oiss alvlaniaia 326A 309A
Test Matrix Data Point # ....ccccceee.n. B7 B7
DA | i o R S e e o 01/10/92 01/28/92
Fuel Type (#) eecescessccssscccccsacccans 2 2
Injectlon Retard (deg. /btdc) alla o djiats o IR 8 8
02 in Intake Air (Vol-%) ..c.ccececccccnn 21 20.9

02 in Exhaust Air (Vol-%) R A A e 13.8 1308

Intake Air Flow (Kg/min) = ....ceeececeans 17.65 18.10
02 Flow from Air (kg/min) .....cccccceee 4.09 4.20
02 Flow from Bottle (kg/min) ........... 0.00 0.00
Dot 02 RloWE (R /MINYE s ke o s me s e ohe s olers 4.09 4 .20
Engine Load Level (%) «ccececececcccnacns 50 50
Power (KW) <ccvcceesccccsssascsscncoccos 102.2 106.1
H20 in Fuel (Wt-%) -- Planned ....cccec. 10 10
H20 in Fuel (Wt-%) -- Actual .......c... 10 10
Net=FuelsRate (Kg/mMin): cscoe-saseossaniea 0.421 0.430
el =to=020RATTO *t s ciss onsisnoesivesionssss 0.1028 0.1023
BEECH( o RN & v pla5s = s06 sth v o nio slainisrsintie 0.247 0.243
Turbo Speed: (EPM) “eieecsisnsseasssionnssss 46300 47500
Intake Manifold Pressure (MPa) ......... 0.14 0.14
Peak Cylinder Pressure (MPAa) ...c..ceeess 6237 6.46
Exhaust Temperature (K) ielaieialnte oiniione w aialat = 705.9 712.0
Shermal "Efficiency (%) ...cocoseesscssns 34.2 3407,
Smoke (%) e e i e < cials s sin s e Tiae v e o 3.8
Particulabes (g /KWRY & o osanasssossssaos 0.507 0.562
NOx (g/kWh) SARSEA IR ISR ST s AN s ARy S 3.26 3.0
TgnitiontBelay “(ded): '« .. ssec-cssosssnes 16.9 17.9
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No. 2 Fuel, Matrix B
g-Degree Retard, 25.5% Oxygen, 75% Load, 20% Water

L R T 352 355
Test Matrix Data Point # ............... B8 B8
e R 02/17/92 02/21/92
Fuel Type (#) «eceeeesecacananaans 2 2
Injection Retard (deg-/btdc)=*rrriaaie. 8 8

02 in Intake Air (Vol-%) .....ccceeeenonn 25.5 2555
02 in Exhaust Air (Vol-%) .............. 4.0 15
Intake Air Flow (kg/min) ..........o..... sio) il 29.90
02 Flow from Air (kg/min) .......cceeeenn 655 6.50
02 Flow from Bottle (kg/min) N ot P 1.89 1.87
Total 02 Flow (kg/min) e e R 8.43 8.38
Engine Load Level (%) AR i e Eo OV 5 75
Power (kW) 5 e T RS R R S O =R 287 .5 286.2
H20 in Fuel (Wt-%) -- Planned .......... 20 20
H20 in Fuel (Wt-%) -- Actual ........... 20 20
Net Fuel Rate (kg/min) ...ceccecccecacns 1.034 1.028
Fuel-to-02 Ratio ..ccvcceccccccccccaness 0.1226 0.1227
BERC (KG/EW-DE) <ecceacscocscaansisocanss 0.216 0.215
Turbo Speed (rpm) s % elelara s sl allaileile Ve m alw) eieke o 77700 77000
Intake Manifold Pressure (MPa) ......... 0.24 0.24
Peak Cylinder Pressure (MPa) ........... 10.70 10.67
Exhaust Temperature (K) ..cccceccccceaes 880.4 877.6
Thermal Efficiency (%) cececcccccccaccns 3971 39.2
Smoke (%) e s sja s s sisvse s anneees e 0 1,
Particulates (g/KWh) «eeevececcacccconns 0.150 0.165
NOX (G/KWH) <sceoscccecoscaanscssosannns 14.11 14.09
Ignition Delay (deg) «ceececcscccscccccs . 17.8 17.9
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No. 2 Fuel, Matrix B
g-Degree Retard, 21% Oxygen, 75% Load, 0% Water

RUNK A B Sae s b o (B el s vise nis veain s eisisiskointe 310B 325B
Test Matrix Data Point # ............... B9 B9
By o e o e ey 02/19/92 02/21/92
Fuel Type (#) ceeeeescstccncsccansananas 2 2
Injection Retard (deg./btdc) ........... 8 8
02 in Intake Air (Vol=%) ccccocsccasccsns 20.9 20.9
02 in Exhaust Air (Vol=%) cceccceccecces 1254 12 '3
Intake Air Flow (Kg/min) .cccccccccccsasnse 21.92 22 2
02 Flaw Erom Air (Rg/min) ..cec.ccsecasces 5.09 5.15
02 Flow from Bottle (kg/min) ...ccscesa=ss 0.00 0.00
Total NO2NFlow “(Kg/Min) -« <-ceccsosssssscess 5.09 5.15
Engine Load Level (%) <ccccecececccccncns 75 75
OV e IR (R e s - 242 S5ATa e ioea aiaie 0 e s ol e o mbaiaiialor e 158.5 159.7
H20 in Fuel (Wt-%) -- Planned .......... 0 0
H20 in Fuel (WE—%) =-= Actual ...cccccess 0 0
Net FIel i Rate (g /MAN) o eacoassanisscns D% 612 0.620
e At =G Rt 110/ e as s¥ain v = s s s a'a slalis s s e alse 0.1204 0.1203
BSEC (KO JIUWENT) 5o e wieins o s iaisis uinoiaioiate ine s 0.232 0.233
Turbo Speed (rpm) e 'sisisls s uisinlale e nls alne se ne 58500 58500
Intake Manifold Pressure (MPa) ....cccee 0.17 0.17
Peak Cylinder Pressure (MPa) ...c.eceee.. 7.44 i b
Exhaust Temperature (K) ..ccccccceccscse 798.2 797.0
hermal S EEficiency (%) «cceoveoscesiovensse 36.4 36.2
e A (R R o R o diea s e s o n s als ol aisiels mie 3.4 3.3
Bartiiculatest (o /KWNY e ceennesssenssssan 0.67 0.632
NOX (G /RRNY . - ic5 e s cnecvannsanensssnses 3.88 3.95
Lgnationt PElaY (AeG): e cssicecsaasnesssen 14.7 14.8
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Six-Cylinder Diesel Engine Experiment

Matrix A, No. 2 Fuel

A. Analysis of Main Effect

A . B (& D NOx NOx
Trial Retard 02,% Fuel, % H20,% g/kwh g/kwh
No. 0,4,8 21,25,30 100,75,50 0,10,20 T S Mean
1 2l 1 1 1 6.36 6.29 18.48
2 1 2 2 2 18.62 18.45 15.48
3 1 3 3 3 30.87 30.29 13.48
4 2 al 2 3 .77 3.92 4.38
5 2 2 3 1 14.36 15.27 1552
6 2 3 ul 2 27.66 27.92 27.55
7 3 1 3 2 2.92 3.00 ST
8 3 2 1 3 13°12 13.28 15.55
9 3 =) e s U 24.11 24.42 16.12
Total 141.79 142.84 15,13
CF 2233.82 2267.03 16.43
Average 15.75 15.87 15.88
B. Analysis of Variance .
Source £ s v F S’ % contr.
Timing 2 d6.13 38.06 483.69 71597 4.48
Oxygen 2. 1611.10 805.55 10236.45 1610.95 95.10
Fuel 2 0.99 0.49 6.29 0.83 0.05
Water 2 5.05 2-83 32.11 4.90 0.29
e 9 0.71 0.08 0.08
T 17 1693.98 100.00
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six-Cylinder Diesel Engine Test Matrix

Sequences # 1&2 Fuel #2 Matrix B
A B c D NOx NOx
Level Retard 02,% Eq. R,%¥ H20,% g/kWh g/kWh
s 0,4,8 21,25,30 100,75,50 0,10,20 it T Mean
i1 1 1 2 1l 7e01 6.79 10.00
2 il 2 2 2 18.08 17.90 8.24
3 1 ab 3 3 513 5.07 7.07
4 2 a 2 3 379 3.68 4.61
D 2 2 3 1 17.55 15.54 16.21
6 2 1’ 24 2 4.51 4.37 4.49
7 3 1 3 2 311 3.26 8.48
8 3 2 27 3 14.11 14.09 8.55
=) 3 3 L4 2 1 3.88 3.95 8.28
Total 1717 74.65 9.12
CF 661.69 619.18 8.54
Average 8.57 8.29 7.65

Variance Table Analysis

Source o S v F s’ % contr.
Timing 2 26.09 ‘13.05 72.61 25.74 4.44
Oxygen 1 544.37 544.37 3029.41 544.19 93.91
Eq. R 1 0.22 0.22 1.25 0.04 0.01
WaFer 2 6.62 331 18.43 6.26 1.08
Replicat. q! 0.35 0.35 1.96 0.17 0.03
e 10 1.80 0.18 3.05 0.53
Pooled e 11 2,15 0.53

T 17 579.46 579.46 100.00
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Six-Cylinder Diesel Engine Test Matrix

Sequences # 1&2 Fuel No. 2 Matrix A
A B & D Part. Part.
Level Retard 02,% Fuel, % H20,% g/kWh g/kWh
1,2,3 Q74,8 21,25,30100,75,50 0,10,20 5B TI: Mean
1 1 1 at 5s 0.24 0.20 0.18
2 1 2 2 2 0.16 Q17 0.21
3 1 3 3 3 0.18 0.14 0.28
4 2 s 2 3 0.23 0.21 0.32
5 2 2 3 L 0.23 0.20 0.18
6 2 < il 2 0.19 0.19 0.17
7/ 3 1 3 2 0.57 0.50 0.19
8 <) 2 1 3 0.14 0.18 0.18
9 3 3 2 E 027 0.14 0.30
Total 2.09 1.92 0.20
CF 0.48 0.41 0.29
Average 0.23 . 0.21 0.18

Variance Table Analysis

Source : o S ¥ i S % contr.
Timing 2.00 0.03 0.02 31.54 0.03 14.00
Oxygen 2.00 0.09 0.05 85.74 0.09 38.84
Fuel 2.00 0.06 0.03 51.31 0.05 23.06
Water ~ 2.00 0.05 0.02 44.18 0.05 19.79
Replicat. 1.00 0.00 0.00 2.86 0.00 0.43
e 8.00 0.00 0.00 3.90

Pooled e 9.00 0.01 0.00

<0:00/ % SIS B !

b 17.00 0.24 100.00
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Six-Cylinder Diesel Engine Test Matrix

Sequences # 1&2 Fuel No. 2 Matrix B

A B C. D Particulate
Level Retard 02,% Eq. R,% H20,% g/kWh g/kwWh
Iy 2;:3 0,4,8 21,25,30 100,75,50 0,10,20 T 5 & Mean
1 s 1 27 i 0.33 0.35 0-32
2 1 2 2 2 0.20 0.13 0.25
3 b i 14 3 3 0.45 0.47 0.45
4 2 b 2 3 0.25 0.24 0.37
5 o 2 3 ab 0.12 0.15 0.15
6 2 Al 2 2 0.40 0.37 0.50
7 3 ol 3 2 0.56 0.51 0.29
8 3 2 27 3 015 0.17 0.35
g 3 7l 2 1 0.68 0.63 0.38
Total 313 3.01 0.38
CF 1.09 1.01 0.36
Average 0.35 0.33 0.29

Variance Table Analysis

Source f S A F 5> % contr.
Timing 2 0.12 0.06 8.92 0.10 19.11
Oxygen 1 0.32 0.32 49.07 0.32 58.04
Egq. R 1 0.01 0.01 1.75 0.00 0.91
Water 2 0.03 0.01 2.02 0.01 2.47
Replicat. 1 0.00 0.00 013 0.00 0.00
= 10 0.07 0.01 gi11 19.47
Pooled e 11 0.07 0.01

T 17 0.55 0.55 100.00
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Six-Cylinder Diesel Engine Test Matrix

Sequences # 1&2 Fuel No. 2 Matrix A
A B c D
Level | Retard 02,% Fuel, % H20,% Smoke,% Smoke,%
1:2,3 0,4,8 21,25,30 100,75,50 0,10,20 I TE Mean
il e | 1 1 T 2.10 1.80 1.28
2 1 2 e 2 0.90 1.50 .1.43
3 1 3 3 3 0.80 0.60 1.80
4 o i 2 3 1.70 1.20 227
) 2 2 3 I 1.80 1.60 1.30
6 2 3 1 2 0.80 1.50 0.95
7, 3 1 3 2 4.20 2.60 1.37
8 3 2 1 3 1.30 0.70 1.22
; 9 3 S 2 1 1.60 0.40 1.93
Total 15.20 11.90 1.5
CF ' 25.67 15,73 1.92
Average 1.69 1.32 1.05
Variance Table Analysis .
Source i S R 4 F s’/ % contr.
Timing 2 0.85 0.42 1.53 0.30 223
Oxygen 2 5.58 2.79 10.10 5.03 38.01
Fuel 2 1,71 0.86 3.10 1.16 8.78
Water & 2.27 1.14 4.11 2 ke 12.99
Replicat. 1 0.61 0.61 2.19 033 2.48
e 8 2.21 0.28 35.50
Pooled e 9 2.81 0.31
T 17 13.23 100.00
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Six-Cylinder Diesel Engine Test Matrix

Sequences # 1&2 Fuel No. 2 Matrix B
A B C D Smoke Emission
Level Retard 02,% Eq. R, % H20,% % %
152, 3 0,4,8 21,25,30 100,75,50 0,10,20 I IT Mean
Tk 1 1 2” 1 1.80 2.40 1.67
2 1 2 2 > 1.10 0.40 2.13
- 1 1 8 g 2.00 2.30 2.43
4 2 1 2 < | 1.50 2.80 2.57
5 2 2 3  § 2.50 2.90 1.32
6 2 47 27 2 1.40 1.70 2.35
7/ 3 i 3 2 3.80 3.10 1.38
8 3 2 2° 3 0.00 1.00 2.08
9 a 2 B 2 1 3.40 3.30 2.77
Total 17.50 19.90 2.72
CF 34.03 44.00 1.92
Average 1.94 221 1.60

Variance Table Analysis

Source £ s Sy F s’ % contr.
Timing 2 1.79 0.90 “2.57 1.09 5.75
Oxygen 1 5.21 5.21 14.98 4.87 25.54
Egq. R 1 4. 277 4.27 227 3.92 20.59
Water 2 3.97 1.99 5.7 3.28 17.21
Replicat. i 0.32 0.32 0.92 0.00 0.00
e 10 3.48 0.35 5.89 30.91

Pooled e 11 3.80 0.67

T 17 19.05 19.05 100.00
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Six-Cylinder Diesel Engine Test Matrix

Sequences # 1&2 Fuel No. 2 Matrix A
A B C D Thermal Efficiency
Level Retard 02,% Fuel, % H20,% % 53
1,2,3 0,4,8 21,25,30 100,75,50 0,10,20 I TT Mean
1 1 2t ol i1 40.20 40.50 38.75
2 i 2 2 2 39.60 40.00 38.27
&) L 3 S < 36.20 36.00 37.22
4 2 1 2 3 38.70 39.00 37.72
5 2 2 3 1 35.70 35.30 38.35
6 2 3 sl 2 40.50 40.40 38.17
7 3 1 3 2 34.40 33.50 40.18
8 3 2 1 3 39.70 39.80 38.87
9 3 < 2 1 38.30 37.60 35.18
Total 343.30 342.10 ST ~D3
CF 13094.99 13003.60 38.07
Average 38.14 38.01 38.23

Variance Table Analysis

Source ) o S ko F s’ % contr.
Timing 2 737 3.69 "34.70 716 7.92
Ooxygen 2 1027 0.64 6.00 1.06 1.17
Fuel 2 80.60 40.30 379.30 - 80.39 88.88
Water 2 0.27 0.14 1.28 0.06 0.06
Replicat. 1 0.08 0.08 0.75 0.00 0.00
e 8 0.85 0.11 1.97

Pooled e 9 0.93 0.10
T b 57 90.45 100.00
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Six-Cylinder Diesel Engine Test Matrix

Sequences # 1&2 Fuel No. 2 Matrix B
A B c D Thermal Efficiency
Level Retard 02,% Eq. R, % H20,% % %
123 0,4,8 21,25,30 100,75,50:0,10 20 iE XL Mean
1 St 1 25 1 38.60 38.40 38.12
2 1 2 2 2 41.20 41.30 38.25
a 1 L& 3 3 34.50 34.70 36.63
4 2 ol 2 3 38.50 38.10 37.08
S 2 2 3 1 38.70 38.60 39.68
6 2 i g 2 2 37.70 37.90 36.23
7 3 1 3 2 34.70 34.20 38.48
8 3 2 27 3 39.10 39.20 38.62
9 3 1’ 2 1 36.40 36.20 35.90
Total 339.40 338.60 37.82
CF 12799.15 12738.88 37.83
Average 37.71 37.62 37.35

Variance Table Analysis

Source o S v F s’ % contr.
Timing 2 9.66 4.83 "19.44 917 1178
Ooxygen 1 36.60 36.60 147.28 36.35 46.74
Eq. R sl 28.09 28.09 113:08 27.84 35.80
Water 2 0.90 0.45 1:82 0.41 0.52
Replicat. 1 0.04 0.04 0.14 0.00 0.00
e 10 2.49 0.25 4.01 5.16

Pooled e aial 2.52 0.28

T 17 1778 77.78 100.00
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Six-Cylinder Diesel

Engine Test Matrix

Sequences # 1&2 Fuel No. 2 Matrix A
A B C D BSFC BSFC
Level Retard 02,% Fuel, % H20,% kg/kWh kg/kWh
12,3 0,4,8 21,25,30 100,75,50 0,10,20 I IT Mean
1 1 2l q; i 0.210 0.208 0.218
2 1 2 2 2 0.213 0.211 0.221
3 1 3 3 3 0.234 0.234 0.228
4 2 1 2 3 0.218 0.216 0.225
5 2 2 3 s s 0.237 0.239 0.221
6 2 3 1 2 0.208 0.209 0.222
7 3 1 3 2 0.246 0.252 0.210
8 3 2 1 3 0.213 0.212 0.217
9 3 3 2 1 0.220 0.224 0.240
Total 1,999 2.005 0.223
CF 0.444 0.447 0.223
Average 0.222 0.223 0s221
»
Variance Table Analysis
Source £ S v F s’ % contr.
Timing 2 2.85E-04 1.43E-04 3.46E+01 2.77E-04 8.10
Oxygen 2 6.01E-05 3.01E-05 7.29E+00 5.19E-05 1.52
Fuel 2 3.03E-03 1.51E-03 3.67E+02 3.02E-03 88.21
Water 2 1.48E-05 7.39E-06 1.79E+00 6.53E-06 0.19
Replicat. 1 2.00E-06 2.00E-06 4.85E-01 0.00E+00 0.00
e 8 3.30E-05 4.12E-06 1.99
Pooled e 9 3.50E-05 3.89E-06
z 17 3.42E-03 100.00
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Six-Cylinder Diesel Engine Test Matrix

Sequences # 1&2 Fuel No. 2 Matrix B
A B (e D BSFC
Level Retard 02,% Eq. R,% H20,% kg/kWh  kg/kWh
1%,2,3 0,4,8 21,25,30 100,75,50 0,10,20 it I Mean
1 1 58 27 1 0.219 0.220 0.223
2 3 2 2 2 0.205 0.204 0.221
3 1 17 ) 3 0.245 0.243 0.231
4 B 1 2 3 0.219 0.222 0.228
5 2 2 3 1 0.218 0.219 0.213
6 2 1L 2L 2 0.224 0.222 0.233
7 3 1 3 2 0.243 0.247 0.219
8 3 2 24 < 0.216 0.215 0.219
) 3 i 2 54 0.232 0.233 0.236
Total 2.021 2.025 0.224
CF 0.454 0.456 0.224
Average 0.225 0.225 0.227

Variance Table Analysis

Source £ s =y F s’ % contr.
Timing 2 3.60E-04 1.80E-04 2.04E+01 3.43E-04 11.96
Oxygen 1 1.28E-03 1.28E-03 1.45E+02 1.28E-03 44.48
Eq. R 1 1.10E-03 1.10E-03 1.25E+02 1.09E-03 38.06
Wager 2 3.34E-05 1.67E-05 1.89E+00 1.58E-05 055
Replicat. 1 8.89E-07 8.89E-07 1.01E-01 0.00E+00 0.00
e 10 8.83E-05 8.83E-06 1.42E-04 4.96
Pooled e 11 8.92E-05 9.72E-06

T 17 2.87E-03 2.87E-03 100.00
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Six-Cylinder Diesel Engine Test Matrix

Sequences # 1&2 Fuel No. 2 : Matrix A

P B (o] D Exhaust Temperature
Level Retard 02,% Fuel, % H20,% K K
15273 0,4,8 21,25,30 100,75,50 0,10,20 T II Mean
i 1 1 8k i 834.3 830.9 758.3
2 1T 2 2 2 758.7 756 <5 760.3
2 1 3 3 3 684.8 684.8 769.6
4 2 p 3 2 3 769.8  '758.2 769.3
5 2 2 3 ol 705.9 703.7 759.6
6 2 3 X 2 809.3 814.8 75955
7 ) 1 3 2 712.0 710.4 820.3
8 3 2 ok 3 813.2 819.3° 767.7
9 3 3 2 L 780.4 782.6 700.3
Total 6868.4 6861.2 773.0
CF 5241658 5230674 760.28
Average 763.16 762.36 755.02

Variance Table Analysis

Source £ S -V F S’ % contr.
Timing 2 439.21 219.60 15.62 411.10 0.91
Ooxygen 2 381.58 190.79 13.57 353.47 0.78
Fuel 2 43444.03 21722.02 1545.36 43415.92 95.63
Water 2 1021.61 510.81 36.34 993.50 219
Replicat. it 2.88 2.88 0.20 0.00 0.00
e 8 112.45 14.06 0.50
Pooled e 9 115.33 12.81

T 17 45401.76 100.00
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six-Cylinder Diesel Engine Test Matrix

Sequences # 1&2  Fuel No. 2 ' Matrix B
i B e D Exhaust Temperature
Level  Retard 02,% Eq. R,% H20,% K K
2.3 0,4,8 21,25,30 100,75,50 0,10,20 ac TT Mean
1 1 1 27 1 781.5 784.3 767.1
2 il 2 2 2 836.5 837.6 770.6
3 3. g 3 3 6793 683.2 79532
4 2 1 2 3 753.2 15145 748.1
5 2 2 =) 1 766.5 782.6 830.2
6 2 b 2L 2 783.7 785.9 754.6
7 3 1 =) 2 712.0 705.9 815.6
8 3 2 L 3 880.4 877.6 795.7
9 3 b 2 ol 798 .2 797.0 721.6
Total 6991.3 7005.6 785.0
CF 5430920 5453159 776.9
Average 776.8 778.4 770.9
Variance Table Analysis
Source £ S = F 57 % contr.
Timing 2 2817.55 1408.78 9.57 2523523 4.35
Oxygen 1 24895.58 24895.58 169.17 24748.42 42.63
Eq. R 1 28246.40 28246.40 191.94 28099.24 48.41
Water 2 604.73 302.37 2.05 310.41 0.53
Replicat. 1 11.36 11.36 0.08 0.00 0.00
e 10 1471.62 147.16 2365.95 4.08
Pooled e 11 1482.98 158.52
T 17 58047.25 58047.25 100.00
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Six-Cylinder Diesel Engine Test Matrix

Sequences # 1&2 Fuel No. 2 Matrix A
A B c D Turbo Speed
Level Retard 02,% Power, % H20,% rpm rpm 10E+3
1,2,3 Ov4n 8 2125,30°100,75,50 0,10,20 aE (T Mean
1 1 1 i 1 65800 66400 54.78
2 1 2 2 2 54400 54500 55.30
3 1 3 = 3 43600 44000 56.23
4 2 ak 2 3 56000 56100 56.48
= 2 2 3 1 45900 45800 bas-1d
6 2 8 5 2 63700 64300 54.67
7 3 1 3 2 47400 47200 65.10
8 3 2 5L 3 65000 65400 55.57
5 9 3 S| 2 ok 56100 56300 45.65
Total 497900 500000 56.05
CF 2.8E+10 2.8E+10 55:.25
Average 85322 .22 55555.56 55.02

Variance Table Analysis

Source o S a8 F S’ % contr.
Timing 2 6.5E+06 3.2E+06 7.9E+01 6.4E+06 D55
Oxygen 2 1.1E+07 S5.3E+06 1.3E+02 1.0E+07 0.91
Fuel 2 1.1E+09 5.7E+08 1.4E+04 1.1E+09 98.16
Water 2 3.5E+06 1.8E+06 4.3E+01 3.4E+06 0.30
Replicat. 1 2.5E+05 2.5E+05 5.9E+00 2.0E+05 0.02
e 8 3.3E+05 4.1E+04 0.06
Pooled e 9 5.8E+05 6.4E+04

T 17 1.2E+09 100.00
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Six-Cylinder Diesel Engine Test Matrix

Sequences # 1&2 Fuel No. 2 Matrix B
A B {o] D Turbo Speed
Level Retard 02,% Eq. R, % H20, % RPM RPM
o) 0,4,8 21,25,30 100,75,50 0,10,20 I II Mean
il 3 1 27 1 55500 56500 56183.33
2 1 2 2 2 67700 69900 55966.67
3 1 1 8 3 43300 44200 60916.67
4 2 1 2 3 54600 54400 52466.67
5 2 2 3 1 54900 56500 67283.33
6 2 b 24 2 57600 57800 53316.67
74 3 1 3 2 47500 46300 63683.33
8 i3 2 24 3 77700 77000 60600
= < s 4 2 iz 58500 58500 48783.33
Total 517300 521100 56733.33
CF 3.0E+10 3.0E+10 57800
Average : 57477.78 57900 58533.33

Variance Table Analysis

Source £ S v F B8 3 contr.
Timing 2 9.39E+07 4.70E+07 1.32E+01 8.68E+07 5516
Oxygen 1 8.28E+08 8.28E+08 2.33E+02 8.25E+08 49.04
Eq. R 1 7.14E+08 7.14E+08 2.01E+02 7.10E+08 42.22
Water 2 9.83E+06 4.92E+06 1.38E+00 2.73E+06 0.16
Replicat. 1 8.02E+05 8.02E+05 2.26E-01 0.00E+00 0.00
e 10 3.55E+07 3.55E+06 5.76E+07 3.42
Ppoled e 11 3.63E+07 4.35E+06

T 17 1.68E+09 1.68E+09 100.00
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Six-Cylinder Diesel Engine Test Matrix

Sequences # 1&2 Fuel No. 2 Matrix A
A B (o D Peak Cyl. Pressure
Level Retard 02,% Fuel, % H20,% MPa MPa
1,2,3 0,4,8 21,25,30 100,75,50 0,10,20 I LT Mean
1 L b 1 1 1 10.28 10.28 9.23
2 1 2 2 2 9.35 9.45 8.43
3 2k 3 3 3 8.10 7.91 7.59
4 @ T 2 3 8.09 8.16 8.26
5 2 2 3 1 715 6.95 8.38
6 2 3 1 2 10.19 10.01 8.60
i 3 1 3 2 6.44 6.29 9.69
8 3 2 3 4 3 8.77 8.61 8.41
- 3 3 2 1 7.82 7.60 7.14
Total 76.19 75.26 8.35
CF 644.99 629.34 8.62
Average 8.47 8.36 8.27

Variance Table Analysis

Source £ ) ‘v F S’ % contr.
Timing 2 8.07 4.03 521.48 8.05 28.29
Oxygen 2 0.37 0.19 24.19 0.36 1.26
Fuel 2 19.51 9.75 1260.58 19.49 68.47
Water 2 0.40 0.20 26.15 0-.39 1.37
Replicat. 1 0.05 0.05 6.21 0.04 0.14
e 8 0.06 0.01 0.46

Pooled e 9 0.11 0.01
4 X7 28.47 100.00
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Six-Cylinder Diesel Engine Test Matrix

Sequences # 1&2  Fuel No. 2 Matrix B
A B (o) D Cylinder Pressure
Level Retard 02,% Eq. R, % H20,% MPa MPa
1,2,3 0,4,8 21,25,30 100,75,50 0,10,20 I T Mean
1 1 1 27 iy 8.77 8.99 9.25
2 it 2 2 2 11.06 11.44 8.12
3 1 4 3 3 7.50 T=74 8.19
4 2 ! 2 3 8.04 P77 793
5 2 2 3 1 8.37 8.31 10.09
6 2 X 2r 2 8.13 8.11 7.74
7 3 L 3 2 6.46 6.37 9.23
8 3 2 ar 3 10.70 10.67 8.88
9 = : 2 i 7.44 Tiwal 7.46
Total 76.47 76.91 8.23
CF 649.74 657.24 8.60
Average 8.50 8.55 8.74

Variance Table Analysis

Source £ s N/ F S’ - % contr.
Timing 2 4.80 2.40 4517 4.69 12.18
Oxygen 22.20 2220 418.13 22:15 57.50
Eq. R 1 10.17 10.17 191.47 10.11 26.25
Wat;er e 0.81 0.41 7.67 0.71 1.84
Replicat. ol 0.01 0.01 0.20 0.00 0.00
e 10 0.53 0.05 0.86 2.23
Pooled e 2k 0.54 0.06

T 17 38.52 38.52 100.00
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Six-Cylinder Diesel Engine Test Matrix

Sequences # 1&2 Fuel No. 2 Matrix A
A B c D Ignition Delay
Level Retard 02,% Power, % H20,% deg. deg.
142,3 0,4,8 21,25,30 100,75,50 0,10,20 T IT Mean
1 3 1 1 ik 14.20 14.20 14.38
2 1 2 2 2 13.90 14.00 14.55
3 5L 3 3 3 15.60 14.40 .14.67
4 2 35 2 3 17.00 16.60 16.18
5 2 2 3 al, 14.80 13.90 13.87
6 2 3 3k 2 12.30 12.70 13.55
4 3 1 3 2 17.30 17.80 13.33
8 3 2 5k 3 13.70 12.90 14.63
9 3 3 2 L 12.90 13.40 15.63
Total 131.70 129.90 13.90
CF 1927.21 1874.89 14.67
Average 14.63 14.43 15.03

Variance Table Analysis

Source o S v F s’ % contr.
Timing 2 0.24 0.12 0.58 0.00 0.00
Oxygen 2 24.80 12.40 '59.06 24.38 52.01
Load 2 15.96 7.98 38.00 15.54 33,15
Water = 2 4.01 2.01 9.56 3.59 7.66
Replicat. 1 0.18 0.18 0.86 0.00 0.00
e 8 1.68 0.21 7.17
Pooled e 9 1.86 0.21

T 17 46.88 100.00
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Six-Cylinder Diesel Engine Test Matrix

Sequences # 1&2 Fuel No. 2- Matrix B
A B c D Ignition Delay
Level Retard 02,% Power, % H20,% deg. deg.
1,2.3 0,4,8  21,25,30'100,75,5070,10, 20 T Ir Mean
1 1 1 x2 1 15.40 15.10 16.00
2 1 2 2 2 13.50 12.10 15.42
3 1 Al 3 20.30 19.60 16.67
4 2 1 2 3 16.90 16.80 16.50
5 2 2 3 1 13.20 13.30 14.63
6 2 st T 2 16.20 16.10 16.95
7 3 1 3, 2 1790 16.90 16.42
8 3 2 EYA 3 17.80 17.90 14.80
9 3 /' 2 1 14.70 14.80 16.87
Total 145.90 142.60 14.42
CF 2365.20 2259.42 15.45
Average 16.21 15.84 18.22
Variance Table Analysis
Source f S v F s’ % contr.
Timing 2 4.69 235 *15.78 4.40 5.17
Oxygen 2 18.11 905 60.87 17.8% 20.93
Load 2 14.17 7.09 47.65 13.88 16.31
Water 2 46.32 23.16> 155.71 46.03 54.09
Replicat. 1 0.60 0.60 4.07 0.46 0.54
e 8 1.19 0.15 2.97
Pooled e 9 1.79 0.20
T 17 85.10 100.00
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Appendix C:

Data Sets from the Six-Cylinder Engine Tests with #6 Diesel Fuel







245

MULTI-CYLINDER ENGINE TEST
NO. 6 FUEL

Table 1. Matrix A
Engine Load Characterized by Fuel Rate

Injection oxygen Engine Water
Retard, deg. Content, % Load, % Content, %
Level 1 0 21 100 0
7 4 29.5 75 10
3 8 30 50 20
Table 2. Matrix B

Engine Load Characterized by Equivalence Ratio

Injection oxygen Engine Water
Retard, deg. Content, % Load, % Content, %
Level 1 0 21 75 0
2 4 23 6255 5
3 8 25 a 50 10
Table 3. Taguchi L9 Orthogonal Table
Injection oxygen Engine Water
Retard Content Load Content
Test #1 1 1 1 it
#2 1 2 2 2
#3 1 3 3 3
#4 2 1 2 3
#5 2 2 3 1
#6 2 3 3l 2
#7 3 s 3 2
#8 3 2 1 3
#9 3 3 2 1l
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ARGONNE 6-CYLINDER ENGINE TEST MATRIX

FUEL RATE
ALI ANL OR INJ. | OXYGEN | LOAD | WATER
TEST # CODE EQU. RATIO | RETARD % % %
359 WE FUEL (#2) 0 30 *kk 0
360 WE FUEL (#2) 0 30 *kk 20
361C Bl B FUEL* 0 3 % 100 0
362B Bilis - 0 21. 75 0
363B B.L. - 0, 21 62.5 0
364B B.L. - 0 2% 50 0
365A B2 EQ.R.** 0 23 62.5 2,
366A Bl EQ.R. (o] 21 75 0
367A A2 FUEL 0 25.5 75 10
368A B3 EQ.R. 0 25 50 10
369A A3 FUEL 0 30 50 20
370 A9 FUEL 8 30 75 ]
il B8 EQ.R. 8 23 75 10
372 A7 FUEL 8 5§ 50 10
373 A8 FUEL 8 2525 100 20
374 B7 EQ.R. 8 2% 50 5
375 B9 EQ.R. 8 25 S 0
376 A6 FUEL 4 30 100 10
377 B4 EQ.R. 4 21 62.5 10
378 AS FUEL 4 25.5 50 0
379 B6 EQ.R. 4 25 75 5
380 BS EQ.R. 4 a3 50 0
381 A4 FUEL 4 21 75 20

% %

engine load.

* % %

part of the Taguchi matrix:
should be maintained at 400 hp if possible.

2 fuel.

?aintain baseline fuel rate measured at corresponding engine
oad.

Maintain baseline equivalence ratio measured at corresponding

Tests #359 and #360 are designed to check out the effects of

water on emissions with the No. These tests are not

For these tests, the engine load
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ARGONNE 6-CYLINDER ENGINE TEST MATRIX

SEQUENCE #4 (#6 FUEL)

FUEL RATE
ALI ANL OR INJ. OXYGEN LOAD WATER
TEST # CODE EQUI. RATIO | RETARD % % %
382 A7 FUEL* 8 21 50 10
383 B8 EQ.R.** 8 23 74i) 10
384 A9 FUEL 8 30 75 0
385 A8 FUEL 8 25.5 100 20
386A B7 EQ.R. 8 21 50 2]
387A B9 EQ.R. 8 258 62.5 0
388 AS FUEL 4 25.5 50 0
389 B6 EQ.R. 4 25 75 5
390 A4 FUEL 4 27 D 20
391 A6 FUEL 4 30 100 L0
392 B4 EQ.R. 4 21 62.5 10
393 B5 EQ.R. 4 23 50 0
395 B2 EQ.R. 0 23 62.5 B
396 A3 FUEL 0 30 50 20
397 A2 FUEL 0 25.5 75 10
398 Bl EQ.R. 0 4 21 75 0
399 B3 EQ.R. 0 25 50 10
400 Al FUEL 0 21 100 0
401 WE FUEL (#6) 0 21 100 10
402 WE FUEL (#6) 0 21 100 20
* Maintain baseline fuel rate measured at corresponding engine

load.
** Maintain baseline equivalence ratio measured at corresponding
engine load.

*** Tests #401 and #402 are designed to check out the effects of
water on emissions with the No. 6 fuel. These tests are not
part of the Taguchi matrix.
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No. 6 Fuel, Matrix A
0 Degree wmﬂmﬁa 21% Oxygen, 100

BT i 5ol aiarhtsnnanayatinsy b fev. s s oo mye
Test Matrix Data Point # ....
DAkl e iiins a5 s e symtesiannid e . sinein .
Fuel Type (#) «ceceececccacans
H:umnnwo: Retard (deg. \Unanv
02 in Intake Air (Vol-%) s
02 in Exhaust Air (Vol-%) ...
Intake Air Flow (kg/min) ....
02 Flow from Air (kg/min) ...
02 Flow from Bottle (kg/min)
Total 02 Flow (kg/min) .....
Engine Load Level (%) ......
Power (KW) ..ccccccsscssccccscns
H20 in Fuel (Wt-%) -- Planned
H20 in Fuel (Wt-%) -- Actual
Net Fuel Rate (kg/min) ......
Fuel-to-02 Ratio .....ccccees
BSEC (K /KW=NT) " dsasnssidissiies
Turbo Speed (Xpm) ccseccccececs
Intake Manifold Pressure szmv
Peak Cylinder Pressure (MPa)
Exhaust Temperature (K) sesiss
Thermal Efficiency (%) ......
(o), R ) R e T i e
Particulates . (g/KWh) : «eeiseeisia
NOXN (T REWEY . Loy o acionielaaiors st
Ignition.Delay (deqg)  «..ueson

% Load, 0% Water

361C
a1l
07/04/92
6

0
20.99
101 Gl
26.60
6.17
0.00
6.17
100
223.9
0

0
0.980
0.1587
0.263
70300
0.31
9.61
834.3
32.2

9
1.691
5.17
15.7

08/07/92
6

0
20.99
11.2
26.96
6.26
0.00
6.26
100
221.1
0

0
0.974
0.1557
0.264
71000
0.21
8.20
854.8
31.9
16
2.773
S.9%
16.5
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No. 6 Fuel, Matrix A
0 Degree Retard, 25.5% Oxygen, 75% Load, 10% Water

I R L e e e cssssasae SRS B W . 367A 397
liFE=t Matrix Data Point # ....cecevee SR A2 A2
1537 Sy iy A i R e S 07/07/92 08/08/92
BN DE ) = e i ciavcn s aiescnnansice s . 6 6
Injection Retard (deg./btdc) - ...ceeeeess 0 0
02 in Intake Air (Vol-%) ...... R s ante 255 255
BB Exhaust Alr (VOol=%) c.coucescnccas 16.1 161
Eatake Alr Flow (Kg/min) ..cceeccscenascs 219000 28.70
EPNElow from ALr (Kg/mMIN) = ..ceecesesiacnes 4.76 4.94
02 Flow from Bottle (kg/min) ........... 1...37 1.42
BEELE 020 Elow (Kg/MIN) aieceeeeicnsesnisess 6.14 6.36
Engine Load Level (%) .ccccocecccccccccs 75 75
Power (kW) ...... leiainis clisialols s ais o oo ceeacen 3 177.6 187.8
H20 in Fuel (Wt-%) -- Planned .......... 10 10
H20 in Fuel (Wt-%) -- Actual ........... 10 10.1
Net Fuel Rate (kg/min) ........ e Elaln ate 0.797 0.797
Fuel-to-02 Ratio ......ccccee P e T 0.1298 0.1254
BSFC (KG/KW-NY) ceveeeeeennnn DR R 0.269 0.255
IEBGE Speed (EPM)i & il s s ein ais s sinisianies 58500 61200
Intake Manifold Pressure (MPa) ...cccce. 0.17 0.18
Peak Cylinder Pressure (MPa) ........ hoys 835 8.97
Exhaust Temperature (K) ....cccecececces 779.3 794.3
[BUEEma T Efficiency (%)) acclcccicisiennieleloiens 31.4 33
B R o eeiese < clalalale oiaie o ninias S Reiste o tntn 1 1
Rt iculates (g/kWh)  “oioleisisecs oiansciainiainiss 1.055 1.163
RO /KW & .~ ceaaie o sieieiassas 16.95 16.97
gnrtion Delay (deg)e '<oscecsossssssssoses 16.3 152
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No. 6 Fuel, Matrix A
0 Degree Retard, 30% Oxygen, 50% Load, 20% Water

RYITIE 15 v ilasohiatsr o o % wimbie s sw) ml6 w4 e ia i Seka ez eRo NS EET AN 369A 396
Test Matrix Data Point # ............... A3 A3
D e e R e et io] wifelarik e el . a1 SR AR SVa sk mEala R Tetalis 07/07/92 08/08/92
Fuel Type (#) R e O S e R G 0 O o 6 6
Injectlon Retard (deg. /btdc) PPN (e o ) O 0 0
02 in Intake Air (Vol-=%) .ccccccccocccas 30 30
@2 Bin ExhauschAir (Voll=%)" i oo 21.8 21.9
Intake Air Flow (Kg/min) .ccceseceeccsessoe 18.38 18.40
02 Flow from Air (Kg/min) ...ceesecccssoe 3.73 3.74
02 Flow from Bottle (kg/min) ........... 2.29 2.29
Totalloz Flow (kg/min): ..« eeesanenasen 6.02 6.03
Engine Load Level (%) S DA o s e o o 50 50

Power (KW) .cccccececccocccccccnccnsacnns
H20 in Fuel (Wt-%) -- Planned

.
.

.

.

.
P
.
-
-
(]
N e
o ®
=
8]
(8]

N e

owNn

H20 in Fuel (Wt-%) -- Actual ........... 19.9 20.3
Net Fuel Rate (Kg/min) .....c.ceceeccecss 0.584 0.586
Fuel -to=02 8 RaE1DI 0 s% cwa oo siasessie i aalatalolaislale 0.0970 0.0972
Eholel (Ui ie) e R el L S L 0.295 0.281
Furbosbpecd B (EPm) oo o T s e el Y 47500 48800
Intake Manifold Pressure (MPa) % ailaliabiakatutnta 0.14 0.14
Peak Cylinder Pressure (MPa) Sareialetatmistore 7.44 7.39
Exhaust Temperature (K) STaaele &e s aiarintu el o Rty 700.4 713=2
Thermal Bfficiency’ (%)  ..cdscs®ivoacsiana 28.6 30.1
el 2=y ) e e e e R e e I s T 0 0
Particulates. (g/KWH) = eceesssessensiene 1.390 1.532
NOx (g/kWh) $05.0 55 p s o sl uin s ale bieii bkl naalaTatEN AR SRS 27.65 27.93

Tgnitionibelay: (deg) .. ceierenissaeaeiile 17.6 1;.8
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No. 6 Fuel, Matrix A
4 Degree Retard, 21% Oxygen, 75% Load, 20% Water

DR fr iy e e e A R L e e S A A 381 390
Test Matrix Data Point # ..... ORI A4 A4
BRI o a5 @ ae s sianisien e .ssawse ey oae i dve a o #e 07/21/92 07/29/92
Fuel Type (#) <cccceccccccscas O T e 6 6
Injectlon Retard (deg /btdc) See e e Sheaa ol 4 4
BRI Intake Air (Vol=%) coceoliceananan 20.99 20.99
@i Exhaust Air (Vol=3)  ..cccecoccocns 11726 o L (9
flntake Alr Flow (kKg/min) .ccceecscscases 23.64 23.39
g Flow from Air (kg/min) ...... SO 5.48 5.43
02 Flow from Bottle (kg/min) ......... % 0.00 0.00
Total 02 Flow (kg/min) ....... S e 5.48 5543
ERgine Load 'Level (%) ccccavedosscsossoe 75 75
R (Y i b o e i e R S 7205 172.5
H20 in Fuel (Wt-%) == Planned ....eccca. 20 20
H20 in Fuel (Wt-%) -- Actual ...... 20.4 19.5
HEERRUR)T Rate (kKg/min) @ cccsecscesoscocesas 0.791 0.797
B To=020 Rati0 c.ceevecassssse O = <ieNHe R 0.1441 0.1470
BSFC (kg/kW-hr) ....... e SRR s 0.275 09277
Turbo Speed (rpm) 4o, R S B oot 62500 63200
Intake Manifold Pressure (MPa) ......... 0.18 0.18
Peak Cylinder Pressure (MPA) ..ccesccoas 7.99 8.08
Exhaust Temperature (K) ..cccececccceceaes 805.4 821.5
leEmal Efficiency (%) c-osecdccccccnass 30.7 30.4
BRI [ ) e oo - CH Y RS R AR 7 9
Particulates (g/kWh) ....... G O B S O 1.820 1.920
NOx (g/kwh) Wasia s et e e e Bh T T A 2.90 2.2
A Eion Delay™ (ded)  ccacevisscscscnnens 17.9 16.3
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No. 6 Fuel, Matrix A
4 Degree Retard, 25.5% Oxygen, 50% Load, 0% Water

RIS E R s o o st alae aiilariciaio e alehe shaloin s aluiwnel oo upniusn 378 388
Test Matrix Data 901nt # e AN, e AS A5
Date ccecocss TR RN B0 ) e @ a o wb AN . 07/20/92 07/29/92
Fuel Type (#) ceccccscccsccacccccccnnse = 6 6
Injection Retard (deg./btdc) A 4 4
02iiniIntake 2ir (Vol=3) ..ccecsnsae on b0 25.5 25.5
02 in Exhaust Air (Vol=%) ..cscsseccecncss b Iy 5o 17.4
Intake Air Flow (Kg/min) ...cccccccoscss 19.65 20.23
02 Flow from Air (kg/min) ..... 5 S 4.27 4.40
02 Flow from Bottle (kg/min) ....ccecc.e. Lo23 1.27
Total 02 Flow (kg/min) ..... SR S e T 5.50 5.66
Engine Load Level (%) ...... Slioha e v AR 50 50
Power (KW) .cccccccocecccscoanes ceeeeeaan 124.0 115.0
H20 in Fuel (Wt-%) -- Planned .......... 0 0
H20 in Fuel (Wt-%) -- Actual .....cccc00 0 0
Net Fuel Rate (kg/min) = ...cccecssssessnes 0.586 0.581
Fuel-to-02 Ratio ..... Sieiu 8 eie & sim min g einy n b 0.1065 0.1025
BSFC (kg/kW-hr) ..... P 0.284 0.303
Turbo Speed (Xpm) ccceecceee cesessssnaines 51700 53300
Intake Manifold Pressure (MPA) .c.ceecee 0.14 015
Peak Cylinder Pressure (MPA) ...ceeeeess 6.90 6.65
Exhaust Temperature (K) wis's mialomin alatetn el . 756.5 762.6
Thermal B ciency (%) ity e sl ateleirs e e 29.8 27.9
el e By A R R R R e 4 6
Particulates (g/kWh) ...... Gty Tais aia T 1.843 3.285
NOx (g/kWh) FR S T = ssssume Sua e eiale W ine mie Hie 12.00 10.21
Ignition-Delay (Adeq) « «osicensisio . 14.5 16.2
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No. 6 Fuel, Matrix A
4 Degree Retard, 30% Oxygen, 100% Load, 10% Water

I T 0= oo = alel ol a at o= o taite o s o o/ wiisa s siis niain o 376 391
Test Matrix Data P01nt # ..... O L O AT A6 A6
s o R o SN i At A T e 07/19/92 07/31/92
Fuel'Type (#) cc-cscassscsassoas S5 et e Ao 6 6
Injection Retard (deg./btdc) ........... 4 4
@GP in Intake Air (VOl=%) .ccccsvconsssss 30 30
02 in Exhaust Air (Vol=%) ..cccecccccces 19.3 19,7
Intake Air Flow (Kg/min) .cccceccccces S 27.58 26.80
02 Flow from Air (kg/min) ....ccceccceen 5.60 5.44
02 Flow from Bottle (kg/min) ..ecececes. 3.43 3.33
Total 02 Flow (kKg/min) ....ceceeccccacnn 9.04 8.78
Engine Load Level (%) ..ccceececcccccnns 100 100
DT (A e e e S P R 253.0 237.7
H20 in Fuel (Wt-%) -- Planned ...... e 10 10
H20 in Fuel (Wt-%) -- Actual ........... 9.8 10.4
Net Fuel Rate (kg/min) ....... S e raa e vt 0.990 0.989
Fuel-to-02 Ratio sinima AR T e e e e oo oh 0.1096 0.1127
BESFC (KG/KW=hY) ..cececscsssssoss i eseind 0.235 0.250
BN SN caRl rpm)E .. - i s ot e e o6 72000 69700
Intake Manifold Pressure (MPa) «.ccccess 0.22 0.21
Peak Cylinder Pressure (MPa) ..ccececcss 9.93 9.58
Exhaust Temperature (K) .ccceceececccccss 866.5 839.3
Thermal Efficiency (%) .«cceceeececcanans 36.0 33.8
Smoke (%) .ccecceccevcecscssncssscososcnnns 1 0
Particulates (g/kWh) ......... e e 1.269 1.419
R /ISWRYE & 5 roraiarern o 56 51w 26.43 29574

Ignition Delay (Ae€g) «eeeeecccsccccccnas 19.3 9
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No. 6 Fuel, Matrix A
8 Degree Retard, 21% Oxygen, 50% Load, 10% Water

RUT E ol cidahsats o'n indtapaners ne o asu
Test Matrix Data Point # ...
B e e e G e a4 Susgeiety s e o o % Wi
Fuel Type (#) «ecceccccacans

S PN 372 382
A7 A7
07/08/92 07/26/92
6 6

a s nle
.« .
Satalicy i
.
.
.
.
.
.

Injection Retard (deg./btdc) = ixleTaiisalake . 8 8
02 in Intake Air (Vol-%) o nae e eie n winin . 20.99 20.99
02 in Exhaust Air (Vol-%) e e 13:2 1323
Tntake Adr Flow (kg/min) C.c.eisadieeelesis 19.23 19.49
@2 Flow £rom ALY (Kg/min) i ccoece s as taes 4.46 4.52
G2 aFliow £rom Battle (lcg/min) st ateaie. 0.00 0.00
Total 02 Flow (Kg/min) ...cecccccscscsens 4.46 4 .52
Engine Load Level (%) cccccccccscsccanns 50 50
ECEE | (W) i e o oh s s o L e 94.6 102.2
H20 in Fuel (Wt-%) -- Planned .......... 10 10
H20 in Fuel (Wt-%) —-- Actual ...ccccscee 10:2 9.8
NetiEuel RateN(lkg/min) o aticllsie saitisials ote 0.590 0.591
Ele l=Eo=023BaP 10} “iesis sisalials sioe sieiale dialaalelsials 0-1322 0.1307
BSECE (loey /W —HE ) iei o o o ale e 0.374 0.347
Thrbo Speed ( rpm)ifs . 0l cseasnn e sers 51700 53500
Intake Manifold Pressure (MPa) ...ecoeee. 013 0.15
Peak Cylinder Pressure (MPQ) .cceecesces 5.80 6.29
Exhaust Temperature (K) afai e ale wini st sininie s alk 747.6 768.7
ThermailFEFEACIencY « (). < sie s i s eaialslcs 22.56 24.3
S ) R T e R e e S T B 5 e e 19 22
Particulates Hg/XWh) ..l cusshaeoan 5.889 6.204
NOx.(g/kWh) N T R R e A e T 0 O 2.39 2.56
Ignition Delay’ (deg) ® ... .- crsia . 19 18



255

No. 6 Fuel, Matrix A
8 Degree Retard, 25.5% Oxygen, 100% Load, 20% Water

wenm S TSR TS ST TR R R P S W SRR TP S 373 385
GlecE Matrix Data Point #  ccececcacancses A8 A8
Dt TR DR R R TS el G T 07/09/92 07/27/92
Fuel Type (#) «eccec-. Rl Ps ko fotio ot haia e rallatiutle . 6 6
Injection Retard (deg./btdc) ........... 8 8
BN Tntake Aixr (VOl=3%) .ccensscesscese 25.5 25.5
PN Exhaust Air (Vol=%)  cceececccasacns 15.6 15.5
Intake Air Flow (Kg/min) ...cceeccccaces 26.12 2%.36
02 Flow from Air (kg/min) ..ccccececccccene 5.68 595
02 Flow from Bottle (kg/min) .......... 5 1.64 il 7/al
Total 02 Flow (Kg/min) ....cccececccccan 732 7.66
Engine Load Level (%) «ccececcccceccnnns 100 100
R R N RWE o oeiela aiais Sorateramase’s « 214.7 230.0
H20 in Fuel (Wt-%) -- Planned .......... 20 20
H20 in Fuel (Wt-%) -- Actual .......... - 20.2 20.1
Net Fuel Rate (Kg/min) ..cececececeanccas 0.978 0.983
Fuel-to-02 RAatio ...ccececcccncccccscns - 0.1337 0.1282
e ey JIW=R ) o7 oiapaierordtatotors s e siars’e ajo a'n o'a 0.273 0.256
Turbo Speed (XPM) cecceeccccsccccocccsns 69500 71300
Intake Manifold Pressure (MPa) ....cce0 0.20 0.22
Peak Cylinder Pressure (MPa) ........... 8.11 8.79
Exhaust Temperature (K) ..cccccccceces aie 843.2 863.2
Thermal Efficiency (%) «cececcceacs SO 30.9 3259
SRR Sioieicie/ s e s o sivislniniaiaialninie e oin aiale o ns 2 0
Particulates (g/KkWh) ...cccceecccccccanes 1.049 1:.1039
B JRWEY L 0 o ciorare o o aieiaiaiare A Pt bty 11.32 12.06

Ignition Delay (deg) «ecececcsccccscnans 12 6
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No. 6 Fuel, Matrix A
8 Degree Retard, 30% Oxygen, 75% Load, 0% Water

RN G s o) nra. mons e 14 4 me e Se Saior s Syaiia, Wl onls ol 370 384
Test Matrix Data Point # .......cccccecn A9 A9
Do s O SRR s e = 07/08/92 07/26/92
Fuel Type (#) cceceeseccsscccccnannannns 6 6
Injection Retard (deg./btdc) ee3 A s amys oY 8 8
02 in Intake Air (Vol=%) .cccccecceccccss 30 30
025in ExhaustAir (Vol=%) i i . ues s eicitataior- 2057 20.9
Intake Air Flow (Kg/min) ..scsessss B 23.70 23.68
02 Flow from 2Air (Xg/min) ..cccscossceses 4.8% 4.81
02 Flow from Bottle (kg/min) ....... lsi s 2.95 2.95
Total 02 Flow (kg/min) ...... 5 0a e eve, wlnrn e A 778
Engine Load Level (%) «cccecccscccscscns 75 75
Bower (RW) an s oot eeeias 170.0 176.8
H20 in Fuel (Wt-%) -- Planned .......... 0 0
H20 in Fuel (Wt-%) == Actual ...cccccc.. 0 0
Net Fuel Rate (kg/min) ......... S S R 0.794 0.798
Euel=to=@2sRat romit Sk s e Sy o SR b 0.1023 0.1029
BSFC (KG/KW-NE) +veveneennn. 0.280 0.272
Turbo: Speed {(rpm) - . oeeos- R S S 62900 63800
Intake Manifold Pressure (MPa) ....cc... 0. 18 0.19
Peak Cylinder Pressure (MPa) .c.eeeeeoen i s By ¢ 7.82
Exhaust Temperature (K)' ... ccrinssocsies 808.7 828.7
Thermal Efficiency (%) ......  Jaiea Rt E . 30.1 3154
SMOKE (%) euisiisla SRRt ot axste=vlerene Jligetotorare 1 1
Bacticulates Mg/ RWN)E . aine o i bl ole 5o 1.318 1.443
NOS% (g/KWhR) e oo N A R e » 21.94 21. 72

Ignition Delay (deg) RS A R A el 13x1 16.7
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No. 6 Fuel, Matrix B
0 Degree Retard, 21% Oxygen, 75% Load, 0% Water

BT (% . sseccacssscnsosnasessasenssaase 366A 398

Test Matrlx Data Polnt e aale o as Bl Bl
i e el S R N e SR 07/06/92 08/09/92
Fuel Type (#) cecceccccsccasscccncsannns 6 6
In]ectlon Retard (deg./btdc) .....cc...e 0 0
02 in Intake Air (Vol-%) .cccececesccccn 20.99 20.99
02 in Exhaust Air (Vol-%) ........ o atlele ate 12.2 TR
Intake Air Flow (kg/min) .....cececececes 21.78 23.34
02 Flow from Air (kg/min) ...cccececcecs 5.05 5.41
02 Flow from Bottle (kg/min) ...cccccescs 0.00 0.00
Total 02 Flow (kg/min) ...ceeececccccans’ 5.05 5.41
Engine Load Level (%) .ccccrecccccccccns 75 75
Power (KW) .cccceccccccscnscccssccccccnse 153.3 173.8
H20 in Fuel (Wt-%) -- Planned .......... 0 0
H20 in Fuel (Wt-%) -- Actual ........... 0 0
Net Fuel Rate (kg/min) ..c.ccececcccccacs 0737 0.790
Fuel-to-02 Ratio ..ccccccccccocccccccces 0.1459 0.1459
R R (KC /KW=NY). " . csascoasasssanssesensay 0.288 0.273
Turbo Speed (YPM) ccceccsccscccsccaccces 58100 62500
Intake Manifold Pressure (MPa) .cccceees (o jp& by 0.19
Peak Cylinder Pressure (MPa) .ccececcces 7.89 8.72
Exhaust Temperature (K) .cccceecccccccss 780.9 822.6
Thermal Efficiency (%) «cccccccccccccacns 29.3 30.9
Smoke (%) cccccecessccccans S O A RO 14 21
PNEticulates (g/KWh) .. ccvasacecsacesass 3.034 4.316
NOx (g/kWh) ey R N eI O T O R AT 4.66 4.30

Ignition Delay (deg) «cccecccccccccccncs 16.9 14.8
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No. 6 Fuel, Matrix B
0 Degree Retard, 23% Oxygen, 62.5% Load, 5% Water

R R S ) T e IR 365A 395
Test Matrix Data Polnt #F ceeees S e B2 B2
Datey = o . SO S YOO, 07/06/92 08/08/92
Fuel Type (#) «cecceaccccs & siulaleta s aie w300 4N 6 6
Injection Retard (deg./btdc) ........... 0 0
02 in Intake Air (Vol=%) .cceccvccccccos 23 24
o2rnExhaust Air (Vol=%) " .....uscs . eaay 1359 13°5
Intake Alr Flow (Kg/min) ... ... cccecss 22.64 24.47
GIRRlow: from Arr (Kg/min) ... csoss i 5.10 5.52
02 Flow from Bottle (kg/min) ....... valn's 0.64 0.68
Totad ae  llows (kg /min ) e e s 5.74 6.20
Engine Load Level (%) ...co.. S NCR T T e 62.5 62.5
e e U O G i s P i D S R S e 178.9 201.9
H20 in Fuel (Wt-%) =- Planned .......... 5 5
H20 in Fuel (Wt-%) -- Actual ...... s lainiis s 5 4.9
Net SFuel iRate ((kag/min) s e oiele e s se v eenseens 0.806 0.865
Fuel-to-02 "Ratlo ..-=ss. aleatetals urers alelate s alu 0.1404 0.1395
BEEES (lag/leW=hr)i © 0, L (0 s st s i e o 270 0.257
Turbo Speed (XPM) .cccssssscscesossssons 60200 65900
Intake Manifold Pressure (MPa) ......... 0.18 0.19
Peak Cylinder Pressure (MPa) sieisies o w ivina 8.40 9.28
Exhaust Temperature (K) ‘cececsscaceancees 782.0 818.7
Thermal Efficiency (%) ..cccoesccccencss 31.2 32.8
O e (& elaleis o sie et e s s 2 3
Particulates (g/KWh) cceeecevennsenscons 1.187 138
O (0 R I ) e e es i ils e 9.51 10.15

Ignition Delay (d€g) eeeeeveeneenseennns 17:.2 13.1
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No. 6 Fuel, Matrix B
0 Degree Retard, 25% Oxygen, 50% Load, 10% Water

I R SR SEfolate = aveiore 368A 399
fest Matrix Data Point # ..ceeeeee g, B3 B3
caine R T s S S . 07/07/92 08/09/92
Fuel Type (#) ccccesccccsctccsacssnnccns - 6 6
Injection Retard (deg./btdc) ....cecee... 0 0
EeImeTntake Alr (Vol=%)  ..icdiceccsccea 25 25
I Erhaust Air (Vol=%) ' dieeescceccssas 1'5 57 15.2
EREake ‘Air Flow (Kg/min) ..vcececacecaas 21.96 2 351
BeFlow from Air (kg/min) ....cciedecesea 4.81 5.15
02 Flow from Bottle (kg/min) .......c... 122 Bzl
Hotal 02 Flow (Kg/min) ..c.cceeccececocns: 6.04 6.46
Engine Load Level (%) ccccecceccccccacsse 50 50
R (W) eie aloi o s aisiosiniasiniansnisssconsss 176.3 199.3
H20 in Fuel (Wt-%) -- Planned .......... 10 10
H20 in Fuel (Wt-%) -- Actual ........... 10 9.6
NEETFuel Rate (kg/min) ...icceecsccscaee 0.798 0.844
IR E=02 RAt10 " oo eeiceivaiddiddedsecesses 0.1323 0.1306
EERERRg/KW-hT ) " ... uuicciidvidsddseaeonase 0.272 0.254
uEborSpeed (XPM) coocosscesscscasecnses 58500 63300
Intake Manifold Pressure (MPA) ......oo. 0.17 0.19
Peak Cylinder Pressure (MPa) ..cceeeeon. B8.37 9.41
Exhaust Temperature (K) .ceeeeececececens 777.0 812.0
[iermal Efficiency (%) ccceeccceconsonns 312 33.2
Smoke (%) LRt iha s il o lwier ot ala alisbaletarel sialalalale ¥ wt 8 1 3
Bonsticulates (g/KWh) ...vdeecccaedesonss 1.101 1.224
bd AR R R R 15.55 14.88
dgnition 'Delay (deg) ...vcececovsoncdanaa 16.1 1357
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No. 6 Fuel, Matrix B
4 Degree Retard, 21% Oxygen, 62.5% Load, 10% Water

BIR £ . - e s aielaalein o wisiatiniasie aie sras otas s e eiuis ANk 377, 392
Test Matrix Data Point # ........ e e B4 B4
BaCER e oo L a0 DOBAL 07/20/92 07/31/92
Fuel Type (#) ceeecccccscscsoscsccsnccnas 6 6
Injectlon Retard (degq. /btdc) o ns et u skl Al 4 4
02 in Intake Air (Vol-%) vieia sin v le = e ave e 20.99 20.99
02 in Exhaust Air (Vol=%) .ccccceccccacas 131:.9 12.2
Intake Air Flow (Kg/min) ...cceceeccccns 22.717 23.53
02 Flow from Air (kg/min) .cccccecceccce 5.28 5.456
02 Flow from Bottle (kg/min) ......ccec. 0.00 0.00
Total 02 Flow (Kg/min) .ccccecccccccncce - 5.28 5.46
Engine Load Level (%) .cccccescesccncanas, 62.5 62.5
Power (KW) cccccececscsscscccccccnccnscsnse 155.9 153.3
H20 in Fuel (Wt-%) -- Planned .......... 10 10
H20 in Fuel (Wt-%) -- Actual ........... 10.2 9.9
Net Fuel Rate (KG/MiN) ..eeveceeccnacans 0.737 0.760
Kuel=to~02 RATION s .o G ssssisesonn csescse 0.1396 0.1392
BSEC A(RG/KW=NET). o voisoinenioimint slon oianls ot e 0.284 0.297
Turbo Speed (rpm) #isiaiein s sins e e as s na 61800 62600
Intake Manifold Pressure (MPa) ..cecece. 0.18 0.18
Peak Cylinder Pressure (MPA) .ccceeeecee 7.41 7.85
Exhaust Temperature (K) .c.cceececccccces 813.7 807.6
Thermad EEficiency (X) @ .iciicescacacsecns 29.8 28.4
BNCIEE (S N ot e s el e e e s e e 14 13
PAaEticulates (g /KWRY) . . 0 cliins e oo csnaaisns 3.693 4.705
HOX s (q/KWRY) & oo aede i awisre 4 oie R s 2.69 3.12

IgnitioniDelay (deqg) .- veeasoeoaasn s ns 18.2 15.4
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No. 6 Fuel, Matrix B
4 Degree Retard, 23% Oxygen, 50% Load, 0% Water

RATIEF - e s oeie A W T LT 1 i e e cescss 380 393
Test Matrix Data Point # ........ oo N BS BS
o e o e R S e T R Y 07/21/92 07/31/92
BOETTyne (#)  .c-osscecscossnsesanssscvsoss 6 6
Injection Retard (deg./btdc) ........... 4 4
@ashn Intake Air (Vol=3%)  «c.cocecsoccsnss 23 23
02 in Exhaust Air (Vol-%) ....... e o 13.9 14,2
fRtake Air Flow (kg/min) ....ccccecceco- 2520 25.05
EERElow from Alr (Kg/min) ...cc-ceccessn 5.68 5.65
02 Flow from Bottle (kg/min) ....... e 0.71 0.70
102 Flow (Kg/MIN) ..cc-cscesacascne, 6.39 6.35
Engine Load Level (%) .cccccecsccccnccnas 50 50
Power (KW) ..ccececcccns eotala ais nhe e n 6 sini0re e o 178.9 173.8
H20 in Fuel (Wt-%) -- Planned ...... el tege (0] 0
H20 in Fuel (Wt-%) -- Actual ........... 0 0
Net Fuel Rate (kg/min) .....cccceeccccns 0.843 0.831
BUEN=EO-—02 RAEIO «:.ccccoscscncsososscsss 0.1319 0.1309
SRR O /KW~HT) . o - -casnacasanasscsccasss 0.283 0.287
BArEbe Speed (rPm) .ccocecacsccscccocsccsse’ 65700 65000
Intake Manifold Pressure (MPa) ..ccccese 0.19 0.19
Peak Cylinder Pressure (MPa) ....ceoscssee 8.46 8.60
Exhaust Temperature (K) .ccccceccccccens 827.6 820.9
ermal Efficiency (%)  cccccesscscccnces 29.9 29.4
B O e e aieis s s s e nisnmsncinciaoenannssa 14 g3
BREEIcnlates. (g/KWR) . .ceccescnsosncasnse 2.703 3.019
R /W) o ccaascoecs F oSG e D e 7.18 7.42
donation Delay (Aeg) «escsesscccascassns 24.4 14
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No. 6 Fuel, Matrix B
4 Degree Retard, 25% Oxygen, 75% Load, 5% Water

B 8 .. icssssnsssssssssavyssssneifes il 379 389
Test Matrix Data Point # S N S S B6 B6
DA e laiere sasts e IR s b 07/20/92 07/29/92
Fuel Type (#) @ elsisisn sianis siatutotets N 6 6
Injectlon Retard (deg. /btdc) e 5ias s kv e nioln 4 4
02 in Intake Air (Vol-%) B e e 25 25
02 in BExhaust Aly (Vol=%)  ...c.eels wiaw S SlE 1355 137
Tntake Air Flow (kg/min) .....c.ees. e 31..63 31.15
P2 Flow from Air (Kg/min) ot ceeseasas 6.93 6.82
02 Flow from Bottle (kg/min) ....cceeens 1.76 1,38
Total 02 Flow (kg/min) - ...c.cssess=ssase 8.69 8.56
Engine Load Level (%) c.cececcccscccncns : 75 5
Power (KW) .cccccecccccccccccscccsscccncsns 302.9 296.5
H20 in Fuel (Wt-%) -- Planned .......... 5 5
H20 in Fuel (Wt-%) -- Actual .......... : 5 5.3
Net Fuel Rate (kg/min) " .ccisecsasssanses 1.259 1.222
EHel=t0=02 " RaAE1ON: (icit lele s ciniecia aieis'n atulviatninn 0.1448 0.1427
BSECHIKG/EW=NE) - iiciciosecniossomen s onian 0.249 0.247
Turbo Speed (rpm) TR T O e e e 81600 80600
Intake Manifold Pressure (MPa) ..ecceees 0.26 0.26
Peak Cylinder Pressure (MPA) .ccceeeeos. 11.26 11.23
Exhaust Temperature (K) ...ccesssesssacs 937.0 930.4
Thermal Bfficiency (%) .t e ®eoisosanas 33.9 34.1
Smoke (%) .ceeeeee SR RN R e o A . 0 st
Particulates (g/KWh) . ..o eieeaanseeeane 1.15¢ 1.320
NOx (g/kWh) WL PR AR A R A e e 13.87 13.61

Ignition Delay (deg) seeeeeeeeeeecosonas 21 14.1
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No. 6 Fuel, Matrix B
8 Degree Retard, 21% Oxygen, 50% Load, 5% Water

B il ss e a s atelslot s Tatis ke s a0 ) e (@ 374 386A
Test Matrix Data Point # e A R e ot B7 B7
1024 PR e e e, K s e N A 07/09/92 07/28/92
BHELRTYDe (#) | Jsccscscssscscaca SE S AhAO R 6 6
Injection Retard (deg./btdc) ....... e e 8 8
02 in Intake Air (Vol-%) » ave v e w3 wiSFelTe e 0 20.99 20.99
G0 in Exhaust Air (Vol-%). .ccasecsece & et 1342 1287
dntake Air Flow (Kg/Min) ccccccscaccccns 20.86 22.83
02 Flow from Air (kg/min) ..cceveeccceas 4.84 5.30
02 Flow from Bottle (kg/min) .......cce00. 0.00 0.00
Eotal 02 Flow (kg/min)  ..cececececocassionio’ 4.84 5.30
Engine Load Level (%) ecccccccccccccccnce 50 50
Power (KW) .ccccceccecccccccscocccccccnnas 101.0 125:.2
H20 in Fuel (Wt-%) -- Planned .......... 5 5
H20 in Fuel (Wt-%) -- Actual ........... 5 4.8
Net Fuel Rate (kg/min) .....cccceeeceeen 0.631 0.692
B Fa =00 RAL 10  cecessarsassnsssncassss 0.1305 0.1306
EERE S CRAIKW=NT) cococcooccccncsacssensssse 0.375 0.331
Turbo Speed (rPM) cccccscscccacccccsssssdh 56400 61100
Intake Manifold Pressure (MPa) ...ccceee. 0.16 0.17
Peak Cylinder Pressure (MPA) ..ccecccees 6.26 6.97
Exhaust Temperature (K) ...cccceececcnce 780.4 808.2
dibermal Efficiency (%) cceccvecocsscncess 22.5 25.5
B R e s = s s/n v s me s ansessisessenssss 30 22
Particulates (g/KWH)  c.cccesscacscncsnana 8.982 7.358
NOx (g/kWh) e v % < nivinie aile (min e minl s R A e 2.64 2.49

ignition Delay (deq) .cossssescscansscnes 19.5 14.4




No. 6 Fuel
Comparison of Baseline Data At Different Engine Load Levels

RORE D o o ara nin relisrs oin iefiisresatarn s, charanate s s J61C 362B 363B 364B
Test Matrix Data Point # .......... BL BL BL BL
Date .......ccctcecececececnesessa.07/04/92 07/04/92 07/04/92 07/04/92
Fuel Type (#) ciessccssivsonoasnsannss 6 6 6
Injection Retard (deg./btdc) ...... 0 0 0 0
02 in Intake Air (Vol-%) csRsas YN S 20.99 20.99 20.99 20.99
02 in Exhaust Air (Vol-%) T e 1B B 12 12.4 a3
Intake Air Flow (kg/min) vessEsen e 26.60 23+81 23 2357 19.24
02 Flow from Air (kg/min) ......... 6.17 5.48 4.91 4.46
02 Flow from Bottle (kg/min) ...... 0.00 0.00 0.00 0.00
pTotal 02 Flow (kg/min): s ves se o 6.17 5.48 4.91 4.46
Engine Load Level (¥#) ...cccccasess 100 15 62.5 50
IR OWeT  (KW), nssksinns don seliint s ¢ viossis = 22329 167.7 139.8 111.9
H20 in Fuel (Wt-%) -- Planned ..... 0 0 (0] 0
H20 in Fuel (Wt-%) -- Actual ...... 0 0 0 0
Net Fuel Rate (kg/min) ....cceeec.. 0.980 0.796 0.684 0.587
el = Eo=0a RRAL T G e e i als e s leie iy U S BT 0.1453 0.1393 0.1314
BSEC - (Kg/RW=RE) s -6 el teinias doess: 00268 0.285 0.294 0.314
Turbo Speed (XPM) <.eeeeeeecseaceass 70300 62600 56500 50900
Intake Manifold Pressure (MPa) .... 0.21 0.18 0.16 0.15
Peak Cylinder Pressure (MPa) ...... 9.61 8.42 7.80 7 e
Exhaust Temperature (K) ..cceceecas 834.3 801.5 767.6 730.8
Thermal Efficiency (%) .ccceeeecees 32.2 29.6 28.8 26.9
7)€ TR o R S L S R R e 9. 17 19 22
Particulates (g/kWh) ...ceeveencen. 1.691 4.204 4.315 5.298
RO% (/MR 07 o oo oo s 5.17 4.33 4.48 4.53
Ignition Delay (deg) ..ecveeeeennn. 15.7 73 i 9.6

992
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Six-Cylinder Diesel Engine Test Matrix

Sequences # 3&4 Fuel #6 Matrix A
A B e D NOx NOx
Level Retard 02,% Fuel, % H20,% g/kWh g/kwWh
1,.2,3 0,4,8 21,25,30 100,75,50 0,10,20 I T Mean
o 1 1 1 1 5.17 5.37 16.68
2 1 2 2 = 16.95 16.97 13.65
3 2l =) 3 3 27.65 27.99 12.00
4 2 2k 2 3 2.90 2072 3.82
5 2 2 3 1 12.00 10.11 13.24
6 2 3 1 2 26.43 2793 29.57
7 3 o 3 2 239 2:56 14.68
8 3 2 T 3 11.32 12.06 13.87
9 3 3 2 1 21.94 21.72 13.78
Total 126.75 127.21 12.72
CF 1785.06 1798.04 15.50
Average 14.08 14.13 14.11

Variance Table Analysis

Source £ S N F S’ % contr.
Timing 2 67.78 33.89 90.37 67.03 4.29
Oxygen 2 1466.14 733.07 1954.76 1465.39 93.75
Fuel 2 2.92 1.46 3.90 2.17 0.14
Water 2 23.24 11.62 30.99 22.49 1.44
Replicat. 1 0.01 0.01 0.03 0.00 0.00
= 8 3.00 0.38 0.38
Pooled e 9 3-01 0.33

2y 17 1563.10 100.00
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six-Cylinder Diesel Engine Test Matrix

Sequences # 3&4 Fuel #6 Matrix B
A B c D NOx NOx
Level Retard 02,% Eq. R, % H20,% g/kWh g/kWh
17253 0,4,8 21,23,25 75,63,50 0,5,10 I IXI Mean
1 9 1 1 1% 4.66 4.30 9.84
2. 1 2 2 2 9.51 10.15 7.98
3 1 3 3 3 15.55 14.88 6.82
4 2 1L 2 3 2.69 3.12 3.32¢
= 2 2 3 3, 7.18 7.42 7.83
6 2 3 il 2 13.87 13.61 13.50
7/ < 1 3 2 2.64 2.49 8.19
8 3 2 i 3 6.18 6.52 8.09
9 3 3 2 & 10.77 12.30 8.36
Total 73.05 74.79 177
CF 592.92 621.50 8.71
Average 8.12 8.31 8.16

Variance Table Analysis

Source s o S v F 5 % contr.
Timing 2 27.93 13.97 64.95 27.50 7.97
Oxygen 2 312.24 156.12 725.98 311,83 90.39
Eq. R 2 0.22 0.11 0.52 -0.21 0.00
Water 2 2.68 1.34 6.23 225 0.65
Replicat. 3 07 0517 0.78 0.00 0.00
e 8 1.72 0.22 0.99
Pooled e 9 1.89 0.21

T 17 344.97 100.00
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Six-Cylinder Diesel Engine Test Matrix

Sequences # 3&4 Fuel No. 6 Matrix A
A B (2 D Part. Part.
Level Retard 02,% Fuel, % H20,% g/kWh g/kwh
13,3 04,8 21,25,30 100,75,50 0,10,20 I I Mean
1 1 et a6 1% 1.69 21 1.49
2 1 2 2 2 1.06 1.16 1.93
3 1 3 3 3 1.39 1.52 2.82
4 2 1 2 3 1.82 1.92 3.27
5 2 2 3 1 1.84 3.29 1,57
6 2 3 1 2 1.27 1.42 1539
7 3 1 3 2 5.89 6.20 1.43
8 a 2 1 3 1.05 1.04 1.45
9 3 3 2 1 1.32 1.44 3.36
Total 733 20.10 1.95
CF 33.37 44.89 2.83
Average 1.93 2.23 1.46

Variance Table Analysis

Source £ s v F s’ % contr.

Timing 2.00 5.55 2.7% 27.96 5.35 13.33
Oxygen 2.00 12.89 6.45 64.96 12.69 31.61
Fuel 2.00 14.65 T33 73.84 14.46 36.00
Water ~2.00 5.84 2.92 29.42 5.64 14.05
Replicat. 1.00 0.43 0.43 4.30 0.33 0.82
e 8.00 0.79 0.10 4.20

Pooled e 9.00 1.22 0.14
b 17.00 40.15 100.00



£ “wn
I I

w
|

Particulate Emission (g/kWh)

[\
=

: N

331 335
Injection Timing (Crank Angle, degree)

Effect of Injection Timing on Particulate Emission
(No.6 Fuel, Sequences #3 & #4, Matrix A)

339

744



w S (%}
I I I

Particulate Emission (g/kWh)
N
1

0 L 1

21.0 25.5
Oxygen Content (%)
Effect of Oxygen Content on Particulate Emission
(No.6 Fuel, Sequences #3 & #4, Matrix A)

30.0

6L



280

Particulate Emission (g/kWh)
w S (%
T T T

[S%]
I

0 - :

50 75

Fuel Rate (%)
Effect of Engine Fuel Rate on Particulate Emission

(No.6 Fuel, Sequences #3 & #4, Matrix A)

100




“w
I

S
I

Particulate Emission (g/kWh)

N
I

0 !

0 10 20
Water Content (%)
Effect of Water Content on Particulate Emission
(No.6 Fuel, Sequences #3 & #4, Matrix A)

18*



282

Six-Cylinder Diesel Engine Test Matrix

Sequences # 3&4 Fuel No. 6 Matrix B
A B c D Part. Paxt.
Level Retard 02,% Eq. R, % H20,% g/kWh g/kwh
1,2,3 0,4;8 21,23,25 75,63,50 : 0,5,10 T TT Mean
9 1 ok =l d 3.03 4.32 2.04
2 1 2 2 2 119 1.38 2.77
3 1 3 3 3 1.10 1.22 3.55
4 2 ok 2 3 3.69 4.71 5.35
5 2 2 g 1 2.70 3.02 1.78
6 2 3 1l 2 1.16 1.32 1.23
;4 < 1 3 2 8.98 7.36 2.03
8 3 - X 3 1.32 1.05 2.26
) 3 3 2 & 1.22 137 4.06
Total 24.40 25.75 2.61
CF 66.15 73.67 3.56
Average 2.71 2.86 2.18
Variance Table Analysis
Source f S v F - % contr.
Timing 2.00 6.85 3.42 10.16 6.17 6.82
Oxygen 2.00 60.05 30.02 89.09 59.37 65.57
Eg. R 2.00 14.86 743 22.04 14.18 15.66
Water 2.00 6.00 3.00 8.90 5.33 5.88
Replicat. 1.00 0.10 0.10 0.30 0.00 0.00
e 8.00 2.70 0.34 6.07
Pooled e 9.00 2.80 0.31
o 17.00 90.55 100.00



283

= w
1 I

w

raruculiate ©missloll (/A VYVl

(3]

»

0 ! - 1
331.00 335.00 339.00
Injection Timing (Crank Angle, degree)
Effect of Injection Timing on Particulate Emission
(No.6 Fuel, Sequences #3 & #4, Matrix B)




284
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Six-Cylinder Diesel Engine Test Matrix

Sequences # 3&4 Fuel No. 6 Matrix A
A B (e D
Level Retard 02,% Fuel, % H20,% Smoke,% Smoke,%
2.3 0,4;8 21,25,30 100,75,50 0,10,20 T Tt Mean
1 1 1 1 1 9.00 18.00 4.83
2 L 2 2 2 1.00 1.00 4.50
3 1 3 3 3 0.00 0.00 7.50
4 ¢ 1 2 3 7.00 9.00 14.00
5 2 2 3 7 4.00 6.00 2.33
6 2 3 1 2 1.00 0.00 0.50
&z 3 1 3 2 19.00 22.00 5.00
8 3 2 A, 3, 2.00 0.00 3.33
9 3 3 2 1 1.00 1.00 8.50
Total 44.00 57.00 6.50
CF 215.11 361.00 7.33
Average 4.89 6.33 3.00
Variance Table Analysis -
Source ‘ o S v F B % contr.
Timing 2 32.44 16.22 3.08 21.92 2.51
Oxygen 2 643.44 321.72 61.12 632.92 72.39
Fuel 2 83.44 41.72 7.93 72.92 8.34
Wat_:er 2 63.44 3172 6.03 52.92 6.05
Replicat. 1 9.39 9.39 1.78 4.13 0.47
e 8 42.11 5.26 10.24
Pooled e 9 51.50 5.72

T 17 874.28 100.00
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Six-Cylinder Diesel Engine Test Matrix

.

Sequences # 3&4  Fuel No. 6 Matrix B
A B c D
Level Retard 02,% Eq. R,% H20,% Smoke,% Smoke,%
1,2,3 0,4,8 21,23,25 75,63,50 0,5,10 I 1T Mean
1 q ol 3 & al 14.00 21.00 7.33
2 1 2 2 2 2.00 3.00 9.17
3 1 ) 3 3 1.00 3.00 10.33
4 2 1 2 3 14.00 13.00 19.00
5 2 2 3 1 14.00 13.00 6.17
6 2 3 & 2 0.00 1.00 1.67
7 3 i 3 2 30.00 22.00 6.83
8 3 2 s 3 3.00 2.00 6.17
2 3 3 2 1 4.00 1.00 13.83
Total 82.00 79.00 11.17
CF 747.11 693.44 9.67
Average g1 8.78 6.00

Variance Table Analysis

S v F s’ % contr.

Source o
Timing 2 27.44 13.72 1.69 11.19 0.82
Oxygen 2 970.78 485.39 59.74 954.53 69.93
Eq. R 2 . 216.44 < 108.22. 13.32  200.19 14.67
Water 2 84.78 42.39 5.22 68.53 5.02
Replicat. 1 0.50 0.50 0.06 0.00 0.00
e 8 65.00 8.13 9.56
Pooled e 9 65.50 7.28

T 17 1364.94 100.00
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six-Cylinder Diesel Engine Test Matrix

Sequences # 3&4 Fuel No. 6 Matrix A
A B c D Thermal Efficiency
Level Retard 02,% Fuel, % H20,% % - %
1% 2,3 0,4,8 21,25,30 100,75,50 0,10,20 i IT Mean
1 5 3 1 1 32.20 32.00 31.23
2 1 2 2 2 31.40 33.10 31,43
3 1 3 3 3 28.60 30.10 28.65
4 2 ik 2 3 30.70 30.40 28.70
5 2 2 3 2l 29.80 27.90 31.00
6 2 = ik 2 36.00 33.80 31.562
7 3 oL 3 2 22.60 24.30 32.97
8 3 2 1 3 30.90 32.90 3LT13
9 3 3 2 i 30.10 31.10 27,22
Total 272.30 275.60 30.52
CF 8238.59 8439.48 30.20
Average 30.26 30.62 30.60

Variance Table Analysis

Source 4 S v F s’ % contr.
Timing 2 28.92 14.46 11.34 26.37 15.32
Oxygen e 28.35 14.18 a2 25.80 14.99
Fuel ] 103.53 51.76 40.60 100.98 58.66
Water 2 0.53 0.27 0.21 -2.02 -1.17
Replicat. 1L 0.60 0.60 0.47 0.00 0.00
e 8 10.20 1.28 12.20
Pooled e 9 10.81 1.20

g 17 172.14 100.00
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Six-Cylinder Diesel Engine Test Matrix

Sequences # 3&4  Fuel No. 6 Matrix B
A B c D Thermal Efficiency
Level Retard 02,% Eq. R, % H20,% % %
1:9.9 0.4,8 21,23,25'75,63;50  0;5,10 T IT Mean
1 1 2 b 1 1 29.30 30.90 31.42
2 1 2 2 2 31.20 32.80 30.92
3 1 3 3 3 31.10 3320 28.93
4 2 1 2 3 29.80 28.40 27.73
5 2 2 3 1 29.90 29.40 30.97
6 2 3 T 2 33.90 34.10 32.51
7 3 5 5 3 = 22.50 25.50 31.78
8 3 2 2 b 3 30.40 32.10 30.88
=) 3 3 2 1 30.10 33.00 28.60
Total 268.20 279.40 30.43
CF 7992.36 8673.82 30.00
Average 29.80 31.04 30.83
Variance Table Analysis
Source it S \'4 F SY % contr.
Timing 2 20.70 10.35 9.13 18.43 12.81
Oxygen 2 72.75 36.38 32.08 70.48 48.98
Eq. R 2 32.31 16.16 14.25 30.05 20.88
WEFGY 2 2.08 1.04 0.92 -0.18 =-0.13
Replicat. 1 6.97 6.97 6.15 5.84 4.06
e 8 9.07 1.13 13.40
Pooled e 9 16.04 1.78
T 17  143.89 100.00
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Six-Cylinder Diesel Engine Test Matrix

Sequences # 3&4 Fuel No. 6 Matrix A
A B c D BSFC BSFC
Level Retard 02,% Fuel, % H20,% kg/kWh kg/kWh
1,2,3 0,4,8 21,25;30 100,75,50 0,10,20 I 1T Mean
s 2 1 ab 1t 0.263 0.264 0.271
2 1 = 2 & 0.269 0.255 0.271
3 1 ! 3 3 0.295 0.281 0.300
4 2 1 2 ) 0.275 0.277 0.300
5 2 2 3 I 0.284 0.303 0.273
6 2 3 1 2 0.235 0.250 0.269
7 3 a5 3 2 0.374 0.347 0.257
8 3 2 1 3 0.273 0.256 0.271
9 3 3 2 1 0.280 0.272 0.314
Total 2.548 2.505 0.278
CF 0.721 0.697 0.288
Average 0.283 0.278 0.276

Variance Table Analysis

Source = S v F s’ % contr.
Timing 2 3.46E-03 1.73E-03 1.49E+01 3.23E-03 16.98
Oxygen 2 3.41E-03 1.70E-03 1.47E+01 3.17E-03 16.68
Fuel 2 1.06E-02 5.30E-03 4.56E+01 1.04E-02 54.48
Water 2 5.28E-04 2.64E-04 2.27E+00 2.96E-04 1.55
Replicat. 1 1.03E-04 1.03E-04 8.84E-01 0.00E+00 0.00
e 8 9.30E-04 1.16E-04 10.31
Pooled e 9 1.03E-03 1.15E-04

T 17 1.90E-02 100.00
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six-Cylinder Diesel Engine Test Matrix

Sequences # 3&4 Fuel No. 6 Matrix B
A B c D BSFC BSFC
Level Retard 02,% Eq. R,% H20,% kg/kWh kg/kWh
Aroeg 0,4,8 21,23,25 75,63,50 0,5,10 I IT Mean
1 1 il 1 : 8 0.288 0.273 0.269
2 1 2 2 2 0.270 0.257 0.275
3 1 3 3 3 0.272 0.254 0.297
4 2 3 2 3 0.284 0.297 0.308
5 2 2 3 1 0.283 0.287 0.273
6 2 3 1 2 0.249 0.247 0.260
7 3 1 = 2 0.375 0.331 0.266
8 3 2 5 -] 0.278 0.263 0.274
9 3 3 2 i 0.280 0.256 0.300
Total 2.579 2.465 0.278
CF 0.739 0.675 0.288
Average 0.287 0.274 0.275
Variance Table Analysis
Source £ S v F s’ % contr.
Timing 2 2.67E-03 1.34E-03 9.73E+00 2.40E-03 14.64
Oxygen 2 7.48E-03 3.74E-03 2.72E+01 7.20E-03 43.95
Eq. R 2 3.82E-03 1.91E-03 1.39E+01 3.54E-03 21.61
Wa?er 2 5.98E-04 2.99E-04 2.17E+00 3.23E-04 1.97
Replicat. 1 7.22E-04 7.22E-04 5.25E+00 5.85E-04 3:57
e 8 1.10E-03 1.37E-04 14.26
Pooled e 9 1.82E-03 2.02E-04

v 17 1.64E-02 100.00
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Six-Cylinder Diesel Engine Test Matrix

Sequences # 3&4 Fuel No. 6 Matrix A
A B (o] D Exhaust Temperature
Level Retard 02,% Fuel, % H20,% K
152,3 0,4,8 21,25,30 100,75,50 0,10,20 I IT Mean
g I 1 L a1l 1 834.3 852.6 779.0
2 1 2 2 2 779.3 794.3 808.6
3 25 3 3 3 700.4 713.2 810.0
4 2 2 L 2 = 805.4 821.5 805.0
5 2 2 3 1 756.5 762.6 799.9
6 2 3 il 2 866.5 839.3 792.8
7 3 1 3 2 747.6 768.7 849.9
8 3 2 X 3 843.2 863.2 806.3
9 3 3 2 1 808.7 828.7 741.5
Total 7141.9 7244.1 807.2
CF 5667415 5830776 799.28
Average 793.54 804.90 791315

Variance Table Analysis

Source 5 S v F S’ % contr.
Timing 2 3680.12 1840.06 15.96 3449.54 8.20
Oxygen 2 451.29 225.64 1.96 220.70 052
Fuel 2 35672.15 17836.07 154.70 35441.56 84.22
Water 2 776.05 388.03 337 545.47 1.30
Replicat. 1 580.27 580.27 5.03 464.98 1.10
e 8 922.33 115.28 4.66
Pooled e 9 1502.60 166.96

T 17 42082.21 100.00
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Sequences # 3&4 Fuel No. 6 Matrix B
A B (o) D Exhaust Temperature
Level Retard 02,% Eq. R, % H20,% K K
1,2,3 0,4,8 21,23,25 75,63,50 0,5,10 I T Mean
1 1 1 1 1 780.9 822.6 798.9
2 i 2 - 2 782.0 818.7 856.2
3 5 a 3 < | 777.0 812.0 864.8
4 2 1 2 3 813.7 807.6 802.2
5 2 2 3 1 827.6 820.9 835.1
6 e 3 i 2 937.0 930.4 882.6
4 3 d 3 2 780.4 808.2 872.0
8 i | 2 oy 3 865.9 895.4 843.5
g 3 3 2 1 894.3 944.8 804.4
Total 7458.8 7660.6 848.5
CF 6181522 6520532 842.78
Average 828.76 851.18 828.60
Variance Table Analysis
Source £ S v F s’ % contr.
Timing 2 15426.49 7713.25 30.06 14913.37 27.39
Oxygen 2 19582.99 9791.5%50 38.16 19069.87 35.03
Eg. R 2 13856.52 6928.26 27.00 13343.40 24.51
Wa?er 2 1261.42 630.71 2.46 748.30 Le37
Replicat. 1 2262.40 2262.40 8.82 2005.84 3.68
e 8 2052.49 256.56 8.01
Pooled e 9 4314.89 479.43
T 17 54442.32 100.00
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Six-Cylinder Diesel Engine Test Matrix

6

Sequences # 3&4 Fuel No. Matrix A
A B (o] D Turbo Speed
Level Retard 02,% Fuel, % H20,% rpm rpm 10E+3
12,3 0,4,8 21,25,30 100,75,50 0,10,20 I 1T Mean
3l 1 1 1 512 70300 70800 59852
2 1 2 2 2 58500 61200 62.07
3 2 3 3 3 47500 48800 62.12
4 2 1 2 3 62500 63200 62.00
5 2 2 ) ik 51700 53300 60.92
6 2 3 1 2 72000 69700 60.78
7/ 3 1 2 2 51700 53500 70.60
8 3 2 o 3 69500 71300 62.02
9 3 3 2 ot 62900 63800 51.08
Total 546600 555600 6213
CF . 3.3E+10 3.4E+10 61.10
Average 60733.33 61733.33 60.47
»
Variance Table Analysis
Source £ s v F 5 % contr.
Timing 2 2.7E+4+07 1.3E+07 1.3E+01 2.5E+07 2.04
Oxygen 2 5.3E+06 2.7E+06 2.7E+00 3.4E+06 0.28
Fuel 2 1.1E+09 5.7E+08 5.8E+02 1.1E+09 95.44
Water 2 B8.5E+06 4.2E+06 4.3E+00 6.5E+06 0.54
Replicat. 1 4.5E+06 4.5E+06 4.5E+00 3.5E+06 0.29
e 8 7.9E+06 9.9E+05 1.40
Pooled e 9 1.2E+07 1.4E+06
T 17  1.2E+09 100.00
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six-Cylinder Diesel Engine Test Matrix

Sequences # 3&4  Fuel No. 6 LBESL N
A B [} D Turbo Speed
Level Retard 02,% Eq. R,% H20,% rpm rpm 10E+3
1,2,3 0,4,8 21,23,25 75,63,50 0,5,10 I II Mean
1 1 1 1 1 58100 62500 61.42
5 1 2 2 2 60200 65900 69.55
3 1 3 =) 3 58500 63300 70.58
4 2 i 2 3 61800 62600 60.42
5} 2 2 3 1 65700 65000 67.13
6 2 3 1 2 81600 80600 74.00
7l 3 1 3 2 56400 61100 71.47
8 3 2 1 3 72000 74000 68.42
9 3 3 2 1 76800 83200 61.67
Total 591100 618200 68.55
CF 3.9E+10 4.2E+10 67.63
Average 65677.78 68688.89 65.37
Variance Table Analysis
Source 2 S v F s’ % contr.
Timing 2 3.0E+08 1.5E+08 3.9E+01 2.9E+08 2335
Oxygen 2 5.5E+08 2.8E+08 7.1E+01 5.5E+08 43.24
Eq. R 2 3.0E+08 1.5E+08 3.9E+01 2.9E+08 23.29
Water 2 3.2E+07 1.6E+07 4.1E+00 2.4E+07 1.93
Replicat. 1 4.1E+07 4.1E+07 1.0E+01 3.7E+07 2.92
e 8 3.1E+07 3.9E+06 5.26
Pooled e 9 7.2E+07 8.0E+06
2y 17 1.3E+09 100.00



333

8
1

Turbo Speed (1000 RPM)
(%) S w
o (=] o
I I 1

8
T

—_
o
|

0 1 1

331 335
Injection Timing Retard (degree)
Effect of Injection Timing on Turbo Charger Speed
(No.6 Fuel, Sequences #3 & #4, Matrix B)

389




334

Turbo Speed (1000 RPM)
PR W e
T T T | T

[y
(=}
I

0 1 1
21 23 /4]
Oxygen Content (%)
Effect of Oxygen Content on Turbo Charger Speed
(No.6 Fuel, Sequences #3 & #4, Matrix B)




335

Turbo Speed (1000 RPM)
8 8 & 8 8
T T T T T

—_
(=4
I

0 L 1

50.0 62.5
Equivalence Ratio (%)
Effect of Equivalence Ratio on Turbo Charger Speed
(No.6 Fuel, Sequences #3 & #4, Matrix B)

75.0




336

70 |-

50 |

4 |

30 |-

Turbo Speed (1000 RPM)

20 |-

10 |-

0 | 1

0 S
Water Content (%)
Effect of Water Content on Turbo Charger Speed
(No.6 Fuel, Sequences #3 & #4, Matrix B)

10




I3

Six-Cylinder Diesel Engine Test Matrix

Sequences # 3&4 Fuel No. 6 Matrix A
A B (o] D Peak Cyl. Pressure
Level Retard 02,% Fuel, % H20,% MPa MPa
1,2,3 0,4,8 21,25,30 100,75,50 0,10,20 I IX Mean
5 5 1 1 i 1 9.61 9.66 8.57
2 5 2 2 2 8.35 8.97 8.19
- | 1 3 3 3 7.44 7.39 738
4 2 i 2 a 7.99 8.08 7.91
5 2 2 3 2l 6.90 6.65 7.96
6 2 3 1l 2 9.93 9.58 a.22
7 3 1 3 2 5.80 6.29 9.28
8 3 2 1 3 8sll 8.79 8.06
9 3 3 2 1 7.17 7.82 6.75
Total 71.30 73.23 7.97
= CP 564.85 595.85 8.15
Average 72.82 8.14 7.97

Variance Table Analysis

Source - o S v F s’ % contr.
Timing 2 4.84 2.42 29.93 4.68 18.37
Oxygen 2 0.34 0.17 k2 0.18 Q.71
Fuel 2 19.29 9.64 119.29 19.13 75.12
Water 2 0.14 0.07 0.85 0.00 0.00
Replicat. 1 0.21 0.21 2.56 0.13 0.50
e 8 0.65 0.08 5-31

Pooled e 9 0.85 0.09
: T 17 25.46 100.00
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Six-Cylinder Diesel Engine Test Matrix

Sequences # 3&4 Fuel No. 6 Matrix B
A B (o D Peak Cyl. Pressure
Level Retard 02,% Eq. R, % H20,% MPa MPa
) 0, 4,8 21,23,25 75,63;50  0,5,10 T IT Mean
1 <k 2k il 4 7.89 8.72 8.68
2 & 2 2 2 8.40 9.28 9.13
3 1 3 3 3 B.37 9.41 8.50
4 2 1 2 =) 7.41 7.85 7-52
5 2 2 3 L 3 8.46 8.60 8.70
6 2 3 o -] 11.26 11.23 10.09
7 3 1 =) 2 6.26 6.97 9.43
8 3 2 1 - 8.37 9.10 8.87
9 3 3 2 1 9.24 11.03 8.01
Total 75.66 82.19 8.99
CF 636.05 750.58 8.90
Average 8.41 Dedd 8.42
Variance Table Analysis
Source £ s \'4 F s’ % contr.
Timing 2 1.30 0.65 4.61 1.02 3.19
Oxygen 2 19.91 9.95 70.40 19.62 61.42
Eq. R 2 6.11 3.05 21.60 5.83 18.23
Water 2 1.13 0.57 4.01 0.85 2.66
Replicat. 1 2.37 2.37 16.75 2.23 6.97
e 8 1.13 0.14 7.52
Pooled e 9 3.50 0.39

% = 31.95 100.00

g
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Six-Cylinder Diesel Engine Test Matrix

347

Matrix A, No. 6 Fuel

A. Analysis of Main Effect

A B (o] D Ignition Delay
Trial Retard 02,% Fuel, % H20,% deg. deg.
No. 0,4,8 21,25,30 100,75,50 0,10,20 ng 1T Mean
1 2l o 1 1 15.70 16.50 16.02
2 h 2 2 2 16.30 15.20 14.53
3 1 S 3 3 17.60 14.80 14.13
4 2 1 2 3 17.90 16.30 T7 23
5 2 2 3 1 14.50 16.20 13.37
6 2 3 L 2 13.30 9.00 14.08
7 3 1 3 2 19.00 18.00 12.08 -
8 3 2 1 3 12.00 6.00 15.92
9 3 3 2 Al 13.10 16.70 16.68
Total 139.40 128.70 15.45
CF 2159.15 1840.41 15.13
Average 15.49 14.30 14.10
»
B. Analysis of Variance
Source £ ] Vi F &' % contr.
Timing 2 11.81 5.91 1.27 1.00 0.55
Oxygen 2 50.77 25.39 5.47 41.49 22.64
Load 2 72.88 36.44 7.85 63.60 34.70
Water 2 5.98 2.99 0.64 0.00 0.00
e 5 41.79 4.64 7737 42.11
T s 183.25 183.25 100.00
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six-Cylinder Diesel

Engine Test Matrix

Matrix B, No. 6 Fuel
A. Analysis of Main Effect
A B (o] D Ignition Delay
Trial Retard 02,% Eq. R, % 0,% deg. deg.
No. 0,4,8 21,23,25 75,63,50 5,10 T II Mean
al 1 1 1 1 16.90 14.80 15.30
2 1 2 2 2 17.20 13.10 17.83
3 2l 3 3 3 16.10 13.70 17.07
4 2 1 2 3 18.20 15.40 16.53
5 2 2 3 1 24.40 14.00 16.52
6 2 3 1 2 21.00 14.00 17 .1
7 3 1 3 2 19.50 14.40 16.18
8 3 2 1 3 13.40 17.00 17.00
9 < =) > 1 . 19.50 18.60 17.02
Total 166.20 135.00 18.03
CF 3069.16 2025.00 16.53
Average 18.47 15.00 15.63
B. Analysis of Variance
Source f s v F S % contr.
Timing 2 20.25 10.13 0.79 - 12.81
Oxygen 2 1.56 0.78 0.06 - 0.99
;aoad - 2.72 1.36 0.11 e, 172
ater 2 17.64 8.82 0.69 - 11.16
e 9 115.88 12.88 - 73.31
T 17 158.06 158.06 100.00
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