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Foreword

This report contains the data gathered from tests conducted on a single-cylinder diesel
engine to study the benefits and problems of oxygen-enriched diesel combustion and the use of
water-emulsified and low-grade diesel fuels. This research, funded by the Office of Industrial
Tec hnologies (OIT) in the United States Department of Energy, is being conducted in support of
the Industrial Cogeneration Program. The report is made up of two volumes. Volume 1
conrains the description of the experiments, selected data points, discussion of trends, and
conclusions and recommendations; Volume 2 contains the data sets. With the two-volume
approach, readers can find information at the desired level of detail, depending on individual
intere:st or need.
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Emulsified Fuels in a Single-Cylinder Diesel Engine
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Concept Evaluation

by
R.R. Sekar, W.W. Marr, R.L. Cole, and T.J. Marciniak

Abstract

The performance of a single-cylinder, direct-injection diesel engine was
measured with intake oxygen levels of up to 35% and fuel water contents of up to
20%. Because a previous study indicated that the use of a less-expensive fuel
would be more economical, two series of tests with No. 4 diesel fuel and No. 2
diesel fuel were conducted. To control the emissions of nitrogen oxides (NOx),
water was introduced into the combustion process in the form of water-emulsified
fuel, or the fuel injection timing was retarded. In the first series of tests,
compressed oxygen was used; in the second series of tests, a hollow-tube
membrane was used. Steady-state engine performance and emissions data were
obtained. Test results indicated a large increase in engine power density, a slight
improvement in thermal efficiency, and significant reductions in smoke and
particulate-matter emissions. Although NOx emissions increased, they could be
controlled by introducing water and retarding the injection timing. The results
further indicated that thermal efficiency is slightly increased when moderately
water-emulsified fuels are used, because a greater portion of the fuel energy is
released earlier in the combustion process. Oxygen-enriched air reduced the
ignition delay and caused the heat-release rate and cumulative heat-release rates to
change measurably. Even at higher oxygen levels, NOx emissions decreased
rapidly when the timing was retarded, and the amount of smoke and the level of
particulate-matter emissions did not significantly increase. The single-cylinder
engine tests confirmed the results of an earlier technical assessment and further
indicated a need for a low-pressure-drop membrane specifically designed for
oxygen enrichment.

1 Introduction

The concept of using oxygen-enriched air for diesel engine combustion has been studied by
several researchers over the last two decades. Oxygen enrichment decreases smoke and other
exhaust emissions and improves thermal efficiency. Wartinbee! considered and rejected the
application of the concept to spark-ignition engines because ot the difficulties involved in



controlling the emissions of nitrogen oxide (NOy) caused by oxygen enrichment. Quader? studied
the combustion mechanisms of oxygen enrichment, and the concept was again rejected because of
NOyx emissions and fuel consumption penalties. Ghojel3 and Iida4 published their work on
indirect-injected and direct-injected diesel engines, respectively. Later, lida and Sato’ found that a
reduction in ignition delay made the control of NOy emissions possible by retarding injection
timing.

The oxygen-enrichment concept, as applied to diesel engines, deserves a more
comprehensive review in the context of the standards for particulate-matter emissions proposed by
the U.S. Environmental Protection Agency (EPA), which will go into effect in 1994, Because
oxygen enrichment can potentially reduce smoke and particulate-matter emissions significantly, this
technology may be orie of the solu:ions to the problems of emissions from diesel engines.

Recent work6.7 by engine developers indicate a renewed interest in the oxygen-enrichment
concept. In parallel developments funded primarily by the U.S. Department of Energy (DOE),
significant advances have been reported ir the development of practical oxygen-enrichment
devices, such as asymmetric hollow-fiber membranes, that could be used for various
applications.8.9.10 Argonne National Laboratory (ANL) undertook a systematic research project of
the application of oxygen enrichment to stationary diesel engines. Although the technology offered
several advantages in performance and emissions, oxygen-enriched diesel engines that lack a
definite means of controlling the NOx emissions could not be commercialized in stationary or
transportation applications in the United States. Hence, the use of water injection, in the form of
emulsified fuel, was included as part of the ANL research. Water injection has been studied
previously and reported to reduce NOyx emissions.!1:12 Moreover, retarding the timing of fuel
injection reduces NOy emissions from diesel engines. But such a change in injection timing
usually increases fuel consumption. The penalty in brake-specific fuel consumption (bsfc) is
eliminated when, simultaneously, injection timing is retarded and the combustion air is enriched
with oxygen.3

Studies!3.14 of the performance, emissions, and economic aspects of applying oxygen
enrichment and emulsified fuels to diesel engines revealed that significant decreases in ignition
delays and emissions of smoke and particulate matter (but not NOy) are possible. Meanwhile,
excellent increases in power density and slight increases in efficiency could be achieved. In the
experimental phase of the project, ANL conducted tests on a single-cylinder diesel engine :0 obtain
data on performance, emissions, and cylinder pressure. In the first series of tests, bottled oxygen
was used to enhance the oxygen content of the inlet air. In the second series of tests, an actual
membrane separation unit was used to provide oxygen-enriched air, and the timing of fuel injection
was varied in order to obtain performance and emissions data.

The objectives of this program were to:

1. Measure the performance of a diesel engine operated with oxygen-enriched air,
water-emulsified fuel, and less-refined fuel;

2. Demonstrate the operation of a diesel engine coupled to an oxygen-enrichment
membrane; and



3. Measure the effects of oxygen-enriched air, water-emulsified fuel, and less-
refined fuel on emissions.

The performance parameters that were measured included increased power (by increasing the
fueling rate to consume the added oxygen), thermal efficiency, cylinder pressure as a function of
crank angle, heat release as a function of crank angle, and ignition delay. In the first series of
tests, air containing 21-35% oxygen was used, and in the second series of tests, air containing
21-27% oxygen was used.

The emissions that were measured included smoke (both qualitative and quantitative),
particulate matter, and NOyx. Although the original intent was to use No. 6 fuel as the less-refined
fuel, it was felt that No. 4 fuel would be easier to handle because of its lower viscosity.



2 Experimental Setup

2.1 Engine and Fuels Used

A single-cylinder, four-stroke, direct-injection diesel engine was used for the experiments.
The engine was a one-cylinder version of a heavy-duty diesel engine commonly used in
on-highway trucks and in other applications. The major specifications of the base engine are given
in Table 1. No hardware changes were made to the basic engine, and the manufacturer's
recommendations were used to set up and operate the engine. The engine was designed to run on
No. 2 diesel fuel. Water was introduced into the combustion process by emulsifying the two base
fuels with distilled water and a small percentage of a stabilizing chemical additive. Three levels of
water content were tested with each base fuel. The specifications of the fuels are provided in
Table 2.

Diagrams and photographs of the experimental setup are shown in Figs. 1 and 2 for the
first series of experiments, during which compressed oxygen from a bank of storage cylinders was

TABLE 1 Specifications of the Test

Engine

Parameter Value
Number of cylinders 1
Bore x stroke (mm) 137 x 165
Displacement (L) 2.44
Engine speed (rpm?) 1800
Injection timing (deg. btdc?) 33
Compression ratio 14.5

Peak cylinder pressure (bar) 110

8Revolutions per minute
bDegrees before top dead center

TABLE 2 Specifications of the Fuels

Diesel Fuel Type

Parameter No. 2 No. 4
Kinematic viscosity (cS@ at 80°C) 1.8 5.2
Lower heating value (kJ/kg) 42,668 40,909
Water used for emulsion (% of fuel weight)  0,5,10 0,5,10
Chemical additive (%) 0.333 1.0

aCentistokes
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FIGURE 3 Diagram of Oxygen-Supply System for Series || Engine Tests

In the second series of tests, an oxygen-enrichment meml rane was used. This membrane
was criginally designed and procured by DOL for a different project. secause of cost and
availability problems, it was decided that the membrane should be used for initial screening tests.
On the basis of the data gathered from the membrane tests,8 it was clear that the membrane's
oxygen-rich stream alone could not pruvide the entire mass-flow rate required for the diesel engine.
Hence, a mixing tank was included in which the oxygen-enriched air provided by the membrane
was diluted with shop air.

2.3 Fuel-Supply System

A separate fuel-preparation system, shown in Fig. 1c, was installed, and the test fuel was
supplied to the engine fuel pump from this system. Fuel preparation encompassed making a fuel
emulsion in a tank, keeping it circulated to prevent the water from settling, measuring the mass-
flow rate of the fuel, and maintaining the temperature of the fuel by using a heater. Many problems
were encountered in maintaining a consistent fuel emulsion; therefore, additional research into a
means of introducing water into the engine-combustion process is needed. Fuel samples were
taken immediately before and after each test. The samples were analyzed in the chemistry
laboratory for water content, and the average value of the two samples was used in the
calculations.



FIGURE 4 Experimental Setup for Series Il Experiments

2.4 Instrumentation

Most o the instrumentation used in the tests was standard engine test cell instrumentation.
Oxygen flow rates were measured and recorded separately. Additional instrumentation was used
in the second phase of the tests to record the performance of the membrane. An AVL piezoelectric
transducer located at the combustion surface of the cylinder head was used to measure cylinder
pressure. Marks for top dead center and crank angle were referenced by an optical encoder
attached to the front of the crankshaft. The signals were processed through an IBM advanced
technology computer. Individual cycle pressures and a 30-cycle-average pressure diagram were
recorded on a floppy disk for each test. The data were later analyzed by using a heat-release
computer code on a personal computer. Only Ny and oxygen level were measured in the exhaust
gas stream for gaseous emissions. A conventional filter method was used to measure the
emissions of particulate matter down to 0.5 pm in size. Smoke was measured by the degree of
filter darkening caused by reflected light, which was read on a reflectometer scale of 0-100%.
More detailed emissions measurements will be made when a scaled-up multicylinder engine is
tested.



2.5 Test Matrix

Two base cases were defined for the engine operating with standard air (21% oxygen) and
No. 2 fuel without water. The 50%-load base case was defined as the fuel rate required to produce
18.65 kW (25 bhp). The 100%-load base case was defined as the fuel rate required to produce
37.3 kW (50 bhp).

All 50%-1oad cases (including the 50%-load base case and cases where oxygen-enriched
air, No. 4 fuel, or water-emulsified fuel ‘are used) maintained an intake manifold pressure of
112 cm Hg abs. to simulate turbocharging. All 100%-load cases maintained an intake manifold
pressure of 140 cm Hg abs. All caser maintained an exhaust manifold pressure of 81 cm Hg abs.
to simulate the back pressure of a turbocharger. All tests were done at 1800 revolutions per minute
(rpm), the synchronous speed of an electric generator.

Test runs at each oxygen level were made for the two base cases at three fue.ing rates each:
(1) fueling rate adjusted to maintain the same power output as the base case, (2) fueling rate
adjusted to maintain the same ratio of exhaust oxygen content to intake oxygen content (this fueling
rate produced increased power output), and (3) fueling rate adjusted to maintain the oxygen content
of the exhaust gases at the same level as the base case (this fueling rate produced the maximum
power, but in scme cases, the fueling rate was decreased from this amount to limit exhaust
temperature to 590°C [1100°F}). Thus, for each nonbase-case condition, there were six test runs.

The intake oxygen level was varied from from 21% to 35%. Because of the difficulties that
were ercountered in preparing the emulsified fue), the water content of the fuel emulsion ranged
from 0% to 22%. In total, 112 test runs were made, and several graphs were plotted. (Of these
graphs, only the most significant trend curves are presented in this report.) Baseline data were
rerun frequently during the test program to ensure that the condition of the engine did not change
significantly. Although some data had to be discarded because of instrumentation failures, the first
test series was completed without any major engine problems.

The main objective of the second series of tests was to demonstrate the practicality of using
an oxygen-enrichment membrane as part of a diesel engine. Hence, the test matrix was not as
elaborate as in the first series of tests. Forty-four data points were obtained at two oxygen levels,
at two water levels in the fuel, and for the same two fuels as in the first series of tests. The base
injection timing, which was unaltered throughout the first series of tests, was 33 deg. before top
dead center (btdc). In addition to the base injection timing of 33 deg. btdc, two levels of retarded
injection timings, 27 deg. btdc and 22 deg. btdc, were tested in the second series of tests.
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3 Discussion of the Data

Because the engine test data were collected in two series of tests, the discussion and data
interpretation are presented in that order. Volume 2, App. A, contains the data in tabular form
from Series I, as well as graphs of major parameters of interest. Volume 2, App. B, contains the
data tables and graphs obtained from Series II tests. In the text (Volume 1), selected data are
presented to emphasize certain points and to illustrate cone’ sions.

3.1 Test Series I: Tests with Bottied Oxygen

The single-cylinder engine tests completed in the first series of 112 data points contain the
effects of oxygen level in the intake air (21-35% by volume), the amount of water ia the fuel
(0-10% by weight, according to the original plan), the level of engine-power output, the type of
base fuel (No. 2 or No. 4 diesel), and the fueling rate, which is closely related to the level of
oxygen in the exhaust. The major dependent variables are power output potential; thermal
efficiency, which is a direct measure of brake-specific fuel consumpticn, bsfc; exhaust
temperature, which is usually a good indicator of the thermal limits of the engine components;
smoke; particulate-matter emissions; NOy emissions in the exhaust; cylinder pressure and heat-
release rates; ignition delay; and calculated combustion gas temperatures.

3.1.1 Engine Performance

The power output of a diesel engine is usually limited by the level of exhaust smoke.
Smoke increases are caused by incomplete combustion of fuel, which is caused by, among other
reasons, the inability of oxygen to reach all of the fuel. The tests showed that even a slight
enrichment in the level of oxygen reduces smoke to a point at which the output is no longer limited
by smoke but by limits on exhaust temperature imposed on the engine materials. Figures S and 6
show the maximum power potential at various oxygen levels. High-temperature materials, such as
silicon-nitride valves, seats, and turbocharger components, would enable the engine to produce
even higher power levels untii the engine's mechanical limits, as indicated by peak cylinder
pressures, are reached. Both No. 2 and No. 4 fuels are capable of producing 140% higher power
at the 50%-load case and 50% higher power at the 100%-1oad case.

Because the concept being tested includes water injection for NOy control, the question
arises whether such remarkable increases in power density are possible when fuels emulsified with
water are used in conjunction with oxygen enrichment. The test data indicate that the water content
in the fuel does not affect the gains in power density when No. 2 diese! fuel is used or when No. 4
diesel fuel is used at the S0%-load setting. However, at the 100%-load setting with emulsified
No. 4 fuel, the maximum power limited by the exhaust temperature showed only a 40% gain.
This fact must be carefully taken into account when the system is scaled up for large installations.
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Turbocharging cannot achieve this level of increase in power density because the resulting
pressure ratio and peak cylinder pressures would be beyond the state-of-the-art diesel engines.

The rise in peak cylinder pressures caused by oxygen enrichment is very nominal when compared
with those of current engines in production (see Sec. 3.1.6).

3.1.2 Thermal Efficiency

Another commonly used indicator of engine performance is brake-specific fuel
consumption, which is expressed as g/(kWh) or 1b/(bhp-h). In this test series, the fuel quality
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varied considerably because of its water content, and the directly measured parameter was the
mass-flow rate of test "fuel,” including its water centent. Hence, comparisons on the basis of bsfc
could lead to confusing and misleading interpretations. To avoid such confusion, we use
comparisons based on thermal efficiency, which takes into account the energy content of the test
"fuel." The thermal efficiency is defined as follows:

__p |
vy (1)

power output,

thermal efficiency,
mass-flow rate, and

energy per \init mass of fuel.

o 330
wonnu

The use of a consistent set of units is assumed in the calculation of thermal efficiency.

The test data show that the thermal efficiency is higher with No. 2 diesel fuel than with
No. 4 diesel fuel. The higher efficiency could be attributed to the engine and its fuel injection
system, which were designed and fine-tuned to operate on No. 2 diesel fuel. Fuel atomization and
spray pattern arc probably less than optimal with No. 4 fuel, although a detailed investigation of
this possibility is beyond the scope of this project. Thermal efficiency consisten:ly increased with
the addition of water up to about 5% of the fuel mass. The increase in thermal efficiency appears
to be a fundamental thermodynamic phenomenon rather than a microexplosion phenomenon {as
reported by others13), because it was accurately predicted by a computer model that did not include
microexplosions. Nevertheless, microexplosions might be exploited to enhance combustion
efficiency in the future. The addition of more than 5% water typically results in a rapid decrease
from the maximum thermal efficiency; however, with the addition of more than 8% water, thermal
efficiency is generally lower than what it would be without the addition of water. Figure 7 shows
an example of these effects at an O3 level of 25%. In addition, the thermal efficiency was higher at
a higher power output, as shown in Fig. 7.

At the fueling rate for constant power, the thermal efficiency initially increased with O
concentration, but with further oxygen addition, it decreased. Thus, as more oxygen is pumped
into the engine, it is necessary to make use of that oxygen by burning more fuel to produce more
power (Fig. 8).

3.1.3 Emissions of Nitrogen Oxide

Emissions of nitrogen oxide are known to increase with increasing combustion
temperatures. Because oxygen enrichment results in higher combustion and adiabatic flame
temperatures, NOy emissions increase with oxygen enrichment. The presence of water reduces the
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temperatures and, as a result, decreases NOx emissions. The engine test data presented in Fig. 9
confirm the decrease in NOx emissions. This finding is very encouraging because the major
objection to the application of oxygen-enrichment technology has been the high level of NOy
emissions. The data shown in Fig. 9, however, show that the brake-specific NOy emissions at
25% oxygen could be returned to the base level when the fuel contains about 20% water. This
technique, combined with other established NOx-reduction methods (such as retarded injection

timing), appears to be promising for the control of the overall NOy emissions from a diesel engine
with oxygen-enriched combustion air.
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A similar trend was not observed, however, when No. 4 diesel fuel emulsions were used
and the engine was run at the constant power fueling rate, as shown in Fig. 10. However, as
illustrated in Fig. 11, the effect of an increase in power output is a decrease in the brake-specific
NOx level with either base fuel. This finding again confirms the earlier conclusion that these two
technologies work well with a diesel engine only if the engine output is increased to the maximum
level, the limiting factor being the exhaust temperature.

3.1.4 Particulate-Matter Emissions and Smoke

The test engine appears to be designed for low levels of particulate-matter emissions.
Hence, there was not much room for improvements in mass particulate-matter emissions as oxygen
levels were increased. The particulate-matter emissions with No. 4 diesel fuel were consistently
higher than those with No. 2 diesel fuel (see Fig. 12 for a constant power fueling rate). As noted
before, the higher emissions may be attributed to the suboptimal atomization and spray pattzm
caused by the use of the more viscous fuel. Figure 13 shows the importance of increasing the
engine output with an increased level of oxygen.

The general tendency of particulate-matter emissions to increase with water content level iz
the fuel is shown in Fig. 14. However, other data indicated considerable scatter, depending on the
base fuel, oxygen level, engine load conditions, and water content. Figure 14 also indicates the
importance of a higher level of power output with oxygen enrichment and emulsification of fuel
with water. If the fueling rate (i.e., the power output level) is not increased with increasing
oxygen enrichment, particulate-matter emissions could, in fact, increase. The level of exhaust

—— 35%0, —a— 30%0, —a~ 25%0, —— 21%0,
30 30+
25- 25
‘ ,
E <
S 151 — S 15
> tad
2 10- S 10-
5_‘\\’ 5-< g  J
0 1 1 T T O 1 I 1 T T
0O 5 10 15 20 25 0 2 4 6 8 10 12
Water (%) Water (%)
FIGURE 9 Effect of Water and Oxygen FIGURE 10 Effect of Water and Oxygen on

on NO, Emissions, No. 2 Diesel Fuel NO, Emissions, No. 4 Diesel Fuel



15

20
No. 2 Fuel
15- \
f-; 104 No. 4 Fuel
OX
pd
54
0 T r . —_ ‘
15 | 20 25 30 35 40
Output (kW)

FIGURE 11 Effect of Power on NOyx Emissions

800 °

<, 600 No. 4 Fuel |

£ 500-
Q

& 400
=
Q .
_‘cg 300 No. 2 Fuel

200
& 100

0 T H T T U ¥ L
20 22 24 26 28 30 32 34 36
Oxygen Concentration (%)

FIGURE 12 Effect of Oxygen on Particulate-Matter Emissions




16

800-
g 7004
é 600- No. 4 Fuel

500-
400-
300-
200- WM
100-

o LI - T 1 1 L
15 20 25 30 35 40 45

Output (kW)

Particulate Matter (|

FIGURE 13 Effect oi Power on Particulate-Matter Emissions

Particulate Matter (mg/kWh)

T L 1 )

4 6 8 10 12
Water Content (%)

o
N

FIGURE 14 Effect of Water Content on Particulate-Matter Emissions



17

smoke, a different type of measurement than particulate-matter emissions, always decreased when
the oxygen level in the intake was increased. The degree of oxygen concentration did not make
any measurable difference in the level of smoke, which was already low at 25% O2. This trend
was observed with both base fuels and with their emulsions included in the test matrix, which
results in a major departure in the way in which diesel engines are generally rated. The rated
power would not be smoke-limited when oxygen-enriciicd air is used; rather, power would be
limited by the gas temperatures that the materials could withstand. If high-temperature materials
could be employed cost-effectively, the next limiting parameter would be the cylinder pressures.
When the data analysis was completed, the particulate-matter data showed considerable scatter and
the repeatability was poor, even though the smoke data were consistent and reproducible. Hence,
the particulate-matter data should be used for trends rather than for absolute values.

3.1.5 Ignition Delay

Ignition delay is the interval between the injection of fuel into the cylinder and the start of
energy release caused by comburtion. Previous research has indicated that oxygen enrichment
would reduce ignition delay.58 Figure 15 illustrates the effect of power output and intake oxygen
level on ignition delay. A reduction in ignition delay of 4 deg. crank angle was observed when the
intake O, level was increased to 35%. Moreover, as the engine power output was increased to
make use of the excess oxygen, the ignition delay was further reduced. This reduction in ignition
delay is important because it allows for the retardation of injection timing without any degradation
of engine performance. Retarding the injection timing is a commonly used method of decreasing
NOy emissions from diesel engines. Because the increase in NOy with enriched oxygen has been
well documented,#:10 a specific means of controlling the same is needed.

In this project, water was introduced into the combustion process in the form of emulsified
fuel. The presence of water in fuel tends to increase the ignition delay. Figure 16 shows the
experimental ignition delay when the amount of water in the fuel was changed. A combination of a
small amount of water in the fuel and oxygen-enriched air for combustion resulted in a net
reduction in ignition delay of 3-4 deg. crank angle. Figure 17 shows a comparison of the ignition
delays when the base fuel was changed from No. 2 to No. 4 diesel fuel. The less-refined No. 4
fuel consistently had higher ignition delay. This finding indicates the need for developing a
combustion system specifically for low-grade fuels.

3.1.6 Cylinder Pressures

Higher oxygen levels and power levels increase peak cylinder pressures, as shown in
Fig. 18. Neveriheless, the magnitude of the increase in peak pressure is less than 15%, even with
a power increase of 50%. State-of-the-art diesel engines could easily withstand the increased
pressures. Water in the fuel tends to decrease and low-grade fuel tends to increase the peak
pressures, as shown in Fig. 19.
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The 30-cycle-average cylinder pressure diagrams were smoothed by progressively
averaging three points before and three points after each crank angle. The difference in the
pressure diagrams due to intake oxygen level is illustrated in Fig. 20. For both curves, the fueling
rate was chosen to give power output of 37.3 kW (100% load). Because the differences are not
large, only the two extreme oxygen levels, 21% and 35%, are shown.

Figure 21 shows the rates of pressure rise, dp/dQ, for 21% and 35% oxygen levels in an
expanded scale for the beginning part of combustion. (These are the same runs as those shown in
Fig. 20.) The combined effects of water in the fuel, oxygen-enriched air, and increasec power
level on the cylinder pressure diagram are illustrated in Fig. 22. In this figure, run #37 is the base
case, whereas run #100 includes the data for the 35% oxygen, 6.9% water in the fuel, and the
maximum power (a 50% increase from the base case) condition. It is clear that there is a net
increase in dp/dQ and a 17% increase in peak pressure. The cylinder pressure levels, however, are
well within the current design limits of a diesel engine.

Figure 23 is a comparison of the cylinder pressure traces, and Fig. 24 is a comparison of
the rate of pressure rise for No. 2 and No. 4 fuels. When lower-grade fuel is used, the pressure
levels are somewhat higher and combustion starts later.
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3.1.7 Heat-Release Rates

From the experimental cylinder pressure diagrams, apparent rates of heat release were
calculated by using a PC-based code. The purpose of the calculation was to ideniify overall trends
and effects on combustion attributable to intake oxygen level, the amount of water in the fuel-water
emulsion, and the power output. The combustion chamber of the engine was designed and fine-
tuned for standard No. 2 diesel fuel and 21% oxygen in the intake air; however, for other fuels,
emulsions, and oxygen levels, the design of the combustion chamber must be specifically
optimized. The heat-release comparisons presented here ¢ould be used as a starting point for more
detailed combustion studies and engine development incorporating these technologies.

Figure 25 presents the cumulative rate of burning for the same cases discussed earlier. The
most obvious trend is that more of the energy release occurs in the earlier part of the combustion
cycle when a higher level of oxygen is available. The changes in ignition delay discussed earlier
are evident in Fig. 25, and the effects of water content in the fuel on heat-release rates are shown in
Fig. 26. When water is present in the fuel, combustion starts a little later, but the rate of burning is
measurably higher in the early part of combustion. This phenomenon might be caused by "micro
explosion" phenomenon proposed by other investigators.!2 Figure 27 is a comparison of the
cumulative heat-release diagrams of No. 2 and No. 4 diesel fuels. Number 4 fuel has a longer
ignition delay, but it releases a larger fraction of its energy earlier in the combustion cycle than does
No. 2 fuel.
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3.1.8 Combustion Temperatures

As part of the heat-release analysis, combustion gas temperatures are calculated as a
function of crank angle. The gas temperature isa critical rate-controlling factor in the formation of
NO;y. The comparisons presented here are meant to provide relative effects of oxygen and water
levels on the combustion temperatures, which, in turn, would provide information about the effects
on NOy formation. Figures 28 and 29 show comparisons of the effects of intake oxygen level and
water content in the fuel on calculated gas temperatures. Because heat transfers to and from the
cylinder walls are not included in the calculation, these temperatures should not be taken as the
absolute values. When the oxygen level is increased to 35%, the peak gas temperature increases
by about 27%. In addition, the rate of temperature rise is significantly higher, which explains the
increase in NOyx emissions. Introducing water into the combustion process (in the form of
emulsified fuel) reduces the gas icmperature and the rate of temperature rise. which leads io lower
NOy emissions.

Volume 2, App. A, contains a complete tabviation of all the measured and computed data
from this series of tests. First, the data are listed in numerical sequence of test runs, and there are
two pages of parameters for each run. Second, all the emissions are summarized for 50% and
100% loads with No. 2 diesel fuel and 50% and 100% loads for No. 4 fuel, respectively. The
second tabulations also contain data obtained from the cylinder pressure diagrams on peak cylinder
pressure and ignition delay. The tabulations are followed by a complete set of graphs prepared
from the first series of data.
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3.2 Test Series II: Tests with an Oxygen-Enrichment Membrane

The second series of single-cylinder engine tests was conducted using air enriched by an
oxygen-selective membrane. (This study is the first to operate an engine with enriched air from a
membrane.) Initially, the membrane performance was mapped without the engine. The membrane
produced a 35%-oxygen stream, but the flow rate was not adequate for the engine because the
membrane was originally designed and used for another purpose. Shop air was mixed with the
enriched air to obtain an adequate flow rate and to dilute the oxygen level to 27%. Thus, the data
obtained in this test series were limited to 27% oxygen. The major new parameter that was varied
during this series was fuel injection timing. The base timing was 33 deg. before top dead center
(btdc). Data were obtait:ed for two retarded timings: 27 deg. btdc and 22 deg. btdc. The same
parameters as in the previous series were recorded. Only the constant-power cases were run,
because the effects of increasing the power output in order to utilize the oxygen have been
demonstrated in the earlier tests. Pure No. 2 and No. 4 fuels and 5% water emulsions of these
fuels were used.

Because the injection timing affects almost alll aspects of diesel engine performance and
emissions, the graphs are plotted as a function of injection timing. Figure 30 shows that the
thermal efficiency decreases as the injection timing is retarded from 33 deg. btdc to 22 deg. btdc.
However, the decrease is less pronounced at the higher oxygen level. The same trend in NOy
emissions was noted (as shown in Fig. 31). In all diesel engines, there is a trade-off between NOy
emissions and brake-specific fuel consumption (bsfc). When oxygen-enrichment technology is
used, injection timing could be retarded to reduce NOy wvith less of a bsfc penalty than is the case
for standard air. This comparison is shown in Fig. 32. Because ignition delay is decreased in an
oxygen-enriched engine, this favorable trade-off is possible.

Similarly, NOy and particulate-matter emissions are also controlled in a trade-off mode.
When injection timing is retarded to decrease NOy emissions, particulate-matter emissions
increase. As can be seen from Fig. 33, the effect of retarding the timing on particulate-matter
emissions is insignificant when oxygen-enriched air is used, compared standard air. The results
regarding the use of pure No. 4 diesel fuel and fuel-water emulsions confirmed the earlier trends.

Volume 2, App. B, contains the tabulated data of tests in the second series. The
tabulations are followed by graphs plotted from the data.

3.3 Problems Encountered during Experiments

No major engine problem was encountered during both series of tests. However, because
water-emulsified fuels were used, injector calihrations seemed to go out of order, and the injector
had to be replaced about six times. The 112 runs in the first series were completed during 285 h of
engine operation. Near the end of the series, the smoke level increased, which indicated a problem
with the piston ring. Upon disassembly of the engine, we discovered scuffing of the piston and
the liner. Because oxygen-enriched combustion results in high temperatures, the piston apparently
expanded more than what one would consider to be normal. This abnormal expansion indicates
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that a minor redesign of the piston skirt to increase running clearances may be necessary. Finite-
element analysis of the piston profile could be employed to solve this problem.

The method of preparing fuel-water emulsions resulted in inconsistent composition,
particularly for No. 2 fuel emulsions. A known weight of distilled water was added to a known
weight of base fuel (No. 2 or No. 4 diesel) in a 55-gal drum, and the mixture was constantly
stirred by means of a homogenizer pump. The No. 2 fuel tended to separate quickly from the
water. The use of different types and quantities of emulsifying agents partially alleviated the
problem. Wide variations were noticed in the overall water content of the test fuel and the water
content during a data run. Therefore, fuel samples were therefore taken immediately before and
after the recording of data. The water contents were analyzed in the chcm:stry laboratory, and the
average of the two values was used for analysis of the data. In thc future, it is recommended that a
commercially available emulsifier be used to prepare the em ulsxon 'on demand" by the engine.

3.4 Emission Repeatability Tests

Two special test sequences were carried out at the conclusion of the second series of the
test program to examine the repeatability of emission measurements. The tests were run at two
retarded fuel injection timings. The first test was run on October 25, 1990, with the injection
timing set at 22 deg. btdc and the engine operated at the 100%-load condition (50 hp). Ten data
points were collected at approximately 30-min intervals on the same day. The second test sequence
was run on the following day, with the injection timing set at 27 deg. btdc and the engine operated
at the 50%-load condition (25 bhp). Nine data points were collected in the manner described for
the first test sequence. The standard No. 2 diesel fuel and 21%-oxygen intake air were used in
both cases. The test results of the first and second sequences are shown in Tables 3 and 4,
respectively. Also shown are data from calibration runs that were conducted on various dates
immediately preceding tests in the second series. Graphs of the measured data are shown in Figs.
34-39 for the two cases.”

Statistical analyses were performed on the data. The results are shown on the top portion
of the respective tables. In addition to the emissions data (i.e., particulate matter, NOy, and
smoke), measurements of the gas temperature and the oxygen content of the exhaust are presented
in the tables. For each parameter, the average value and standard deviation were calculated.
Calculated values for data taken on a single day are listed under same-day measurements, while for
the data taken on different days, including those of the same-day measurements, are listed under
different-day measurements. Both tables show that data taken on a single day have standard
deviations much smaller than those taken on different days. This difference seems to indicate that
running the tests on different days might bias the results and that, in the planning of the next series
of tests, it might be desirable to group certain tests together to be run on a single day to avoid the
bias.

*Statistical analyses were done in British units. Data were plotted in metric units.
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TABLE 3 Emissions Repeatability Tests: First Test Sequence (50 bhp, No. 2 fuel, 0% water,

22 deg. btdc injection timing)

Same-Day Measurements

Ditferent-Day Measurements

Parameter Average  Standard Deviation Average  Standard Deviation
Particulate matter (g/hph) 0.26 0.03538 (13.5%) 0.27 0.04390 (16.2%)
NOy (g/hph) 1.15 0.05 (4.4%) 1.39 0.38 (27.3%)
Smoke (%) 64.30 3.56 (5.5%) 56.28 12.26 (21.8%)
Exhaust temperature (°F) 822.60 2.72 832.22 22.27 .
O, exhaust (%) 12.00 0.06 (0.5%) 11.80 0.37 (0.3%)

Exhaust Particulate
O; Exhaust  Temperature  Smoke Matter NOy
Date Time (%) (°*F) (%) (g/hph)  (g/hph)  Run #
10/25/90 1010 12.00 818 60 0.33 1.12
10/25/90 1040 11.90 821 58 0.30 1.13
10/25/90 - 1110 12.00 819 62 0.25 1.11
10/25/90 1140 12.00 826 64 0.25 1.1
10/25/90 1240 12.00 824 63 0.30 1.09
10/25/90 1310 12.10 825 65 0.22 1.22
10/25/90 1340 12.00 825 67 0.22 1.22
10/25/90 1425 12.00 823 68 0.26 1.18
10/25/90 1455 11.90 824 68 0.24 1.18
10/25/90 1525 12.00 321 68 0.24 1.15
10/23/90 1123 12.23 825 64 0.24 1.35
10/11/90 1020 11.97 801 55 0.24 1.83
10/11/90 1513 11.96 803 32 0.28 2.31 241
09/06/90 1315 11.35 867 52 0.37 1.89 213
07/16/90 1425 11.00 867 35 0.32 1.16 205
09/26/90 1457 11.74 853 36 - 1.93
09/06/90 1245 11.35 868 56 - 1.86
07/16/90 1340 10.98 870 40 1.18
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TABLE 4 Emissions Repeatability Tests: Second Test Sequence (25 bhp, No. 2 fuel, 7% water,

27 deg btdc injection timing)

1

Same-Day Measurements

Different-Day Measurements

Parameter Average  Standard Deviation  Average Standard Deviation
Particulate matter (g/hph) 0.28 0.03004 (10.6%) 0.32 0.093929 (29.5%)
NOy (g/hph) 1.16 0.16 (13.8%) 1.76 0.79 (44.9%)
Smoke (%) 56.78 1.48 (2.6%) 54.40 8.77 (16.1%)
Exhaust temperature (°F) 559.78 4.41 567.47 12.09
O, exhaust (%) 14.46 0.12 (0.8%) 14.33 0.22 (1.5%)

Exhaust Particulate
O, Exhaust Temperature  Smoke Matter NO,

Date Time (%) (°F) (%) (g/hph) (o/hph) Run#
10/26/90 1040 14.60 557 54 0.26 1.36
10/26/90 1110 14.60 555 57 0.26 1.34
10/26/90 1140 14.60 556 55 0.23 1.33
10/26/90 1240 14.40 559 57 0.29 1.20
10/26/90 1310 14.50 556 56 0.31 1.16
10/26/90 1340 14.40 559 58 0.33 1.04
10/26/90 1440 14.40 564 58 0.30 1.04
10/26/90 1500 14.30 566 58 0.31 1.00
10/26/90 1525 14.30 566 58 0.27 0.96
10/22/90 1138 14.32 563 63 0.18 2.33
10/05/90 1148 14.10 585 60 0.44 2.59
10/05/90 1317 13.91 586 45 0.49 2.97 234
09/05/90 1655 14.00 586 54 0.48 2.84 211
10/03/90 1252 14.44 568 26 - 2.29
09/05/90 1620 14.08 586 57 - 2.87
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4 Conclusions and Recommendations

On the basis of the results of the experimental program discussed in the previous sections,
the following conclusions regarding the performance of a diesel engine using oxygen-enriched
combustion air and emulsified diesel fuels are drawn:

1. Oxygen enrichment of combustion air and the use of emulsified light- and
heavy-liquid fuels are viable technologies through which the performance of
diesel engines can be improved.

2. When oxygen-enriched combustion air is employed, fuel input and power
output of the engine can be increased to use the excess oxygen. The additional
power is limited primarily by the exhaust temperature.

3. The demonstrated potential for a 40-60% increase in the power density of the
diesel engine is important in industrial cogeneration and ciher power generation
plants because such an increase could significantly reduce capital costs.

4. Fuel emulsification and oxygen enrichment will make it more likely that less-
expensive liquid fuels (such as No. 4 and No. 6 fuel oils) could be used in
medium- and high-speed diesel engines.

5. Water emulsification of the fuel in moderate amounts (about 5% by weight),
along with oxygen enrichment, can improve thermal efficiency. Conversely,
with higher amounts of water, engine thermal efficiency is not significantly
decreased.

6. Oxygen enrichment reduces or eliminates visible smoke, and even a slight
increase in the oxygen level increases the power limit imposed by smoke
emissions.

7. Oxygen enrichment at 30% decreases ignition delay by about 5 deg. crank
angle at 1800 rpm. This reduction allows for the retardation of injection
timing, reduces NOy ermissions, and results in only a minor penalty in fuel
consumption. Heavier fuel (No. 4) has a longer ignition delay than does No. 2
diesel fuel.

8. Oxygen enrichment, by itself, increases the level of NOx emissions from the
engine. However, when the power output is increased in order to use the
excess oxygen, the brake-specific NOy emissions remain near base levels.
Retarding the injection timing and introducing water into the combustion
process can significantly decrease NOyx emissions.

9. The data on particulate-matter emissions were not conclusive. Because the
engine already had a low level of particulate-matter emissions, scatter in the
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measurements tended to obscure any quantitative trends. However, on the
basis of reduced smoke emissions, particulate-matter emissions may decrease
with increasing oxygen levels.

10. Oxygen enrichment and the resulting higher power output increases cylinder
pressures. At an intake boost level corresponding to 50% rated power, peak
pressure is increased by about 15% when the power is increased by 140%.
Thus, engine redesign may not be required. On the other hand, the use of a
turbocharger to achieve the same increase in power would increase cylinder
pressures to prohibitively high levels.

11. Oxygen enrichment causes a higher proportion of the fuel energy to be released
in the early part of the combustion process. This phenomenon should be
considered when combustion chamber geometry and process parameters are
optimized.

12. Because it was demonstrated that a membrane separator could be used to enrich
the oxygen as part of a diesel engine system, the further application of the
concept is at least technically feasible. Although current oxygen-enrichment
systems operate at inlet pressures of 100 psig and thus represent a considerable
parasitic loss, the increased engine power will exceed these losses. It is not
likely that the engine will need major modification in order to incorporate the
membrane system.

13. No attempt was made in these experiments to optimize the operating variables.
However, combining the two technologies should allow an engine designer
two more degrees of freedom to improve the performance of the cogeneration
system and reduce emissions.

In light of the foregoing conclusions, the following recommendations are made:

1. A low-pressure-drop, low-cost membrane designed specifically for oxygen
production should be developed because it is the most critical technical and
economic problem to address. The size of the membrane should also be
reduced, although this is not a serious problem in industrial cogeneration
applications.

2. Multicylinder engine tests, in which bottled oxygen is used, should be
conducted in order to investigate the scale-up potential of the single-cylinder
data. Such multicylinder engine tests also would highlight any problems that
may be connected with operating a turbocharger with oxygen-enriched
combustion air.

3. Engine design and operating variables should be investigated in order to
optimize the most acceptable trade-offs between the emissions parameters
(NOx; and particulate matter) and thermal efficiency.
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A review of current and proposed industrial cogeneration installations indicate
that systems based on diesel engines play a relatively small role in such
installations, except in special situations in smaller industrial applications. The
successful application of the concept discussed in this report would offer
designers and operators significant flexibility. Therefore, it is recommended
that application-specific studies be done to highlight the benefits and probiems
of using oxygen-enrichment and water-injection technologies.

At this stage of development, manufacturers should be involved in technology
transfer and in the commercialization of these technologies. One way to
accomplish these tasks is for DOE to let cost-shared contracts out to the
manufacturers. The assembly of a team of engine and membrane
manufacturers to develop and demonstrate a specific system would be a good
first step. Another method would be to form a government-industry
consortium, in which interested parties would pool their resources and resolve
any remaining fundamental technical problems.

In the short run, the interest of engine manufacturers in these technologies lies
in their poteniial for emissions reduction. So far only steady-state emissions
data at one engine speed have been obtained. The data showed considerable
scatter in particulate-matter emissions and NOy measurements. It is important
to accurately map the emissions aspects of these technologies in order to
sustain the interests of engine manufacturers. Complete emissions data should
be obtained in a series of multicylinder engine tests.

The transient response of membrane separators should be carefully evaluated.
The most serious smoke problems of diesel engines occur during acceleration.
Therefore, it is critical that the membrane respond at least as fast as the rest of
the engine.

Attempts should be made to develop systems to recover or utilize the energy
from the nitrogen-rich waste stream.
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