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FOREWORD

/
Themes for the Internal Combustion Engine Division Fall Technical Conferences are generally
sclected at least two years in advance. The Technical Committee recommends these themes
based on issues which represent high concentrations of current technicalactivity for engineers
involved in the engine industry. The theme for the 1990 Fall Te¢chnical Conference (FTC) is
an update and re-investigation of the 1985 FTC theme. The 1985 FTC focused on "New
Developments in Large Bore Engines." In the past five years, large bore engine technology
advanced substantially and engine applications have undergone some changes. Therefore the
1990 FTC examines the latest "New chhpology in Large Bore Engines." Most of the papers
presented at this conference report accomplishments achievegwith large bore engines, and a

few of these papers describe work done with smaller engines; the results of which are directly
applicable to large bore engines.

2ran

Technical papers received for the 1990 FTC theme fell into five specific topic categories, which
resulted in the formation of five technical sessions. These sessions are: (1) Mechanical Design,
(2) Engine Environmental Issues, (3) Fuels and Combustion, (4) Electronic Controls and
Simulation, and (5) Engine Maintenance and Testing. This publication contains the 18 technical
technical papers which were produced by 34 authors for the 1990 FTC. These papers were
presented at Rockford, Illinois, October 8-10, 1990.

A major purpose of the Internal Combustion Engine is to promote the art and science of
internal combustion engines through an exchange of technical information to benefit the
engine industry and the engineering profession. This purpose is for the most part accomplished
. through activities defined in the ASME principal aims; i.e., "developing and disseminating
technical information in order to provide a continuing cducation to mechanical engineers, the
industries they serve, and mankind in general." Therefore it is imperative for our division to
provide a forum for producing and presenting technical papers which extend the technology
of the engine industry. Papers contained in this publication have been carefully reviewed by

peers to assure that they are consistent with our goals to publish high quality, technically-sound
information.

The technical papers represent an important part of this conference program. However the
conference also features other technical content that is worthy of special mention:

1. An ASME Honda lecture by Professor John B. Heywood, dealing with a subject that
encompasses much of the conference theme, "Future Engine Technology; Lessons from
the ’80’s for 1990’s."

2. An exhibition of old engines and their components, organized by Michael F. Marsh.

3. A tour through the Fairbanks-Morse engine manufacturing facility.

4. A free tutorial by F. Douglas Stover, presenting the latest technology in engine and
compressor performance analyzers.

It requires many committed persons working together to produce a technical program of this
nature. We gratefully acknowledge the efforts of major contributors, such as the session
organizers; Carl McClung, James Wakenell, Jon Tice, Dave Ackerman, and Professors Reda Bata
and Rameshwar Sharma. Our appreciation also goes to Professor John Heywood and the
authors who presented their papers. The work of the paper reviewers and discussors is a key
part of this publication. We thank our conference host, Fairbanks-Morse Division of Colt
Industries, for their important contribution to the success of this conference. Our thanks also

2o to I.C. Engine Chairman, Albert Zagotta and the other members of the Executive Committee
who provided their support.

Bruce Chrisman
Technical Program Chairman
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FUTURE ENGINE TECHNOLOGY: LESSONS FROM
THE 80’s FOR THE 1990's

John B. Heywood
Massachusetts Institute of Technology
Cambridge, Massachusetts

ABSTRACT

The past twenty years has seen an explosion in our
knowledge of engine processes, steadily improving
engine pcwer density and efficiency, major reductions
in exbaust emissions, and a substantial increase in
engine sophistication and complexity. This paper
explains how engineering analysis has played a major
enabling role in realizing these improvements in spark-
ignition engine performance. Examples are given of the
many different types of analysis tools in areas such as
combustion, emissions, stress analysis, system
dynamics, and fluid flow that have been found useful in
resolving different engine development and design
problems and cpportunities.

The significant improvements achieved in engine
fuel consumption, power density and emissions control
are then reviewed. 1It-is argued, however, that the
improvements in urban air quality do not correspond to
the reductions achieved in vehicle exhaust emissions.
Our current understanding of the link between vehicle
emissions and air quality does not explain this
discrepancy. What matters is low enough in-use
emissions, and future regulations do not adequately
focus on this essential requirement.

An available energy analysis of the four-stroke
spark-ignition engine operating cycle is used to
identify where opportunities for further increases in
efficiency and power are to be found. Approaches that
would improve combustion efficiency, reduce heat
losses, increase expansion stroke work, reduce pumping
work and decrease friction are discussed. It is
concluded that many analysis tools are now available to

identify more precisgly how large these opportunities

are, and how best ‘they might be realized. The
potential of various modifications to the four-stroke
cycle SI engine cycle, and alternative spark-ignition
and diesel cycles are reviewed. Finally, it is argued
that relative to Europe and Japan, the United States
lacks a sufficiently broad and organized research
effort designed to support the exploration and
development of these opportunities.

RATIONALE AND SCOPE

The past two decades have seen major changes in
engine technology. These have come about due to the
need to reduce vehicle emissions very substantially,
improve fuel consumption due to market pressures and
regulation, increase engine specific power to improve
vehicle performance and reduce engine size and weight,
and to improve vehicle driveability which had
deteriorated significantly in the early years of
emission control. For the spark-ignition engine, these
improvements have come from many different areas; most
important however, have been the development of much
more sophisticated engine designs with electronic
engine control, and the introduction and continued
development of the catalytic converter.

You have generously honored me with the Honda
Lectureship because of my research and writing on
internal combustion engine technology over the past
twenty or so years. So I thought it would be
appropriate to use the opportunity this occasion
provides to write a broader review of three topics in
which I am much involved: (a) how engineering analysis
has contributed to the engine improvements listed
above; (b) how far we have progressed in our efforts to
control air pollution; and (c) assess what potential
remains for further improving current engine technology
and examine some new engine options.

I will first discuss several areas of engine
operation where the combination of analysis and
extensive empirical data has led to significant gains.
I will show that one essential feature of all these
successful combinations of empirical and analytical (or
computational) engineering is matching the type of
analysis used to the specific problem. There are no
universal analysis tools, though some are obviously
more general than others. The major focus will be a
spark-ignition engine performance, efficiency, and
emissions, since this has received the greatest
emphasis during the 1970s and 80s, will continue to be
very important in the 1990s, and is my primary area of
expertise. Diesel efforts are following this pattern
too, but more slowly, because the problems of emission
control and improved efficiency are more complex than
in the SI engine, and the amount of resources available
for diesel engine R & D is smaller.



I will then focus on passenger car emissions and
urban air pollution. We will see that one success
story of the 80s, the catalytic converter, has not
apparently had the impact on the real problem--urban
air quality--that it has had on spark-ignition engine
exhaust emissions. A major reason is that the real
problem--how all actual sources of emissions contribute
to air pollution--has not received the same level of
analysis as has the engineering "solution."™ Finally, I
will discuss what I perceive to be the most important
"engine" needs and opportunities for the 1990s.

THE ROLF. OF ENCINEERING ANALYSIS

The Informriion Explocion and Escclating Complexity

Anyone who works with the technical literature on
engines knows that it has been expanding at an enormous
rate. As an illustration, I have plotted in Fig. 1 the
number of technical papers published each year by
SAE-~which has become the largest source of such
literature-~-over the past twenty-five years. Such
literature records the expansion of our engine
knowledge base, the analysis, computational, and
diagnostic methods relevant to engine research and
development and the success=ful resolution of engine
problems and realization of new engine opportunities.

In parallel, the complexity of automobile spaxk-
ignition engines has escalated enormously. As
illustration, one recent production engine design
(Inoue et al., 1989) incorporates a four-valve cylinder
head, cam switching between low and high speed, a tuned
intake and exhaust system, sophisticated electronic
engine control and the sensors and actuators required
to implement that control. Twenty years ago such
geometric complexities would be the rare exception, and
would only have been considered routine in special
applications such as racing.

How RAnalysis Helps

Though many types of engineering activity have
contributed to engine improvements over the past two
decades, such developments would not have been possible
without the contribution that has come from
"engineering analysis."™ The 1970s and 80s have
demanded rapid changes in technology; the next decade
and beyond will require changes of comparable
magnitude, at least. As I discuss a number of ergine
technology improvements, and the problems they were or
are intended to overcome, I will show that there is
always an "appropriate” engineering analysis
methodology that substantially aids the development and
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Fig. 1: Plot of number of papers presented at Society

of Automotive Engineers technical meetings each year,
1965-1989.

design process. Usually this analysis methodology
comes into use because a sufficiently quantitative
understanding of the phenomena or processes involved
has been developed, and techniques for measuring this
behavior are available. The knowledge framework that
results helps the practicing engineer organize his
otherwise empirical data base and extract and use the
information that it contains much more effectively.

This discussion, based on many years of experience
in engine research and extensive contact with engine
development and design, will show that our current
knowledge of engine phenomena has two distinct sources:
a vast experimentally derived data base~-largely
empirical--which has been developed over the past
several decades (and continues to be developed at a
rapid rate), and an ever broadening array of analysis
tools based con our steadily increasing fundamental
understanding of engine phenomecna and processes. In
this extremely detailed and complex engineering field,
both are necessary for rapid progress, as I learned
well during the ten years I worked on my recently
published reference text on internal combustion engine
fundamentals, Heywood (1988), and as I will illustrate
in this paper.

How have engineers responded to this rapid
increase in our knowledge of engine phenomena, the
demands for improved performance (power, efficiency and
enissions), and the availability of new technologies
(such as sensors and computer controls)? My assessment
is that the increasing use of analysis tools has
enabled development and design engineers to apply this
expanding knowledge base and realize in large measure
the opportunities which more sophisticated and better
optimized engine systems offer.

One of the clearest examples of the interplay
between analysis and engine design is the development
of fast-burn spark-ignition combustion systems.
Developed in the late 1970s and brought into production
in the early 1980s, the fast-burn approach to engine
combustion has provided significant improvements in
engine NO and HC emission control, and fuel
consumption.

Figure 2 indicates how "fast burn" provides all
these benefits, Kuroda et al. (1980). It compares the
operating and emissions characteristics of a fast burn
SI engine combustion system with those of the
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Fig. 2: Illustration of improvement in emissions and

fuel consumption by fast-burn combustion system; Kuroda
et al. (1980). Coefficient of variation in indicated
mean effective pressure cpi' NO, and HC emissions, and
brake specific fuel consumption at fixed part-load
operating point are shown as a function of percent
recycled exhaust (EGR).



< Table 1

Series of Nissan Papers on Fast-Burn Engine Combustion Phenomena

Paper Title

1. "Heat Capacity Changes Predict Nitrogen Oxides
Reduction by Exhaust Gas Recirculation," S.
Ohigashi, HJ. Kuroda, Y. Nakajima, Y.
K. Sugihara, SAE paper 710010, 1971.

Havashi, and

2. "Potentiality of the Modificaticn ¢f Engine
Combustion Rate for NO, Formation Control in the
Premixed SI Engine,"™ H. Kuroda, Y. Nakajima, K.
Sugihara, and Y. Takagi, SAE paper 750353, 1975.

3. "The Fast Burn with Heawvy EGR, New Approach for Low
NOx and Improved Fuel Economy," H. Kuroda, Y.
Nakajima, K. Sugihara, Y. Takagi, and S. Muranaka,
SAE paper 780006, 1978.

4. "YLean Mixture or EGR - Which is Better for Fuel
Economy and NO Reduction?" ¥. Nakajima, K.
Sugihara, and Y. Takagi, I.Mech. E., paper C94/79,
Proceedings of Conferxence cn "Fuel Economy and
Emissions of Lean Burn Engines,” Institution of
Mechanical Engineers, London, June 12-14, 1979.

5. "Effects of Exhaust Gas Recirculation on Fuel
Consumption,™ Y. Nakajima, K. Sugihara, Y. Takagi,
and S. Muranaka, Proceedings I.Mech.E., Automobile
Division, Vol. 195, No. 30, pp. 369-376, 1981.

6. "Nissan NAPS-Z Engine Realizes Better Fuel Econony
and Low NO, Emission, " M. Harada, T. Kadota, and Y.
Sugiyama, SAE. paper 810010, 1981.

"conventional" or slower burn that it replaced. The
objective is a combustion process that is sufficiently
fast and robust that it will tolerate a significant
amount of dilution of the fresh fuel-air mixture with
burned gases--residual plus recycled exhaust--to
control NO_. The figure shows that the reduction in KO
emissions depends only on the amount of added EGR, but
that the amount of EGR the engine will tclerate before
its performance becomes too erratic (defined by the
cvcle to cycle variability in indicated mean effective
pressure C,;, for example, see Fig. 2 upper left)
depends on the burn rate. The fuel consumpticn benefit
from the faster burn is in part direct (faster release
of the fuel’s chemical energy does improve cycle
efficiency), but in larger part is due te the dilution
of the fuel=-air mixture with additional FEGR which
changes the thermodynamic properties of the burned
gases to produce more expansion stroke vork, reduces
heat losses, and (at a constant part load) reduces
pumping work.

One of the first companies to implement fast-burn
technology was Nissan, and a series of papers published
through the 1970s by their Engine Research Department
describes step by step how this technology was
developed. Table 1 lists these papers and the key step
each paper provided.

One sees within the engine R&D department a
pattern of developing a sequence of "appropriate"”
analysis tocls--often based on research done a few
years earlier elsewhere, then using these analysis
tools together with carefully structured engine tests
to sort out what combustion approach would both reduce
engine emissions, and improve efficiency and
driveability. Interestingly, these analysis tools did
not push the then available state of the art. They

Contribution

1. Showed that engine data on changes in NO and fuel
consumption ($fc) with EGR were well correlated by
changes in heat capacity.

2. Used a computer simulation of SI engine cycle to
calculate NC emissions and sfc as a function of
burn profile. Showed that the trade-cff between NO
and sfc depenced little on burn rate.

3. Used a detailed analysis of engine combustion
patterns to show that faster burn rates allowed
higher ZGR rates (and therefore greater NO control
and larger sfc gains) than slower burn rates.

4. Used engine data and burn rate analysis to show
that excess air (lean operation) and EGR has
comparable effects on fuel consumption, though the
engine will tolerate more excess air. However, EGR
has much larger impact on NO.

5. Used a thermodynamic modsl of the engine cycle,
with engine data, to show that the fuel consumption
gain with EGR and a fast burn was due to changes in
heat capacity, heat losses to walls, and reduced
pumping work.

)}

Showed how fast burn and high EGR tolerance could
be achieved in practice by creatinrg a swirling flow
within the cylinder during the intake process.

contained just enough complexity to do their intended
job--the eszence of "appropriate analysis."”

A rajor prcblem with encine desigu throughout the
past two decades of emission control has been finding
the calibration that gives good control of emissions
during engine transients and good vehicle response and
driveability. A very different type of model has been
developed and used to assist in the solution of these
complex system-dynamic problems. The many components
of the engine and vehicle, and the processes that link
them, are modeled in whatever way most simply describes
those aspects of that component’s behavior that
contribute directly or through its interactions with
other parts of the tcotal vehicle system to the vehicle
phenomena of concern.

An example of such a vehicle system model is shown
in Fig. 3 (DelLosh et al., 19%81). It is designed to
explore problems like those that arise on rapid
accelerations or decelerations due to mismatches
between the dynamic characteristics of the processes
that take place in the many subsystems that make up the
total engine system. Its power is in its "number
crunching®; that is, its ability to deal quantitatively
with all the interactions between the many subsystems
that are involved in a change in engine conditions,
when the total system complexity goes well beyond what
the human mind can follow. Because even the subsystems
are extremely complex, many component mocels are based
largely on experimental data. For example, regression
equations based on a measurec engine performance mao
usually define the engine’s response to changes in
speed, inlet manifold pressure, air/fuel ratio, EGR,
and spark timing; no analytic based engine model can
yet do that with sufficient accuracy and economy.
Process models are often physically based; e.g. the
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model use to examine problems like those that arise in
rapid accelerations or decelerations due to mismatches
in component dynamic characteristics; DeLosh et al.

(1981) .

flow of air and fuel into, within, and out of the inlet
manifold is calculated from Guasi-steady filling and
emptying conservation equations.

Figure 4 shows an example of the type of results
such analysis methodologies produce (DelLosh et al.,
1981). Varicus engine and vehicle parameters are
plotted versus time over a one second period during
which the throttle on a 5-liter v8 throttle-body
injection engine opens 25 degrees, In the example
shown, the fuel metering has not been adjusted to
compensate for the increase in airflow (the "airflow
error”) due to the manifold filling that occurs during
throttle opening. The increasingly lean mixture in the
cylinder at point "A" causes poor combustion, power is
lost, and the vehicle stumbles. The continued rotaticn
of the engine continues to drive the system, and at "B"
the major portion of the lean transient has passed and
the vehicle accelerates smoothly.

Thig is an example of an analysis methodology that
organizes large amounts of data, combines it with
theory where appropriate, and thereby follows a complex
set of subsystem interactions as the vehicle is
"driven™ through those speed-time sequences where
problems have been observed, or are anticipated. The
potential for examining engine-caused vehicle transient
problems is obvious. Such models are not fundamentally
based; they usually cannot be because the amount of
detail that must be incorporated for them to be useful
is much too large for theory to deal with. The& are,
however, powerful diagnostic tools.

Fundamentals have provided an extremely valuable
engine compocnent analysis tool in the area of
mechanical and thermal behavior of materials: stress,
thermal expansion, deformation. Finite element
analysis (FEA) techniques are well developed and have
proved valuable in the design of geometrically complex
components such as pistons which are heavily loaded,
mechanically and thermally, where weight and geometric
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Fig. 4: Example of results from vehicle system dynamic

model of Fig. 3.

Shows engine speed,
vehicle acceleration changes that occur during 25

torgque,

degree throttle opening in 5-liter V8 engine.

increasingly lean mixture which the throttle opening

produces in the cylinder at "A" causes the encine to
misfire, and speed and torque fall. At B the engine
recovers, torque and speed increase 3moothly and the
vehicle accelerates.
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details are especially important. Figure 5 illustrates
the level of sophistication the results of such
calculations can provide (Li, 1982). It shows the
predicted and measured temperature distribution within
the piston at high speed and load. The agreement
between analysis and data is generally good. The one
region where agreement is less gcod (the skirt)
identifies where the major problems in FEA application
remain--specifying the boundary conditions. In the
calculation shown, the heat transfer coefficient
between the skirt and liner has been overestimated.
The complexity of and interrelations betwesn engine
phenomena are apparent: the successful resolution of
one area of analysis then highlights the next related
area where new knowledge needs to be developed-—in this
case the heat transfer processes that occur between the
piston and the hot cylinder gases, the lubricant, and
the liner.

Such finite-element based studies are now
commonplace in the design of oylinder blocks, pistons,
connecting rods, and crankshafts. However, since some
of the important practical details still cannot be
incorporated into the analysis methodology, due to lack
of undersgtanding or insufficient geometric detail,
considerable skill is still required of the user to
make simplifications in the problem and/or bridge these
gaps with empirically bhased knowledge.

The equivalent methodology for the analysis of
engine fluid flow phenomena rather than solid material
phencmena--computational fluid dynamics (CFD) --though
much more ccmplex, is also proving useful in engine
development. CFD codes for engine analysis have only
recently reached the point where they can connect
usefully with practical problems, though they have bean
important research tools for the past decade or so.
These fluid-dynamic-based engine process analysis codes
solve the partial differential equations for
conservation of mass, momentum, energy, and species
concentrations. The principal components of these
"multidimensional® engine flow codes are the Zfollowing:
the models and equations used to describe the processes

being analyzed (of which, for example, the turbulence
model is critical); the procedures used to transform
the c¢ifferential eguations into algebraic relations
between discrete values of velocity, pres
temperature, etc.

sure,
at the grid points of the computing
mesh which (ideally) matches the actual geometry: the
algerithm fo: solving these algebraic equaticns; and
the computer code tnat translates the numerical
algorithm into computer language, and especially
important, the interfaces for easy input and output of
information (Heywcod, 1988, Ch. 14).

Let me illustrate the power of these very
sophisticated complex flow-analysis based codes,
especially as engine development tools (they still lack
the level of gsometric detail required to aid engine
design directly). At the current stage of development
their value lies in their ability to predict, with
reasconable precirion, the flow pattern within and
around complex geometric shapes. Thus application
areas include airflow under the hood arocund the engine
and its agscciated components to predict underhood
temperatures, flow through inlet ports, and flows
within the cylincer. Figure 6 shows one recent example
of predictiouns of the flow produced in the port and
valve during the intake process (Naitok et al., 1930;
the origonal figuresa, in color, show much grecater
detail). Such streamline predictions help the port and
cylinder head desiyner achieve the desired in- cylinder
flow field. Especially impcrtant currently is the
level of swirl--rotation about the cylinder axis, or
tumble--rotation about an axis perpendicular to the
cylinder axis. While it is still difficult to relate
the details of these in-cylinder flows to the flame
development rate and its cycle-to-cycle variability, a
quantitative analysis tool which relates the flow field
to the geometric detazils is now available.

These CFD analysis tools are being used to help
develop improved port and cylinder head geometries, as
well as in areas such as improvement of coolant flows
through the block and cylinder heads, and under-hood
packaging of the engine, its auxiliaries, and other
components.

This brief review illustrates the wide variety of
analysis tools which now play a major role in engine
development and design. The essential feature of these
tools is that they are "appropriate™ to the problem
they are used or. Here, apprcpriate means they contain
enough of the physics (through eguations and/or through
data) to describe adequately the phenomena in the
problem under investigation and provide information
that can be related to the practical problem. My

Fig. 6: - Streamlines calculated with CFD engine code
during the intakz process, 160 degrees ATC, in the
inlet port and cylinder of a spark-ignition engine.
The complexity of the flow field and the value of a
predictive code which describes the flow field are
obvious. Niatoh et al. (1990).



experience is that engine development and design
practioners are much more astute at judging whether an
available analysis meets their n=eds than they are
usually given credit for. I have seen many instances
where complex computer codes are now used extensively
despite the time required to learn how to use them,
because it is clear that they are "useful."

Impact on Efficiency and Perxrformance

The o0il price shocks of the 21970s and the
Corporate Average Fuel Economy standa:sds established in
1975 have forced significant improvements in part-load
spark-ignition engine efficiency. The average fuel
economy of the new U.S. passenger-car fleet in each
model year has increased from 1€ miles per gallon in
1975 o about 28 miles per gallon in 1989. About one-
third of this increase has come about due to engine and
drivetrain improvements. In addition, the poor
perforimance of many vehicles in the late 70s and early
80s lead to a market demand for improved vehicle
acceleration and driveability.
responded tc these challenges?

Increases in efficiency have come primarily frem
improvements in combustion and nanagement of engine
operation, modest increases in compregsion ratio, and

How have engine designs

reductions in engine friction (both in absolute
magnitude and relative importance). The fast-burn
combustion technology described previously in tnis
paper raised engine efficiency at part load through
more rapid completion of cowbustion, lower cycle-to-
cycle combustion variability, and when used with
increased EGR for NO, control due to reduced heat
losses, pumping work, and increased burned gas specific
heat ratio. VFriction has been lowered through careful
attention to design details, thrcugh use of roller
followers in the valve train, and because friction’s
relative importance decreased through use of higher
output engine technology (sece below) .

Engine output has been increased significantly
through use of highly tuned intake systems, and the
introduction of multivalve technology. Figure 7 shows
the torque improvements that have resulted. They are
indeed large.

These efficiency and power density improvements
have been achieved hecause the appropriate analysis
tools were used to guide and supvort engine development
and design. The role of analysis in the development of
fast-burn technology has already been summarized. The
development of tuned intake systems to increwase the
breathing capacity of engines cver a surprisingly wide
speed range would not have occurred without the use of
unsteady gas dynamic models for flow in the intake
systam. Since the work of Benson in the early 196Cs,
one-dimensional computational fluid dynamic methods for
predicting the wide-open-throttie pressure distribution
and flow velocity in the intake system as a function of
intake syster geometry, in-cylinder engine processes,
and speed, have been steadily developed and
increasingly used to design intake systems (see for
example Benson et al., 1964; Chapman et al., 1982;
Morel et al., 1990).

Figure 8 shows a recent comparison of the
predicted and measured intake manifold pressu:es in the
inlet port cf omne cylinder of a 4-cylinder SI engine
(Morel et al., 1990). The model predicts the airflow
behavior in the manifold over the full speed range of
the engine. Ncote that the tuned intake system provides
a positive pressure pulse in the inlet port between
bottoem center at the end of the intake stroke and inlet
valve closing. This is what increases the mass of air
that enters the cylinder each cycle. As shown in Fig.
7, with well designed tuned intake systems, substantial
increases in torque in the engine’s mid- and high-speed
ranges can be and are achieved.
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Summacy

Will this trend of increasing use of analysis in
engine engineering continune? Of course it will,
because it is the best way to identify the
opportunities for improving engine performance and
target the necessarily empirical development required
to realize these opportunities. Howevar, support by
indust:ry and government in the U.S. may not be
sufficient to ensure the steady expansion of new engine
knowledge, and its encoding in appropriate analysis
tools that the future will require. Relative to Europe
and Japan, the United States lacks a sufficiently broad
and orguarized research effort designed to support the
exploration and develcpment of these cpportunities.

THE AUTOMORILE RHD URBAN ALR POLLUTION

Faszanger Car Frissions

Exhaust ewmissions standards for unburned
hydrccarbons, carbon mcnoxide, and oxides of nitrogen
are now 2 small fraction (about c¢ne-twentiath for HC
and CO; one-forth for Nox) of the exhaust emiss!ons
levels of cars produced in the late 1960s; zee Table 2.
The current exhaust emission standards of 0.41 g/mile
HC, 3.4 g/mile CO, and 1.0 g/mile NO,, were implemented
in 1981 and have therefore been in place for almost a
decade. Over this period, spark-ignition engine
exhaust emissions have been controlled with the three-
way catalyst technology where the engine operates wiczh
a clzose-to-stoichiometric air/fuel ratio to provide
both oxidizing species for HC and CO removal in the
catalyst and reducing species for NC removal. An
exhaust oxygen sensor and control system modulates the
engine’s air/fuel ratio about the stoichiometric point
to take advantage c¢f species storage on the catalyst
surface. The difficult remaining engine problem is
adequate control of HC and CO during engine startiag

and warm~up, before the catalyst is hot enough to be
effective.

Of course exhaus:t emission ~ontrol is not as
simple as this brief description suggests, and many
computer-based analysis tcols from cegression equations
which smooth and correlate engine mzpping data to
define how an engine responds to changing operating
conditions, to engine-in-vehicle simulations which are
used to define the air/fuel ratio, spark timimg, and
EGR strategy as a function of speed and lcad which
maximizes vehicle fuel economy within the constraints
of meeting the emissions reguirements.

How well do thesz emission controuls work? They do
meet the requirements, since obviously all production
models which are sold have been suctessfully certified.
Recent EFA estimates based on vehicle amissions da:ta,
and a mobile source emissions mcdel that adjusts for
deterioration in emission control, mean vehicle speed,
and ambient conditions (the latest version is "Mobil
4," EPA, 1990; see Attinson et al., 1990), suggest that
in-use emissiocnhs are higher than the standards for
exhaust HC and CO, and abcut equal to the standards for
NO,. HC emissicns are predictea'to be between 1 and
3.4 times the applicable standard with an average
multiplying factor cf 1.8. The higher factors have
occurred the first year a significantly stricterxr
standard was imposed: .e.g. in 1980 when the HC exhaust
standard went down from 1.5 tc 0.41 g/mile actuzl) HC
emissions were estimated to decrease from 3 to 1.38
g/mile. Current production venicles are estimated to
have exhaust HC emissions of 0.66 g/mile. Actual CO
emissions in g/mile are estimated by EPA to be
consistently about a factor cf 2 higher than the
standards. NO, emissions are estimated to be withir
about 10 percent of the applicable standard.

Complete Federal Test Procedure (FTP) emissions
measurements by General Motors (Haskew and Gumbletcen,

Table 2
Automobile Exhaust Emission Standards
For HC, €O, and Nox

Model Year HC Emissions CO_Emissions NO, . Emissions

Uncontrolled 82 89.5 3.4 - 4.4
1968 6.2 51 -
1970 4.1 34.0 &
1972 30 28 .0 -
1973 3.0 28.0 3.1
1975 1:5 15.0 3l
1977 1.5 15.0 2.0
1930 0.41 7.0 2.0
1981 0.41 3.4 1.0

Note: Standards g/mile.

Source: Grad et. al., 1975, EPA, 1990.

1¢85; Haskew et al., 1989) on in-use GM passanger cars
from model years 1981 to 1986 show average 50,000 mile
emission higher than the HC and CO standards for 1981
and 1982 (by about a factor of 2 for exhaust HC, and
1.5 (first year), 1.2 (second year), fc -  CO) while
clcse to the NO, standard. In~use car. from wodel
years 1983 to 198€ matched the HC and NO standard, and
exceeded the CO standard by some 50 percent irn 83, 84
ancd 85.

These studies have identified a number of very
high emitting vehicles in the vehicle population: e.g.
the GM study showed that a few percent (1-4 percent) of
the cars have HC and CO emissions more than six
standard deviations above the mean.

Before we interpret this informaticn, we must add
the results from attempts to measure on-the-road
emission directly, a difficult and rarely attempted
task. Measurements of pollutant concentrations in the
air flowing out ©f the Van MNuys tunnel in Los Angeles
have been converted to average car emissions rates
based c¢n measured traffic density. An inventory of
vehicles entering the tunnel (over several periods of
cne hour) permitted an estimate to be made of expected
emissions lavel.s using the California Air Resources
Board vehicle emissicns factor program EMFZC7 (Ingalls,
1989) . While the median vehicle speeds (usually abou
40 mph) were higher than those c¢f the FTP, and the
driving patterns are different, measured emission rates
were some 2 to 7 times higher than model estimates for
HC, up to 2.6 times righer for CC, and betweern 0.6 and
2.5 times NO 3j/mile values. One contributing xreason to
these high HC measurements may be high evaporative HC
emissions, sc-called running losses, from the vehicle
fuel system, which must be added to exhaust emissions
to get total EC emissicns, Halberstandt (2.989).

A brief summary of the above would ke (1)
production vehicles meet the certific tion
reguirements; i2) in-use vehicles in the Federali Test

Frocedure have average emission levels (at 50,000
miles) that excesd the standards by factors of up to
about 2 for HC and CO; (3) more recent model years do a
etter Zob of meeting the standards in practice; (4) a
few percent of the in-use cars tesied have very high HC
and/or CO emissions (due +5 malfunctions and/or pcor or
no maintenance); (5) actual on-the-road emissions
levels are difficult to determine, and one recent study
suggests they may be much higher (at 40 mph,
approximately constant speed) than the emissions levels
which models used by regulators are predicting.

Uzban Air Quality
Has urban air become cleaner during this 20 year
perind when exhaust eiissions have been substantially




reduced? The answer seems to be "yes, " but neither as
clean as Air Quality Standards reguire nor as clean as
the achieved reducticon in vehicle exhaust emission
lavels indicates should happen. Total U.S. €O
emissions are estimated by EPA tc have decreased by 20
percent, 1970 to 19387, and the transportation systems
CO emiesions contributiorn decreased by 43 percent. In
1970 transportation wa3 estimated to be the scurce of
80 percent of the total CO; in 1987 it is estimated to
Le 65 percent of the total.
ambient CO concentrations collected by EFA back to 1970
suggests that about a 50 percent reduction in ambient
CO concentrations has bzen achieved over this same time
period, 1970 to 1987. Yer CO emissions per average car
mile in 1990 should be abcut one-third what they wer=2
in 1920 (Haskew and Gumbleton, 1988), and in 198C
average CO amission rates should have been about one-
half of the peak emission rate in 1368 (Gracd, et al.
1975): i.e., on a per car basis, CO emissions ahould
be about one-sixth the peak 1968 value. Two obvious
additional problems are growth in vehicle miles
travelled, and the absolute increase (and larger
relative importance), of non-transportation CO
emissions. That vehicles exceed the standards in
actual use has already been factored in, at least to
the degree to which we understand it.

The hydrocarbon problem is more complex still.
What matters is oxidant levels; ccmpcsite average ozone
concentrations have decreased by about 20 percent since
1978. Both HC and NO, contribute to oxidant
production, and the ratio of HC and Nox concentrations
in the atmosphere has a major impact on the amsunt of
oxidant produced. Pre-emission control volatile
organic compounds (circa 1968) came about equally from
transportation and non-transportaztiosn sources. In
1987, EPA estimates suggest that non-transportation HC
emiscions are essentially the =ame as thev were in
1970, and the transportation emission contribution has
been halved (Atkinson et al., 1990). Passenger car
=xhaust HC emissions on an average car mile basis, have
gone down by a much larger factor. However, thers is
concern that evaporative emissions from the vehicle
fuel system are not adequately controlled, and have
actually gone up as gasoline vapcr pressure has risen,
and HC reactivity may have increased due tc the fuel
composition trends of the past two decades. A major
problem with veolatile organic emissions is the large
number of small stationary sources.

Surmary

An important lesson from all this is that we do
not adequately understand what is going on. While
urban air pollution results from an axtraordinarily
complex set of processes, my own conclusion is that
none of the players involved--aute industry, oil
industry, requlatocs, politicians, and the public--have
been willing to acknowledge the extent to which we
cannot =xplain what is really going on (what progress
we are making towards sabstantially cleaner air), nor
willing to jointly commit the resources needed to
understand the problems better.

I reach the conclusion that we have not cleaned up
the air to the extent we should have, despite the very
real engineering success of the catalytic converter and
associated control equipment at reducing passenger car
emissions. Thouyh we can offer many possible
explanaticns we really do not know what is not working
the way we thought it would. GSources of discrepancy
could bbe some or all of the following: (1) Average
real-world vehicle exhaust emission levels may be
substantially higher (by more than a factor of two)
“han the applicable standards; (Z) Evaporative
hydrocarbon emissions (running losses) are the major
source of passenger HC emissions: (3) A significant

Sxtrapeclation of average'

nurrber of vehicles (newer as well as clder) may be
really enitters due tc component failures,
malfunctions, and inadequate maintenance; (4) the
growth rates for vehicle miles travelled in urban areas
with major pollution problems may be significantly
higher than the estimated growth rates; (5) The
relative importance of mobile and stationary sources of
emissions may have been incorrectly estimated: an
error here could significantly change the expected
reductions in emissions achieved to date; (6) The
atmospheric chemistry that produces oxidants via
photochemical smog may be much less sensitive to
reductions in inputs (2mission rates) than anticipated.
Large questions, but a large and important problem! A
much more extensive "engineering analysis"™ of this
problem and its key components is requirez. Lower
numbers for passenger car exhaust emissinn standards
would not necessarily improve the situation as
discussed below.

ENGINE TECHNOLOGY PROSPECTS FOR THE 1990s

¥What are the Needs?

Emisg ns. As explained above we need =ffective
control of emissions in new cars at levels tha* are low
compared to the emissions of old cars the new cars
(largely) replace. Since cars last about 1C years,
what " is required is &n incremental reduction in
emissions every four or so years, until in-use
transportation system emissions are sufficiently below
stationary source emissions so that stationary sources
become the primary focus for control. For HC it is
total vehicle HC 2missions that msatter, exhaust and
evaporative. This has always been the objective of
vehicle emissions regulation; however, its realization
in practice falls short of the objective, Just
lowering the values of new car exhaust emission

standards will not solve the problem, other measures
are needed.

Engine size and weight. Under-hood space is at a
premium; reductions in vehicle weight are attractive
for many reasons. So higher specific power (power per
unit engine weight or bulk engine volume) will continue
to be an important objective.

Engine RBfficiancy. Stricter fuel =conomy
standards are almost certain for many reasons:
magnitude ©f our oil imports, the balance of trade
problem they create, and their strategic impact;
concern with rising CO, emigsions and global warming;
need to show the rest of the world we will moderate ocur
high per capita energy consumption.

Peliability snd Maintainability. Increasing engine
complexity, market ccmpetitiveness, need for durable
emission control, and the risging cost of vehicle
service place a high premium on inherent engine
reliability, and low and straightforward maintenance
reguirements.

Manufacturxability. Need for shorter design
cycles, and higher inherent quality to lower total
manufacturing cost and increase flexibility. These
requirements encourage fewer different size engines in
each producers’ line-up, more modular engine concepts
to reduce development and design effort, and
cisccurages use cf more than one or two basic engine
technologies.

What is tha Potaential for Improvement?
The concept of "available energy” is increasingly
being vsed to analyze the energy conversion




charactexistics of engines. Internal combustion
engines are devices that process a flow of fuel and
air, and produce useful power: they relecase the
chemical energy in our resource - the fuel, and from
that eneryy procduce a certain amount of mechanical
work.

Cne can think of the fuel as "our syatem"; the key
question is then how effectively can we produce useful
work from this system, allowing it to interact with the
atmosphere--our source of air, and also a constant
pressure and temperature reservoir.

Appllilcation of the First and Second Laws of
Thermodynamics t¢ this system shows that the work
producing potential of the fuel-air mixture as it gces
through a device such as an engine which interacts with
the atmosphere is given by the property availability or
available energy, A, where

A= (U - Ujy) + py(V - Vg) - Tp(S = Sq)

Here U is the internal energy of our system, ©
pressure, V system volume, S system entrcpy and the
subscript zero denotes atmospheric values (e.g. V) ==
U(TO, po) wnere pg and Ty are atmcspherzic pressure and
temperature. One can understand the equation as
follows. The first term (U - U,) is the change in
internal energy of the system as it comes to
equilibrium with the atinosphere. The last cerm To(S -
Sp) is the minamum heat transfer with the atmcsphere
regquired to bring the system and atmosphere to
equilibrium. The pg(V - Vi) term is the work done by
the atmcsphere cn the system as the system volume
changes in thi3 equilibrium process. The internal
energy change less the minimum heat transfer less the
work done on the atmosphere is clearly the maximum or
available useful work. The final state of equilibrium
with the atmosphere gives the maximum work. If the
exhaust gases are not in equilibrium with the
atmesphere, then additional work can, in principle, be
produced.

An available energy balance through the engine
cycle identifies where opportunities for producing
useful work are lost through irreversibilities (such as
friction) which destroy available energy, heat losses
(which transfer energy and hence work producing
potential out of the system) and flows (the hot exhaust
gases transfer available energy out of the engine).
See Heywood (1988), Primus et al. (1984), or Foster
(1985) for a more complete explanaticn.

Table 3 shows typical numbers for the available
energy losses and transfers for a spark-ignition engine
at a part-load mid-speed operating condition. It is
useful because it quantifies where opportunities for
improving engine efficiency lie, and how large these
opportunities are. The Table is based on 100 units of
fuel available energy. Let us look at each of the
terms in turn.

The combustion inefficiency is the HC, CO and
hydrogen that exit the engine unburned in the exhaust.
The unburned HC are akout two of these five units, i.e.
2 percent of the fuel goes straight through the engine.
In fact the impact on indicated work is greater than
this. A larger fraction of the fuel, about twice as
much, escapes the primary combustio: process unburned
in crevices, largely between the piston, rings and
cylinder liner. A substantial fraction of this
oxidizes during the expansion and exhaust strokes prior
to exiting the cylinder (Namazian and Heywood, 1982).
Emissions control reguirements will reguire some
reducticn in this loss. If the 5 units are reduced to
4, and that extra fuel burns during the combusticn
process, indicated work would increase by 1 percent.

A major loss of available enercy is the combustion
process itself. Energy is conserved, but combustion is

an irreversible entropy-generating process; the work
prcducing potential of the hot combustion products
immediately after combustion is lower than that of the
fuel-air mixture just prior to combustion by some 19
percent. There is little we can do about this; burning
our fossil fuels is the only practical method currently
available for utilizing the fuel’s chemical energy.
Interestingly, stoichiometric combustion frcm a high
temperature unburned mixture state minimizes this loss.
Lean mixturees or EGR increase this loss modestly.

Heat losses from the hot burned gases to the
combustion chamber walls remove abcut 20 percent of the
fuel’s available energy from the cylinder. (The actual
heat loss is a slightly higher fraction of the fuel'’s
energy.) Maximum heat loss rates occur right at the
end of the combustion process. Reductions in heat loas
would help, but are limited to modest amounts, see
below. However, care should always be taken to hold
heat losses to a minimum. A decrease in heat losses by
*x percent, results in an improvement in fuel
consumption by about x/3 percent. The exhaust gas
carries a comparable amount of available energy ocut of
the cylinder. A greater expansion ratio would reduce
this; otherwise exhaust gas energy recovery devices
such as a turbine or exhaust-heat driven Rankine cycle
system are required.

The indicated work--that transferred to the pistcn
over the compressicn and expansion strokes--for this
condition correswonds to about 36 percent of the fuel’s
available energy. This quantity, the indicated
efficiency of a spark-ignition engine, is remarkably
constant over the speed and load range, lying between
about 35 and 39 percent at these conditions. It
obviously depends on compression ratio and mixture
composition (lean, rich, dilution with EGR). It also
depends on burn rate and cyclic variability of the
combustion process. This latter area has Lkeen
exploited by the fast burn combustion technology.

Finally, at part lcad, friction decreases the
brake output significantly below the indicated output.
As indicated in Table 3 and Fig. 9, the cause is the
pumping work requirement of the four-stroke cycle, and
mechanical and auxiliary friction. This is, and has
always been, a major problem for the four-strcke cycle.
It is an area that is being actively worked on for the
obvious reason that its leverage on brake output is
large: a ten percent reducticn in total friction at the
conditions of Table 3 would yield a 4 to § percent
imprcvement in brake efficiency.

In summary, based on this available energy
analysis of the stancard four-stroke spark-ignition
engine cycle, I would rank the opportunities for
improvement in this order: friction reduction
(largest), expansion stroke work increase, heat loss
reduction/combustion efficiency improvement (smallest).

Table 3
Typical Numbers for Available Energy Engine Analysis

Four-stroke cycle ‘spark-ignition engine at 2000
rev/min, inlet pressure 0.5 atm, stoichiometric

operation, compression ratio = 10.

Indicated Brake

Available energy of fuel 100
Comcustion inefficiency 5
Combustion irreversibility 19
Available energy loss due to heat loss 20
Exhaust gas available energy 20
(at cylinder exit)
Indicated work 36 36
Fumping work loss 3.8
Mechanical friction and auxiliary loss T8
Brake work 25



What are the Opportunities?

Emissions Situation. Obviously all new cars
produced must meet the emissions standards. There is
an increasing trend towards worldwide uniformity in
test procedures and levels of standards (though with
different timetables). One appreciates the logic
behind this trend. However, it underlines the nsed for
reality (low in-use emissions), and the standards and
test procedures that define them, to be clcsely
coupled. Also, different urban areas in the U.S. as
well as different parts of the world cften have quite
different air pollution problems and control needs.

In the U.S. we need an orderly progression tcwards
lower total in-use emissions. This requires effective
control of evaporative HC emissions as rapidly as
possible, an understanding of the role and causes of
very high emitting cars, and procedures (imposed on car
producers and car ownérs) that reduce their impac:
significantly. It may well require significantly lower
exhaust emissions levels significantly lower than
current new car standards in some
the future, evaluated at more
conditions, but the rationale £for
guantification. Current proposals in the Clean Air Act
are pursuing some of these needs, though not all, and
the pclitics of {he situation unfortunately emphasizes
the one option--much lower exhaust standazds--which is
probably not the most important need right now!

But, of course, all new engine options must show
the potential of meeting the applicable standards.
That gives a significant advantage evolutionary
develcpments of current production enugine technology.
Though we should remember that application of
substantial engineering resources to the emissions
control problem of the conventional spark-ignition
engine and the diesel have proved remarkably erffective
at reducing their emission levels.

geographic areas in
demandina ambient
that lacks adequate

To

The ZFour-Stroke Cycle Spark-Ignition Engine.
us look at combustion-~related improvements, and then
firict on. We have already seen the efficiency
advantages of fast-burn combustion technology with its
rapid chemical energy release close to top center,
lower cyclic combustion variability, and ability to

Let

absorb more EGR at part load for NO  control. Some
continued improvements here can be expected as the
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line) specific fuel consumption of a2 standard spark-
igniticn engine over the full load range. Dashed line
shows effect of pumping work. 1000 rev/min. Patton

(1989) .
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.have a sgsignificant

technolégy spreads across all engines and is better
optimized as it matures. Improved contxol of fuel
metering via increasing use of more sophisticated port
fuel injection systems aids this trend. One can also
expect reductions in engine HC emissions and improved
mixture control to result in some
combustion inefficiency. ’

decrease in

Increasing use of knock sensors will permit engine
operation closer to the knock limit, and modest
increases in compression ratio should result. Perhaps
variable compression ratio concepts (e.g. the variable
height piston crown concept of Wirbeleit et al., 1990)
may prove feasible; use of a significantly higher
compression ratio at part load where the engine is not
knock limited improves part-load fuel consumption
substantially.

There are no obvious ways to obtain substantial
reductions in heat losses in spark-ignition engines.
The engine is knock limited already with standard water
cocled components. Use of significant thermal
insulation is not therefore feasible, and even if it
were the benefits are limited 1989) because
substantial heat "recycling” from the hot combustisn
gases to the incoming fresh charge via the walls then
occurs. However, reductions in heat losses through
careful optimization ¢f combustion chamber shape to
reduce the heat transfer surface area (Muranaha et al.,
1984), improvements-in surface finish (Tsutsumi et al.,
1990) and surface coatings (Boehm and Harrer, 1990)
cffer useful incremental opportunities.

(Amann,

Friction is an extremely important opportunity.
However, its many different components, and its link
with wear and durability, make it a different
engineering challenge. Here analysis can play an
important role. A recently developed friction model
(Patton and Heywood, 1989) predicts each significant
engine friction component via fundamentally based
scaling laws that have been calibrated against
available friction component data. The model relates
details of the engine’s gecmetry and operating
conditions to the magnitude and thus relative
importance of each friction component. Figure 10 shows
the fricticn breakdown by component at part load and
wide~-open-throttle over the full speed range of a
modern spark-ignition engine. The model results show
the importance cof pumping work at part—-load, and at
high speed WOT, that piston, ring and connecting rod
friction is especially important, and that valve train
friction at low 3speed is a -~ignificant fraction of
total fmep.

Mechanical rubbing friction and accessory drive
reductions are already bheing partially exploited
throcugh use of roller feollowers in the valve train,
smaller piston skirts, reduced ring tension,
design and sizing of accessories.
opportunities exist in the fricticn area,

improved
Additional
and they will
impact on brake specific fuel
consumption.

Reductions in pumping work are harder to realize.
Use of significant amounts of EGR, well controlled,
helps here. Improved designs of inlet system, and
especially ports and valves, helps at higher speeds and
is especially important with fast-burn combustion
technology since that requires intake flow control with
special port and valve geometries.

Variable-valve-timing (VVT) is one cption that is
being explored. Many different VVT schemes are being
considered for (a) improving the shape of the full-load
torque curve as a function of engine speed, (b)
improving idle combustion quality, and (c) reducing
pumping work. Some cam shifting mechanisms are already
in production (e.g. Inoue et al., 1989) for reasons (a)
and (b), and significant benefits result. Here I will
focus on pumping work reduction. Figure 11 illustrates
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Fig. 10: The distribution of friction amongst its
major components over the speed range of a 2-liter 4-
cylinder modern spark-ignition engine, at part lcad (40
kPa inlet manifold pressure) and wide-open throttle. C
= crankshaft and seals; R = reciprocating components; V
= valvetrain components; A = auxiliary components; P =
pumping work. Patton and Heywood (1989).

two variable valve timing concepts, later and earlier
intake valve closing as load is decreased.
Conventional load control by throttling reduces the
mass of fuel and air in the cylinder by decreasing
inlet manifold pressure. Late intake valve closing
(LIVC) decreases the mass retained in the cylinder by
progressively delaying intake valve closing until late
in the compression stroke so the piston pushes a
portion of the already inducted mixture back into the
intake. The intake pressure remains close to
atmospheric so pumping work is significantly reduced.
However, the compression ratio is reduced, even though
the expansion ratio remains unchanged. So the
efficiency of the compression/expansion part of the
cycle is reduced, somewhat decreasing the benefit.
Early inlet valve closing (EIVC) is an alternative
approach. Here the mass in the cylinder is reduced by
closing the inlet valve earlier, during the intake
stroke. Once the valve is closed, the trapped mass is
expanded as the intake stroke continues and then
compressed again during the ccmpression stroke. The
compression ratio is unchanged, but the pumping work
berefits are not as large as with LIVC. Only limited
data on the performance of these VVT concepts are

11

available to date. Recent tests with late inlet valve
closing load control showed part-load brake specific
fuel consumption benefits of up to 13 percent (Saunders
and Abdul-Waheb, 1989). A different study of early
intake valve closing showed improvements in bsfc up to
about 8 percent (Lenz et al., 1989).

When late intake valve closing is combined with a
higher expansion ratio even larger efficiency gains
have been demonstrated. This is the Atkinson cycle
(Saunders and Abdul-Waheb, 1989). One major problem,
however, is low specific power. This characteristic
can be improved with the addition of a supercharger and
intercooler to compress the air prior to entering the
cylinder and still, in principle, avoid the problem of
knock. This has been called the Miller cycle.

Many variable valve timing mechanisms have been
proposed (see Ahmad and Theobald, 1989, for a review).
Those that are sufficiently flexible to have a
significant influence on fuel economy are usually
complex, and the cost, durability, reliability,
friction, and (if electromagnetically controlled) the
power requirements are potentially major problem areas.

Whether these are promising practical concepts is not
yet clear.

Two-Stroke Cycle Spark-Ignition Engines. A recent
modification to the two-stroke-cycle spark-ignition
engine has brought this engine concept to the position
of serious contender as a passenger car power plant.
The most important innovation is fuel introduction into
the cylinder after the air charge has been trapped.
This prevents the large carry through (20-40 percent)
of unburned fuel which occurs with conventional small
two-stroke cycle engines and caused their poor fuel
consumption and very high hydrocarbon emissions.
Figure 12 shows one arrangement of this concept, the
Orbital Engine Company’s "Orbital Combustion Process."
The key features are the air assist fue) injection
system, the exhaust port ccntrol valve, and the low
thermal inertia exhaust and oxidation catalyst system.
Air is drawn into the crankcase past the reed valves,

by the upward motion of the piston during the

compression stroke. Fuel is injected into the cylinder
after the piston has covered both inlet and exhaust
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Fig. 11: Valve lift diagrams for (a) late intake valve
closing, and (b) early intake valve closing as load is
decreased. Both approaches reduce the pumping work at

part load by changing the shape and enclosed area of
the pumping loop on a p-V diagram. Amann (1989).



