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ABSTRACT

The engines ot diesel cars marketed In the United States are examined.
Prominent desiygn features, performance characteristics, fuel economy and emis-
slons data are compared. Specific problems, in particular those of NOy and
smoke emissions, are discussed along with the effects ot Increasing dieseliza-
tion on diesel fuel price and avallability, current RAD work and advanced
diesel concepts.

The study generally concludes that diesel cars currently have a fuel
economy advantage over gasoline engine powered cars. Many of the inherent
dlesel drawbacks (noise and odor) have been reduced to a less objectionable
level. An equivalent gasoline engine driveability has been obtained with
turbocharging. Diesel manufacturers see a growth in the diesel market for
the next ten years. Uncertainties regarding future emission regulation may
inhibit future diesel production investments.

With spark Ignition engine technology advancing in the direction of
high compression ratios, the fuel economy advantages of the diesel car Iis
expected to diminish. To retain its tuel economy lead, the diesel's poten-
tial for further Improvement must be used.
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PREFACE

This report was prepared by the Jet Propulsion Laboratory for the U.S.
Department of Energy, Office of Transportation Programs, for the Vehicle
Systems Program managed by Albert Chesnes. This work was done at JPL in the
Energy and Control Division by t+he Propulsion System Section as part of
Vehicle Systems Tasks managed by Eugene Baughman.

The work was performed by the Jot Propulsion Laboratory and was spon-
sored by the U.S. Department of Energy under |nteragency Agreements DE-AIO1-
76CS51011 and DE-A101-80CS50194 through NASA Task RD 152, Amendment 165.

The purpose of this vehicle systems task was to perform a technlical
assessment of conventional automotive engine status and report the results.
The status of the technology reported is that which was avallable through
April 1981, This volume is part of the final report consisting of three
volumes.

Volume | presents the statis of Otto cycle engine technologies; Volume ||
prasents the status of Diesel engine technology and Volume [l compares
these conventional engine types and discusses their future potential.
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SECTION 1
INTRODUCTION AND SCOPE

e e

The diesel engine is the most efficient mature heat engine available
for current use. Based upon EPA ratings, the fuel economy of diesel powered
cars ranges, on the average, from 25 to 40% higher than for emission controlled
spark-ignition automobiles of about the same Inertia weight and engine dis-
placement. The breakthrough in high speed automotive diesel engines was
brought about by Daimler Benz with the Introduction of the divided chamber
more than 40 years ago. Since then, Daimler Benz and a number of other well i
known companies, such as Peugeot, Perkins, Nissan, Ricardo, Fiat, and others,
have been involved in developing and producing diesel engines for light
trucks, taxi-cabs and other light duty vehicles where reliability and low
operating cost are dominant factors.

.

P

In the past, the diesel engine's low power density, bulk and weight,
slow rasponse, cold start problems, and inconvenience caused by noise, smoke
and odor, have deterred ths private consumer from buying a diesel powered
car. However, due to growing concern about the rising cost of gasoline and
the possibility of acute shortages, the private interest in diesel cars has
risen sharply since 1973, This and the corporate average fue! economy (CAFE)
requirements, have spurred new developments that resulted in dramatic improve-
ments in the smal! automotive diesel in regard to weight, size and drive-
ability.

In addition to Daimier Benz and Peugeot, who supplied most of the diesel
cars sold in the United States, a newcomer In the diesel field, Volkswagen
(VW), beqan offering a diese! option for their subcompact Rabbit line in
1977. General Motors (GM) became the first U.S. producer to offer a gasolin-
engine-hased V-8 diesel as an option In their 1979 mode! pickup trucks, Qlds
Cutlass and Cadillac Eldcrado cars. Other large producers such as Ford,
Chrysier, and Bavarian Motor Works (BMW) are planning to have diesel options
availahle in the near future. It is expected that by 1985, 25% or more of
all cars sold in the United States will be diesel powered.

e

Unfortunately, the sales outlook for diesel cars is overshadowed by
factors that may inhibit their widespread use in the United States and other
free-world countries. Present diesel automobiles can meet current emission

| standards, but their ability to meet future, more stringent emission require-
ments rogarding particulates and nitrous oxide (NO,) is still an unresolved
problem. Concern is mounting that particulates and organic matter emitted
from diese! engines may be carcinogenic and hazardous to health. Changing
refinery production to produce more diesel fuel results in higher costs
that wouid have to be passed on to the diaesel consumer unless regulated
otherwise. There are also limits as to how much diesel fuel can be produced
from each barrel of crude oil,

A variety of private- and government-funded diese! oriented research
programs are under way, primarily in Europe, the United States and Japan.
Current efforts concentrate mainly on improving and on learning more about
the physics of diese! combustion and emissions, the causes of smoke and




odor, as well as the effects of englne operational and design parameters on
emission characteristics. Approaches are also being studied to entrap un-
desirable particulate pollutants that cannot be controlled by other means.

Due to technology Imgrovements made during the last 20 years In the
small turbine and compressor field, turbocharging (TC) has become practical
tor use In small automotive dlesels. Turbocharging tends to reduce NO,,
smoke and odor, and suahsfantially ralses the power-density (power/displace-
ment) and driveablility of diesels up to or beyond that of emission con-
trolled spark-ignition engines. Turbocharged dissel englnes are currently
marketed by Daimier Benz, Peugeot, and Audi. BMW will be the only producer
to offer a TC diesel without the option of a naturally aspirated version.

Py U Wy

Reyond TC, the high speed diese! engine still has large potential for
turther improvement. Current thinking in advanced engine research is aimed
at using more refined Injection techniques (programmed injection), direct
injecticn (D!) open chamber combustion, variable compression ratio, ceramic
lining of combustion chamber walls to reduce cooling losses, and the pnssible
use of ceramic cylinders and pistons, a technology that is currently being [
ploneered by Cummins. The reduction of cooling losses results in higher
internal wall temperatures that tend to reduce the formation of particulates, 1
and make the application of turbocompounding techniques more effective
and perhaps economically feasible for cars.

| The use of exhaust heat by means of an organic Rankine engine (bottoming |
cycle) is being dovaloped for use on trucks and large diesel engines. Because :
it requires relatively complex mechanical and control systems, bottoming
does not seem to be aneeconomically feaslble approach for |ight and medium |
duty vehicles at this time. However, some privately sponsored efforts in |
this direction are being made.
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SECTION 2

GENERAL CONS IDERATIONS

2.1 TYPICAL ENGINE DESIGN FEATURES AND OPERATING CHARACTERISTICS

Both the 0tto and the diesel engine derive useful work from combustion
under pressure, followed by expansion and force acting on a piston. The
fundamental difference between these two engine concepts lies in the way the
fuel is introduced, and how combustion is brought about and controlled.

Otto engines ingest a mixture of a combustible fuel vapor and air, in
which the latter serves as the oxidizer as well as a working fluid. Com-
bustion and heat release are initiated near the end of the compression phase
with an electrically ignited fuel charge. Therefore, the Otto engine is
frequently referred to as the "spark ignition engine" cr, because it is
commonly operating on volatile petroleum fuel, as the "gasoline engine."
After ignition, the combustion process takes its course and cannot be further
controlied. The heat release is usually very rapid and takes place at almost
constant volume conditions.

The diesel engine ingests only air. Fuel is introduced as an atomized
spray and mixed with the air by forced injection near the end of the com-
pression phase. lgnition of the combustible mixture is induced completely
by the temperature rise resulting from the compression of air. Therefore,
the diesel engine is frequently referred to as the "compression ignition"
engine,

One of the reasons that diesel engines ara more fuel efficient than
spark=ignition engines is that higher compression ratios can be obtained
without knocking. The theoretical fuel efficiency of both the Otto and
the diesel engine improves with increasin; compression ratio. However,
weight and friction penalties associated with high pressure and structural
loads, plus cold starting requirements, are the primary factors that determine
the practical compression ratio of a diesel engine. The best efficiency
for diesels is ohtained at compressior ratios on the order @f 16 to 18.
In present automotive diesels, the compression ratio required for reliable
starting is about 22 to 1,

The stronqgest contributor to the diesel's superior partload tuel economy
is the absence of an inlet throttie. Instcad of throttling the inlet flow,
diesels are controlled hy metering the fuel input per working cycle and
cylinder according to the load ltevel desired., Diesels burn about .2 to 4
times leaner than 0Otto engines and gqenerally operate at lower combustion
temperaturos. Cooling losses are reduced and less exhaust enerqy is wasted
in comparison to the Otto engine.

However, the relatively lean combustion of the diesel engine is also
the primary cause for one of the major disavantages: o reduced power output
per unit displacement, Also, the higher compression ratio of diesel engines
requires a stronger and heavier structure in order to withstand the higher

el




Internal strosses. A stronger crankshaft, and in engines with less than
six cylinders, more flywheel mass Is neoded which impairs the Inertial response
of the ongline.

Most of 'he large commercial dlesels bullt today are open chamber,
direct Injection engines (Fig. 2.1-1A), requiring high Injection pressures
In order to obtain sufficient penetration while simultanecusly keeping the
droplet size small, A varioty of chamber dosigns has emerged over the years
in an effort to Improve combustion efficiency and to moderate the Initial
sudden heat release and pressure rise, which Is the primary cause for the
diesel's harsh dynamic behavior and nolse generation. Nozzle orifice size,
injection pressure, fuel line and assocliated "waterhamwmer" effects are the
primary factors that Iimit minimum cylinder displacement and maximum engine
spasd. Although new and promising approaches to the open chambsr "knock"
problem are underway, the open chamber direct injection concept Is currently
only In use on larger engines with shatt spoeds below 2500 rpm; and with a
minimum cylinder displacement on the order of 1.

The breakthrough for smaller cyiinder displacements and higher shaft
spoods was brought about by Daimier Benz about 40 years ago with the Intro-
duction of the divided chamber. As shown In Figure 2.,1=1B, In the divided
chamber engine, a part of the compressed air is displaced from the main
chamber (1) through the throat (3) Into the pre-chamber (2). Fuel is injected
only Iinto the pro-chamber (2) where most of the combustion occurs., The
pressure rise assoclated with the heat release forces the hot gases through
the throat (3) and back into the main chamber where they expand to delliver
useful work to tha pliston while further combustion takes place.

The pre-chamber concept has advantages and disadvantages. It allows
the small high=spoed automotive dlesel engine to be practical at the expense
of engine efflclency, while achlieving reduced structural weight, reduced
noise, Improved driveabliity and greater convenlence. The main advantage
provided by the pre-chamber s that combustion and pressure spikes are
confined to a small space, with a more favorable surtface-to-volume ratlo
than Is feasible In open chamber engines. As can be seen from Figures 2.1-2,
2.1=3, and 2,1-4, fue! penetration distance, Injection piessure, heat losses,
and Ignition’ delay times are therefore greatly reduced. Usually, only one
or two nozzle orifices are required to produce an acceptable distribution
and atomization of tho fuel. The pressure splkes assoclated with the Initial
heat roleaso are partlally absorbed by the more spherically shaped structures
forming the pre-chamber before they reach the main chamber and tho pliston.
Consequently the pressures acting on the large cylinder and on the power
traln are reduced, and stressos and nolse level are considerably lower than
those produced by open chamber engines.

A further step toward reducing ignition delay and associated pressure
spikes, lowering injection pressures and raising the speed capability, was
obtalned by off-setting the throat axis relative to the prechamber so that
a swirl s produced durlng the compression phase, as shown in Figure 2.1=1C,
Tha swirling motion of the incoming air forces the residual gases toward
the center of the chamber, and teeds fresh air past the fuel nozzle In a
haslcal ly controlled and predictable manner. This further raduces the neces-

2=2



A - DIRECT INJECTION CHAMBER 1 - MAIN CHAMBER
B - PRE-CHAMBER 2 - PRE-CHAMBER |
C- SWIRL CHAMBER 3 - THROAT i

Figure 2.1-1. Typical Diese! Combustion Systems
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sary penetration distance and makes it possible to more accurately meter
and control the fuel injection rate at high engine speeds. The swirl chamber
concept was Introduced years ago by Ricardo, and most automotive diesels use
the swirl chamber.

As shown In Figure 2.1-5, the advantages of the pre-chamber and swirl-
chamber aro offset by internal pressure losses, between the main chamber and
the pre-chambor due to flow restriction through the connecting threoat. These
losses are caused by the pumping of air and hot gases from one chamber to
the other and, as shown in Figure 2.1-6, increase with engine speed. In
terms of engine efficiency (Figure 2.1-7), the high speed, divided chamber
diesel part load efficiency falls between that of the spark=ignition engine
and the open chamber DI diesel engine, due to losses caused by internal
pumping between chambers. At high engine speeds, the pumping losses es-
sentially cancel the advantages of the pre-chamber diesel over the spark-
ignition engline.

The problem of controfling fuel flow in high-speed diesel angines
bocomas apparent in Figqure 2.1-8. Plotted as a function of crank angle are
the fuel pump displacement rate (9) and the resultant system variables.
These variables include nozzle ncedle 1ift (8) and orifice size, fuel flow
rate (10) and droplet penetration (5 and 6), the absolute amount of fuel
administered to the chamber (7), plus the resultant pressure in the pre-
chamber (3). Comparing the fuel flow rate at the pump outlet (9) with the
flow rate actually leaving the nozzle (10), the figure shows that a consid-
erahle lag and distortion of the flow-rate profile exists, which becomss
more pronouncaed as angine speed increases. In this particular case, the
pump feeds over only a 10° crank angle starting shortly before the top dead
center (TOC), whereas the fuel injoction period extends over almost 30° or

20° past the TDC. The interaction between components, liquid inertia and
fuel line expansion and contraction due to pressure are primarily responsible
for this.
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The figure also shows at (5) that approximately 15¢ of the total fuel
injected has accumulated 1n the chamber before self-ignition will actually
start. This 1s due to ignition delay. It is also the primary cause for the
sudden initial heat release typical for diesel engines which, in turn, is
the major cause for the knocking noise generated by diesel engines. Figure
2.1-9 shows that the improvement in air turbulence, mixing and reduced igni-
tion delay brought about by the introduc lon of pre- and swirl chambers (B)
and (C), has considerably flattened the heat-release profile as compared to

the DI engine (A).

Although the internal stresses and friction in diesel engines are rela-
+ively high, conservatively designed diesels usually outtast Otto engines of
the same category by a factor of up to 2. The sturdier construction, closer
hardware tolerances, and increased accuracy, as well as the tate Injection
of the fuel, are mainly responsible for the prolonged diese! life. The late
injection of the fuel prevents film wash and oil dilution, one of the primary
contributors to engine wear, particularly during cold starts. No tune-ups
are required with diesels because all major operational functions (timing
and fuel metering schedules), are designed into the system. However, the
oil must be changed more often because of contamination by particulates
genereated during diese! combustion. In summary, maintenance and fuel costs
are generally lower, and +ime between major overhauls is considerably longer
for diesel engines, which offsets the higher initial cost of the diesel as
compared to an Qtto engine of the same displacement.
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Figure 2.1-9. Heat Relnase vs. Crank Angle (Ref. 1)
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Gasoline~-diesel conversions such as the ones developed by VW and General
Motors (GM)/Oldsmobile are compromised designs that share a variety of compo-
nents and tooling with their gasoline counterparts. Although reinforced
where necessary to cope with higher cylinder pressures, they are not expected
to last as long as conventionally designed diesel engines. There is not
sufficient road experience available at the present time to draw conclusions.
Volkswagen does not claim that their diesels will outlast their gasoline
counterparts. Most of the diesel Rabbits on the road have accumulated an aver-
age of about 60,000 miles without major complaints. General Motors/Oldsmobile
diesel conversions have exhibited initial mechanical problems which have re-
portedly been i‘emedied and cannot be considered typical for gasoline-diesel
conversions.

An inherent problem with all diesel engines is that of cold starting.
In order to reach the required self-ignition temperature with cold fuel and
a cold engine, the compression ratio (approximately 22) built into small
diesel engines is usually higher than desirable tfrom the fuel economy stand-
point alone. A heater element, or a so-called glow-plug, must be provided
to preheat the entrapped air prior to engine start. Depending upon system
capability and ambient temperature, 6 to 60 s of heating is normally required
before the engine can be cranked up for start. More battery capacity is
usually provided on diesel cars because of preheating and the higher starting
torque required.

The diesel is better adapted for the application of supercharging tech-
niques than the gasoline engine because the diesel does not have a fuel
knock (pre-ignition) problem. Supercharged diesels have about tho same power
per unit displacement and unit weight as comparable gasoline engines, but
much additional design and development effort is necessary to cope with
the higher system pressures, and structural and thermal loads.

To date, all passenger-car diesel engines developed are of the four-
stroke type. This does not mean that two-stroke engines do not have their
place in the small automotive diesel category, as they do now among truck
engines. The simple qeometry ot two-cycle combustion chambers, lends it-
self more favorably to the introduction of ceramic materials than t+he head
confiqurations of four-cycle engines. The inherent problem with residual
gases in two-cycle engines might be used to an advantage as an exhaust gas
recirculation (EGR) system.

2.2 VEHICLE FUFL ECONOMY AND PERFORMANCE

Diesel engines are usually offered as an option in a car that witl
accept either engine with minor changes in the frame and suspension sys-
tem. Therefore, most comparisons are made on the basis of diesel/gasoline
options that have about the same displacemen’ and box-volume for a given
inertia weight. Diesel engine weight penalries are relatively small in
relation to the vehicte inertia weight, and can be neglected where the os-
sontial differences depend primarily upon the drive-cycle. An infinite num=
bar of drive-cycle variations are possible. The exvremes range trom steady-
state vehicle operation on a level surface with a thermally conditioned
engine, to driving in frequent stop-and-go traffic with a cold engine.
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Figure 2.2-1 compares the road load fuel economy of a 2-4 Otto/diesel
engine option operating in high gear, showing a fuel economy advantage on
the order of 100§ or more over the gasoline engine at slow speeds. At high-
speed full-performance driving, the fuel economy advantage over the diese!
almost vanishes, because both engines run unthrottied. Flow pressure losses
across the Inlet valves and pre-chamber pumping l{osses then become the
dominant factors contributing to the internal losses of both engines. As
shown in Figure 2.2-2 the diesel's inherent part-load efficiency characteris-
tic, which Is considerably flatter than that of conventional gasoline engines,
is mainly responsible for the diesel's excellent fuel economy at low vehicle
speeds. In low-speed operations involving frequent stops and waiting times,
as In city driving, the diesels low-idle fuel flow rate is a strong contri-
butor to vehicle fuel economy. As can be seen from Figure 2.2-3, the idle
tfuel flow rate of the diese! Iis less than one third that of a conventional
unitorm charge gasoline engine, and less than one half that of a stratified
charqe gasoline engline.

The diesel's fuel economy advantages are apparent when comparing Environ-
mental Protection Aguncy (EPA)-measured fuel economy data for highway and
urban driving. Tab'e 2.2-1 compares the EPA ratings of diesel/gasoline
options for 1980 and 1981 model cars. Based on composite values, the diesel
options exhibit a fuei economy gain of 24 to 57%, with a 38% average gain
over the gasoline option. The same average fuel economy advantage is obtained,
as shown in Tabte 2.2-2, it diesel/gasoline engine options are compared on
the basis of sales-weighted average Inertia weight. The sales-weighted
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Figure 2.2-1. Comparison of Gasoline vs. Diese! Fuel Economy
at Steady Road Load with a Standard-Size
European Production Passenger Car (Ref. 3)
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Figure 2.2-3. Comparison of !dle Fuel Flow Rates (Ref. 5)

comparison, however, suffers from the fact that the large cars have been
more subject to fuel-economy oriented power reductions during recent years
than the smal!l cars that are already more fuel-efficient. Compared with the
gasoline powered economy cars of the same weight class as shown in Table
2.2-3, the diese! average fuel advantage over the gasoline powered car Iis
only on the order of 25%. This number is the present EPA consensus (Ref. 6)
regarding dissel fuel! economy advantages when compared with the 1980/1981-
model gasoline engine mix currently on the road, including three-way catalyst
controlled and fuel injected engines.

As can be seen from Table 2.2-4, the fue! economy advantages of the
current-design dlese! reduce drastically if compared to spark-ignition-engine
powered cars that have the potential to be on the road by the mid 1980s.
Improved and advanced engine systems that will compete with the diesel by
then, In large numbers, are three-way-catalyst equipped and electronically
control led fuel-injected engines, cyllinder cut-off englnes, anti-knock con-
trolled TC gasoline engines, and a general trend in gasoline engine design
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Table 2.2-1, EPA Fuel Economy Comparison by Mode! Type
Gasoline and Diesel Vehicles

Composite mpg

Model!, 19803 Engine/Transmission (City/Mighway) Difterence, %P
Audi 5000 121 CIDMS Diesa! 35 (27/43) 57
. 131 CID/MS Gasoline 21 (17/30)
Caditlac 350 CID/A3 Diese! 23 (20/30) 35
’ Seville/Eldorado 368 CID/A3 Gasoline 17 (14/22)
‘ Chevrolet C10 350 CID/A3 Diesel 23 (20/27) 28
Pickup 305 CiD/A3 Gasoline 18 (15/19)
IH Scout 198 CID Diese!/M4 22 (20/24) 38
196 CID Gasol ine/M4 16 (15/19)
Mercedes Benz
300D 183 CID Diesel/Ad 22 (23/28) 39
280 SE 168 CID Gasoline/Ad 18 (16/20)
Oldsmobhile 350 CID Diesal /A3 26 (22/34)
Cutlass 305 CID Gasoline/A3 19 (17/24) 37
: 260 CID Gasoline/A3 21 (19/24) 24
’ Oldsmobile 88 350 CID Diesel /A3 26 (22/34)
307 CID Gasoline/A> 20 (17/25) 30
260 CID Gasoline/A3 19 (17/23) 37
Peugeot 504 141 CID Diesel/A3 29 (28/32) 38
170 CID Gasoline/A3 21 (19/25)
| Volkswagen 90 CID Diesel /M4 41 (36/49) 52
Dasher 97 CID Gasol ine/M4 27 (23/35)
Voltkswagen 90 CID Diesel /M4 45 (40/50) 41
Rabbit 89 CID Gasoline/M4 32 (27/41)
Volvo Station 145 CID Diese| /M4-0D 31 (28/38) 41
Wagon (1981) 130 CID Gasol ine/M4-0D 22 (18/29)

, Average Mode! Type Difterence = 38%

3Except where otherwise noted.

bmpg ditterence = Dicsel-Gasoline
Gasoline

; Data takon from EPA "Test Car List,” 1980 Second Edition.
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Table 2.2-2. EPA Fuel Economy Comparisons Gasoline
and Diesel Vehicles, 1980 Model

Saleweighted Average mpg2 by Inertia Weight Class

2250 2500 3000 3500 4000 4500

Diesel, mpg 45.4 41,1 32.6 26.7 26.4 24,2
Gasoline, mpgP 31.4 27.5 23.5 20.6 18,5 17.5
Improvement, ¢ 45 49 36 30 43 38

Salesweighted Average ImprovimentC = 38%

Unweighted Average Improvem:1t = 40,1%

3EPA Composite mpg.
bFrom Table C2 of SAE #800853, corrected to reflect gasoline vshicle only.

CBased on total (gasoline and Diesel) sales fractions within classes
normalized to total sales in the weight classes listed.

Data taken from "Passenger Car and Light Truck Fuel Economy Trends Through
1980," J.D, Murrell, et al., SAE Paper #800853, June 1980.

to return to higher compression ratios. An improvement of engine part-load
fuel efficiency characteristics approaching those of the diesel, as shown
in Fiqure 2.2-4, are responsible for the reduced diese! advaniage over gasoline
engines. However, the diese! community is not resting on its laurels and
concerted RAD efforts are underway to maintain the fuel advantage of the
diesel over the gasoline engire. Major and prospective RAD effort continues
In the direction of electronically controlled open chamber combustion,
ceramic lining of combustion chambers to reduce cooling losses, and turbo-
compounding, which adds up to a total improvement potential on the order of
40 £ over the current design divided-chamber diesels. This work is described
in more detail in Section 5.0.

Because the diese! operates qenerally at a higher alr-to-fuel ratio,
the naturally aspirated diese! produces approximately 30 to 358 less torque
than gaso!line engines of comparable size. Therefore, diese! cars are usually
qeared lower to compensate for the lack of acceleration, thus reducing the
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Table 2.2-3., Fue! Economy Comparisons for the Best of
1980 Model Gaso!line and Diesel Cars,
Highest mpg by Inertia Weight Class

Weight Class

2250 2500 3000 3500 4000 4500

Diesel, mpg? 47.4 41,1 32.6 31,6 27.3 24,2
Gasolinc, mpg® 42,4 35.4 28.1 22.3 21,7 18.2
Improvement, % 12 16 16 42 26 33

Average Improvement = 25%

3EPA Composite mp3,

Data taker from "Passenger Car and Light Truck Fuel Economy Trends
Through 1980," J.D. Murrell, et al., SAE Paper #800853, June 1980.

top speed by about 10f. Supercharged diesel cars exhibit driveability
comparable to that of naturally aspirated gasoline engines of the same dis-
placement. By the mid 1980s most diesel passenger cars marketed will probably
be 'C. Small displacement diesels too small to be TC will possibly be super-
charged for acceleration and passing, using mechanically driven or shock-wave
(comprex)-type compressors, and R&D work in this direction is currently in
pProgress.

2.3 EMISSION

Diesol-powared cars maet 1980 emission standards without the use of
catalytic converters and e:hiust gas recirculation. They have hydrocarban
(HC) and HNOy emisslons compx able to open loop controlled catalyst-equipped
spark-ignition powered cars, with carbon monoxide (CO) emisslions generally
lower. However, I[n addition to the requlated gaseous pollutants, diesel
engines omit particulates, smoko, oxides of sulfur, odor and aldehydes. Of
particular concern are the relatively !arge quantities of particulate matter
and absorbed organic compounds emnitted by diesel engines, some believed to
be carcinogenic.
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Table 2.2-4. The mpg Advantage of a TC Diesel Engine of Current
Des!gn Over Contending Current and Advanced
Spark Ignition Engines (Ref. 4)

Contending Diesel
Spark-lgnition Advantage
Enqine Concepts Over Contender, %2 Remarks
Conventional low compression 53 1.7 4 Audi

(8.5:1) engine
fuel-injected

Variable disnlacement 40 Modi f ied
(£0/50) cylinder cut-oft Porsche 924
enqine

Advanced high 38 Porsche top
(12.5:1) (experimental
compression engine 924 engine)
Variable inlet valve 22 Analysis
partially throttled

engine

Variabla inlet valve/ 7 Analysis

variable cemprassion ratio
unthrottled oengine

aComposite Federal Cycle with 60 hp, 2400 1b referonce car.

The emission standards projected for the future by the EPA (Table 2.3-1)
provide for a limitation of particulate omissions to 0.6 g/mi for the 1981
model, and a further reduction of that level to 0.2 g/mi for the 1983 model,
as wel! as a reduction of the N0, standard from 2 to ! g/mi in 1981, and to
N4 q/mi from 1983, A discussed in more detail in Section 4.0, compliance
with such standards Is an unraesolved problem. Figure 2.3-1 shows that the
problem is compounded by the fact that, tor a qiven inertia weiqghrt, the
tochnical mcasures which reduce NO, and particulates are not mutually com-
patibla. In the opinion of most automobile manufacturers and diesel experts,
a N0, standard of 1.5 g/mi can be met with existing diesc! engines by means
of injection and timing refinoments without the use of a special emission
control systed, Compliance with a MO, standard of 1.0 g/mi or less will
require substantial amounts of EGR, wi*h attendant increase in HC ond particu=-
fate omission, plus deqradation ot fue! economy and durabllity, as well as
increased cost. The qeneral concensus Is that a 0.4 a/mi NO, standard will
not be attainable at al! with current predictable technology.

e el e




81-¢

o

OPTIMUM BRAKE SPECIFIC FUEL CONSUMPTION
gr/hp/he
~<

A - CURRENT NATURALLY ASPIRATED SPARK IGNITION ENGINE

B AL AANAL CURRENT TURBOCHARGED SPARK IGNITION ENGINE

C s ccm— c— CYLINDER CUT-OFF ENG INE

s amme e ALL CY LINDERS

b A A 50%OF CYLINDERS
D e goman oo NAT, ASPIRATED HIGH COMPR, ENGINE (MAY FIREBALL)
E o o o o o o o CURRENT TURBOCHARGED AUTOMOTIVE DIESEL ENGINE

V' LOCUS OF CTY-MEDIAN POWER LEVEL

300 t—
(]
— — / L]
‘e, . ...:w.o'.:- e @ .0./
® e o ...‘L....‘.';.
20— AV
| ! | R 1 ! ' S A
0 0.5 0.10 0.5 1.0
ENGINE POWER OUTPUT REL TO MAX POWER
Figure 2.2-4. Comparison of Optimum Ergine Part-Load Specific
Fuel Consumption (Ref. 4)
I T I I N T S R E TRe T -t VRV Ty R PR PO TN T,

N S

R 1 o s S AT S

PO R TR L 1




) -

asle 2,2-1, Tirre~* art Praiegs*aed L*andards for Gasaesus and Particulate Emissions (Ref. 7)
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To date, only the 1,54 four-cylinder VW Rabbit diesel, the smallest of
all, can meet the 1981 particulate standard of 0.6 g/mi and 1.0 g/mi NO, by
a narrow margin. The others, which are larger, will have problems meeting
the EPA proposed schedule (Table 2,3-1) for NOy and particulate emissions.,
General totors, the producer ot the largest diesel cars marketed in the
United States joined by Mercedes Benz (MB), Peugeot, and VW, asked the EPA
in 1979 to qrant a 4-yr waiver from the 198!, 1,0 g/mi NOy standard to a
1.5 q/mi level, and reprlove from the 0.6 g/mi standard for particulates
starting in 1981, Under the 1977 Clean Air Act, such a waiver Is available
if the auto maker can convince the EPA that a waiver:

(N Is usg of diesel eangine technology.

nacessary to permit  tho

(2) Does not endanger public health.
(3) Will result in significant fuel saving.

(4) That the technology used has potential for
bonef its,

fong-term air quality

In rosponse to an extensive study conducted by GM (Ref. 8) and other
similar studies that substantiate the above requirements and the need for
more davalopment time, the EPA has defayed the imposition of the 0.6-9/mi
standard for particufates until 1982, !+ has also granted a 2-yr walver
(instead of 4) from the 1.0-q/mi MOy standard to a lave! of 1.5 g/mi. The
California Air Resource Board (CARB) has approved of this waiver for cars
markated in California provided the manutacturer warrantioes the proper func-
tioning ot the emission contro! and assoclated fuel systems tor 100,000 mi.
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For VW, which meots the 1.0-g/ml NOy standard by a narrow marglin with
the 1.54 Rabbit diesol, the 1,0-qg/ml NOy standard was was relaxed only to
1.3-q/ml for the Rabbit, to 1.4 g/mi for +he Dasher, and to 1.5 g/mi for the
{ iva=cy | indor Audi diosel car. All others, regardless of sizo, have to
adhoro to the 1.5-g/mi NOy standard during the waiver period. The current
walver situation may become statutory until new ways to simultaneousiy reduce
NOy and particulate emissions can bo found.

2.4 FUEL AVAILABILITY AND COST

Diese! fuel Is prosently avallable from mora than 10,000 stations
, throughout the United States along tho major highways and In metropolitan
: araas. Most of these are truck stops, as only about 5% of the gasol ine
survica stations carry diosel fuel. According to the number shown in Table
2.4-1, the price of diose!l fuel has risen during recent yeoars along with
that of gasolino with an averaqe dlfferonce romalning at 13¢€.

indtcations are that the prico of diosel fuel iz possibly going to risae
. beyond that of gasolino In the futura. The genoral increase in fuel prices
carty in 1979 was the result of wor ld=wide shortage of crude oil brought |
about by tho OPEC rombarqo."  Since then the price of diasal fual has risen
4t o faster rate thon that of gasoline bocause of the U.S, diosel floot
\ qrowth during that period of time. The trucking industry has mado recent
| demainds for spoaial diesol fual altloacation and price control. I+ thesa do-
’ mands are met, the oxlsting shortaga in the privata sector will be aggravated,
and *he pump price of diesel fuel boing sold to private consumors will be
strongly impacted.

In addition to the relationships bhotween supply and demand, the price
of divosel fuel wiltl also he dictatad by the production cost at the rofinoery.
According to studios conducted by Amoco and Mobil Qil Co. (Rote 9), refinery
l costs are now primarity  from qasoline production but will shitt more to
dione!l production. From o spocitic value of gasoline to distiltate ratio
and bolow, diesel production is more oxponsive bucauso it roquires moro anurygy
' tor dosul farisation and hydrocracking.  Flgure S.4-1 shows, for oxamplo,
t the change in gasolbine to distillate (/D) ratio roquired for a shift from
: qasoline to Jiewnl  fuol, assuming that the percentage ot all Jistillates
romaing unchangods  As indicatod by tho data point At a0/ = 0.9, the fraction
‘ of diose! fuel that can be abtained at a given GO pratio Is loss 1f tho
) porcentage of othor distitlates such as jot fuol are also increasod in tho
future. Rofinorios oporating at a typical gasolinn-fo-di%fil|af0 ratio of
1.7 can increase thoir output of diesel fual by 10% with minor changos in
oninting systons.  Boyond that, major system changes are roquirads A maximan
anift to diosel tuel on the ardor of 404 is said to be faasible fn a rotinory

which 1s optimiced for diose!l fuel production.

noany case, substantial investment is roquired, and must bo rocovared,
Far oxample, Fiaure 5 4= ghows the otffoct ot retinory chanqu In the diroc-
tion of more diesel fuel, normalized to the prico ot diasel tuel (excluding
taves) for o rotinery oporating at a normal gannlino—fodis*illdfu ratio ot
1.7. As can ba soen, pricing policy has o strong intluoncuo. In case A,
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Table 2.4-1, Fuel Price Comparisons of Unleaded Gasoline and Diesel
Fuel #2 (Cents Per Gallon Retail with Tax)

Unleaded Regular

Gasol ine? Diesel Fue! #2b DifferenceC
1976 61.4 52.7 8.7 or 14%
1977 65.0 57.3 7.7 or 12%
1978 67.0 58.2 8.8 or 13%
1979 90.3 81.4 8.9 or 10%
1980 126.9 109.2 17.7 or 14%

Average Difference 13%

Mix of "Full Serve" and "Self Serve" from Reference 11,

bRased on adjusted (see text) retail price (ex tax) from
Reference 10, plus a constant 15 per gallon for state and
Federal taxes.

Cg Difference = Gasoline-Diesel
Gasoline

(Flqure 2.4-2A), the price of qasoline is artificially kept constant and
the diesal price is adjusted as necessary to maintain refinery revenue. In
case B, the diesel price rises in proportion to incremental cost, and the

qasoline price is adjusted as necessary to maintain refinery revenue. |f
gasoline prices are allowed to drop according to that fuel's fair share of
the production cost, then diesel prices will be forced up even more than

shown in Fiqure 2.4-2B. This would severely dampen consumer interest In
diesel cars.

If it is important from the overal! energy standpoint, a certain requ-
tation of the fuel prices would be necessary to keep the consumer interest
in diesel cars alive. In France (Ref. 11), for example, the price of diesal
fue! and qgasoline is currently requlated by taxation so that the diesel
fuel price remains about /3 below that of gasoline. This has drastically
Increased the use of diesel cars by a factor of four during the last 5
years. With further dieselization, this differential In price Is expectaed
to decrease and to level off at 10 to 15%.
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Figure 2.4-1, Effect of Fleet Change from Gasoline to
Digsel Fuel on Distiltate-to-Gasoline
Ratio (Ref. 10)

Another factor closely related to fuel cost is that of fuel quality.
Complaints have boen voiced recently in press reports (Ref. 13) about the
targe amounts of water found in diese! fuel deliverod at retail pumps. In
an isolated but oxtreme case, 24-gal of water wore found in a 27-gal tank.
This is not a represontative case but the general situation seems critical
enough to warrant  further investigation and corrective action. Current
Oldsmobite passenger car fuel systems are designed to handle up to 10% water.
I the filter is not effective, small amounts passing through the fuel pump
and nozsles can result in fouling, which will result in costly repair bills.

The oil companias claim that diesel fuel with low water content can be
delivered to jobbers and retaiters, but that water is takoen on during transfer
hotwoon storage facilities.  Bocause it is heavior than diesol fuel, the
wator sottles to the bottom of the storage tanks, and when supplies bacoma
scarce, distributors  pump  deeper into the tanks  than  thoy normailly  do.
Anothor problem is that many stations are switching from low demand fuels
such as promium gas to diesel fuel, and do not property flush storage tanks
bofore use.s The use of old, leaking tanks that allow ground water to seop
in is also a problom,

The throe major turopaan diesel car producers, MB, Peugeot, and VW,
are said to downplay the water content problem because it might discouraqgoe
prospective buyors,  According to UOM, present diesel engine systems are
dosignad to cope with o water content in the fuel of up to 10§, Beyond
that, carrective and proventive maasures must be takon, from the main storaqe
facility to the engine nozzte.  The cost to accomplish this task must be
pansed on to the diagsel customor. At the present time, OM  roecommends
buyina diosel fuel at truck stops, rather than in gasoline stations. Truck
stops have a  fast turnover, and truckers do not tolerate water in their
tuel.
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Since mid-1980 (Ref. 14) GM-diesel owners can have a water detection
device installed in thelr vehicles. It is essentially an in-tank fuel
strainer/water separator combined with a fuel-guage type float that flashes
a lamp whenever more than 4-gal of water have collected In the tank. General
Motors advises that you hurry to the nearest service station and syphon the
water from the tank, using "convenient means" when this occurs.

2.5 GENERAL ECONOMIC ASPECTS

. The reasons that a private consumer decides to buy a diesel-powered
car are many and change with time. Until 1974 (Table 2.5-1), superior fuel
economy, low maintenance and durability were the primary motivating factors.
The concern of a possible gasoline shortage was a relatively small contributor,

Today, in contrast to the ratings shown in Table 2.5-1, the primary
motives for buying a diesel car are: (1) freedom from concern over the gaso-
line shortage and the ever-increasing price of gasoline, and (2) maintain-
ing ownership of a large and convenient luxury car by switching to a larger
diesel-powered vehicle, which also has acceptable economy of operation.
Group (1) primarily represents the buyers of smal! diesel-powered cars such
as the VW Rabbit and Peugeot, and group (2) represents the buyers of mid-to-
large size diesel-powered cars, such as +the Mercedes 3000, the Oldsmobile
\ Cutlass and the Cadillac Eldorado. Also, many of the new buyers are diesel

buffs, or are merely intrigued by new and innovative engines and cars. Be-
] cause of the interest of buyers other than the very economy-minded, the
total number of diese! cars sold in the United States .ad tripled during the
i977-1978 time period and doubled during the 1978-1979 period. Optimistic
predictions are that by 1985, 25% of all new cars marketed in the United
States would be diesel-powered to meet expected customer demands (Ref. 10).
The current market share of passenger car diesels sold in the United States
is on the order of 3-1/2%,

The seemingly bright future of the diesel car is overshadowed by a
number of very uncertain economic factors other than consumer demand. These
factors will dictate the future diesel market trend, and will possibly in-
' hibit the use of privately-owned diese! cars in the United States and in
| other free world countries. Of primary concern are the cost and enerqgy

aspects associated with a switch from gasoline to diesel fuel, and the
» controversial nature and technical feasibility of future emission standards
) for NO, and particulates.,

According to analysis (Ref. 9), Takino the higher mpg capabitity of
diesels and the higher energy content of diese! fuel into account, the total
energy savings associated with the use of a diesel-powered vehicle is on the
order of 11%4. Additional savings will be realized at the refinery when
sWwitching from gasoline to more diesel fuel. For example, by reducing the
gasoline-to-:istillate ratio from the existing 1.7 to 0.9, 10% less energy
would be used in the refinery relative to the energy contained in the addi-
tional diesel fuel produced. Adding this 10% to the above indicated 119
would bring the total energy savings to about 20%. A nationwide change from
a gasoline/distillate ratio of 1.7 to 0.9 would provide enough diesel
fuel to convert 20 to 30% of the gasoline fleet to diesel, depending upon
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Table 2.5-1. How and Why Owners Decided to Purchase
a Diesel-Powered Car

Mercedes Peugeot
2400 3000
‘ Overal ! Economy 34 30% 34%
' Fuel Economy 20 25 30
: Low Maintenance 12 16 19
Availability of Fuel During
Gasoline Shot age? 7 14 7
Durability of Diesel Engine 17 10 7
Prior Ownership of Diesel
| Automobl le 8 8 4
Engineering/Engine Design 3 7 3
| Prior Experience with Non-
‘ Automotive Diese! Engine 6 5 7
! Clean Emissions 4 4 8
Reliability of Diesel 7 4 5
Recommended by Friend/Relative 7 4 4
: Energy Crisis? 7 3 6
Pol lution-Contro! Devices Required
. or Gasoline Engines 3 3 7
E Lower Cost of Diese! Fuel 3 2 8
| Wanted to Try |t/Experiment 3 2 3
' Suits My Needs 3 -— 3
A1 Other Reasons 31 9 24

AHow a respondent would distinguish between these two questions was not
explained.,

Sources: J.D. Power & Associates, 1974, 1975,
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the amount of distiilate converted to jet fuel. For a conversion level
below a ratio of 0.9, energy savings would drop sharply because hydrogen
cracking would become nocessary to produce more diesel fuel.

Although the net savings of automotive petroleum energy that wou ld
result from a 20 to 30% conversion of the gasoline fleet to diesel is only
on the order of 4 to 6%, such a conversion would still be of interest from a
national energy standpoint. It is questionable, however, whether consumer
interest in diesel cars would keep up with the trend of fuel prices. The
price trend shown in Figure 2.4-2B would definitely be a deterrent to
buying a diesel car. Fuel prices would have to be regulated as shown in
Figure 2.4-2A (or similarly) to favorably balance the demand for gasoline
and diesel cars from the total energy standpoint,

A study conducted by the National Highway Traffic Safety Administration
in 1977 (Ref. 10) arrived at essentially the same conclusion. But it was

postulated that diesel ponetration for the major auto producers will be
about 5% in 1981, and will grow at a rate of 5% per year, reaching 25% by
1985, Assuming a 10-yr lifetime for diesel cars, this would constitute

7.5¢ of the total fleet by 1985, which is well within the limits that could
be supported by existing refineries without major system changes.

tn addition to enerqy considerations, the emission issue will be the
primary fac‘or in determining the fate of the diesel car. The maximum size
of the diesel fleet will likely be determined by the emission levels that

can be tolerated nation-wide, or perhaps in a given area. The latter would
mean that the qrowth of the diesel fleet would be limited more in high density
traffic arcas than in the open country. In metropolitan areas, a curtailing
of the private diesel fleet in favor of taxicabs and other commercial light
duty vehicles is quite possible. Diesel cars may be completely banned in
California because of the extremely stringent emission standards and acceler-
ated timo-schedules, which exceed those proposed by the EPA for the other 49
states (Table 2.3-1),

An economic factor whish strongly affects consumer choice is the higher
price of the diesel car. As mentioned earlier, diesels are more expensive
than gasoline engines because they work under more demanding conditions
(high operating pressures) requiring closer tolerances. Engine structural
weights are increased to cope #ith higher stresses and larger amounts of
metals are used to produce an engine. Diesel injection systems are high-
precision mechanical devices that are more costly to make than carburetion
and spark ignition systoms. Diesel engines are made in smaller numbers,
and brackets and frame changes are usually required to install the diesel
optian.

A+ the presont time, the base price of o diesel option is about 10
percent above the price of the base gasoline engine-powered car. According
to the common relationship between production cost and volume, the price of
the diesel option should come down with increasing penetration and greater
production volume, although this is very uncertain because the actual consumer
price of diesel cars is greatly affected by supply and demand at the retail
level. With diesel cars currently being in short supply, it is almost impos-
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sible to buy a diesel from a retailer at the producer's suggested retail
price. Dealers take advantage of this situation by loading diesel cars
with a variety of costly options and dealer-installed accessories, many of
which are not at all attractive to the economy-minded buyer.

Considering the 1otal picture, the cconomic future of the privately
owned diosel car is highly sensitive to a variety of factors, many of which
are not predictable. This makes a long term market analysis less meaningtul
at this time. Those factors that are known optimistically suggest signitficant
qrowth of the diesel market in the U.S. by 1985. These known tactors are in
essence:

(1) 1mproved fuel economy.

(2) The need to meet legislated Corporate Average Fuel Economy (CAFE)
quidelines.

(3) The desire to continue with the production of family size cars.

(4) The costs and problems associated with meeting future fuel economy
and emission requirements with gasoline engines.

(5) The increase in mites driven per barrel ot crude oil that can be
achieved with increased diesel penetration.

(6) The potential of meeting future stringent emission standards

without the use of critical materials, which are now needed
for the catalytic controtling of exhaust emissions.
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SECTION 3

DEVELOPMENT STATUS AND BACKGROUND

3.1 BACKGROUND AND SCOPE

Diese! engines for 1ight and medium duty vehicles are currently pro-
duced by Mercedes Benz, Peugeot, Perkins, Deutz, Opel, Fiat and Volkswagen
in Europe; by Nissan, Toyo Kogyo, and !suzu in Japan; and by General Motors/
Oldsmobile in the United States. Up to this point in time (1981), only Mer-
cedes Benz, Peugeot, Volkswagen, and General Motors offer diesel options
with selected lines of cars in the United States. Renault, Fiat, BMW, and
Volvo wil!l also offer diese! options in Europe and in the U.S. in the near
future. Ford, American Motors, and General Motors are planning to install
diesels made in Japan by Toyo Kogyo and Isuzu into selected lines of sub-
compact cars to reserve a place in the small diesel market for the 1980s.
Japanese car producers such as Datsun and Toyota will have diesel options
for salected lines of passenger cars and mini-trucks starting with the 1981
model .

Because the diesel scenario is very complex and changes rapidly, the
following discussion will concentrate on the current and well known production
lines of selected producers, which are considered most representative of
the current state-of-the-art in their specific category, and are of primary
interest for the U.S, diesel market., Listed in order of market penetration,
these are Mercedes Benz, Peugeot, Volkswagen, Oldsmobile, and Bavarian
Motorworks/Steyr. This gqroup is representative of two ertirely different
schools of thinking in regard to engine development: (1) engines that are
designed from scratch to be nothing but a diesel (Mercedes Benz, Peugeot),
and 2) diese! conversions that are based upon the extensive utilization of
existing gasoline engine tochnology, production tooling, and engine components
(Volkwagen, Oldsmobile). This group also comprises three of the most distinc-
tive design features found in diese! engines - the pre-chamber (Mercedes
Benz), the swir! chamber (Peugeot, Volkwagen, Oldsmobile), and the direct
injection open chamber (BMW).

The case histories of Mercedes Benz and Volkswagen are described in
more deta:l than was originally intended within the scope of this report.
However, this was necessary to understand the technical difficulties, the
effort, and the time frames associated with the development of autocmotive
diese! engines,

52 MERCEDES BENZ

The first diesel passenger car (the 260 D) was introduced by Mercedes
Benz (MB) in 1936, Since then, the line of diesel cars developed by MB has
undergone a number of fundamental design changes. All MB engine models have
one Important design feature in common - the pre-chamber which has undergone
a variety of changes and modifications without abandoning the original design
concept,

Ll me




r . aiedi s S dtioe ik atatatieaiia ARSI et . . o oas sabileaai ittt e e e A A . o g » iz .

|
E

Despite the success of the Ricardo swirl chamber which has been adopted
by most other automotive diesel developers, MB has consistently adhered to
the pre-chamber concept (Figure 2.1-1B) which It regards as the best com-
promise from the standpoint of operational smoothness, noise and turbocharg-
ing. Mercedes Benz claims that over a wide part of the operating range, the
prechamber system makes possible an almost ideally constant combustion pres-
sure, which Is of primary Importance with regard to noise abatement. With
turbocharged engines in particular, mechanical loads and stresses on vital
engine components are reduced. The MB pre-chamber exhibits lowest HC emis-
sions, and NO, emissions are marginally higher, when compared to a swirl
chamber, (Figure 2.!-1C) under identical vehicle conditions and identical
engine design. The slight advantages of the swir! chamber are not considered
sufficlent by MB to be of decisive importance In complying with future NO,
emission standards.

Table 3.2-1 shows the change of engine displacement, speed and per-
formance over the years, which resulited from a zealous effort to improve
diesel driveability and consumer acceptance. Since the introduction of the
prechamber with the 260 D and 170 D models, the first major step to a
modernized diesel was the change from -~ conventional pushrod overhead valve
design to an overhead camshaft as in the 190 D model (OM 621 engine) in
1958. The OM 621 engine then became the basaeline for MB's diesel production
program, and in its last stage is represented by the OM 616, a 2.4-0 engine
having a bore of 91 mm. The gradual increase of engine displacement from
the 1.8-4 180D through the 2.4-4 260D was accomplished without major changes
i basic engine design. Of prime importance was a proprietary cooling slot
arrangement between adjacent cylinders, which allows for an extremely narrow
spacing of the cylinders. With the OM 616/2400, the performance capability
o. the MB four-cylinder line of engines had reacted its limits ot speed and
displacement,

As discussed in Section 2.5, the sudden upswing in diese! sales because
of the 1973 oil crisls and demands for more power and better driveability
called for a further increase In engine displacement. Instead of going to
a new six-cylinder design, MB added one more cylinder of the same bore and
stroke to the OM 616 engine (Table 3.2-2), This represented the bast com-
promise In turms of weight, size, investments and production cost, as compared
to designing a new six-cylinder engine. The OM 617 was the first five-cy!inder
engino ever installed In a passenger car and was initially greeted with
skepticism, although a five-cylinder in-line design has long been in use In
stationary, ma~lne, and truck engines. Careful engine balancing, a soft and
careful ly dampened engine suspension, and the installation of a torsion
damper on the front end of the crankshaft have resulted in a vibrational
] characteristics similar to a six-cylinder engine. The engine was marketed
fo- *he first tima in 1974 in the 300 D models, together with OM 615 and 616
four-cylinder engines which were then produced to power the 2000, 220D, and
240D lines.

In spite of the many uncertalnties reqarding the future of diesal
cars, Morcedes Benz decided in 1976 to develop a more powerful turbo-
charged varsion of the OM 617 engine (designated OM 617 "“A") for instal-
tation Into their larger 300 SD line of cars. Pilot production of ¢*he
angine was started in 1977, and production for the U.S. began early in 1978,
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Taste 3.72-1.

Historical Survey of "ercedes Benz Diesel Cars (Ref. 15)

S ————

Max, Output

at Speed, Torque Number Dry Engine
Production Displacement, Stroke, Bore, (Din) at Speed, of Weight,
Tyna Engine Year cr mm me kW rpm Nm  rpm Cylinders kg
2600 o138 1936 2545 100 90 33 3300 4
1700 oM £36 1949 1697 160 73.5 28 3200 96 2000 4
1800 oM 636 1953 1767 100 75 31 3500 101 2000 4
1990 o1 621 1958 1897 83.6 85 37 4000 108 2200 4
2000 oM 621 1965 1988 83.6 87 40 4200 113 2400 4
2000 o 615 1967 1988 83.6 87 40 4200 113 2400 4
2200 oM 615 1967 2197 92.4 87 44 4200 126 2400 4
2400 oM 616 1973 2404 92.4 91 48 4200 137 2400 4
300D oM 617 1974 3005 92.4 91 59 4000 172 2400 5
2000 oM 615 1976 195
2200 oM 615 1976 0 ememeeee—e- As Above ~-=-wcccceco—a- 197
2400 oM 616 1976 197
3000 oM 617 1976 229
300CD oM 617 1977 229
39050 oM 617A 1978 2998 92.4 90.0 85 4200 5 244
Turbo~
Charged

peon




Table 3.2-2.

Mechanical Data of Latest Mercedes Benz Four-

and Five~Cy!inder Naturally Aspirated Automotive
Diesel Engines (Ref. 16)

Data OM 616 oM 617
\ Bore mm (in.) 91. (3.58) 91. (3.58)

' Stroke mm (in.) 92.4 (3.64) 92.4 (3.64)
! Bore/Stroke = tio 0.98 0.98

Bisplacement am® (ind) | 2404. (147) 3005. (183)
) Number of Cylinders 4 5
b Max imum Output 62 77

(SAE neti hp)
Nated Speed (rpm) 4200 4000
Weight {kg) 203 234
Compared to the naturally aspirated (NA) five-cylinder OM 617 diesal, the

turbocharged version displays an increase in performance on the order of 43
percent, with a weight increase of only 7%. In conjunction with their newly
developed 300 SD sedan, the turbocharged OM 617 "A" shown ia Figure 3.2-1
is the latest step in the evoiutior of MB-developed diesel cars.

A published paper (Ref. 15}, describes the OM 61!7 engine as follows:
The crankshaft is forged and is supported by six tri-metal bearings. The
torsion damper is integral with the front pulley, which also drives the
accessories, The overhead camshaft is chain driven and features a hydraulic
chain tensioner and guide (Figure 3.2-2) which was found necessary in order
to cope with torque fluctuations induced by the injection pump. The con-
necting rods are forged and annealed. The pistons are of cast high silicon
aluminum alloy and have three rings. All of these oscillating parts are
identical with the four-cylinder models. The cylinder block and head are
of cast iron alloy. No valve seat inserts are required. Cylinder head
design is essentially the same as that of the four-cylinder engine, but
drilled cooling passages are provided in order to improve cooling of the
bridge areas between the inlet and the outlet valves.

The exhaust manifold is a dual flow design which minimizes flow losses
and exhaust pressure differences between the individua! cylinders. This, in
conjunction with long inlet pipes that have a pronounced ram effect, plus a
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Figure 3.2-1. Longitudinal and Cross-Sectional View of Mercedes Benz
OM 617A Automotive Diesel Engine (Ref. 15)



Figure 3.2-2. OM 617 Chain Drive (Ref. 16)
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smalt valve timing ovarlap, has proven very effective in achieving a uniform

volumotrlc efficiency betwaon cylinders. Because of the strong influance ot

ofl temperaturu on engine wear, the OM 617 engine has been equipped with a

thormostatically controlled air/oi! heat exchanger, which assures a short

warm-up and also meats the high demands for external cooling during operation
\ at high thermal loads.

The OM 617 engine uses a Bosch S5-plunger in-line injector pump which
moters and controls tha injection volume In the usual manner by an upper and
lower halix lip in the rack-and-pinion driven plungers. The time duration of
each Injection depends on the ambient pressure and tio engine load in such a
way as to obtain tho optimum fuel economy, performance, emissions, and noise
lavels. Injection timing is controlled by means of a centrifugally operated
timar.

In contrast to all four-cylinder MB engines which have a pneumatic
qovarnor, the OM 617 five-cylinder is equinoed with a mechanical governor
which matches the delivered fuel to the i~ Slow in the idle and maximum

x spead ranqes.  Botwoen thesse ranges, the driver controls the fuel flow with
the gas pedal to produce the required torque. According to MB, the use of a
mochanical govornor has a number of advantages. Rod motion control is more
aniform (which helps to minimize exhaust emissions) and maximum engine

l speed is more precisely controlled. An inlet throttle, originally required
to genarate the control vacuum for the pneumatic governor of the four-cy!inder

| angines, Is no longer needed.

The engine uses pintle nozzles that operate ot a relatively low injac-
tion pressure on the order of 120 bar (approximataty 1800 psi)e In order
to roduce the initial heat release gradient and engine nolse, the nozzles
are tuned so that fuel detivery during the ignition delay perfod is as low
as possiblo.  The injoction pressure lines are oquipped with raverse flow
] dampening valves which allow for free flow in the direction of the norzie
while return pressure waves, which are mainly responsibile for aftar-injec-
tion, are effectively dampened. The quantities of fuel introduced due to
afterinjection are negligibly smalt, but they do noticeably increase HC and
\ carbon monoxide (CO)  emissions, because they are introduced too late to

pormit complote combustion.  Although described by M3 as wel! proven and re-

liable, nozzlos of this type have reportedly shown a taendency to foul up
* aasily and to develop a "rattling" noise.

Tho superchargad version of the OM 617 enqine (OM 617A) uses a turbo-
charger devaloped by Garrett/AiResearch with a pressure-activated waste gate
that 1imits the absolute boost prossure to a maximum of 1.7 bar (Figure 3.2-3).
The retatively flat operating characteristics of the vaneless cantrifugal
comproessor pormits g favorahle match so that at engine spoads abova 1600 rpm,
comprossor of ficiency could be maintained betweon 65 and 74% (Figure 3.2-4).
The turbina is sizod to provide for maximum performance at medium engine
spacds and loads.  The waste gate bypass opens as necoessary to avold ovoer-
prossucization and oxcessive back pressure rise because of Increased pumping
losses at higher engine speads.  With the bypass system, the turbocharger
has hoon shown to be much more responsive during transient operations than
a tixed qeometry, uncontrolled turbocharger.
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Figure 3.2-3. Garrett Turbocharger with Integral Waste
Gate Control (Ref. 15)
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The OM 617A engine is of essentially the same design as the OM 617
(Tabie 3.2-2). However, a number of changes and new design features not
readily apparent were introduced to cope with the higher mechanical and
thermal loads, which are about 50% higher than those encountered in the
naturally aspirated OM 617 engine. The crankshaft was bath-nitrided to
effact an Increase in hardness and fatigue strength. The main bearings are
the same as those in the OM 617 engine except for the axial thrust bearing
which displayed fatigue cracks in the thrust collars and had to be changed
from an integral design, to a design with separate thrust rings. The con=
necting rod bearings of the OM 617 englne exhibited severe damage under
turbocharged operation and oxtensive testing was required to design a new
bear ing capable of coping with the higher loads, while retaining the sams
dimensions.

The pistons had to be redesigned and were equipped with cooling oil
jets which squirted oil into an integrated ring channe! underneath the piston
crown. This reduced the maximum piston temperature to an acceptable level,
on the order of 2750 C. The oll was fed and metered to the ring channels
by means of calibrated jets which aim from a stationary manifold at the open
ends of the ring channe! in the lower ond of the piston skirts. From there,
the oil is transported up to the ring channaet by the reciprocating motion
of the piston. Piston noise generation was minimized by narrowing the
piston clearance in the lower part of the skirt, and by increasing the wrist
pin bearing diameter. The axial tength of the pistons was extended and the

connecting rods were shortened corraspondingly.

The valves were modified to cope with the higher combustion pressure
by providing more material around the heads for improved rigidity. The
oexhaust valves are sodium cooled to make the stems more heat resistant and
warp-proof. To provide the oil for the above described piston cooling sys-
tem, a now, enlarged, chain driven oi! pump was incorporated. This required
design changes in the crankcase area.

The cylinder head qasket is a critical element in all diesel engines,
particularty in those which are supercharged. The pre-chamber concept is
of great advantaqe here because the gasket is not in direct contact with the
high temperatures. However, a new gasket had to be developed and the
cooling around the most critical area between adjacent cylinders had to be
qreatly increased. The new gasket corresponds In form with that of the
naturally aspirated engine but a newly developed elastic inner material is
used that cures during engine operation and, improves the long-term compres-=
sion characteristics of the gasket. As mentioned ecartier, cooling slots
wore used between cylinders to improve cooling on M3's naturally aspirated
four and five-cylinder engines since 1974. On the supercharged ongine, the
cooling slots between the cylinders are open toward the gasket to maintain a
low gasket temperature between cylinders that assures reliable sealing of
gas and water,

Highest thermal loads are encounterad at the bottom of the pre-chamber
and in ths throat between the pre- and main chambers. A good conductive
path that dissipates axcess heat into the cylinder head is ot utmost impor-
tance. To accomplish this, the contact area between the pre-chamber and

3-9
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cyllnder head was enlarged. Combustion optimization tests also led to a
change In pre-chamber volume and to a different arrangement of the fuel
orifices for the supercharged engine.

The injec*ion system for the supercharged engina is manufactured by i
Bosch and is basically the same as the one used on the naturally aspirated i
englne, with schedule changes that allow for the increased fuel demands of |
the turbocharged engine. The fuel quantity Is increased as the boost pres- :
sure risas to a certain maximum flow rate in a manner that produces the same
tfuel-to-air ratios and exhaust smoke characteristics as the ones obtained in
the naturally aspirated engine. From this point on, the fuel quantity in-
creases with boost pressure at a lower rate. The combustion mixture becomes
leaner as the boost pressure rises, which additionally reduces NOy and smoke
development,

P S

To cope with a higher injection pressure of 140 bar, the Bosch pintie
nozzle (Figure 3.2-5) was modified by Introducing a longitudinal bore in
the center of the pintle (Detail "A") which is connected to the plenum chambe
by means of a transverse bore. This produces a more stable flow at low
neadle livts in the early injection phase, and Is less prone to clogging
than the standard Bosch nozzle. The arrangement has also been found to
almost eliminate the pinging cold start noise which is usually caused by
clogging of the annular slot around the pintle.

PV G S TP T

Design changes were also necessary to accommodate the turbocharger
and associated ducting. Because the Garrett turbine is of a single scroll
design, the dual exhaust of the naturally aspirated engine was changed
to a single exhaust leading directly into the scroll inlet. The turbo-
charger is rigidly flanged to the exhaust manifold. The ducts are flexible
to allow for expansion and engine movement, and to reduce the transfer of
acoustical noise between the components.

The performance chara- teristics of both versions of the OM 617 five-
cylinder engine are compared in Figure 3.2-6. The turbocharged version has
46% more torque than the naturally aspirated engine at the same speed, which
was obtained by precise tuning of the turbocharger and its waste gate control.
With a fixed geometry turbocharger, the mid-range torque would be lower, and
maximum torque would occur at high speeds where it is not needed.

Fiqure 3.2-7 shows the relationship between engine speed, and engine and
supercharqer performance criteria at full power operation. As mentioned
earlier, a low exhaust smoke (Figure 3.2-7a) in the main drivina range above
2500 rpm is achieved by a waste gate which limits the boost pressure to 1.7
bar and allows for progressively leaner combustion with increasing engine
speeds from the point where the waste gate starts to open. The waste gate
also insures that the maximum BMEP occurs at low engine speed. The engine
inlet temperature (Figure 3.2-7d) does not exceed 100°C (212°F) which is
favorable from the materials and the NO, emission standpoint. The turbine
tamperature does not exceed 800°C (1470°F), a value that is very conserva-
tive for today's gas turbines.
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The successful adaptation of the turbocharger is also apparent from the
flatness of the fuel consumption map (Figure 3.2-8). The fuel consumption
curves closely paralle! road-load demands over a wide range of engine speeds
and power settings. The optimum and near-optimum fuel consumption Islands
center about the part-load speed and load range most frequently used in
urban driving. With 245 gal/kWh, the fuel consumption of the supercharged
version is 20 gal/kWh (9%) better than that exhibited by the naturally aspi-
rated OM 617 engine.

Mercedes Benz diesel cars currently produced have a key start system.
| Turning the key energizes the glow plugs and a yellow (ight appears on the
dashboard. The time for glow plug operation is indicated by the yellow lamp
and 1s dependent upon engine coolant temperature in the cylinder head. The
glow plugs remain energized until the engine has started, but glow operation
is limited to 150 s to avoid excessive battery drainage.

Figure 3.2-9 shows the progress that has been made over the years from
+he 180 D model (1953) to the present time with regard to acceleration.
This progress has been achleved by gradually reducing engine weight, improving
power per unit displacement, and by reducing the weight of the cars as well.
With a 0 to 60 mph acceleration time of 13 s the 300 SD has equal or faster
acceleration than most gaso!ine powered cars. With a O to 60 mph time of 21 s,
the naturally aspirated 3000 is considered sluggish by U.S. standards.

Filgure 3.2-10 compares the road-load vehicle fue! economy of the MB 240
D, 300 D, and 300 SD. All models display superior fue! economy at low vehicle
speeds. Compared to the 240 D, the fuel economy of the 300 D is slightly
lower, because vehicle weight is higher and a greater number of cyllinders is
involved, which results in a reduced BMEP and a higher specific fuel con-
sumption. Mercedes Ben: says this effect could be minimized by reducing the
rear axle ratio to about 6% slower ratio.

Figure 3.2-11 compares fuel economy and exhaust emissions of the 300 D
and SD under highway, urban and composite driving conditions. A fuel economy
advantage of the supercharged 300 SD over the 240 and 300 D models Is evident
(Figure 3.2-118), and would be even more apparent if compared to a 300 SD
car equipped with a naturally aspirated engine of equivalent power. The
high torque brought about by turbocharging made it possible to operate at a
lower rear axle ratio and closer to the optimum specific fucl economy lisland
of the engine map. The turbocharged version is slightly higher in NO,
emission (Figure 3.2-11A) but is considerably lower In CO and HC, which is
also indicative of a lower particulate emission. Both versions have been
improved to comply with U.S. statutory emission standards for the duration
of the waivers for NOy and particulates.

Figure 3.2-12 compares the interior nolse levels of the 300 D and the
300 SD diesels to the 230 series Mercedes Benz gasoline powered car for the
125 o0 1000 Hz octave band spectrum at speeds of 30, 55 and 80 mph. A% high
speed there is no significant difference between the diesel~ and the gasoline-
powered cars. At all speeds, the octave band levels decrease uniformly with
increasing frequency. There are no dominant peaks at any vehicle or engine
speed. Despite the fact that the tive-cylinder engine poses some inherent
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dynamic problems, generally excellent nolse behavior was attained by careful-
ly tuning and dampening the engine suspension and attached components, by
reducing nolse radiation from the engine, and by reducing the frequency
response of the car to the lowest possible level. However, MB feels that
nolse generated during low speed full power acceleration must be further
reduced to favorably compare witih the lower nolse level of a gasoline powered
car.

Mercedes Benz has not revealed any plans for the future at this time.
Indications are that RAD work is concentrated primarily on Injection refine-
ments and the implemantation of electronically controlled exhaust gas recir-
cufation (EGR)., Mercedas Benz has reportedly developed a new crankcase
vantitation system (Ref. 17} that keeps the engine oil from mixing with
blow-by gases, thereby reducing oil contamination from carbon particles,
which becomes a severe problem with EGR. The system reported!y works so
wall that MB has considered raising the oll change Interval fron 3000 to
5000 miles on thelir existing engines.

Despite the uncertain future for diesal cars in the United States, MB
Is continuing present marketing, and forecast an increase in total sales in
the U.S. Vehicles included are the 240 O, 300 O, 300 SD and a 300 CD coupe.
A station wagon, designated the 300 TD (T for touring and transport}, powered
hy an OM 617A engine, has recently been added to the line of Mercedes Benz
cars. Current plans limit U.S. diesel sales to 65% of their production,
praesumably depending upon the extension of the emission waiver.

3.3 PEUGEOT

Peugaeot has been producing diesel cars for many years, but It was not
untit 1974 that it introduced the XD90 diese! as an option for their 504
series sedans and station wagons in the United States. The XD90 engine was
a new design and is manufactured on a separate production line.

As shown In Figures 3.3-1 and 3.3-2 the engine is a conventional four
cylinder push-rod-overhead valve design which feeds into a Ricardo-type
Comet V swirl chamber. The engine block is cast iron, and the heads are
alumirum. The crankshaft has five bearings. A Bosch EP/VM 2200 HR 12 type
injection pump is used. The Peugeot 504 diesel is 2 mm larger in bore and
stroke than the 504 gasoline engine, and displaces 2.112 4. It develops 62
bph at 4500 rpm, and a maximum torque of 91 ft-1b at 2000 rpm, versus 92 hp
and 120 f+-ib developed by the 504 gasoline engine with a 1.971-0 displacement.
The engine weighs 480 tb including clutch housing and gearbox, compared to
3831 Ih for the gasoline option. The 0 to 60 mph acceleration time obtalned
with 504 diesels averaged 23.% sec, and attained a maximum speed of 84
mph, versus 16,2 sec and 98 mph with the 504 gasoline engine,

In 1977, the displacoment of the 504 diescel was increased to 2.3 (Table
3.3-1), which boosted the rated power from 62 to 71 hp and reduced the O
to 60 mph acceloration time from 23.6 to 21 sec (Ref. 19). The 504 series
of diesels accounts for aporoximately 20% of all its passenger car deli-
veries. Peugeot intends to further strengthen its commitment to diesels,

T T T T TR AR T AR OR g e T T T TR T R T T R e e S e w‘nwwmvm———vj

PR




P T R T R TP Fe e T ——— - I R R R R N N R R I R S RN
F-_:-—- e s 20 " -
]

DRIGINAL PAGE
BLACK AND WHITE PHOTOGRAPH

HITIETEAS

Fiqure 3.3-1. Peugeot 2.1-{ Engine for 504 Series Sedans and
Station Wagons (Ref. 18)

2 .o anEE o an o dallann ot L send am iy b s dad

3-20

1

el it ———— et e i e



INJECTOR
— SWIRL
CHAMBER

GLOWPLUG

PISTON CUTAWAY
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Table 3.3-‘ .

Peugeot Engine Data (Ref. 18)

504 505, 506
Type NA Diesel

Gasol ine Diesel NA TC
Number of Cylinders 4 4 4 4
Bore (mm) 88 90
Stroke (mm) 81 82
Displacement (cc) 1971 2112 2300 2300
Nominal power (hp) 92 62 71 80
e (rpm) 5600 4500 4500 4100
Maximum Torque 120 91 136.0
(ft-1bs)
e (rpm) 2000
Compression Ratio 22.2 22.2 21
Engine Weight Inclu- 381 480
ding Clutch & Gearbox
(Ib)
0-60 mph Acceleration 16.2 23.6 21 17.5
(sec)
Maximum Speed (mph) 98 84
Boost Pressure, Bar NA NA NA 0.6

(gauge)
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and according to press information (Ref. 20), will introduce two new models
- the 305 GRD and a turbocharged version of the 2.3 dlesel.

The 305 GRD four-cylinder engine, which will be marketed in the U.S.
by 1983, is designed to mount transversely for front wheel drive, and with a
displacement of 94.4 cid (1.5474 ) Is obviously aiming at the market now
taken by the VW Rabbit diesel. |t has a chain drive overhead camshaft and,
as with all other Peugeot diesels, uses a Ricardo Comet V swirl chamber.
Head and block are of a light alloy integral design with wet liners. The
center crankshaft bearing (one out of five) ties into the block with vertical
and horizontal rods for Increased stiffness. Compression ratio is 22.5 and
as on other Peugeot engines, the injection system Is by Bosch.

A turbocharged version of the 2.3-f engine (Figure 3.3-3) will be intro-
duced in 1981 in the U.S. by Peugeot to power their line of 505 cars. Turbo-
charging will boost engine power from 71 to 80 hp at a lower rpm (4100),
with a flatter torgue characteristic that produces 136 ft-lb at only 2000
rpm. No details of specific internal design changes are available at this
point in time, except that the engine has been reinforced to take the higher
loads assocliated with turbocharging. The compression ratio has been reduced
from 22.2 to 21. The turbocharger is a Garrett/AiResearch TO03, which is
currently used in gasoline-powered Ford Mustangs and GM pickups. A spring-
loaded waste gate limits the maximum boost pressure to .6 bar. Equipped
with a 5 speed transmission the TC 505 has demonstrated a 28/36 mpg EPA
rating and a 17.5 sec, 0-60 mph acceleration capability, compared to 29/35
mpg and 23.5 sec for the naturally aspirated version. The price the consumer
pays for improved driveability is $1000, or approximately 10% over the natu-
rally aspirated version.

Peugeot is one of the smallest diesel producers. Reportedly, Peugeot
was the first diesel manufacturer capable of having their naturally aspirated
2.3-4 504 model car certified to a 1.0 g/mi NOy standard in 1980 (Ref. 17).
This car will also meet 1981 California standards, but the turbocharged

Fiqure 3.3-3. Peugeot 604 Turbocharged 73-hp Engine (Ref. 27)
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version will not. As of December 1980 the turbocharged TC 505 has completed
U.S. certification with the 1.5 NO, waiver. Peugeot R&D work is concentrated
primarily on developing a modulating EGR system and on improving the fuel
Injection system.

3.4.  VOLKSWAGEN

Volkswagen is a newcomer in the automotive diesel field, but has
taken the lead In the sub-compact and compact class with both the naturally
aspirated and turbocharged engines. Volkswagen can be considered most compe-
tent and successful where the diesel conversion of existing gasoline engines
is concerned. Fortunately, VW has published and presented a wealth of in-
formation (Refs. 22, 23, 24, 25) regarding design detail and performance of
their diesel engines, as well as information pertaining to design rationale
and development approaches.

The VW 1,5-0 , 50-hp diese! is a comparatively recent development. It
was initially introduced in Europe as a power plant for the VW Golf car, and
was marketed in the U.S. beiginning in 1976 as an option for the car which is
now designated "Rabbit" here. The engine has evolved from the 1.6-4 VW
gasoline engine which has been marketed in the U.S. since 1974. Reportedly,
the engine was o~iginally designed with a later dieselization in mind. As
shown in Figures 3.4-1 and 3.4-2, it is a four-stroke, four-cylinder overhead
cam design using a swirl chamber combustion system generally patterned after
the Ricardo design, with combustion pressure loading only slightly higher
than in *he gasoline version. The engine is fitted with a Bosch Model VE
distributor type injection pump with a mechanical governor which is similar
to the one used by Mercedes Benz. The cylinder head is cast aluminum and
the main cylinder block is of cast iron. Although both are closely based
upon existing VW gasoline enjine design, both have proven very adaptable to
diesel use with regard to stiffness and temperature. There have been no
problems in sealing the cylinder head to the blocx in the diesel version.
tlo changes have been necessary in bearing design and matarials, and crankshaft
design is adequate for handlin3y *he diesel combustion loads. The pistons
are aluminum alloy of a three-ring design with a "Ni-resist" insert in the
top ring groove, and have a special crown design that integrates most effi-
ciently with the pre-chamber combustion system. The engine has a bore of
76.5 mm and an 80-mm stroke. At 286 |b, it weighs only 37 Ib more than a
1.1-4 equivalent performance gasoline engine.

A unique feature is a special Pirelli-designed nylon and rubber cogged
belt system which was developed after extensive testing. As can can be seen
from Figure 3.4-1, *he cogged side of the belt drives the injection pump and
the overhead cam. The smooth side of the belt drives engine accessories
which do not require fixed gearing. A tuned Intake manifold reduces the
gas-flow losses across the engine, and as shown in Figure 3.4-3, achiesves
volunetric efficiencies of up to 90% that are relatively high for a small
high speed diesel engine. According to VW, production engines of the de-
scribed design will meet the performance criteria shown In Figure 3.4-4
within the indicated tolerances (Ref. 23). The rated output of 50 hp is
obtained at the 5000-rpm maximum speed. The 1.6-4 gasoline engine for *he
VW Rabbit is rated at 70 hp at 5000 rpm.

A comparison of the road loaid fuel consumption of the gasoline and diesel
varsions of the Rabbit engine is shown i1 Figure 3.4-5. |t is seen that at
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low speed the gas mileage of the diesel Is substantially higher (up to 100
percent) than that of the gasollne engine equivalent. For composite driving,
VW claims that thelr dlesel car glives superior fuel economy over the gasoline
version of equal displacement on the order of 25 to 40f%.

The Environmental Protection Agency currently rates the Rabbit dlesel
first In fuel economy, according to the latest 1981 data for 49 states (Ref.
26). The Rabbit diesel car Is rated 42/56 mpg with a four-speed transmission,
38/56 mpg with a five-speed transmission, and slight'y less for the California
versions. The production diesel-powered Rabbit meets current emission stan-
dards for CO, HC, and NO,, and will just meet 1981 emissions standards, in-
cluding the one for particulates. The car cannot meet 1980 California or
1983 federal standards without the 1.5-NO, waiver.

Tests with a turbocharged five-speed version of the diesel Rabbit car have
been in progress since 1978. The turbocharged engine resombles the 1.5-f
Rabbit diese! with slight modifications of the combustion thamber and hardware
changes as necessary to cope with higher operating pressures, temperatures,
and stresses. A ‘turbocharger developed by Garret:’AiResearch is used.
Figure 3.4-6 shows the performance data of the turbocharged 1.5-0 engine in
comparison with a naturally aspirated gasoline engine having the same
rated power output. The engine develops 70 hp at 5000 rpm, which is 20 hp
more than the naturally aspirated Rabbit diesel engine. According to VW,
the top speed demonstrated with a 2250 Ib VW test car was approximately
100 mph, and the car achieved 80 mpg at 30 mph, 62 mpg at 50 mph, and 21 mpg
at top speed. Up to 55 mpg was obtainable as an average in city driving and
69 mpa on highways. The 0 to 60 mph acceleration time demonstrated was on
the order of 13.5 sec, which Is better than the gasoline powered Rabbit car.
Compared to other diesels (see Figures 3.7-1 and 3.7-2), the fuel economy
gains obtained with the rescearch, turbocharged Rabbits are extraordinarily
high, which suggests that fuel cut-off during deceleration and coasting was
usad in test runs.

For the present time, VW relies on expanding the existing four-cylinder
naturally aspirated diesel Into a Iine of five- and six-cylinder engines. A
five-cylinder version became available as an option for the Audi 500C in
mid=-1979. It davelops 67 hp at 4800 rpm, which is relatively low power for
a car that weighs 3000 Ib. The O to 60 acceleration time of the diesel
powered Audi 5000 is on the order of 17 to 19 s. This is rather sluggish
by U.S. standards. A turbocharged version of the five-cylinder Audi will
reportedly be available for the 1982 mode! year (Ref. 26).

The six-cyiinder version is earmarked for use in light commercial vehi-
cles. Retaining the same cylinder dimensions, the engine has a displacement
of 2.383-2, and produces 75 (DIN) bhp at 4500 rpm. This engine will tempo-
rarily be adopted by Volvo, and be fitted into the Volvo 242 coupes, sedans,
and 245 wagons. Volvo is developing a six-cylinder diesel of its own, but
adopting the VW engine will lower capital expenditures and permit quicker
entry into the diesel market in the 1980s.

Although the existing 1.5-f Rabbit diesel meets the 1.0 g/mi NO, standard
by a8 narrow margin, VW had joined GM's request for a 4-year 1.5 g/mi NO,
waive~ In order to introduce a slightly larger (1.6—f) four-cylinder diesel!
for the Rabbit and Dasher models to Iimprove air-conditioned performance.
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The 1.6-0 diesel has a new crankshaft with a larger stroke, a new block, new
pistons, and more oil capacity.

The rationale for development in the direction of a modular unit produc-
tion system Is the result of trade-off studies conducted at Volkswagen which
have shown that cylinder units between 300 and 400 cc produce the highest
specific output in terms of power-per-unit swept volume. According to a
published paper (Ref. 23), for cylinder sizes smal ler than 300 cc, the surface-
F to-volume ratio of the combustion chamber increases, which leads to increased
E heat losses and lower combustion efficiency. The loss in specific output
associated with smaller cylinder size cannot be compensated by raising the
nominal engine speed without causing a drop in volumetric and thermal effici-
ency, and a steep Iircrease In friction losses and fuel consumption. With
smal ler cylinder bores, it also becomes more difficult and costly to comply
with the diesel tolerance requirements. Cylinder sizes of more than 400 cc ‘
(assuming certain restrictions with regard to bore-stroke ratios, piston :
velocity, friction losses and mass forces) require a reduction in nominal
speed more than necessary to maintain a high specific output on the order of
25 kW/{4.

Figures 3.4-7 through 3.4-9 show the effect of the number of cylinders
on the relationship between engine geometry and performance output, assuming
that: (1) the single cylinder volume will remain within the bracketed values
discussed above (less than 400, and greater than 300 cc), (2) the piston
spesd Will not exceed 13.5 m/sec, (3) engine nominal speeds will not exceed
5000 rpm, and (4) the bore/stroke ratios will remain within the VW-preferred
value of approximately 1.1. Within these constraints, a production line of
four-, five-, six-, and a paper ¢’'ght-cylinder engine cover a total displace-
ment range of 1.2 to 3.24 . Engine weight, including accessories, radiator,
water and oil is primarily a function of power, and increases with power
output (Figure 3.4-7). The number of cylinders also has a strong effect.
The engine specific weight shows a distinct optimum for power output and
number of cylinders. (Figure 3.4-8). Minimum practical wall thickness as
determined by foundry technology, as well as accessory weight (which changes
only to a small extent with engine weight) are primarily resonsible for
this. In any case, the use of a turbocharger makes a distinct decrease in
engine weight for a given power output possible (dashed line, Figure 3.4-8).
The relationship between engine displacement and box-volume is almost |inear
for a given number of cylinders (Figure 3.4-9). From the box-volume or
packaging standpoint, four-cylinder engines are mecst advantageous up to
2.6-f displacement. Beyond that, a larger number of cylinders leads to a
more compact design. A V-configuration is of increasing advantage with
larger displacements.

iy

3.5 OLDSMOBI LE

At the present time, all of the large U.S. auto makers are involved in
automotive diesel engine projects, but GM is the only U.S. firm that cur-
rently manufactures passenger car diesels, of Oldsmobile design. The Oids :
diese!l has been marketed since 1978 In the Cutlass Supreme, 88 and 98 Olds- 3
mobile line of cars, in the Cadillac Eldorado and Seville models, and in
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GM light duty pickup trucks and vans. There were 177,000 engines built
for the 1979 model! year (Ref. 27).

The automotive diesel development at Olds started in 1973 with an alter-
nate engine evaluation, which included Opel and Nissan engines, and a GM V-6
engine with both direct and pre-chamber injection. This was followed by an
extensive combustion chamber evaluation program that compared nearly 300
combinations of various pre-chamber and injection nozzle designs. As a re-
sult of these studies, Oldsmobile decided to proceed with the development of
a 350 CID (5.7-0) V-8 diesel (Figure 3.5-1) that would use as much manufac-
turing tooling as possible from the Olds family of gasoline engines currently
in production. Oldsmoblile took an approach similar to VW by converting an
existing gasoline engine Into a diesel rather than developing a totally new
diesel engine.

As can be seen from Table 3.5-1, the major dimensions of the diesel are
the same as those of the 350 CID Olds gasoline engine. However, a number of
changes were introduced to achieve sufficiently clean diesel combustion,
and to compensate for the Iincreased structural loads, vibration, noise and
wear. Referring to Figure 3.5-2, the cast iron cylinder head is modified to
recieve the injection nozzles, the glow plug and a cast stainless steel
pre-chamber, and to provide for a compression ratio of 22.5. The pre-chamber
is pressed into the head. As a result of the above mentioned combustion
chamber evaluation tests, a swirl chamber was chosen which has a tangentially
o‘fset throat and an inboard injection nozzle. According to Olds, this
arrangement has proven favorable with regard to HC and NOy emissions, and
in the reduction of smoke and noise (Ref. 28). An interesting feature is
the so-called flame slot which directs the hot gases coming from the pre-
chamber into the valve pockets and at a flat angle over the piston tops.
This proved to be very helpful in reducing piston heating.

The head gasket of the Olds diesel was derived from a new head gasket
developed by Fel-Pro, which was introduced on Olds gasoline engines in 1977,
The gasket consists of a metal core and a thin sheet of "beater add" asbestos
that is chemically laminated to each side of the core with a thermoset ad-
hesive, and is then coated with blue Teflon. In addition, the new Fel-Pro
gasket features beaded silicone sealing material which is printed on both
sides of the gasket to seal the cooling passages across the head-to-block
interfaces. The gasket for the diesel has the same bolt pattern and basic
materials as that used in the gasoline engine, but a number of extra features
were added to cope with the higher temperature and combustion pressure of
the diesel.

The combustion pressure of the Olds engine is on the order of 1100 psi
versus 850 psi in the gasoline enjine. This is relatively low when compared
to 1800 psi, which is typical in GM direct injection truck diesels. To
assure effective sealing of the combustion area, a stainless steel wire
O-ring was incorporated that provides for sealing of extremely high pressures
when clamped between the block and the cylinder head. The wire gasket runs
around the main combustion chamber and has an extended tab that acts as a
heat shield beneath the pre-chamber, where temperatures are highest.
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Figure 3.5-1. Cutaway View - Complete Olds V-8
Diesel Engine (Ref. 28)
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Table 3.5-1. Baslic Dimensions - Gasoline Versus Diesel (Ref. 28)

5.7 Liter Diesel vs. 5.7 Gasoline Engines

Gasoline Dlesel
Bore x Stroke 4,047 x 3.385 4,047 x 3.385
Bore Center Distance 4,625 4,625
Deck Helght 9.330 9.330
Rod Bearing Diameter 2.125 2,125
Mal~ Bearing Diameter 2,500 3.000
Rod Center to Center 6.000 5.8855
Piston Pin Diameter .9805 1.095
Piston Pin Wall «192 214
Piston Weight 641 g 796 g

M'T
\ i

="

\

Figure 3.5-2. Section View - Olds Combustion Chamber (Ref. 28)
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The intake valves were changed from 1041-1047 steel to 21-2 steel to
Increase high temperature strength. In the gasoline version, this material
Is used only for the outlet valve. To cope with iIncreased stresses throughout
the valve drive train and with impaired oil quality because of carbon con-
tamination, the diesel valves were provided with welded-on hardened tips.
The camshaft material was changed from a moderate carbide level to high
carbide hardenable cast iron (Conkerall), and the |ifter material was changed
from sintered iron (typical of gasoline engines) to a tungsten titanium chilled
Iron alloy.

The pistons had to undergo significant redesign. The composition of
aluminum alloy used In the gasoline engine was changed to Increase high
temperature strength. The transition from the skirt into the head was rein-
forced for improved thermal and impact resistance. Pin offset was eliminated
to reduce skirt loading. The top compression ring was provided with an Insert
molded cast Iron full groove protector, and the top ring side clearance was
increased to promote the necessary free ring movement to avoid ring sticking
at high temperatures. The piston pin diameter was Increased from .978 to
1.11, and the pin wall section from 0.217 to 0.273 in. The connecting rods
were made of an enlarged Isection for Increased column load and greater
bending strength. The pin base was also enlarged and was fitted with a
bushing to provide for a free floating piston pin. The crankshaft structure
was significantly reinforced and the main bearing diameter was increased
from 2.5 to 3 in. No changes in material, heat treatment or production
methods are reported.

The injection pump used by Olds is a Roosa Master Model DB2 pump supp!ied
by the Hartford Division of Stanadyne, Inc. In contrast to the multi-plunger,
in-line type Bosch pump, which has been adopted by most other diesel producers,
the Roosa Master pump is an opposed rotary plunger distributor type of pump
which has been modified to meet the fuel demands of the Olds engine. The
pump has a centrifugal governor that controls idle and maximum speed, and an
automatical ly controlled injection device that advances the cam timing ring
of the pump as necessary to implement an optimized injection timing schedule.
The nozzles are of the multihole fixed orifice type and are also supplied by
Stanadyne.

The Stanadyne injection pump has been subject to a variety of consumer
complaints. During the first ten-thousand miles of service life, the pump
developed sealing problems around the governor weight container ring leading
to rough idling, frequent stalling and complete failure. These conditions
may have contributed to or have been the cause of other complaints such as
excessive oiling. Reported!y all +*hese deficiencies have been remedied,
and cannot be considered typical for gasoline-diesel conversions. General
Motors has introduced a redesigned pump that is warranted against failure
for five years or 50,000 mi, and is retroactive on all Olds diesels produced
since 1977 and used on GM cars, most of which had less the 50,000 mi at this
point in time.

Figure 3.5-3 shows the typical performance characteristics of the engine.
The maximum horsepower is 120 at 3600 rpm, maximum torque (220 ft-1b) occurs
at 1600 rpm. The EPA rated vehicle fuel efficiencies achieved with General
Motors cars and |ight trucks are shown in Table 2.2-1. The 0lds production
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Figure 3.5-3. Performance Characteristics of Oldsmobile
350 CID Diesel Engine (Ref. 28)

line engine meet current emission standards with a comfortable margin for
the duration of the 1.5 g/mi NO, waiver. The emission deterioration behavior
experienced with this engine after 50,000 mi Is considered excellent.
Compliance with future emission standards represents an engineering chal lenge
for an engine of this size, and will be discussed in more detail in Section
4.0. The engine has been certified for 1.5 g/mi NOy, including ARB 100,000
mile warranty requirements.

According to Olds 88 (4000 Ib IW) and 98 (4500 Ib IW) model cars powered
with the above described diesel engine exhibited a performance level that is
competitive with many gasoline-powered, family-size automobiles (Ref. 28).
The 0 to 60 acceleration time is on the order of 16 sec. Diesel combustion
noise and vibration have been kept to a minimum by a variety of means: (1)
by design measures taken in the combustion, injection nozzle and timing
areas; (2) by carefully tuning engine accessory mounts, and inlet and exhaust
ducts; and (3) by using acoustic insulation for a high density hood blanket
and in-dash Iinsulation barrier.

Reportedly, there is no perceptible combustion noise at highway cruising
speeds. There is discernible but not objectionable noise during idle and in
urban traffic operations. 0Olds claims that smoke and odor generated by
their diesels are below objectionable levels under all operating conditions.

3-40




=
=

In the Olds diesel development program, great emphasis was placed on
improving the cold start capability, which is an area of traditional concern
with all diesels. The Olds engine is said to start with No. 2 diesel fuel
after a 12-hour soak at 10° F with no more than four seconds of cranking.
As with other diesels, the starting procedure is '"turn-key" with a lamp
indicating that the engine is ready for starting. With a new glow plug
system that was introduced in 1979, the glow time could be reduced from 60
to 6 sec (Ref. 29). The now system uses a temperature sensor in the cylinder
head near the pre-chamber, and a voltage regulator which begins energizing
the glow plugs at high current, then tapers off as the sensor temperature
rises. The glow plugs stay on for about 60 sec after start to eliminate
white smoke and to assure a smooth idle and good Iinitial acceleration.
Using a block heater (which is supplied with all Olds diesels), pre-heated
batteries and No. 1 diesel fuel, starts have been demonstrated with engine
ambient temperatures as low as -40°F.

3.6 BAVARIAN MOTOR WORKS

According to earlier press information (Ref. 30) BMW has been devel-
oping a 2.4-) diesel engine since 1978 with plans to market the engine with
528i-series cars in the near future. Primarily addressing the high perfor-
mance luxury sedan market, turbocharging was believed to be essential and
of interest to other developers, an intermediate, naturally aspirated diesel
version was not considered.

The 2.4-0 BMW diesel is derived from the M 60 gasoline engine which was
normally produced in 2.0-fand 2.3-Q versions. The engine uses a Ricardo
Comet Mark V Swirl chamber, a Bosch rotary type injection pump, and a Garrett
AiResearch turbocharger with an integral wastegate. The 2.4-f displacement
was obtained by slightly increasing the stroke of the 2.3-{ gasoline version.
The diesel, weighs 400 Ib including the turbocharger, only 22 |b more than
the 2.3-4 gasoline version. |t develops 115 hp at 5000 rpm, and a maximum
torque of 137 ft-Ib at 2500 rpm. As shown in Figure 3.6-1, the maximum
power is slightly less than that of the 2-f gasoline version, but there is
considerably more torque available throughout the speed range. In the 323
series cars, the diesel is expected to perform as well as the smaller gasoline
version at an average (mpg) fuel savings on the order of 20%.

In a very recent press release (Ref. 31) BMW revealed design features
and test data pertaining to a 3.2-£ six-cylinder diesel engine with plans
for marketing it in the near future with 7-series BMW cars that each weigh
about 3700 Ih., The development of this enjine is a joint effort between
8MW, Austrian Steyr Daimler Puch and the Franz List Institute (DVL) in Graz,
Austria. |t started approximately in 1978, as was implied in earlier press
information (Ref. 30).

The design approach taken is unique when compared to all other high
speed diesel enjines on the market today and scheduled for marketing in the
near future. |t uses open-chamber, direct fuel injection by means of indi-
vidual (apparently cam operated) injectors without a central injection pump,
and is of a monoblock design, i.e., cylinder block and heads are cast in one
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Figure 3.6-1. Comparison of Power and Torque Characteristics
for BMW 2-0 Gasoline vs. 2.4-) Diesel Engine

plece. The entire engine is fully encapsulated with insulating materials to
attenuate unavoidable noise radiation and to reduce thermal losses. The
engine Is also turbocharged and develops a maximum power of 150 hp.

In tests with a 7-series BMW car, the engine was shown to be capable of
accelerating the relatively heavy (4000 Ib IW) car from O to 60 mph in less
than 13 sec, and of ylelding 34.5 mpg at a constant speed of 60 mph. Fuel
economy of 18.2 mpg was reportedly obtained at 113 mph.

It is interesting to note how the open chamber noise problem was resolved
in an apparently satisfactory manner in three separate steps: (1) by elimi-
nating high pressure fuel l|ines for better control of the Iinjection rate,
(2) by stiffening the block and thus reducing the radiation of combustion
noises, and (3) by encapsulating the entire power plant to Insulate and to
confine still unavoidably generated diesel noises within a controlled space.
Although none of these measures are Innovative by themselves, In concert
they represent a uniquely new design approach that may well revolutionize
the design of small high-speed diesels. |f striking fuel economy advantages
can be demonstrated over a longer period of time (at least two model years)
that will justify the introduction of costly design features such as the
individual injector pumps, and the monoblock design which probably requires
high technology foundry techniques, special tooling, and more time for pro-
duction. Apparently all of the BMW diesel projects are nearing the produc-
tion stage, starting In 1983 with the above described turbocharged 2.4-f
units. A new engine assembly plant jointly owned by BMW and Steyr is being
built in Austria that will be ready to produce BMW gasoline engines in 1982,
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the 2.4-) dlesel engine in 1983, and the newly developed BMW-Steyr 3.2-{ open
chamber diesel starting In 1984,

Ford Motor Company, reportedly, will be the first U.S. automaker to use
BMW-Steyr diesel technology in their line of cars, and Is planning to buy
100,00 units per year starting in 1983. The smaller 2.4-{ BMW diesel is
being considered for use in the Ford Lynx models, and the larger 3.2-{ BMwW-
Steyr diesel Is under consideration for Thunderbirds and Cougars. |f by
1984 the predicted level of 250,000 to 300,000 engines per year can be estab-
lished, BMW-Steyr will be a major force among the largest producers of small
automotive diesel engines in the free worid.

3.7 COMPARISON OF PROMINENT FEATURES

A comparison of performance criteria from the consumer standpoint is
difficult because, as can be seen from Table 3.7-1, 2ach of the discussed
products has been developed with entirely different marketing objectives in
mind. Based upon sales figures, all of the listed vehicles have met their
marketing objectives extremely well, although technical differences do exist
which will be a decisive factor for survival against competition and future
EPA emission constraints.

Table 3.7-2 shows vehicular fuel economy and performance criteria
side-by-side as discussed in the foregoing paragraphs. Plotting composite
fuel efficiencies against vehicle weight (Figure 3.7-1), it can be seen that
vehicle weight is the primary factor that determines fuel efficiencies.
Plotting transport efficiencies in terms of transport work per fuel con-
sumed (Ib x mpg) against vehicle weight (Figure 3.7-2) or ¢‘uel efficiency
(Figure 3.7-3) it becomes apparent that transport efficiency is primarily
the composite effect of vehicle weight, engine efficiency, drive train
selection and parasitic losses, such as aerodynamic drag, rolling resis-
tance, etc. All of these factors have been highly optimized according to
the state of-the-art in all of the discussed cases. Transport efficiency
therefore, varies only very little with vehicle weight or fuel efficien-
cies achieved. As indicated by the friangular symbols, turbocharging ob-
viously has improved vehicle fuel efficiency and on transport efficiency
(mi=-1b/gal) by approximately 10% in all cases.

Comparing the installed power-to-weight ratio to the production year,
Figure 3.7-4 shows a trend toward higher power-to-weight ratios during recent
years to improve diesel performance. According to Figure 3.7-5, which shows
the relationships between power-to-weight ratic and acceleration time, a
near Otto-equivalent performance level has actually been achieved with turbo-
charging in the case of Volkswagen (VW) and Mercedes Benz (MB). The BMW 732
D will be the fi~st high performance diesel car on the road exceeding most
qasoline-powered cars in driveability. Turbocharging generally results in
a lower acceleration time than does increasing only the displacement of a
natural ly aspirated engine, provided rhe power-to-weight ratio remains un-
changed. This is attributed to the use of a waste gate, which curbs power
to protect the engine without losing the advantage of Iincreased low end
torque.
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Table 3.7-1.

Comparison of Design and Marketing Objectives

Car Weight Passenger
Producer Model Ibs Capacity Design Objective Market Addressed
Volkswagen Rabbi t 2250 4 Max. economy; no Primarily economy
(Gol t) frills transportation minded buyer
Peugeot 504D 3500 4 (5) Economy, comfortable Economy minded but
transportation more affluent buyer
T
- 3000 4000 S Economy, comfortable Economy but pres-
Daimler transportation tige minded buyer
Benz
300SD 4000 5 Economy, high-speed Power and economy
touring and comfort prestige minded
Olds 4500 6 Economy with standard Economy but space
car comfort and ca- and comfort minded
General pacity buyer
Motors
cadillac 4500 5 {6) Economy with standard Economy, luxury
Seviile car luxury and ca- and prestige minded

pacity

buyer




Table 3.7-2. Comparison of Vehicle Performance Criteria

General Motors

Producer Daimler Benz Peugeot Volkswagen Olds Division BMw
Mode! 300 D 300 SD 504 D 504 D 506 D Rabbit Rabbit Delta 88 D 524 D 732 D
Production Year 1977 1978 1974 1977 R&D 1977 R&D 1978 1982 1984
Nominal Power, hp n 110 62 71 73 50 n 120 115 150
Inertia Weight, Ibs 4000 4000 3500 3500 3500 2250 4500 2830 3975
Power /Weight Ratio x 103 16.3 27.5 R A 20.3 20.9 22.2 2250 26.7 31.8 37.7
Combh. Chamber Concept Pre Pre Swirl Swirl Swirl Swirl Swirl Swirl Swirl Dir *
Charge System HA | NA NA C NA TC NA TC Cc *
Transmission Auto. Auto. 4-Spd 4-Spd 5-Spd 4-Spd 5-Spd Auto. N/A N/A

s Drive Rear Rear Rear Rear Rear Front Front Rear Rear Rear
H
Y 0-60 Acceleration, sec. 21.0 13.5 23.6 21.0 17.5 18.5 13.5 16.0 N/A 13
Fuel Economy - City 2247 7o P | 27.0 21.0 27.0 39.0 51.0 21.0 N/A N/A
(mpq) Hwy. 27.5 28.3 35.0 32.0 32.0 52.0 63.0 30.0 N/A 24.5
Comb., 24.5 258 30.0 29.0 29.0 44.0 56.0 24.0 N/A N/A
Emission HC .29 .17 .91 il .16 AN .64 N/A N/A
(g/mi) co 1.0 .8 2.0 1.8 1.0 .8 1.5 N/A N/A
NO {8 1.85 =1 1.02 1.2 .9 1.62 N/A N/A
Partic. .49 D .38 .29 .92 N/A N/A
Interior Hoise Level 74 74 78 78 72 70.5 N/A N/A
tdb) !

|

5

*Abbreviations: Pre - Precharber Dir - Direct injection open chamber TC - Turbocharged b
Swirl = Ricardo Swirlchamber NA - Naturally Aspirated N/A - Not applicabl : b

|
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Figure 3.7-6 shows the relationships between vehicle weight and NOy
emission per mile driven. Vehicle weight is definitely a primary factor,
but differences in system quality and installed power also have a strong and
compounding effect. Peugeot (first) and Olds (second) have the lowest NO,
emission in terms of g/mi, as well as g/mi x Ib. A low power-to-weight
ratio (Figure 3.7-5) and a clean engine are the primary reasons for lowest
emission levels. Volkswagen leads the field with regard to absolute g/mi NOy
which is brought about by a low vehicle weight. Otherwise VW ranks behind
Peugeot, Oldsmobile and Daimler Benz, when grouped by quality in terms of
g/mi x Ib. Turbocharging can have a NC, reducing effect (see VW in Figure
3.7-6) depending upon engine characteristics, turbocharger engine match,
waste gate control schedules and gearing.

As can be seen from Figure 3.7-7, vehicle weight also has a strong
effect on particulate emission as with NOy. Volkswagen has the lowest par-
ticulate emission in absolute terms because of low vehicle weight. Peugeot
and Mercedes Benz are best in quality in terms of g/mi and vehicle weight.
GM/0lds is highest in terms of g/mi because of high vehicle weight and rela-
tively poor emission quality in terms of grams per transport work (g/lb x
mi). Reportedly the Olds diesel has been cleaned up to meet the 0.6 g/mi EPA
particulate standard.

It is expected that further developments in the near future will iron
out existing differences, thus producing a smaller family of engine designs
that exhibit optimum properties in regard to clean combustion, weight and
performance. Vehicle weight and acceleration capability will then be the
primary factors that determine emission characteristics. To meet future
projected EPA NO, and particulate emission standards without the waiver,
and with the lowest acceptable power, a reduction of vehicle weights below
that of the present VW Rabbit will be necessary. With the improvement po-
tential envisioned for the near future, VW and Peugeot seem capable of staying
in the market without major improvements, provided the waiver from the 0.2

g/mi standards for particulates will be extended. Daimler Benz and Oldsmobile
will stay in the market for the duration of the 1.5 g/mi NOy waiver, but as
is evident from Figure 3.7-6 both will have problems in meeting NOy and

particulate standards after 1982. With regard to interior noise (Table
3.7-2), Peugeot is obviously the noisiest, and General Motors/Oldsmobile is
best. Differences in injection pressure and body insulation are responsible
for the observed 7.5 db difference.

Table 3.7-3 A through E summarizes typical engine design and perfor-
mance criteria as available from published material. One of the major dif-
ferences between engines is the use of various combustion chamber concepts.
Daimler Benz uses their trusted and proprietary pre-chamber, and all others
currently marketed are committed to the use of a Ricardo type swirl chamber
of their own design. Only BMW-Steyr has taken a da~ing step towards the
open chamber in their on-qoing development.

All of these diesels are sharply divided into two groups, each charac-
terized by an entirely different design background and approach - the diesel
and the gasoline engine diesel conversion. Daimler Benz and Peugeot are
diesels designed ‘rom scratch to be from the outset a diesel, whereas Volks-
waqen and General Motors/Oldsmobile are diesel conversions based on existing
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n features such as six head bolts around
machined cooling passages between cylin=

led outlet valves, t+he Daimler Benz
+ also the most

gasoline engines. With typical desig
cylinders instead of the usual four,
ders, oil cooled pistons, and sodium cooO
OM 612 "A" engine is the most conservatively designed, bu
expensive turbocharged automotive diesel on the market.

Peugeot has broken with conservative diesel design practice by using an
y!inder head and a larqer bore to stroke ratic on their 1977 models.
This was apparently necessary to compensate for a slightly over-designed 504
block which, in contrast to all others, has inserted wet cylinder sleeves.
This hac niven reugect a slight edge over Daimler Benz with regard to engine
power—*o-weith ratio, apparently without other noticeable sacrifices. Peu-
qeot and Daimler Benz automotive diesels have established a service and
reliability record that is comparable to that of truck diesels. Vol kswagen
has obviously taken the initiative with a daring but well

optimized diesel
conversion approach which has

aluminum C

put them ahead of the field in power per unit

displacement, structural weight and price.
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Table 3.7-3A.

——

Summary of Engine Criteria, Daimler Benz

Characteristic “Daimler Benz

Engine, Production Year 3000, 1977 I 300D, 1978
Derivation Conv. Diesel Design
Displacement, CID (liter) 184 (3) 184 (3)
No. of Cylinders & Arrangement 5 1In Illne 5 1n line

Instal lation Longitudinal
Charge Sys./Pres. Boost, Bar NA TC/1.7

Bore/Stroke, in. (mm) 3.58/3.64 (91/92.4)
Block Material/Cylinder Cast Iron Integral?
Head Material Casfllron
Valve Mechanics OHCD

[
Cam Drive Chain
I

Piston Material Aluminum Al loy®
No. of Crankshaft Bearings 6 6
Compression Ratio 22 21,5
Chamber Type Pre-Chamber
Injection System-Pump Type Individual In Line Plungers

Pressure, psig 1800 2099
Engine Weight, Ib (kg) 515 (234) 548 (249)
Nom. Power, hp/Eng. Speed, rpm 77/4200 110/4200
Max. Torque, ft-1b/Eng. Speed, rpm 115/2400 168/2400
Eng. Wt., Ib/Nom. Power/hp 6.68 4,98
Bore Stroke Ratio 0.98 0.98
Nom. Power, hp/Eng. Wt., Ib (kg) 0.149 (.328) 0.190 (.418)
Nom. Power, hp/Eng. Displ., 4 25.7 36.7
Max. Torque, ft-1b/Eng. Displ., 4 38.3 56.0
Max. Torque-to-Power Speed Ratio 0.57 0.57
Piston Speed at Max Power, ft/min 2548 2548
Piston Speed at Max Pcwer, m/s 12.9 12.9
Legend: n/a = not available NA = naturally aspirated

TC = turbocharged

OHC = overhead

cams

Remarks: 3coding slots open to head gasket between cylinders

bsodium cooled exhaust val
Coll cooled pistons

ves
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Table 3.7-380

Summary of Engine Criteria, Peugeot

Characteristic Peugeot
Engine, Production Year 504D, 1974 504D, 1976 506D R&D
Derivation Conv. Diesel Design
Displacement, CID (liter) 129 (2.1) 141 (2.3) 141 (2.3)
No. of Cylinders & Arrangement 4 in. line 4 in. line 4 in. line
Installation Longitudinal
Charge Sys./Pres. Boost, Bar NA TC/1.7 TC/1.6
Bore/Stroke, In. (mm) 3.6/3.2 3.7/3.2 n/a
(91.5/83) (92.7/83) |
Block Material/Cy!inder Cast Iron/Wet Sleeves
Head Material Aluminum Al loy
I
Valve Mechanics OH - Push Rods
Cam Drive Chain Chain Chain
Piston Material Aluminum Al loy
No. of Crankshaft Bearings 5 5 5
Compression Ratio 22.2 22.4 21
Chamber Type Ricardo Swirl
| |
Injection System-Pump Type Individual In Line Plungers
Pressure, psig n/a n/a n/a
Engine Weight, Ib (kq) 415 (188) 415 (183) 441 (200)
Nom. Power, hp/Eng. Speed, rpm 62/4500 71/4500 73/4150
Max. Torque, ft-1b/Eng. Speed, rpm 91/2400 99/2400 137/2000
Eng. Wt., Ib/Nom. Power/hp 6.09 5.8 6.04
Bore Stroke Ratio 1.08 1.12 n/a
Nom. Power, hp/Eng. Wt., Ib (kg) 0.149 (0.328)|0.171 (0.377) |0.166 (0.366)
Nom. Power, hp/Eng. Displ.,{ 29.5 30.8 3167
Max. Torque, ft-Ib/Eng. Dispi.,f 42.8 43.0 59.6
Max. Torque-to-Power Speed Ratio 0.53 0.53 0.48
Piston Speed at Max Power, ft/min 2255 2451 2451
Piston Speed at Max Power, m/s 11.5 12,5 12.5
Legend: n/a = not available NA = naturally aspirated
TC = turbocharged OHC = overhead cams
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Table 3.7-3C. Comparison of Engine Criteria, Volkswagen

Characteristic

Engine, Production Year
Derivation

Displacement, CID (liter)

No. of Cylinders & Arrangement
Installation

Charge Sys./Pres. Boost, Bar
Bore/Stroke, In. (mm)

Block Material/Cylinder
Head Material

Valve Mechanics

Cam Drive

Piston Material

No. of Crankshaft Bearings
Compression Ratio

Chamber Type

Injection System—-Pump Type
Pressure, psig

Engine Weight, Ib (kg)

Nom. Power, hp/Eng. Speed, rpm
Max. Torque, ft-1b/Eng. Speed, rpm
Eng. Wt., Ib/Nom. Power/hp

Bore Stroke Ratio

Nom. Power, hp/Eng. Wt., Ib (kg)

Vol kswagen
Rabbit, 1978 Rabbit, R&D
Gasoline Conversions
90 (1.5) 90 (1.5)
4 In. line 4 in. line
Transverse
NA TC - n/a
3.01/3.15 (76.5/80)
Cast lron/integral
Aluminum
e
Cogng Belt
Aluminum Aluminum
5 5
23 n/a
Ricardo Swirl
Rot. DlLfrIbufor
n/a n/a
286 (125) 292 (133)
50/5000 70/5000
61/3000 91/3000
5.72 4.17
0.96 0.96

0.175 (0.385)

0.239 (0.526)

Nom, Power, hp/Eng. Displ.,{ 33.3 46.6

Max. Torque, ft-Ib/Eng. Displ., 38.1 66.6

Max. Torque-to-Power Speed Ratio 0.60 0.60

Piston Speed at Max Power, ft/min 2625 2520

Piston Speed at Max Power, m/s 13.3 12.8

Legend: n/a = not available NA = naturally aspirated
TC = turbocharged OHC = overhead cams
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Table 3.7-3D.

Comparison of Engine Criteria, General Motors - Oldsmobile

Characteristic GM
Engine, Production Year Olds, 1978
Derivation Gasoline
Conversions
Displacement, CID (liter) 350 (5.7)
No. of Cylinders & Arrangement V8
{ Instal lation Longitudinal
. Charge Sys./Pres. Boost, Bar NA
: Bore/Stroke, In. (mm) 4.057/3.385
Block Material/Cy!linder Cast Iron/Integral
Head Material Cast lron
Valve Mechanics OH Pushrods
Cam Drive hYaln
Piston Material Aluminum Al loy
No. of Crankshaft Bearings 5
Compression Ratio 22.5
| Chamber Type Ricardo Swirl*
Injection System-Pump Type Rot. Distributor
Pressure, psig n/a
Engine Weight, Ib (kg) n/a
Nom. Power, hp,cng. Speed, rpm 120/3600
J
Max. Torque, ft-Ib/Eng. Speed, rpm 220/1600
. En~. Wt., Ib/Nom. Power/hp n/a
’ Bore Stroke Ratio [ )
- Nom. Power, hp/Eng. Wt., Ib (kg) n/a
' Nom. Power, hp/Eng. Displ., 21,0
} Max. Torque, ft-1b/Eng. Displ., 4 3.5
Max. Torque-to-Power Speed Ratio J.44
Piston Speed at Max Power, ft/min 2030
| Piston Speed at Max Power, m/s 10.3

Legend: n/a = not available NA = naturally aspirated
TC = tur. -harged OHC = overhead cams
Remarks: *Swirl, own uesign, angled throat, flame slot.




Table 3,7-3E. Comparison of Engine Criteria, BMW

Characteristic “BMW
Engine, Production Year 524D, 1982
Derivation Gasol ine
Conversions
Displacement, CID (liter) 2.4
No. of Cylinders & Arrangement 4 in line
Installation
Charge Sys./Pres. Boost, Bar
Bore/Stroke, In. (mm)
Block Material/Cylinder n/a
Head Materlal n/a
Valve Mechanlics n/a
Cam Drive n/a
Piston Material n/a
No. of Crankshaft Bearings 5

Compression Ratio
Chamber Type

Injection System-Pump Type
Pressure, psig

Engine Weight, Ib (kg)

Nom. Power, hp/Eng. Speed, rpm
Max. Torque, ft-Ib/Eng. Speed, rpm
Eng. Wt., Ib/Nom. Power/hp

Bore Stroke Ratio

Nom. Power, hp/Eng. Wt., IL (kg)
Nom. Power, hp/Eng. Displ.,

Max. Torque, ft-I1b/Eng. Displ., £
Max. Torque-to-Power Speed Ratio

Piston Speed at Max Power, ft/min
Piston Speed at Max Power, m/s

Ricardo Swirl

n/a

400 (182)

115/5000

137/2500
3.48
n/a

0.286
47.9

57
0.5

n/a
n/a

Legend: n/a = not available NA = naturzlly aspirated

TC = turbocharged OHC = overhead cams
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The outstanding fuel efficiency of the Rabbit engine can be credited
to an optimum cyllinder size (Figure 3.7-8), and to an efficient overhead
cam and belt drive, In conjunction with a tuned inlet and exhaust system
that permits high engine speed with relatively low volumetric losses. The
incorporation of the latest state-of-the-art in Injection and combustion
systems have also contributed to the outstanding high speed capability of
the VW engine.

Compared to VW and BMW, General Motors/Oldsmobile has taken a relatively
conservative approach where cylinder loading (Figure 3.7-8) and piston speed
are concerned. Combustion and injection pressures are relatively low, but
this may well be responsible for the relatively high par*ticulate emission
level (Figure 3.7-7) typical for this engine. Volume puts the engine at the
low end of the fleld with respect to power to displacement and power to
engine weight ratio which, as can be seen from Figure 3.7-9, are practical ly
In linear relationship to each other for state-of-the-art designs.

As with VW, the BMW 2.4-0 diese! convarsion also has an optimunm cylinder
displacement layout (Figure 3.7-8) and leads the entire field in specific
engine weight (Figure 3,7-9)., It will be the first high power and practical ly
Otto-engine equivalent diese! on the market.

3-58




Figure 3.7-8.
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SECTION 4

APPROACHES TO THE EMISSION PROBLEM

4,1 BACKGROUND AND SCOPE

The automotive diesel still has a great potential for further improve-
ment in all areas, including that of emissions. The diesel-oriented community
Is making large Investments in R&D work to further improve engine performance,
and to resolve the emission problem to the best of its ability. A variety
of government and privately sponsored R&D projects are in progress with the
major emphasis on engine emission improvements, and on the study of potentially
adverse effects on health resulting from diesel exhaust. The following para-
graphs present data and approaches that appear to be most favorable for
diesel emission Iimprovement.

Diesel engines emit a variety of pollutants, including hydrocarbons
(HC), carbon monoxide (CO), oxides of nitrogen (NOy), oxides of sulfur, alde-
hydes, particulates, polymer aromatics (PNA's), and odor. The relationship
between these pollutants and certain physical characteristics and phenomena
are fairly well known. However, the physical/chemical interaction leading
to specific species of pollutants is still widely unexplored, especially
where the formation of particulates is concerned. Therefore, the realistic
modeling and the quantitative determination of pollutants becomes a difficult
task.

A wealth of related |iterature has been published in recent years.
Drawing primarily from References 8 and 32, which can be considered the best
condensed collections of emission-related data, attention is mainly centered
around the problem emissions, NOy, and particulates. Only those physical
facts and interactions will be discussed that are of primary interest to the
engine designer and are necessary for the understanding of remedial measures
and new design approaches.

Except for NOy, all of the emissions that are currently regulated or
will be regulated in the near future (Table 2.3-1), are in some way the
result of imperfect and incomplete combustion. The primary causes are insuf-
ficient fuel penetration and atomization, inadequate turbulence and mixing,
the quenching of oxidation reactions near cold walls, and/or after-injection
at a point where combustion cannot be completed.

The formation of NOy 1is kinetically controlled and increases with
temperature, oxygen concentration and residence time of the hot gases under
high temperature conditions. Therefore, the NOy emissions from pre-chamber
engines are lower than those of existing direct injection or open chamber
engines. In pre-chamber engines, primary combustion takes place in a confined
space under fuel-rich conditions without excess oxygen, and very l|ittle NOy
is formed in the pre-chamber. Excess oxygen then becomes available in the
main chamber to complete combustion, but temperatures are lower and NOy
formation is rapidly minimized.

- 2
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The emission of particulates and smoke Is also closely related to combus-
tion efficlency. The formation of the organic compounds, which are of
primary concern, Is not fully understood. Reactions among the various
compounds occur within the combustion chamber and continue throughout the
exhaust system, Including the measuring system, such as the dilution tunnel
and fllters. This makes conclusive measurement and characterization very
difficult. Depending mainly on engine quality and vehicle weight (Figure
4,1-1) the particulate emission from diesel automobiles of the sizes studied
ranges typically from 0.3 to 1.  ‘mi, compared to 0.3 g/mi for uncontrolled
qasol Ine powered cars, and abou- 'l g/ml for cars equipped with catalytic
converters, and using unleaded gasoline. The EPA schedule (Table 2.3-1)
requires a reduction to 0.6 g/ml In 1981 and 1982, and to 0.2 g/mi from
1982 on. While the compliance with a 0.6 g/ml standard Is possible with
prosent technology, the achievement of particulate emission rates below
that is still an unresolved problem.

Systematic studies and characterization tests conducted in various
places during recent years have been very successful in identifying the
relationship between certain design features, operational factors and pol-
lutants. However, because of the large number of variables Involved, the
conclusions drawn with one design are not always applicable to another.
An oxtensive characterization of each Individual design will still be
necessary to obtain quantitatively conclusive results. The inherent trade-
off betwoen NO,, engine efficlency and related pollutants (smoke, particu-
lates, etc.) makes the development of future diesel engines very difficult,
time consuming and costly. The engine designer must find the right combi-
nation of dosign features and measures that, In absolute terms, satisfies
the projected emission requirements with a reasonable or prescribed margin,
while simultaneously keeping fuel efficiency penalties to an absolute
minimum. The consensus amoung diesel experts I[s that most current diesol
englne designs can be modified to meet the emission requirements for 1981
in regard to gaseous pollutants. Compliance with the EPA scheduled stan-
dards for gaseous pollutants will require the introduction of EGR, with
attendant fuel efficiency penalties and reliability problems. The contro-
I1ing of particulates requires new technology not available at this time.
The approaches under conslderation concentrate primarily on measures fto:
(1) avoid operations that are most polluting, (2) lower the combustion
temperatures, (3) optimize fuel Injection schedules, (4) improve combustion
efficiency, (5) reduce excess oxygen, (6) entrap particulates, and (7) de-
volop fuel additives that Iinhibit the formation of particulates. The
effectiveness of these measures are discussed In the following paragraphs.

4,? OPERATIONAL RESTRICTIONS

Oparational restrictions are measures that can be implemented with-
out chanqging the design of an existing engine, by adjusting or modifying
Injection timing devices and governors as necessary to avoid operating
conditions that produce the most pollution. Most of the smoke, odor, and
particulates are generated during low-speed, high-torque operations, because
of incomplete combustion brought about by fuel-rich mixture, poor Internal
turbulence and mixing, reduced Injection pressure and Impaired droplet
distribution.
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While operational restriction, commonly referred to as "engine dera-
ting", can reduce particulates and NO, In some engines, related Increases
In engine specific weight and cost-per-unit power output make approaches In
this direction very undesirable.

4.3 INLET AIR TREATMENT

A reduction In NO, can be obtained by lowering the engine Inlet tem
perature because of the assoclated reduction In combustion temperature.
However, this Is meaningful only for turbocharged engines. For example,
as shown In Figure 4.3-1, a NO, reduction on the order of 40% could be
obtalned If the compressor end temperature Is lowered from 265° to 50°F.
This was accomplished In the case considered by means of a |laboratory water
cooler. Data from similar tests have shown that a reduction In engine Inlet
temperature from 250° to 150°F, which Is feasible in an automobile by means
of an air-to-alr cooler, can still result in a NO, reduction on the order
of 20 to 30%, while simultaneously reducing HC, CO and smoke. Engine fuel
consumption was also reduced to a small extent.

Engine Inlet alr cooling, which Is frequently referred to as "after" or
"Intermedlate cooling", has a |imited potential for NO, abatement In automo-
tive engines because of the weight, bulk and cost of the cooling systems.
Experience to date tends to Indicate that diesel NO, emissions can be reduced
by about 0.2 to 0.3% per degree Fahrenheit of temperature reduction, while
simultaneously Improving the specific fuel consumption by up to 0.04%, per
degree Fahrenheit.

- é T T T |
<ZJ O NO COOLING WATER
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Figure 4.2-1. Effect of Intake Air Temperature on NO,
Emission of a Turbocharged, Open Chamber
Diesel Engine at Rated Speed (Ref. 32)
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Water added to the Intake air results in lowering compression end and
combustion temperatures and at the same time can reduce NO, emissions, as
shown In Figure 4.3-2, As long as the amount of water is small, the ignition
characteristics of the charge do not change significantly. Large amounts
of water result In a considerable ignition delay which requires compensation
through advanced fuel injection timing. Without the proper timing correction,
the NO, reducing effects of water are not realized and, as tests have shown,
water Induction into the Inlet air can even lead to an Increase of NOy
emission.

Volkswagen has experimented witn water injection in their turbocharged
Rabbit engine, with a water-to-fuel ratio of up to 40%, with an observed
increase of full load mean effective pressure of 6%, and a 5§ Improvement in
specific fuel consumption (Ref. 23). A noticeable reduction In NO, was
also observed but was not enough to ensure compliance with the goal of 0.7
q/mi for prototypes. Although the results obtained were encouraging, VW
foels that the need for a dual fuel system and associated problems of
icing and corrosion make this approach very unattractive.

Another method known as "fumigation" involves the injection of fuel
into the intake air, which tends to reduce the initial heat -~elease rate and
assoclated chamber pressure rise and noise generation. Fumigation has also
been found to reduce NO, but showed an increase in CO, HC and smoke emission.

4.4 INJECTION SYSTEM

Ref inements of Injection timing and nozzle design are first-choice
approaches toward improving the emission characteristics of diesel engines,
because they are feasible without changing the existing basic design. Injec-
tion timing has a strong effect on combustion peak temperatures and attendant
NO, formation, particulariy if combined with a change in the injection rate.
For example, as shown in Figure 4.4-1, a retardation of injection timing
from 6 to 2 degrees before top center (BTC) produced a 32% reduction in NO,,
but this also reduced fuel economy by 10% and increased HC and CO emissions
by 358 and 20%, respectively. Similar results have been obtained with
other engines (other than Opel) and it is generally concluded that NO, de-
crcases significantly with fuel injection retardation, but fuel consumption
Increases markedly, as do HC and CO emissions. Also, smoke *tends to increase
as Injection Is retarded, depending upon design.

Changes in injection rate can be brought about by either changing the
nozzle orifices and/or pump plunger displacement characteristics. |In di-
rect injection engines the fuel injection rate has been found to have a
strong effect on NO, formation. In the case shown in Figure 4.4-2, a 20%
reduction in NO, was obtained in the high load ::Slon of the engine by
increasing the rate of injection from 5.7 to 8.3 /deg. and this proved
to be fairly independent of timing. Pre-chamber engines are generally con-
sidered to be less sensitive to fuel injection rate, but this does not seem
to be true where NO, is concerned. For the case shown in Figure 4.,4-3,
the irtroduction of a larger diameter plunger (from 9 to 11 mm) resulted in
a 20 ro 3% increase in NO, over the steady state load range of the engine.
Changes in the Iinjection rate brought about by changing nozzle orifice
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size and/or number have a compounding effect on NO, development and combustion
efficiency, because both the Injection rate and spray pattern are changed
(Figures 4.4-4 and 4.4-5).

The relationship between all the involved parameters Iis very complex
and it is difficulr to generalize the results. In one typical case, a 20 to
40% reduction in NO, was obtained by enlarging the nozzle orifice diameter
from .0055 to .0065 inches without changing the number of orifices. However,
this improvement was associated with increased fuel consumption (3%), C) (70
- 100%) and smoke levels, indicating that the reduction in NO, was obtained
at the expense of combustion efficiency. Although data pertaining to the
effects of injection orifice and spray angle on emissions are relatively
scarce some benefits can be realized through empirical system optimization
for a given engine design. The uitimate goal for the future is an elec-
tronically controlled and programmed system that allows for independent
variation of all variables involved.

According to press information (Ref. 33), General Motors takes a new
approach to more accurately timed diesel combustion to reduce *he parti-
culates. As shown in Figure 4.4-6, the symmetrical pattern of microwaves
reflected by the piston upon approaching and passing the top dead center aure
used to accurately determine the !ocation of the true dead cent*er. In addi-
tion, a luminosity signal generated from combustion is then used to adjust
injection pump timing relative to the dead center. |In the currently proposed
version, the microwave probe is inserted instead of *he existing glow plug for
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Figure 4.,4-4, Effect of Nozzle Hole Angle (Ref. 28)

4-3




.
NOx A \

o

4

w

S
| g
“ - NOISEO= == = O

‘ IDLE

SMOKE
i 1 1
0 ONE ™O THREE

HOLE HOLE HOLE

Figure 4.4-5. Effect of Multiple Holes (Constant Flow Area)
(Ref. 28)

PINTLE TYPE
INJECTION NOZZLE

/TDC

MICROWAVE
SIGNAL

A

RICARDO — -
COMET e
COMBUSTION

SYSTEM L

~—
r

LUMINOSITY

SIGNAL

Fiqure 4.4-6. General Motors Diesel Microwave
l Timing Method (Ref. 33)




A —————— et s, Ve~ s - O3 T REE— - SEEE

timing checks and adjustments In trucks. The probe will then be removed and
the glow plug inserted for engine operation. This method has the potential
for a continuous scanning and measuring of plston position and combustion
intensity to variably control injection rates according to optimized sche-
dules.

4.5 COMBUSTION CHAMBER DESIGN

Shape and volume of the pre-chamber have a strong effect on the air-
to-fuel ratio and Internal flow velocities, which in turn cause changes in
combustion efficiency, and NOy emission In particular.

tor a given pre-chamber, increases In the air-to-fuel ratio have been
shown to produce a drastic reduction in NOy. For example, as shown in
Figure 4.5-1, increasing the A/F ratio from 2. to 35 resulted in NO, re-
duction by a factor of more than two. |f brought about by configurational
changes of the chamber, the effects of A/F ratio are more difficult to de-
fine becazuse factors other than air motion and spray patfern are involved.
In pre-chamber engines, increased swirl intensity has improved combustion
efficiency but, as shown in Figure 4.5-2, has also resulted in an unfavor-
able NOy-particulate trade-off. For a given smoke density, NO, emissions
were found to be lowest with turbocharged engines. Improved mixing and
increased reaction rates resulting in higher combustion temperatures are
primarily responsible for this. The ratic of the pre-chamber volume to
cylinder volume, the throat dimensions in relation to the chamber, and the
shape of the chamber itself have also been shown tou have certain effects on
NO, and HC emissions. However, the magnitudes and trade-offs, especially
between NO, and fuel efficiency vary from one design to another and require
individual treatment for optimization.

Figure 4.5-3 for example, shows three combusticn chamber designs that
were under consideration for the Olds diesel engine described in Section
3.5. The conftigurations differ primarily in the relationship of the posi-
tion of the chamber and the injection nozzle *o each other. In design
"A", fuel is injected tangentially with the swirl on the inboard side c¢. the
chamber. Design "B" directs fuel across tha chamber inboard of the chamber
conter, and design "C" directs the fum! Through the chamber center. There
are also differences in throat design. In "A", the throat is aimed towards
the center of the pre-chamber, changing gradually in "B" and "C" to a direc-
tion nearly tangential to the chamber wall, i.e., design "A" actually repre-
sents an angled off pre-chamber, design "C" a swirl chamber, and design "B"
is in between.

As mentioned in Section 3.5, these chambers were already selected from
a large variety of confiqurations as the most favorable designs. In the
final heavily emission-oriented evaluation, design "A" was chosen for further
development by Oldsmobile. This design produced the lowast NO, emission
and the lowest noise, but was highest in HC. Ways of further reducing HC
without increasing NO, were then evaluated with design "A" by varying the
nozzle spray anqle and the number of orifices. This produced the trenas
shown In Fiqures 4.4-4 and 4.4-5. According to GM (Ref. 28) HC could be
reduced by T70% with this approach without significantly increasing nolse
or NO,, but smoke would be increased to a visible levei during engine idling.
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This example clearly shows the difficulty involved in making clearcut
recommendations for combustion chamber improvements. Unless one can realls-
tically mode!l the relationship of all factors Involved, the engine designer
must depend largely upon his own engineering judgement, Instinct, and a cer-
taln amount of luck to detect and to feel his way through the Improvement
potential.

In general, the naturally aspirated divided chamber engine appears to
have a small potential for improvement in the existing HC-NOy relationship.
The naturally aspirated engine depends on high Intensity air motion for
adequate mixing at low A/F ratios, which are needed to produce an acceptable
power concentration. Severe penalties are encountered in combustion effici-
ency, and in smoke and particulate emissions, if lower swirl intensity and’
higher A/F ratios are used to achieve a reduction in NOy emissions. Devel-
opers are therefore very reluctant to tamper with a successfu! chamber design.

Turbocharqged divided chamber engines which generally have been shown to
ba lower in NOy also benefit from the A/F-swirl-NOy relationship. They
generally operate at relatively high A/F ratios because of thermal and
structural limitations. Turbocharged engines are also laess dependent on
swirl for mixing, because A/F ratio, compression end temperature and general
flow turbulence are higher than In naturally aspirated engines. They have
been found to be relatively insensitive to further refinements in existing
pre=chamber desiqgns.

R&D approaches are being taken in the direction of injection open cham-
bors, and evaporative combustion. Thase wili be discussed under "tfficiency
Improvement Potential" in Section 5.5.

4,6 EXHAUST GAS RECIRCULATION (EGR)

Most diesel exports currently feel that a NOy level on the order of
1.5 g/mi can be achieved by means of the modifications and refinements de-
scribed above. Compliance with a 1.0 g/mi standard for NOy will require
the introduction of tGR, l.e., the dilution of engine intake air with exhaust
qases. This results in lower combustion temperatures and reduced oxygen
concentration, which togethor, tond to Inhibit the formation of NOy.

As illustrated In Fiqure 4.0-1, EGR is an effective and fairly predic-
table means of reducing the formation of NOy, but its use is associated
with sovore penalties In engine efficiency, smoke and the other controlled
pollutants HC and (CO. These penalties vary from engine to engine, but
become unacceptable beyond a certain percentage of EGR. The Increase in HC
and smoke (Fiqure 4,6-2), which is attributed to reduced oxygen during com-
bustion with [GR, becomes particularly pronounced in the low speed high load
reqion of the engine, and the EGR percentage must be reduced in these regions
to avoid unacceptably high levels of smoke and particulate emissions.

The implomentation of EGR In diesels requires a valve-controlled modu-
leted reclirculation system similar to those used on gasoline engines. How-
over, the presence of relatively larqge amounts of particulate matter In
diesal combuction products presents system contamination problems that require
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special design and development approaches to make diesel EGR systems reliable
and serviceable. As Iin spark ignition engines, EGR contaminates the engine
oil, requiring reduction of time between oil changes, which is already less
than that required for gasoline engines. Mercedes Benz has reportedly de-
veloped a new crankcase system that inhibits oil contamination with carbon
particulates and raises the oil change interval in conventional (non-EGR)
engines from 3000 to 5000 mi (Ref. 17). This would ease the oil contamination
problem with EGR to a certain degree. Reportedly Olds will adapt the same
system to the 1981 model engines.

Internal EGR can be induced to a certain degree by variation of valve
timing and overlap by lowering cylinder scavenging efficiency. However, an
optimization of the EGR percentage throughout the engine operating range
will require the addition of complex mechanical systems to achieve variable
valve timing. To assure sufficient valve-piston clearance, the relatively
large valve overlap required would also necessitate the use of piston designs
that could have an adverse effect on combustion efficiency.

In addition to the discussed problems, concern has also been voiced
(Ref. 35) regarding other potential side effects with EGR that must be taken
into account. While NOy is produced at peak cycle temperatures, it may
combine with excess oxygen during expansion at lower temperatures to form
NO2 (nitrogen dioxide) which is not a regulated pollutant. NOz can combine
in sunlight to form other substances, including nitric acid, which can have
inhibiting effects on plant iife.

In summary, EGR is an effective and predictable method of reducing NO,,
but associated side effects and system reliability problems make its applica-
tion questionable from the standpoint of economy. Contrary to widespread
belief, it does not seem to be the answer to the emission problem.

4,7 EXHAUST AFTER TREATMENT

Currently known reduction catalysts used in gasoline powered cars are
not effective in controlling diesel NOy, because of the highly oxidizing
nature of diesel exhaust. Although catalysts can be effective in reducing
HC and CO emissions, the deposition of soot on the catalyst surface and a
rapid degradation caused by poisoning of the active material are still unre-
solved problems. Thermal reactors, which are effective in reducing HC and
CO emissions in the exhaust of spark ignition engines, are not very effective
in diesels. Diescl HC and CO concentrations are generally too low to sustain
oxidation, and the pollutants of major concern, NO,, smoke and particulates,
are no* substantially reduced.

"nsides NOy, a major problem of concern is that of particulates. Be-
cause of the difficulties in solving the particulate problem from the combus-
tion side, the entrapment of particulate matter in the exhaust is strongly
being considered. Entrapment is not the most desirable approach, but it is
straight forward, easier to understand, and may well be the only way out of
the dilemma until the physical causes leading to the formation of particulates
are be er understood, and more effective measures can be devised. The
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undesirable aspects associated with entrapment are the need for an additional
system that must be serviced. |f feasible, It cleans up the exhaust but
does not alleviate engine oll contamination problems. The amount of particu-
late matter generated by automotive dlesels ranges between 0.3 and 1.0 g/mi,
compared to 0.3 g/mi for uncontrolled, and 0.01 g/mi for catalyst-controlled
spark-ignition engines cars using unleaded gasoline.

The major problems with diesel exhaust filtration are the physical
characteristics of dlesel particulates and their size. More than 65% of
diesel exhaust particulates are < 1 um, and 508 are < 1/2um in size, which
makes a continuous removal by means of vortex filters such as cyclones
very inefficient. Filtration devices, such as steel wool, stacks of wire
mesh, and spiral wound filters have proven fairly efflclen#, but clogging is
a major problem. Because of the fluffy and sticky nature of diesel particu-
lates, the devices become plugged after a few hours of operation resulting
in excessive performance losses because of Iincreased exhaust back pressure.

A periodic burning of collected particulates is widely believed to be
the answer to the clogging problem. Unfortunately, diesel exhaust tempera-
tures usually do not reach the 900 to 1000 ©F (480-540 ©C) temperature
needed to ignite and 1o incinerate soot particulates, which mainly consist
of carbon and small amounts of unburned hydrocarbons. Alternatives for
particle burnoff include periodically installing spark Ignited burners using
diesel fuel, periodic throttiing of the engine, and temporary operation on a
fuel rich mixture to raise the exhaust temperature to the above indicated
level, as well as electricai methods such as sparks and incandescent wire
mesh filters and, perhaps, lasers. In any case, back pressure will probably
be used to trigger the burn-off whenever a critical exhaust pressure level

has been reached.

A unique approach to the burn-off problem is currently taken by General
Motors using the dual trap concept shown in Figure 4.7-1 (Ref. 8). The
system consists of two filters in parallel having separate electrical heating
elements and a flapper valve that routes only a small fraction of the exhaust
flow to the filter that is being heated, as necessary to provide enough
oxygen for the burn-off. Most of the exhaust then flows through the filter
that is not being heated. The system is estimated to use ahout 500 W during

burn-off periods.

Based upon work already done (Ref. 36), Corning Glass Works has come up
with a ceramic filter substrate that, according to tests, effectively entraps
80% of diesel exhaust particulates. The filter material is a silica, mag-
nesium, and alumina composition that can withstand continuous burn-off of
carbon particulates under controlled conditions, and is claimed to remain
efficient for 50,000 mi before a filter change is necessary.

To avoid burn-offs and filter changes, TRW !nc. (Ref. 37), takes the
approach to a conventional pleated bag-filter miniaturized for diesel ex-
haust flow rates. The cake of particles collected on the filter cloth is
periodically removed by mechanical shaking. The device proposed is schemati-
cally shown in Figure 4.7-2. TRW suggests using a fiberglass cloth pleated

4-19




TRAPPING MATERIAL MOTOR

INSULATION

PARTICULATE TRAP

Dual Path Trap/Incineration Device Proposed by General Motors

Fiqure 4.7-1.
(Ref. 8)




FILTER

SHAKER— g\ %
' FABRIC

T
E——
,A.L,.,,‘/ O WL
DISPOSABLE SOOT fé S m—
EXHAUST-iAS COOLER

Figure 4.7-2, Schematic of Mini-baghouse for Filtration
of Diesel Exhaust Proposed by TRW, Inc. 1
(Ref. 37)




over a wire frame and mounted into a rectangular box that will fit in the
crush space behind the gas tank. The filter cloth will have to be shaken
avery 500 - 1000 mi to keep the back pressure within acceptable !imits.

According to Industrial experience, it appears doubtful whether a low
back pressure can be repeatedly restored with filter shaking alone. The in-
depth penetration and clogging characteristics pecullar for diesel soot will
probably require more effective filter cleaning methods, such as reverse
pulse flow, for example. Effective pressure pulsing by using compressed air
avallable at filling stations also appears to be more reliable and more cost
effective than the shaking mechanism shown in Figure 4.7-2. A variety of
researchers have pursued the approach of coagulating diesel particulates
Into larger sizes that allow for a continuous separation from the flow by
using straight through or cyclone type vortex seperators.

Under a program sponsored by the EPA, the University of Arizona has ex-
perimented with an electrostatic filiering ‘evice which has shown encouraging
results (Ref. 38). The proposed device (Figure 4.7-3) consists of a corona
wi e extending through the axis of a cylindrical pipe that is negatively
charged with =25 kV. A simple clog free swirler is provided upstream to
induce vortex flow which creates radially outward displacement of the
particles captured by the electrical field. According to Figure 4.7-4, a
noticeable removal capability has been demonstrated for all sizes below 6
um. The problem of collection and retention of the particles removed from
the flow was not addressed in this program. Fiqure 4.7-5 shows a similar
device tested by General Motors.

Two other prospective concepts for continuous diesel exhaust clean up
are under consideration at the Jet Propulsion Laboratory. One, referred to
as a "Spark Destructor System," uses an electrically charged grid structure
similar to the ones used on the bug-eliminators currently marketed in the
Unite! States. The devic> also functions in a similar way. Diesel particu-
lates passing through the grid plane are agglomerated upon approach and
induce sparking when passing between the grid elements which brings about
a burn-off of the agglomerates. According to initial experimentation, this
seems to be a workable approach that should be pursued further.

The other concept under consideration, as schematically shown in Figure
4.7-6, consists of a vortexing agglomeration device (similar to the one used
by General Motors) in serles with a cyclone, which is more size-effective
than a flow-through vortex filter alone. EGR flow Is exhausted from the
lower end of the cyclone together with separated matter that will collect in
a disposable bag. The extraction of flow from the lower end of the cyclone
greatly improves cyclone efficiency with smaller particle sizes. For maximum
efficiency, the cyclone will be sized for low engine speed where most particu-
lates are generated, and can be bypassed at higher engine speeds from the
clean core of the agglomerator as necessary to keep the back pressure within
acceptable limits. It is expected that 99§ of all particulate mass greater
than 2 um, and greater than or equal to 80f of the total mass can be continu-
ously removed by the proposed system which Is strongly dependant on cyclone
speed and on the effectiveness of the agglomerator. Possible methods other
than electrical fields under consideration for agglomeration are mechanical
baffling, pneumatically induced standing shock waves and focused sonic
irrajdiation.

4-22




GROUNDED METAL SCREEN

/
e = / nasnc o

T?I T R B

| _ CLEAN AIR Wit
out /

/ AR PLUS
CARBON PARTICULATES

l&/ ....... AN

|-
= I"_JK i SWIRL INDUCER

NSULAT
= 25 WV INSULATOR

Figure 4.7-3. Schematic of Helical Flow Electrostatic
Agglomerator and Separator Testing by the
University of Arizona (Ref. 38)

T T T T yom———t o (Wiataalt ‘TT
7»
or AIR VELOCITY 1100 FT/MIN. (335.5 M/MIN)
s CORONA VOLTAGE -20,000 RUN TIME ONE HOUR
s
g s
>t DUST DENSITY
a WITH FIELD “OFF"
Z 4 !
-
o
e
5 4L { DUSTDENSITY j
o WITH FIELD "ON" 1
2+
- {
- |
o i L L o\ 'S A =l e — i NSNS =
0 1 2 3 4 5 6 7 8 9

PARTICLE DIAMETER (MICROMETERS)

Figure 4.7-4, Demonstrated Removal Capability of Hellical Flow
Electrostatic Agglomerator (Lab Tests, Control of
Simulated Diesel Smoke by Means of a Swirling Flow
Electrostatic Precipitator) (Ref. 38)

4-23




vZ-v

DIRTY GAS
OUTLET

2 in. DIAMETER ‘

STAINLESS STEEL TUBE .008 in.

10 in. LONG CHARGING WIRE

CLEAN GAS
OUTLET
BORON NITRDE/ ALIGNMENT /_' WIRE TIGHTENER

INSULATOR SLEEVES AND VOLTAGE POST

/1--,...-{]

Figure 4.7-5. Schematic of Electrostatic Agglomeration
Device Tested by General Motors (Ref. 8)




CONTROLLED
HIGH SPEED

BYPASS
AGGLOMERATOR

[_ I TO ATMOSPHERE
CORONA WIRE |
\ \ |

-

FROM ENGINE I_\_-’—__-! .
| 1 Dress CLONE
| ]
SWIRLER Sy ~ st
- -20 KV
~N
un
EGR o

DISPOSABLE
BAG

Figure 4.7-6. Design Concep* for Diesel Exhaust Filtration Utiizing Electrical
Agglomerator in Series with Bypassable Split Flow Cyclone and EGR
Through Disposal System




Frsvr PR =~ N —

All of the approaches taken or under consideration require some energy
in the form of exhaust pressure losses, electrical energy generated from
shatt horsepower, or extra fuel for particle burn-off. The 500 W for burn-offt
which General Motors has estimated for the Olds diesel trap, represent a
power loss on the order of one halt percent of the nominal power. Each
inch of water of exhaust back pressure caused by the filter represents an
additional power loss on the order of 0.1% of the parasitic losses already
in existence. With a pressure drop on the order of 2.5 to 5.0 in. of water
common for most filtration devices, this amounts to a power loss on the
order of 0.5% relative to nominal engine brake horse power, depending upon
cloqqir, characteristics and cleaning intervals. Although these numbers
represvnt a very ough estimate, it appears that approaches that do not
require extra enerqgy for particle burn-off should be most vigorously pursued,
although periodic servicing will be required.

4.8 FUEL MODIFICATIONS AND ADDITIVES

Fuel properties such as those determined by composition, aromatic con-
tent, cetane number and boiling points of the constituents, have been founrd
to have a small to moderate effect on particulates and orqganic compounds
emitted from diese! engines. Existing data are not conclusive because fuel
properties also affect exhaust emission changes by altering the engine oper=-
atinq characteristics, which are strono!y design-dependent.

Indications are that lighter and more volatile fue!s, such as Diesel
No. 1, produce 10 to 40% less particulates than Diesel!l tio, 2, depending on
enqine desiqn, angine/vehicle confiquration and drive cycle (Fef. 32, 34).
Limited data show reductions of HC, CO and NO, on the order of 10f as fuel
cetane numbers are increased from 40 to 50,

Certain fuel additives containing barium (Ref. 32) have been found
quite effective in reducing carbon particles and smoke by 35 to 60%,
with affactiveness increasing with increased barium content, Seventy percent
of the ba-ium is harmlessly exhausted from the enjine in the form of barium
sulfa*te, but the remainder consists of soluble compounds, some of which are
toxic. FEnqine manutacturers do not recommend the use of additives containing
barium because of the adverse effect they have on the durability of the
enqine and its fuel injection system.
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SECTICN 5

POTENTIAL FOR FURTHER IMPROVEMENT

5.1 BACKGROUND AND SCOPE

Further improvement in diesel performance and economy must be achieved
to susta’n the economic advantages of the diesel. There does not scem to be
an easy way of meeting future NO, and particulate emission requirements
without impairing diesel performance and fuel economy. This makes the future
of the automotive diesel questionable from the consumer and generul energy
standpoint, particularly when the Improvement potentiai of the gasoline
enqine is taken into consideration (Table 2.2-4).

The diesel still has a qgreat potential for improvement in many arcas.
The major contributors to diesel and gasoline engine losses are heat losses
through the engine coolina system, and heat leaving the engine through the
exhaust. As shown in Figure 5.1-1, the diesel total heat loss accounts for
almost 2/3 of the total energy input to the engine. The remaining loss of
2.7% are primarily because of speed dependent mechanical, parasitic and
internal pumping losses (Table 5.1-1). Although relatively small in terms
of energy, each of these contributors still has potential for improvement
in terms of BMEP.

Losses because of incomplete combustion are relatively small in modern
diesel engines, but further research and improvements in this area are vital
from the standpoint of emission reduction. Many of the programs in progress
are, therefore, primarily related to emissions and health effects, and some
are directad toward improvements that will reduce the negative by-products
of emission-reducing measures such as EGR. Some effort is being made to
penetrate the large potentials for improvement in such areas as engine insu-
lation using ceramics, and to improve the fundamental understanding of what
occurs inside the diesel engine combustion chamber. The following sections
prasent selected approaches for performance and efficiency improvement that
appear to be most promising and effective at the present time. The trend
shown In Fiqure 5.1-2 is beiieved possible if the potential for improvement
is fu!ly used.

- 1574 TURBOCHARG I NG

Turbocharqing has successfully penetrated the small high speed die-

sel fiald, including the 1.5-0 (VW Rabbit) class, and can be considered an
aconomically feasibla solution *5 a number of diesel probleas, particularly
those of driveaoility.

Becausa the efficiency of present turbocharger systems is already high,
a further Iincresse in engine efficiency with turbocharging will be very
small. Chanqes will come very slowly, and will likely be aimed at improving
hardware design and production technology, t.ereby making turbochargers
more cost effective and more responsive,. Also, new technology must be
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Table 5.1-1. Typlical Breakdown of Mechanical Losses
In Dliesel Engines (Ref. 5)

5
Friction Piston 40 - 45
Friction Bearlings 25 - 30
Valve Train & Gears 14 - 17
Water + OIl Pumps 9 - 10

Injection Pump 6 -8
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Figure 5.1-2. Diesel Cycle Efficiency Trend (Ref. 40)

sought In adapting turbochargers to smaller engines. Major problems to be
overcome in this area are small size eoffects such as Reynolds number effects,

surface roughness, rotor ~learance, general aerodynamics quality, bear ing
design and rotor stresses.

Certain improvements in efficiency wil! resu!t from overal | systems
optimization, Including Iniet and exhaust tuning. For option efficiency,
future turbocharged engines will not be derived from ex!sting raturally

asplirated engines, but will be designed and developed from the start as a
turbocharged system,

- I INTERCOOL ING

ntercooling, or aftercoc!ing, Is feasible with present technology.
Its application Is mainly a matter of cost, packaging, reliability and main-
tenance. Air coolers have a |imited improvement potential with regard to
size and pressure drop. Considerable improvement in weignt may be possible
through the introduction of advanced materiais and production methods (thin-
ner walls). The proper integration of an Intercooler into the engine may
possible be the most attractive and aconomically feasible solution for
reducing Inlet air temperature In automobi les,

Intercooling has a noticeable effect on NOy emission (Figure 4.3-1)
and volumetric efficlency, but at today's feasible boost pressure (approxi-
mataly 0.7 bar), the penaities of increased weight, bulk and cost tend to
nejate its advantages. Intercooling will be more of an incentive In con junc-
tion with tuture low-compression diesel engines (Section 5.7) that allow
for higher Inlet pressure thar are practicable currently.




5.4 TURBOCOMPOUND ING

Turtocompounding Involves the extraction of mechanical energy from
the exhaust In excess of what Is needed to drive the compressor. This axcess
energy |Is then fed back Into the power take-off of the engine, or Is used
otherwise. The fuel economy gains that can be realized from the turbocom-
pounding of water cooled, turbocharged dlesel engines are on the order of
5%, and do not seem to warrant the effort except when high boost pressure
ratios are structurally acceptsble.

Turbocompounding wil' be a necessity to take advantage of reduced cooling
losses, which will otherwlse result only In higher exhaust temperature with
no Increase In efficiency (Section 5.8). For a fully Insulated (adiabatic)
engline, turbocompounding will result in an efficlency galn on the order of
25 to 30§ over turbocharging alone, excluding expansion and transfer losses.

The conventlional design approach for turbocompounding usually Iinvolves
a snparate power turbina downstream of the turbocharger, with useful work
transformed by a speed reduction gear to the engline power take-off (Figure
5.4-1), Such a design does not seem to be too practical for a small automo-
tive diesel, because of cost, bulk and complexity.

A prospective concept shown In Figure 5.4-2 uses a high speed alternator
as an Integral part of the turbine rotor to avold gearing problems. Today's
radial turbines are capaole of handling expansion ratios that would make
an extra power turbine unnecessary. In this case, turbocompounding does not
involve greater mechanical complexit; than Is required for turbocharging
alone. The energy generated can then be used to drive engine accessories
such as fans and air conditioning, and tc charge the battery. In the case
of an insulated (adiabatic) engine, an excess of electrical power would be
availab'e that could be used elther to power extra accessories or working
equipment, or to feed an energy storage system.

Approaches In this direction are currently being taken by dovelopers of
diesel-powared heavy duty working equipment with a high demand for accessory
power, such as Caterpillar, end John Deere. In conjunction with electrical
or machanical energy storago systems such as batteries or flywheels, electri-
cal turbocompounding seems to have potential for use In medium to large-sized
dlesel-powe-ed passenger cars. This should be further evaluated.

A hard look is also being taken at displacement-type, low-speed expanders
that can be coupled to the engine by using a conventional chain or V-belt
and pulley drive mechanisms. Candidate expanders concepts under considera-
tion, primarily for use In high temperature steam and !n organic Rankine
engines, are rotary and orbital vane, as well as Lysholm-type expanders.
Besides “igh temperature and lubrication difficulties, major problems are
the high content of particulate matter In th exhaust of diesel angines and
the wear associated with these particulates.

Experimentation in all of the above directions Is In progress, but no

manufacturer has thus far developed a workable solution tc the small car
turbocompounding problem. Based upon present knowledge and technology,
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electrical turbocompounding to operate engine accessories appears to be the
most feasible approach for the near future. This will precipate down into
the small engine field from large category diesel powered vehicles that have
a relatively high demand for accessory power, such as alr conditloned buses,
speclal heavy duty and certain military vehicles. Reportedly, the producers
of dlesel-powered heavy duty vehicles are working In this direction.

5.5 RANKINE BOTTOM CYCLES

Because of a relatively high efficiency at moderate cycle peak temper-
atures (similar to those existent In diesel exhaust gases, 550 to 650°F),
Organic Rankine cycles offer among the best potential for converting exhaust
heat into usable power. DOE-sponsored work to develop Organic Rankine bottom
cycles for use in heavy trucks Is currently under way at Thermo Electron/Mack
Truck, and at earlier times at Barber Nichols of Denver. The developers
claim that the power of existing trucks can be Increased by approximately
15 over a typical duty cycle without using additional fuel (Ref. 41),

However, as schematical ly shown In Figure 5.5-1, a relatively complicated
system Is required that does not lend itself easily to small car applications.
A limiting factor in smaller engine sizes is the expander, which in the Thermo
Electron system, consists of an impulse turbine geared into the maln drive-
train. For smaller diesels, the use of a displacement type of an expander
and a V-belt pulley drive appear to be a more feasible solution to the expander
design problems although less efficient.

According to press Iinformation (Ref. 42), Chapman Engines, Interna-
tional, Inc., of Reseda, Calif. a small private developer, is experimenting
in this direction with an Organic Rankine system for medium duty trucks that
uses a chain driven, positive displacement, so-called "orbitai", expander
(Figure 5.5-2 and Figure 5.5-3). In contrast to conventional vane expanders,
the rotor of the orbital expander does not rotatu, but performs an orbital
motion within the outer circular housing without changing its angular posi-
tion relative to the housing. The vanes also do not rotate, but only sweep
back and forth along the housing Iinner wall at a relatively low velocity.
The Chapman expander Is an attractive concept for application in small Organic
Rankine systems, and also deserves consideration In turbocompounding ap-
proaches for small dliesel englnes In lieu of a small, high speed, power
turbine.

Based upon present knowledge, the general concensus to date is that
Organic Rankine systems are probably not commercially feasible In conjunction
with diesel-engined passenger cars. The driving cycle of the pasuenger car
also does not lend itself to exhaust heat utilization concepts because much
time Is spent at low load levels and idle speed.

5.6 COMBUST ION

The analytical and experimental tools required to study high =zpeed
combustion mechanisms, Including those responsible for ‘the formation of 1
pollutants, have made fundamental combustion research a costly and tima
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consuming affair. Proposed research must consider the use of high speed
equipment to visualize and to quantitatively evaluate combustion phenomena
(Figure 5.6-=1). Fuel injection flow and heat release rates, pressure and
temperature changes as well as any other rapidly changing data that are
necessary to interpret and to better understand the processes and interaction
occurring ‘n a high speed diesel combustion chamber must be accurately mea-
sured. A continuous recording of data at crarkangle intervals of one degree
or less Is considered the minimum requirement for obtaining conclusive re-
sults, and for generating the data needed for realistic modeling of diesel
combustion processes. Expensive special equipment 1is required for the
characterization of gaseous and particulate emissions in regard to sizes,
physical structure and composition.

Some Items of primary interest for study are: (1) the effect of uitra-
sonic application on fuel atomization, mixing and flame propagation, (2) the
use of high energy sources such as high intensity sparks, lasers, and plasma
jet techniques to induce more homogeneous ignition, (3) the use of ceranic
wal| coatings capable of supporting a catalyst which will enhance the cracking
and oxidation of unvaporized fue!, and (4) the introduction of electrical
field effects to interpret and, possibly, to inhibit the formation and the
size of particulates.

A definite need exists for fundamental research of this nature. It is
expected that such efforts will produce striking solutions to diesel problems
within the near future. Development now in progress is primarily concentrated
on optimizing and refining the existing designs and injection systems, using
conventional empirical and EPA accepted methods, to monitor the control led
pollutants NO,, CO and HC, as well as smoke opacity and odor. The measuring
and characterization of particulates are still unresolved problems, and
HC formation and smoke opacity (Bosch Number) are used primarily, to judge
particulate emission characteristics.

At the present time, the Iimprovement potential of the divided chamber
seems to be very limited, and a trend exists to return to the open ciamber
concept, which has attractive potential for Iimprovement. As discussed
earlier, the elimination of the pumping losses between chambers alcne amounts
to a gain of approximately 9% in terms of mean effective pressure and fuel
consumption. This galn would compensate for losses caused by EGR, which
must be Introduced to reduce NO, formation to the prescribed levels. The
stratified combustion approaches currently taken to reduce NOy in spark
ignition engines are, in principle, also adaptable to the open chamber diesel.
Approaches in this direction are under way.

Besides emissions, the primary problems with open chamber combustion
ara those of ignition delay and sudden initial heat reiease, which are mainly
responsible for harsh operation and noise generation. Current approaches to
the resolution of the open chamber performance problem go in the direction
of using swir! and squish flow generated in the narrow clearance between the
piston face and the cylinder head surface upon approaching the outer dead
center, According to Figures 5.6-2 through 5.6-5, the apt use of squish
flow has shown encouraging results In improvement cf heat release, chamber
pressure profile and NOy, with a relatively smali reduction in fuel effici-
ency.
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Using similar techniques, the Kloeckner Humboldt Deutz (KHD) Company,
Germany, has taken the approach to the two-stage combustion concept shown
in Figure 5.6-5 (Ref. 45). Deutz claims that the concept is superior for
reduced MO, emission. Efficiency losses are on the order cf 10 to 15%
with EGR, as compared to a non-EGR direct injection engine. Deutz intends
to Introduce the concept into their line of air-cooled diesels marketed in
the U.S. for light trucks as soon as emission standards dictate.

Fiat takes the approach to a three valve open chamber to obtain a high
swirl and a good match between fuel Injection and air motion over a wide
speed range (Ref. 46). The fuel injector is located between the two smal ler
inlet valves, with one large exhaust valve opposite. Reportedly, CO and
NOy, emissions obtained in tests with a F.at 131 car match those obtained
with swirl chambers, with hydrocarbons being relatively high (2 g/mi). The
fuel economy range obtained was 42 to 52 mpg, not much better than that
obtainable on cars with comparable weight and engines with current swirl
chamber designs. Flat claims that the direct injection diesel has a narrower
operating range and requires more gears to use to its advantage.

As described in more detail In Section 3.6, BMW-Steyr has taken a daring
step towards the solution of the open ch: nber, sudden heat release and diesel
knock problem, by eliminating high pressure fuel |ines and associated water
hammer effects that greatly aggravate the accurate control of the fuel injec~
tion rate into the chamber. Instead of a central Injector pump common to
for all cylinders, the BMW-Steyr design provides for an Iinjector integrated
pump for each individual cylinder which, are assumed to be directly cam
opsiated. This is not entirely new in diesel design history, but it never
has been attempted for small, high speed multi-cylinder diesels. Because a
number of other measures such as monoblock-design and engine insulation
hav » been necessary for consumer acceptance, it can be assumed that the open
chamber knock problem has only been partially resoived with the individual
pump=-injector design approach.

Renewed attention is also being given to an evaporative combustion con-
cept dJemonstrated over 20 years ago by Maschinenfabrik Augsburg-Nuernberg
(M.A.N.) in Cermany. The design concept usually referred to as the '"M"
(Meurer) method, provides for a partially shielded valve to produce Inlet
swirl and a bow!-shaped combustion chamber which is deeply recessed into the
piston (Figure 5.6-6A/B). The fuel Injected into the chamber is not atomized
but is squirted against the chamber wall and from there it disperses into
a thin film that evaporates as combustion proceeds. Test engines modified
to implement the concept have exhibited unusually flat torque characteristics
(Figure 5.6-6C) and, as witnessed by the author of this report, the engine
demonstrated smooth operation without the familiar diesel knocking over its
entire speed range In an M,A.N. truck. A problem remaining is the thermal
preconditioning of the bowl surface before continuous fuel evaporation
actually takes place at & controlled rate.
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Also under renewed consideration are so-called semi-diesels (Figures
5.6-7, 5.6-8) which operate essentlially as an open chamber diesel, with ignl=-
tion brought about by a high temperature source before the self-ignition
temperature Is reached. The advantage Is that lower compression ratios and
broad cut fuels can be used. The Ford PROCO development Is essentially
almed In this direction, although Ford avoids any reference to dliesel-related
features or developments, and refers to the system only as "PROgrammed COmbus-
tlon". As shown In Figure 5.6-9, fuel Iis metered to each cylinder In a
diesel-1ike fashion by using individua! Iinjection nozzles at relatively low
pressures (250 to 300 psig), starting as early as 70 to 90 degrees BTDC
during the compression stroke. The compression ratio is low (approximately
11.5) requiring the aid of spark plugs to initiate combustion. Two-stage
stratified combustion, an extremely wide air-to-fuel ratio and high EGR
tolerance are brought about by using of piston bowl and squish fiow techniques,
high swirl producing Inlet ports, and two spark plugs (Figure 5.6-10),

The system reportedly delivers a fuel economy almost comparable to that
of a conventional pre-chamber diesel without the known disadvantages (nolse,
odor, etc.) (Ref. 48). However, the PROCO engine must use unleaded gasoline
and an oxidation catalyst to meet emission requirements. This unfortunately
eliminates some of the prime features that are attractive to the diesel-
orlented consumer, such as lower maintenance cost, fuel storablility (less
flammable), and reliability.

The feasibility of the Ford PROCO concept has been demonstrated in
extensive laboratory and vehicular tests. However, the implementation of
the concept, wlill still require considerable development before becoming
feasible with production hardware. It is not expected that PROCO will
drive the diesel out of the market, but it might spur developments in the
direction of semidiesels with compression ratios of about 15 to 16 that
will accept a variety of broad cut fuels, rather than gasoline or diesel
fuel alone.

5.7 VARIABLE COMPRESSION RATIO

The relatively high compression ratio of automotive diesal engines
(21-22) Is primarily dictated by cold start requirements. Once the engline
has been warmed up, It would be more advantageous from the fuel efficiency
and the NOy standpoint 10 operate at a lower compression ratio of about
15. The cycle efficiency that can be gained from higher compression ratios
Is small and Is wusually cancelled by increased internal friction losses.
Lower compression ratios are of particular advantage in turbocharged engines.
For a given maximum system pressure, lower compression ratios permit applica-
tion of higher inlet pressures, which Increases the mass flow through the
engine and allows for operation at generally leaner combustion with reduced
formation of NO, and smoke.

One approach to the Implementation of a lower compression ratio followed
by Cummins is a fixed qeometry, low compression ratio diesel engine system
that uses an Inlet air heating system for engine start and for light load
operation. Supercharging is accomplished by means of a Brown-Boveri Comprex
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Hesse Iman-Bused Semi-Diesel Engine by A.M. Starr

(1948)

Figure 5.6-7.
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type pressure exchanger. Using the unavoidable entrapment of exhaust gases
to its advantage, the comprex cell-wheel=-charger also doubles as an EGR
system. Cummins claims that the system is expected to have excel lent low
speed fue! economy, transient response, and NOy and smoke characteristics.
They refer to the system as an Otto-competitive diesel engine particularly
suited for light vehicle applications (see Figure 5.7-1, Ref. 39).

Other approaches use a variable compression ratio capability to cover
the variety of operating conditions between cold start and economical oper-
ation. A design patented by the British Internal Combustion Engine Research
Institute under development at Teledyne Continental Motors accomplishes a
change of compression ratio during engine operation by using a self-requ-
lating, hydraulically actuated piston assembly which is schematically shown
in Figure 5.7-2. The position of the outer structure "A" is controlled by
t+he amount of oil in the upper and lower chambers. The movement between the
outer structure "A" and +he inner structure "B" brought about by the force
exerted on the piston crown by the chamber pressure is controlled by a fixed
orifice and by a relief valve, from where the oil is discharged back into
the engine crankcase from an opening in the lower end of the piston. |f the
peak combustion pressure exceeds a pre-set value, the piston crown moves
closer to the pin and reduces the compression ratio according to the method
described. The desiqned-in minimum compression ratio is on the order of
12,

This approach is well conceived in principle and has been proven fea-
sibdle by test. However, taking the thermal problems of pistons into account,
this approach does not appear too feasible in a supercharged engine, where a

varilable compression ratio would be mosT desirable. It is doubtful that
hydraulic continuity <an be maintained in such a system under thermally de-
manding operating conditions unless a sufficient amount of oil is continuously

flushed through the piston to keep engine and oil temperatures below a criti-
cal level to prevent oil evaporation or coking.

Fiqure 5.7-3 shows a different approach which is not very attractive
from the weight and size standpoint, but is readily appli.able to two-stroke
opposed piston engines without interfering with critical components such as
the pistons (Ref. 50). The concept of using rocker arms instead of two
separate crankshafts is a conventional though not very popular design, but
lends itself to the implementation of variable compression ratio by simply
shifting the pivot points of the rocker arms. The design shown in Figure
5,7-3 accomplishes this by using eccentrics that allow variation of the
compression ratio under load from 6 to 21, In the case shown, changes in
the compression ratio are also associated with desirab'c changes in port
areas, wherein the effective port area and the mass flow increase as the
compression ratio decreases.

The concept has been tested at the University College in Dublin in a
single and in a three-cylinder version. Encouraging results have been ob-
tained, some of which are shown in Figures £.7-4, A/B/C.
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5.8 HEAT LOSSES
Reduction of heat losses presonts the largest potential for improve-

ment in terms of enerqy savinas (Figqure 5.8-1). However, advanced high
temperature materials and new desian tochnoloqy are required. Current heat
loss reduction efforts are aimed at gradually introducing insulated engine
components of high temperature ceramics such as silicon nitride and silicon
carbide. This would progress essentially in order of feasibility, starting
with stationary parts such as the pre-chamber and cylinder head, then qoing
to the piston crown, piston, and perhaps the cylinders. The latter would
require that the hot lubrication problem also be resolved. Conceivable
methods are the use of qraphite dust or gas bearings, for example. The
so-cal led "adiabatic enqine", schematically shown in Figure 5.8-2, combined
with the elimination of the cooling system is the ultimate goal.

Insulating the combustion chamber will help eliminate incomplete combus=
tion problems associated with wall quenching and also shorten ignition delay
+imes. I+ is also expected to have a number of other beneficial effects on
{iesel operation such as tolerance of a wider ranqe of fuels, lower compres-
sion ratios, a reduction of white smoka, combustion noise, odor, particulates,
HC and CO, An efficient extraction of mechanical energy from the exhaust
heat (turbocompounding or other means ot waste heat use) is required to
realize any siqnificant enerqvy savings. Otherwise, enqine insulation will
primarily raise the exhaust temperature.

Fiqure 5.8=5 shows tho NO(/fuel efficiency relationships for a mechani-
cally turbocompounded adiabatic engine as compared to an intercooled, super-
charqed, direct injection diesel enaine of current design, as estimated by
Cummins 'Ref. 39), Combustion parameters, such as temperature, dwell time
and excess oxygen, are mainly responsible for the formation of NOy, but
hecause they are only slightly intluenced by heat wall losses, the minimum
NOy level that can he obtained with both enagines is the same. However,
tarqe reductions in fuel consumption of up to 2%% can be obtained if compari-

con is made at a constant N0 omission lovel.

The strenqgth ot high temperature coramic materials have been greatly
improved durinq recent vyears, but they are <till relatively brittle, which
makos use in reciprocating enqgines somewhat more difficult than in qgas tur-
hines. In a turbocharqged diesel, the structural members which establish the
houndaries of the combustion chamber must withstand pressures on the order

of 2000 psi and must undergo up to one hillion heat cycles over the lite

span of an engine. The use of cei amics in enagines is still in its infancy,
but encouraqing results have already been obtained. Cummins, a leader in
the field of diesel ceramization, has taken firm action by direct ly addressing
the problems associated with the most critical component - the piston.
Ythers, such as Faton, are < sneentrating on the development yf other ceramic
enqine components, valves in part iculare

Table 5.8-1 compares the properties of sil icon nitride to those of

conventional piston materials. Fiqure 5.8-4 and Table 5.8-2 show the piston

3

dasian approach taken by Cummins, with related material temperature proper-

+ios and strass information. Tho design ¢ snaists of a ceramic top bolted to
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Table 5.8-1. Comparison of Properties of Silicon Nitride Ceramics
and Conventional Piston Materials (Ref. 52)

Aluminum Al loy Grey Cast Modular Cast Silicon Nitride
| Iron lron
mM13a | LM26b BS 1452 BS 2789 HPSNC RBSNI
(SAE 332)
Density, Mg/m> 2.70 2.74 7.3 Te2 3.2 2.2-2.75
|
Melting Point, °C | ~570 | ~550 950-1230 950-1230 1750-1900
decomposition
Thermal Expansivity |
x 10=6/°C, Linear, 20-1000°C| 19 20 12 1" 2.5
|
Thermal Conductivity, W/mK |
(at room temperature) 117 | 104 50 29 25-35 8-40
- Specific Heat Capacity,
S J/kg K 900 900 450 450 700 700
A
Strength, M Pascal 190-280 250 200-300 370-725 800¢€ 230¢€
|
Elongation (%) ~0.5 1.3 - 172 - -
|
Young's Modulus, G Pascal | 71 | 80 103 166 300 175
|
Hardness 150-80HBf | 100HB 180-260HB 250HB 1675-19509| 900-13509
I l
Analysis %: Cu SI Mg Ni Fe Mn TI Zn Sn Pb
a M3 0.7-1.5 10-12 0.8-1.5 0.7-1.5 1.0 0.5 0.2 0.5 0.1 0.1
b m26 2.0-2.4 8.5-10.5 0.5-1.5 1.0 leZ 0.5 0.2 1.0 0.1 0.2

C HPSN Hot Pressed Silicon Nitride (fully dense) .
d RBSN Reaction-Bonded Silicon Nitride (incompletely densified)

€ 3-Point Bend Strength

f HB Brinel| Hardness

9 Knoop Hardness, 100 g ioad, kg/mm2
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Table 5.8-2. Stresses in Cap of Ceramic Piston as Estimated by 2f. 51)

Coefficient
Thermal Elastic
Expansion Thermal Modu lus Combined Thermal
x10-6/°F Conductivity x106 psi Stress, Stress,
Material Type (1000°F) Btu/hr-ft-F (1000°F) psi psi
Peaction Bonded Silicon Nitride V2 6.4 23.1 3300 5250
Hot Pressed Silicon Nitride 1a2 10.5 44.0 5120 7070
W
1
» Sintered Silicon Nitride 9.7 40.0 6750 8720
Reaction Sintered Silicon Carbide 1.9 38.4 54.0 6490 6580
Sintered Silicon Carbide 2.6 19.3 56.5 11,000 12,990
Magnesia Alumina Silicate 1.1 0.85 17.4 7750 9660

Fused Silica 0.3 1.2 21.0 700 2610
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a conventional aluminum base. A stack of Belleville springs is provided to
compensate for longitudinal differences In thermal expansion. A unique
design feature is a stack of highly insulating disks between the top and
the body, which allows the use of high strength ceramics (silicon carbide),
which have a relatively high therma! conductivity, and can withstand high
temperatures at moderate compression loads. The Insulating properties of
the disks were achieved by Iintroducing a high degree of surface roughness
which creates an efficient thermal barrier when the disks are used in a
stack. According to Ref. 51, a hot pressed, silicon nitride capped piston
was operated for 164 hours under operating conditions that produced a BMEP
of 245 psi, a 20.4 A/F ratio, and a peak pressure of 2500 psi cylinder pres-
sure. The test was discontinued because of bolt loosening problems.

Another approach that essentially circumvents the problems with cer-
amic poppet valves Is that taken by Johnston (Figures 5.8-5 and 5.8-6). The
Johnston engine takes advantage of air motion and the potential of the two-
cycle concept for the application of ceramics. The Johnston engine is gener-
ally of conventional single piston uniflow design but uses a cylindrical
"cookie cutter" type of sleeve valve Instead of poppet valves to circumvent
the stress and Impact problems with poppet valves. Swirl is Iintroduced
through the ports of the sleeve valve and is enhanced during final compres-
sion by the convergence of the space between the piston crown and the cylinder
head, which produces vortex acceleration and spiraling squish flow. Figure
5.8-7 compares the projectel power versus fuel economy produced with the
concept as compared to current technology. The fuel economy gains shown are
fairly consistent with those predicted by Cummins (Figure 5.8-3).

5.9 HARDWARE DESIGN

In the past, development of diesel engine hardware was primarily de-
pendent upon testing techniques which concentrated on eliminating weaknesses
that would otherwise jeopardize the program objectives. Such development
approaches have frequently led to an unbalanced design, with certain compo-
nents over-designed or containing redundant structures and mechanisms. As
shown in Figure 5.9-1, considerable improvement in specific weight has been
achieved between 1920 and the Second World War, primarily from the combined
results of combustion efficiency improvements, and the introduction of light-
weight materials and improvements in foundry technology. Progress leveled
off because of |imitations of analytical and material resources. The advances
in computer technology and the adoption of "Computer-Aided Design" (CAD)
techniques are partly responsible for the renewed reduction of engine
specific weight after 1960, and it is expected that further refinements in

CAD approaches will make additional improvements possible as Iindicated by
the projection in Figure 5.9-1., As can be seen in Figure 5.9-2, the more
comprehensive use of CAD will also considerably shorten the learning period

that each engine project must go through before it reaches the production
stage.

Complex computer programs are now available to the engineer which employ

digital and analog simulation techniques, and which will be helpful in
resolving dynamic, heat flux, stress and deformation problems in critical
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components such as pistons (Figure 5.9-3), push rods (Figure 5.9-4), crank
shafts, fuel 'ines, etc. The use of CAD will also be helpful in pin-pointing,
reducing and eliminating the primary sources of noise development caused by
housing deflections as shown in Figures 5.9-5 and 5.9-6.

Further reduction in engine weight is also expected to come about with
the introduction of advanced |ight-weight materials and improved production
technology. Of course, the discussed hardware improvement potential applies
to the gasoline engine as well, but being a more stress critical piece of
hardware, the diesel is expected to benefit considerably more from the appli-
cation of CAD techniques.

5.10  FRICTION

In terms of total energy, the engine friction as can be seen from
Figure 5.1-1 and Table 5.1-1, is not a large contributor to total losses.
However, because it is a direct trade-off between work exerted on the piston
and applied to the crankshaft, mechanical friction has a strong effect on
fuel economy, engine speed rating, specific weight and size. According to
competent |iterature (Ref. 55) diesel engines have a considerable potential
for reduction of friction to the extent indicated in Figure 5.10-1. As
illustratea in Figure 5.10-2, this potential can be used to either improve
power output and fuel consumption up to approximately 10%, or to increase
i1.» speed rating of the engine by 25%, with the resultant benefit of reduced
size aad weight.

At this time, there is very little known about the physical nature of
friction, the total energy actua' v wasted because of friction under actuai
operating ccnditions, or the degree to which various design parameters con-
trol frictional losses. Available friction data are obtained from motoring
the engine and from extrapolation through the so-called Willansline (Figure
5.10-3). Speed rating has a prominent effect on friction losses. Engine
friction also depends to a great extent on oil viscosity which, in turn is
strongly affected by oil temperature.

in addition to using a low friction oil, the primary approach to lower
friction is through increased and more tightly controlled oil temperature
during all operational conditions. Unfortunately, with increasing temperature
the minimum film thickness also decreases and, as shown in Figures 5.10-4
and 5.10-5, requires closer tolerances or larger bearing areas. This means
that most measures to reduce friction also lead to increased engine dimen-
sions and weight, and cannot be indiscriminately used without making an
engine too heavy and bulky. Extensive design and cost trade-off studies
are required for optimization. |t has been estimated that engine friction
can be reduced by as much as 40% with an optimized design, which would improve
fuel efficiency by approximately 12% (Ref. 55).

The application of roller and needle bearings is also a means of reducing
friction. Roller bearings are used for the crankshaft in a number of large
vehicular diesel engines, such as the Maybach engine shown in Figure 5.10-6.
Maybach diesel engines have an undivided tunnel type crankshaft housing, and
the crankshaft bearing assembly is inserted in one piece from the engine
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end. To accomplish this, the bearings must be fitted over the journals of
the crankshaft. Approaches in this direction are usually undesirable for
automobile engines from the cost standpoint, but should be a part of friction=
oriented design optimization studies. Because most efforts to significantly
reduce the friction of conventional bearings lead to increased engine dimen-
sions, there might well be a cross-over point at which the introduction of
roller bearings is favorable, from cost standpoint as well.

5.1 THREE-CYL INDER ENGINES

A three-cylinder engine can conceivably be of advantage in the small
diesel class of about 1-2 to power two-seated subcompact comnuter cars having
an inertia weight of about 1600 Ib, and a fuel economy of 60 + mpg for a
natually aspirated, and 80 + mpg for turbocharged production duction engines.
According to the Volkswagen design trade-off study, discussed in Section
3.4, the choice of the number of cylinders has a noticeable effect on engine
specific weight and power concentration (Figures 3,4-8 and 3.4-9). This
relationship becomes increasingly pronounced with single cylinder displacement
sensitivity to power concentration brought cbout by the composite effect
of size-related internal aerodynamics and thermal/mechanical |imitations,
such as piston speed, boreto-stroke ratio, etc. In the case of VW, the
single cylinder displacement chosen for their family of engines was 400 cc,
which led to the need for five cylinders for the 2-f class. Extrapolating
the results of this study of small displacement encines downward from the
1.6-0 Rabbit engine, the same study suggests that three-cylinder engines
could conceivably be of advantage in the 1-/ displacement class.

Reasoning in this direction is not new. Loop-scavenged, two-cycle
spark-ignition engines, for example did show a strong sensitivity to cylinder
displacement with a distinct optimum at about 300 cc per cylinder. Three
cylinders were therefore chosen for the Auto Union two-cycle engine that
powered the German Auto Union (DKW) and Swedish Saab passenger cars for more
than two decades (1938 to 1963). According to recent press information VW,
Ford, Buick, and General Motors have voiced plans to introduce three cylinder
qasoline and diesel engines for computer mini cars between 1985 and 1990.

5.12  TWO-CYCLE ENGINES

Two cycle diesel engines are widely in use for marine applications,
railroad locomotives and trucks. Their performance and fuel economy is
competitive with their four cycle counterparts although they are considerably
lighter. All of the two-cycle diesels in use are of direct injection and open
chamber design and are uniflow scavanged, using a combination of piston
controlled inlet ports and poppet outlet valves, or piston only controlled
inlet and outlet ports. Mechanically driven Roots or centrifugal blowers
are commonly used for scavenging on two-cycle vehicular diesels, with or
without the additional use of tubochargers. The operating speed of all
two-cycle diesels in use is generally low, below 2500 rpm.
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One of the major reasons why high-speed, two-cycle automotive diesels
are not in use today is that two-cycle engines are more difficult to develop.
An approach to the high-speed automotive diesel through the two-cycle concept
would have meant an unnecessary compounding of problems which developers
were reluctant to undertake. This does not mean that two-cycle engines have
no potential for light and medium duty vehicular application in the future.
Two-cycle engines of the valve or opposed piston uniflow type definitely
deserve renewed attention and re-evaluation, taking current and projected
technology advances into account.

A well known problem with two-cycle engines is that of residual gases.
This is primarily responsible for the relatively poor volumetric efficiency
of two-cycle engines as compared to four-cycle engines. With EGR possibly
becoming a necessity in diesel engines to meet future emission requirements
the residual gas problem of the two-cycle engine can possibly be used to its
advantage. The two-cycle engine already has a built-in EGR capability. The
amount of residual gas entrapment can be varied over a relatively wide range
by controlling the inlet pressure and back pressure of the engine. No addi-
tionai systems that can contaminate and fail are required to implement and
to control EGR.

Because of their simplicity, two-cycle engines, in particular those of
the opposed piston uniflow type, lend themselves better to the application
of ceramic materials than the more complex configuration of four-cycle cylin-
der heads. The latter require the accomodation of at least two poppet valves.

Smal | two-cycle engines wil! require only one poppet valve in the center of
the head. In opposed piston type engines, there is no cylinder head at all.
All interior surfaces are cylindrical and essentially flat.

The opposed pision two-cycle engine concept has a number of other ad-
vantages. As shown schematically in Figure 5.12-1, the major loads between
pistons and crankshafts can be balanced by using tie-rods without imparting
strain, vibration and shock loads to the housings. The sleeve can be free-
floating, and compressive “Yoop stresses may possibly be introduced by wrapping
the ceramic sleeve with glass fiber.

Aerodynamically clean radial swirl can be induced with the inlet ports,
which is necessary to achieve low NO, emission in open chamber stratified
combustion. Experience with uniflow opposed piston engines has shown that
without the use of swish techniques the residual swirl intensity is sufficient
to produce a half-turn of the compressed air volume during injection and to
generate a radial gravity field that rapidly displaces hot combustion products
toward the center of rotation with a minimum of turbulence and mixing. This
should be favorable from the NO, stand point.

The need for a synchronizing gear train between the two crankshafts has
been a major deterrent in the adoption of opposed piston concepts by devel-
opers of commercial diesel engines. With recent advances for small engines
in the design of cogged nylon belts, this problem may possibly be overcome
in a cost-effective and economically viable way. Attempts to circumvent the
two crank synchronization problem have been made by introducing additional
rocker arms and push rods that connect the pistons to a single common
crankshaft (Fiqures 5.12-2 and 5.12-3). This results in a relatively bulky
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enqine. But as described in Section 5.7 (Figure 5.7-3), it also offers a
tfeasible means of implementing variable compression.

The extensive development background of two-cycle diesel engines which
exists, can be usefully applied in assessing their developmnet potent’al
for light and medium duty vehicular uses. In the United States, General
Motors and Detroit Diesei Allison have bea: the leading developers of two-
cycle heavy duty Vehicular diesels which are all of the uniflow, multiple
outlet valve type as shown in Figure 5.12-4,

The Thioko! Chemical Corp. attempted to develop a 101 CID light duty
two-cycle diesel engine for trucks and boats In the early sixties. As shown
in Figure 5.12-5 the engine was of a unique radia! twin crankshaft design
using a U-shaped combustion chamber shared by two adjacent cylinders. The
purpose of the dua! crankshaft arrangement was to affect piston phasing for
improved scavenging and volumetric efficiency. As shown in Figure 5.12-6,
the concept would have been very advantageous from the packaging ctandpoint,
but it suffered from a number of inherent drawbacks. These were primarily:
(1) an intolerably high heat rejection rate because of a large surfac2 to
volume ratio of the combustion chamber, (2) the inability to start on d'esel
fuel because of cross-over volume between adjacent cylinders |imiting the
compression ratio to approximately 18:1 and, (3) poor scavenging efficiency
because of Iinsutficient piston phasing. The development was therefore dis-
continued. Ceramic lining of the cylinder heads, which is believed feasible
in the near future as well as turbocharging and preheating of the inlet air
could possibly have solved the heat rejection and the starting problem which
were one of the primary reasons for discontinuing this development work.

FEncouracing development work with a four-cylinder, two-cycle radial en-
gine for ligh* aircraft which had been started during the 1950s, was reported
by the McCulloch Corp., Los Angeles, in 1970. As shown in Figure 5.12-7,
the engine has a unique toroidal combustion chamber which, as McCulloch claims
claims, has shown superior ombustion efficiency and emission characteristics.
Table 5.12-1 summarizes projected performance data derived from tests. Re-
portedly, evaluation tests with a prototype engine will be conducted by the
NASA-Lewis Research Center in Cleveland in the near future. The radial en-
qine concept does not seem tn be favorable for vehicle applications; however,
the toroidal combustion chamber concept definitely deserves attention.

Opposed piston two-cycle engines of the type shown in Figure 5.12-3
were developed In the 1950s by Sulzer in Switzerland and MAP (Manufacture
D'Armes de Paris) in France. Opposed piston diesels for industrial uses
of free-piston and dual crankshaft design were develcped by Junkers and
Pescara in Germany and in France prior to The Second Wzrld War. Turbocharged
and turbocompounded opposed piston two-cycle diesels for aircraft uses
were developed by Junkers in Germany, and by Napier in Britain during and
after the Second World War.

On'y two isolated research approaches using the two-cycle concept have
recently been taken. One approach, aimed primarily at the implementation
of variable compression ratio, uses an opposed piston engine design as shown
in fiqure 5.7-3 (Ref. 50). The approach does not take advantage of the

5-57




P VI R TR R TRERTTURRYY LS.

BT Y ——

ORIGINAL PAGE
BLACK AND WHITE PHOTOGRAPH

reeree
(RN |

IZETRIM

iwresial

Figure 5.12-4. Cross-Section ot Detroit Diesel
Allison V92 Two-Cycle Diesel Engine,
92 CID Per Cylinder (Ref. 58)

TRUE
MOTION
FRAME

CONNECTING
RODS

KNUCKLE e | PME" _ CRANKCASE _ CYLINDER

LINER

., PASSAGE

'FetNrAxE
", PORTS

CRANKSHAFT
JOURNALS

B COMBUSTION
CHAMBER

COOLING
WATER
/ JACKET
EXHAUST S
COUNTERWEIGHTS PORTS

CYLINDER BLOCK

Figure 5.12-5. Cross-Sectional View of the 101 CID
Dynastar Two-Cycle Diesel Engine
Developed by the Thiokol Corp. (Ref. 59)

5-58




R = T am .+ o e g B o ad o

[eme— 26.0 IN.——-'J

23.0 IN\+———

26.0 IN.

23.0 IN.

e————31.4 IN,

Size Comparison of Dynastar Radial Diesel Engine with
Typical Conventional Diesel Engine of Same Displacement

(Ref. 60)

Figure 5.12-6.

i
7

Ty F

LNKUDNNOUE\\T///
2-TOROIDAL CHAMBER

3-TOROIDAL SWIRL FLOW
4-SQUISH FLOW

Figure 5.12-7. Schematic of McCul loch Two-Cyc!e Diesel
Engine with Toroidal Combustion Chamber

(Ref. 60)




Table 5.12-1. Dynastar Radial Diesel Engine Projected Performance
Based Upon Single Cylinder Tests (Ref. 59)

Dynastar Model No.

Characteristics CL430 CL830 CL843
Brake Horsepower 50 100 200
RPM 2500 2500 2200
No. of Cylinders 4 8 8
Bore (in.) 3.0 3.0 4,25
Stroke (in.) 3.5 3.5 4,25
Piston Area (in.2) 28.3 56. 5 113
Displacement (in.>) 99 198 480
Compression Ratio 11 1741 17:1
Weight (1b) 200 400 800
Length (in.) 21 23 27
Height (in.) 17 26 32
Width (in.) 26 26 32
Installation Evelope (ft3) 5.5 9 16
Lb/HP 4.0 4.0 4.0
HP/ £+ 9.1 1.1 12,5
HP/in? Piston Area 1.77 .2 V77
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concept of stratified combustion and the application of ceramic materials.
The approach taken by Johnston is primarily aimed at the implementation of
ceramics (Figure 5.8-5). |t uses conventional single piston uniflow design,
but has a sleeve valve to control the outlet flow, instead of the conventional
poppet valve. As described in Sections 5.7 and 5.8, both of the above ap-
proaches have shown encouraging results.

In summary it appears that the two-cycle engine concept has a potential
for application in high speed automotive diesel engines and definitely
deserves attention. In particular, this is true for small displacement three

cylinder engines that will display six cylinder four-cycle engine character-
isticse.
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SECTION 6

SUMMARY AND CONCLUDING REMARKS
The major findings made in this study are summarized as fol lows:

6.1 FUEL ECONOMY

In their present form, diesei-powered cars offer fuel economy advan-
tages to the individual consumei- and to the community that make further
dieselization of the U.S. fleet of light to medium duty vehicles desirable.
Based upon EPA ratings, diesel cars currently in use are 25 to 60% more fuel
efficient than currently designed gasoline-powered counterparts. On the
basis of sales, the aversge diesel fuel economy advantage over gasoline-
powered cars is 3% percent, but only 257 if compared against gasoline-
powered economy cars of the same weight class. The total energy savings of
petroleum fuel that will resn!* from dieselization are estimated to be on
the order of 4 to 6% with 25% markat penetration.

6.2 DRIVEABILITY

The typical characterisiic drawbacks of the diesel in regard to noise,
smoke, and odor, have been reduced to a degree that is not overly objection-
able to the consumer when taking the fuel economy advantages into account.
The diesel's inherent sluggishness can now be overcome by turbocharging, at
acceptable cost to the consumer because of recent improvements in small
turbine production technology.

6.3 SERVICE LIFE

Conventional ly designed automotive diesels such as the ones marketed
by Mercedes Benz, Peugeot, Perkins, and Nissan, for example, have established
a superior record of reliability and lower operating cost. The producers of
gasoline - diesel conversions do not make any claims that their diesels will
outlast their gasoline counterparts. There is not enough general road exper-
ience available at this point in time to make any statements in this regard.
The initial mechanical problems encountered with the General Motors/0Olds
diese! are not necessarily typical for gasoline-diesel conversions.

6.4 MARKET TRENDS

The factors suqgesting significant growth of the diesel market in the
United States are: (1) for the consumer - an improved fuel economy and the
desire to continue driving a larger, safer and more comfortable car, (2) for
industry - the need to meet CAFE regulations and still sell larger cars,
and (3) for the community - the increase in miles driven per barrel of crude
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oil, and the potential of meeting future emission requirements without the
use of critical materials, which are now needed in catalytic converters.

Despite the fact that diesel cars are about 10% more expensive and
the price of diesel fuel has risen to 87 percent that of gasoline, the demand
for diesel cars is growing. Many of the major producers of gasoline-powered
cars not marketing diesels now will outfit selected |ines of their cars with
foreign-made small diesel for the market of the 1980s. Most auto manufac-
turers also have their own diesel development underway.

A projection is that 25% of all cars marketed in the United States will
be diesels by 1985. However, current consumer interest will possibly diminish
with progressing dieselization. This may occur because of mandatory refinery
changes and increased processing cost that will have to be passed on to
diesel users. Regulated diesel fuel prices to benefit overall petroleum
energy savings would require subsidies from other fuels.

6.5 EMISSIONS

The primary factor inhibiting and possibly curtailing dieselization
of the U.S. fleet is that of emission. Diesel cars have generally met past
standards but are now requiring waivers to meet current standards for gaseous
emissions. Diesel cars will not comply with the EPA proposed future schedules
for the controlling of particulates, NOy, CO, and HC. Of particular concern
is the emission of particulates which are believed to be carcinogenic in na-
ture, though this claim has not yet been proven. Unfortunately the measures
known to reduce specific emission constituents are not necessarily compatible
with each other. There is unanimous agreement in the diesel community that
more fundamenta! research is required to significantly reduce diesel emis-
sions. There is serious doubt that the goal of the EPA schedule, which is
to reduce the problem emissions of NOy, to 1.0 g/mi, and particulates to 0.2
g/mi, can ever be achieved, unless a technological breakthrough is made.
Otherwise, a further downsizing of diesel cars below an inertia weight of
2000 Ib (less than the VW Rabbit) woild be the only solution to the emission
problem.

To give the automotive industry more time to clean up their diesel
engines, the EPA has granted a waiver that relaxes the 1981 standards for
NOy from 1.0 to 1.5 g/mi for the period of 2 years through 1983. This is 2
years less than the diesel industry had originally asked for.

EPA-imposed emission standards as well as contending gasoline engine
developments make the future of the diesel car in the United States very
uncertain. European countries are equally concerned about diesel emission.
However, this may not inhibit further dieselization of their fleets until
alternative automotive fuel sources (liquid fuel derived frum coal, oil shale,
or biomass, for example) or significantly more efficient alternative power-
plar s have been developed.
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6.6 CONTEND ING ENGINE CONCEPTS

In addition to the emission problem, the diesel is also confronted
with the problem of keeping the fuel economy lead over its gasoline fueled
contenders which are also rapidly improving. Challenging the diesel in
particular in the gasoline engine field are cylinder cut-off techniques,
programmed fuel injection, turbo and supercharging techniques, and improved
combustion chamber designs with lean burn that will allow for the integration
of compression ratios as high as 15:1.

6.7 POTENTIAL FOR IMPROVEMENT

The diesel still has significant potential for fuel economy improve-
ment (40 percent) over the present state of the art. To utilize it, however,
will require a great deal of further research. Primary areas with the largest

improvement potential are those of open chamber combustion, engine insulation,
turbocompounding, and hardware design optimization for the further reduction
of structural weight and friction losses.

Advanced diesel R&D work in progress is primarily aimed at open chamber
combustion and the use of ceramic materials to achieve hotter walls; which
reduces cooling losses, HC and particulate emissions, and smoke development.
The initial effort of advanced diesel work will probably be on truck diesels
first and become appilcable later to smaller displacement diesels when eco-
nomically feasible.

Two-cycle engines deserve renewed attention in advanced diesel R&D work
because of their potential for high EGR capability, open chamber combustion,
and their simple confiquratici which makes the application of ceramic materi-
als more feasible. Weight and packaging advantages particularly rtor the
valveless oppcsed piston type could make the two-cycle diesel attractive.

A definite need exists for more fundamental rather than product-oriented
research. Resolution of the particulate emission problem especially re-
quires relatively high initial investments in special equipment for high
speed combustion analysis, flow visualization and for instantaneous par*icu-
late sampling. Broadly based, well coordinated research programs with long-
term funding are, therefore, believed necessary to solve the diesel emission
problem, and to fully use the known fuel economy potential of the diesel
engine.
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