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ABSTRACT effect in 1994. Since oxygen enrichment can potentially
reduce smoke and particulate emissions significantly, this

The concept of oxygen enriched air applied to reciprocating technology may be the .solution to the diesel engine emission
engines is getting renewed attention in the context of the problems.
progress made in the enrichment methods and the tougher
emissions regulations imposed on diesel and gasoline engines. Recent work6,7 by engine developers indicate a renewed
An experimental project was completed in which a direct interest in the concept. In parallel developments, funded
injection diesel engine was tested with intake ax'ygen levels of primarily by the U.S. Department of Energy (DOE),
21% . 35%. Since an earlier study indicated that it is significant advances were reported in practical oxygen
necessary to use a cheaper fuel to make the concept enrichment devices such as "asymmetric hollow fiber"
economically attractive, a less refined fuel was included in the membranes which could be used for various end-use
test series. Since a major objection to the use of oxygen applications8,9,10 Argonne National Laboratory (ANL)
enriched combustion air had been the increase in NO,, undertook a systematic research project of the application of
_ml_,;ions. a method must be found to reduce NO_ oxygen enrichmenttostationarydieselengines. Although the
introduction of water into the engine combustion process was concept offered several advantages in performance and
included in the tests for this purpose. Fuel emulsification emissions, it is obvious that without a definite means of

with water was the means used here even though other controlling the NOx emissions, oxygen enriched diesel engines
methods could also be used. The test data indicated a large could not be commercialized in stationary or transportation
increase in engine power densiB,, slight improvement in applications in the U.S. Hence the use of water injection, in
thermal efficiency, significant reductions in smoke and the tbm_ of emulsified fuel, was included as part of the ANL
particulate emissions and NO× emissions controllable with the research. Water injection has been previously studied and

11,12 Analytical studies 13,14 of theaddition of water, reported to reduce NOx .
performance, emissions and economic aspects of the diesel

INTRODUCHON engine with oxygen enrichment and emulsified fuels revealed
that significant decreases in smoke, particulates and other

The conceot of using oxygen enriched air for diesel engine emissions parameters, except NO , and ignition delays are" X

combustion has been studied by several researchers over the possible while, at the same time, excellent increases in power
last two decades. The main mot_,'ation for oxygen density and slight increase in efficiency could be achieved.
enrichment is to lower the smoke and other exhaust emission In the second phase of the project, ANL conducted tests on
as well as to improve the thermal efficiency. Wartinbee 1 a single cylinder diesel engine to obtain performance,
considered and rejected the concept for spark-ignition engines emissions and cylinder pressure data. The results of the test
due to the difficulties involved in controlling NO emissions series are being published in three reports for clarity. This
caused by m'ygen enrichment. Quader2 s_udied the paper concentrates on the comparisons of performance and
combustion mechanisms of oxygen enrichment and the emissions of #2 and #4 diesel fuels with various degrees of
concept was again rejected due to the NO and the fuel emulsions.
consumption penalties that were encountereo_. Ghojel 3 and
I..ida4 publisl_ed their work on indirect-injected and direct- OBJE_VES
injected diesel engines respectively. They were more
encouraged by the use of this co_teept and later Lida and The main objective of the tests is to experimentally

Sato5 found that the increased NOx could be controlled by quantify the operation of the engine with the standard #2
retarding the injection timing, which is made possible by the and with the less refined #4 diesel fuels. Emulsions of these
reduced ignition delay, two fuels with up to 10% water were planned in the test

matrix. However, due to the difficulty in preparing stable
The oxygen enrichment concept as applied to diesel engines emulsions, the water content in the fuel varied widely from

deserves a more comprehensive review in the context of the one to another. In some tests water content of the fuel was
paniculate emissions standards proposed by the United States over 20%. The major parameters of interest are the

Environmental Protection Agency, (EPA)which will go into maximum limit on power del_s_lYll_n_l_l_ll_!_ enriched

IbtSTRIBUT1ON OF I'Fi!S [3OCUI_AENT I_ UNL.IMITNr:_



1..

ox'ygen is used, the effects of 0 2 and water on lhcrm;_l The O,w_en _,ut_plvSystem
efficiency, NOn, smoke and particulate levels.

Compressed oxygen from a bank of cylinders was mLxcd
EXPER1MFA_'AL SI_'UP with air in a large tank before the intake manifold _Jf the

engine. A micro-rue[ cell type (Teledyne model 326,,\)
Engine and Fuels Used o:'9/gcnsensor located in the engine intake manilold was used

to measure and control the intake oxygen content of the ,air
A single cylinder, four stroke, direct injection diesel engine entering the engine. Elaborate safety systems were i]rovidcd

was used in this series of experiments. This is a one cylinder to handle oxygen. The engine crank case was purged with
version of a heavy-duty diesel engine commonly used in on- nitrogen for added ._ffety while running the engine. 'I'hc
highway trucks and other applications. The major amount of oxygen supplied from the cylinders was measured
specifications of the base engine are given in Table 1. No .separately.
hardware changes were made to the basic engine and the
manufacturer's recommendations were used in the setup and
operating procedures. Fuel Supply System

A separate fuel preparation .system was installed and the
Table 1. Test Engine Specifications test thel was supplied to the engine fuel pump from 'his

_'stem. Fuel preparation consisted of making fuel emulsion
in a tank, keeping it circulated to prevent water from settling,

Number of Cylinder 1 measuring the mass flow rate of tl_e fuel and a heater to
Bore x Stroke 137 mm x 165 mm maintain the fuel temperature. Many problems were
Displacement 2.44 liters encountered in maintaining consistent fuel emulsion, which
Engine Speed 1800 rpm. indicated a need tor additional research into the means of
Injection Timing 32° btdc introducing water into the engine combustion proce_. Fuel
Compression Ratio 14.5 samples were taken immediately belbre and after the test.
Peak Cylinder Pressure 110 Bar These samples were analyzed in the chemistry laboratory for

water content. The average w_lue of the two samples was
used in the data analysis of each test.

The engine was designed to run on #2 diesel fuel. The
objective of this project was to test the engine on a less Instrumentation
refined fuel, such as #'6 diesel, lt was felt, however, that the
engine might not run smoothly on # 6 diesel fuel without Most of the instrumentation used in these tests were
extensive modifications. Hence it was decided to compromise standard engine test cell instrumentation. The only special
and test the engine on # 4 fuel, which is generally used in instrumentation, to be described in a future report, was to
marine applications. Water introduction into the combustion measure cylinder pressure traces. NO and oxygen level
process was accomplished by emulsifying the two base fuels were the only gaseous emissions measure_ in the exhaust gas
with_ distilled water and a small percentage of stabilizing stream, A conventional filter method was used to measure
chemical additive. Three levels of water content were tested the emissions of particulate matter down to 0.5 micron.
with each base fuel. The fuel specifications are illustrated in Smoke was measured by the degree of filter darkening due
Table 2. to reflected light, which was read on a ,scale of 0-100%.

More detailed emis,siorasmeasurements will be made when a

scaled up multi-cylinder engine is tested in the future.
Table 2. Test Engine Specifications

•#'2 diesel #.4 diesel Test Matrix
Kinematic Viscosity 1.8 5.2
(C. Stokes @ 80°C) Two engine operating conditions were tested in this series.

Lower Heating Value 42,(-,68 40,909 "50% Load" is defined as the engine operating conditions
(k.J./kg) (intake roan,fled pressure, exhaust manifold pressure and ass

Water Used for emulsion 0,5,10 0,5,10 flow rate of air plus oxygen) corresponding to 50% brake
(% of fuel weight) lX:nuerlevel of the base engine, which is 18.65 KW (25 h.p.).

Chemical Additive (%) 0.333 1.0 "100% Load" is defined as the engine operating conditions
corresponding to the rated power level of the base engine,
which is 37.3 KW (50 hp). The intake manifold pressures

Thesubmittedmanuscript hasbeenauthored ] were maintained at 112cm Hg. abs. at "50% load" and 140
by a contractor of the U.S. GovernmentI cna Hg. abs. at "100% load" points respectively. The exhaust
under contract No. W-31-109-ENG-38. I

Accordingly,theU.S.Government retains a I manifold pressure was maintained at 81 cre. Hg. abs.
nonexclusive, royalty-free license to publish ] throughout. Three types of data were obtained at each
or reproduce i)_e published form of this I
contribution, or allow others to do ro, for ] oxygen level:

O. S, Government purposes. J
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i. Constant tx_wer output
ii. Constant exhaust to intake oxygen ratio p
iii. Constant exhaust oxygen level n -

Intake oxygen level was varied from 21% to 35%. Water (ria * q)
content of the fuel emulsion showed wide variation ranging
from 0% to 22%. A total of 112 test runs were made and where

a large number of graphs were plotted. Only a portion of ._ = thermal efficiency
the most significant trend curves are presented in this report, p = power output
Baseline data were repeated, and checked frequently during tta = mass flow rate
the test pr0gram. Some data had to be disregarded due to q = energy per unit mas,s of fuel
instrumentation failures. Overall the test series was A consistent set of units was used in calculating the thermal
completed without any major engine problems, efficiency.

DISCUSSION OF TI-FE RESULTS The test data shows that the thermal efficiencies are higher
with #2 diesel fuel compared to #4 diesel fuel. This could

Engine Performance be due to the fact that the engine was designed and line-
tuned to operate on #2 diesel fuel. Addition of moderate

Diesel engine power output is usually limited by the amount of water consistently showed an increase in thermal
exhaust smoke level. Smoke increases due to incomplete efficiency. This could be due to micro-explosion
combustion of fuel which is caused by, among several other phenomenon reported by other investigators 15. However, as
rea_ns, lack of adequate amount of oxygen for combustion, more water is added the efficiency starts to decrease, as

The tests showed that even a slight enrichment of the O 2 shown in Figure 3. Figure 4 shows similar resui'ts Ibr the
level reduces smoke to a point where the output is no longer effects of oxygen enrichment. Thermal efficiency increases
limited by smoke but by exhaust temperature limits imposed slightly at first, then decreases as more oxygen is added.
on the engine by the materials. In this regard oxygen
enrichment is similar to turtxx:harging in increasing the

';moke-limited output of the engine. Figures 1 and 2 show Emissions ,af Oxides of Nitrogen (NOx.).
the maximum power potential at various oxygen levels. High

temperature materials, such as silicon nitride valves and seats The NOx emissions are known to go up when combustion
in the exhaust gas stream would enable the engine to temperatures increase. The effect of oxygen enrichment is
produce even higher power levels until the engine's higher combustion and adiabatic flame temperatures and,

mechanical limits, as indicated by peak cylinder pressures, are therefore, higher NOx emi_ions. The presence of water is
reached. It is clear that both #2 and #4 fuels are capable to reduce the temperatures and, as a result, reduce NO
of producing 140% higher power at 50% load setting and emissions. The data presented in Figure 5 confirm thisx.
50% higher power at 100% load setting, when the same This is very encouraging since the major objection to this
exhaust O level is maintained. Since the concept being application of the oxygen enrichment technology has been2

tested includes water injection for NOx control, the question the high NOx emissions. It is clear from Figure 5 that the
arises whether such remarkable increases in power density NOx emissions at 25% oxygen could be brought back to the

t2are possible when fuels emulsified with water are used in base level when the fuel contains about 20_ water. This

conjunction with O2 enrichment. The test data indicates that technique, combined with other established NOx reduction
water content in the fuel does not affect the gains in power methods such as retarded injection timing, appears promising
density when #2 diesel fuel is used or when #4 diesel fuel in controlling the overall NO emissions from a diesel enginex
is used at .';0% load setting. However, at 100% '.dad setting with oxygen enriched combustion air. "Die same trend was
with emulsified #4 fuel, the exhaust-temperature-limited- not observed when #4 diesel fuel emulsions were used and
maximum-power showed only 40% gain. This fact must be the engine was run at a constant power, as shown in Figure
carefully taken into account when this system is .scaled up for 6. However, as illustrated in Figure 7, the effect of power

large installations, output increase is to lower the specific NOx level with eitl_er
base fuel. This again confirms the earlier conclusion that
these two technologies work well with diesel engine only if

Thermal Efficienc3, the engine output is increased to the maximum level, the
limiting factor being the exhaust temperature.

Another major indicator of engine performance is brake
specific fuel consumption (bsfc), which is expressed as
gms/(kw-hr) or lbs/(bhp-hr). In this test series the fuel Particulate Emissions and Smoke
characteristic,'svaried considerably due to the water content.
Hence comparisons on the basis of bsfc could lead to The test engine appears to have low particulate emissions
erroneous conclusions. The comparisons on the basis of even in the baseline reference test runs. Hence the
thermal efficiency based on the energy content of lhc test mer_ured mass particulate emissions did not go clown as
"fuel" eliminates any confusion. The thermal efficiency is much as expected when oxygen levels were increased. In
defined as: fact, the particulate emissions could go up with higher O a
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enrichment, if the FX-nveroutput level is kept the ,same. An compressed natural gas be studied in the context of Oi " . , 2

example is shown in Figure 8. The particulate emissions with enrichment and water induction m the combustion chamber.
#4 diesel fuel were consistently higher than with #2 diesel If oxygen enriching device could be miniaturized,
fuel. This data, illustrated in Figure 9, shows the importance transportation applications are also possible tor these
of increasing the engine output a!. higher 0 2 level. The technologies. The tes_;project reported here revealed the
general tendency of particulate emissions is to go up with problems involve(! lr', fuel emulsification. A ,separate effort
water content level in the fuel. The data indicated is needed to develop/:err_ul,_ifiedfuels.

considerable scatter depending on the base fuel, O 2 level,
engine load conditions and water content. A typical data AC'KNO_EMENT
comparison is shown in Figure 10. This figure also indicates
the importance of higher power output level when emulsified This work is supl:x_rted by the office of the Assistant
fuels are used. Exhaust smoke level went down as soon as Secretary for Conservation and Renewable Energy of the
oxygen level in the intake is increased. A_nount of oxygen U.S. Department of Energy under contract W-31-109-Eng.
concentration did not make any measurable difference in 38. Accordingly, the US Government retains a nonexclusive,
smoke level, which was already low at 25% O . This trend royalty-lree lise.nce to publish or reproduce the published
was observed with both base fuels and the2ir emulsions form of this contribution, or allow others to do so, for U.S.
included in the test matrix. This fact discussed earlier, Government purposes.
results in a m_jor departure in the way in which diesel
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, DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government nor any agency
thereof, nor any of their employees, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the accuracy, completeness, or use-
fulness of any information, apparatus, product, or process disclosed, or represents
that its use would not infringe privately owned rights. Reference herein to any spe-
cific commercial product, process, or service by trade name, trademark, manufac-
turer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof.
The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof.
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