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ABSTRACT

The status of flve conventiona! automobiie engine technologles Is as-
sessed and the future potential for Increasing fuel economy and reducing
oxhaust emlssions 1s discussed, wusing the 1980 EPA Callfornia emissions
standards as a comparative baslis. By 1986, the fuel economy of a uniform
charqe Otto engine with a three-way catalyst Is expected to Increase 10%,
while vehicles with lean burn (fast burn) engines should show a 20% fuel
aeconomy increase. Althoigh vehicles with stratifled-charge englines and
rotary »~ngines are expected to Improve, their fuel economy will remain in-
fertior to the other engine types. When adequate NO, emissions control
methods are Implemented to meet the EPA requirements, vehlicles with prechamber
diesel engines are expected to yield a fuel economy advantage of about 15%.
While successful Introduction of direct injection diesel engine technology
will provide a fuel savings of 30 to 35%, the planned regulation of exhaust
particulates could seriously hinder this technology, because it Is expected
that only the smallest diesel engine vehicles could meet the proposed parti-
culate requirements.



PREFACE

This report was prepared by tho Jot Propulslon Laboratory for the (.4,
Dapartmont of bnergy, Office of Transportation Programs, for the Vehicle
Systoms Program managed by Albort Chosnes.  This work was dono at JPL In the
Fnerqgy and Control Division by the Propulsion System Sectlon as part of
Vehlcle Systoms Tasks managed by bugene Baughman. Dr. M.W. Dowdy, tho author
of this volume, s no longer an employee of JPL. He Is prosontly with Machani=
cal Technology, !ncorporated, In Latham, New Yurk.

The work was performed by the Jet Propulsion Laboratory and was spon-
sored by the U.S. Department of Fnergy under Interagency Agrooments Dt =AlQ1-
T6CSH1011 and DE=ATOQT=-80CSH50194  through NASA Task RD 152, Amondmont 1o,

The purpose of thls vehlcle systoms task was to perform a tochnlcal
assassmont of conventional automotive englne status and report the rasults.
Tha status of the technology reported Is that which was avallable through
Aprit 1981,  This voluma 1s part of the final report conslsting of throeo
volumes,

Volume | prosonts the status of Otto cycle englne tochnologlas; Volume |1
prasonts the status of Dloesel onglne technology and Volume 111 comparoes
those conventional angline types and discusses thelr future potontial.
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SECTION )

INTRODUCTTON

The purpase of this volume of tho roport is to provideo an assesomont
of the atatus of econventional engine fechnotegy as currently used in the
automabile application and to indicate the future potential for increasing
fuel economy  and reducing exhaust emissions by advancing this technology.
This ovaluation covers uniform charge Otto enqines using three=way catalyst
emiasion contral systems, lean burn (fast burn) uniform charge engines using
othor emiasions control technology, stratifired charge engines, diesol ongines
and rotary  enginos,  Current  production  engines  and  advanced developmont
activities for each ongine type are covored in dotail in Volumes | and 11 of
this report,  This volume is devoted mainly to a comparison of these five
types of convoentional engines,

During the last decade, many factors have helped shape tho automotive
praduct which T being produced in 1980=81, Among these tactors are govern-=
ment requiations to help maintoin alr quality and encourago energy conserva-
tion, fuel availability concerns, and rapldly escatating fuel prices. The
qeneral trends in exhaust emis:ions and fuel econamy regulatisns whict have
‘ed to changes in utomotive technology In recent years are given in Figure
1=1, which shows that significant reductions in gascous omissions have been
achioved, and  further fuol economy Increases and emissions reductions are
required in future years.  Of particulor Interest s the planned regulation
ol exhaust particutate matter, which could have a serious coffect on the
future use of diesel engines.  Although government policvy appears 1o be
shifting away from  further requlations of industry, it 1s oxpected that
prosent requlations will be implementad, perhaps in o strefched-out time
sequences  The fuel economy and emisslons requirements In Filgure 1-1 will
farm the basis for the comparisons and projections presented in this roport.
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SECTION 2

COMPAR I SONS OF CURRENT ENGINE TECHNOLOGIES

This section covers the tuel economy and exhaust emissions results
for current production vehicles using various engine types. The data Is
taken from EPA certification and fuel economy data vehicles for the 1980
mode! year in California. California vehicle data is used because current
California emissions standards are more representative of future emissions
requirements for all states.

Fuel economy over the composite driving cycle (558 urban driving and
45% highway driving) is given as a function of vehicle Iinertia weight in
Fiqures 2=1 through 2-4 for the ditferent engine types. Data scatter is
partially due to the fact that the data represent vehicles with 4-speed
manual, S-speed manual, and automatic transmissions, as well as with a range
of rear axle ratios. Uniform charge Otto engines with three-way catalyst
amissions control and dievel engines are tound in the full range of vehicle
weights; however, lean burn (fast burn) and stratified charge engines are
found only in lighter-weight vehicles (vehicle inertia weights less than
3,000 Ib). The boundary curves around the data are used to represent the
various engine types in the comparisons which follow. The fuel economy
characteristic for the prechamber diesel ergine is based on the use of
diesel fuel, while the fuel economies for the other engine types are based
on qasoline,

A comparison of the composite fuel economy for various engine types is
qgiven in Fiqure 2-5, Vehicles having diese!l engines show significant fuel
economy advantages over vehicles with other engine types for the full range
of vehicle inertia weights. Part of tnis advantage is a result of the higher
enerqy content of a gallon of diesel fuel. Lean burn (fast burn) engines
show some fue! economy advantaqge over the uniform charge engines with three-
way catalyst emissions control. Stratified charge engines show some fuel
economy advantage in the lightest vehicles (vehicle inertia weight of 2125
Ib), however, this advantage disappears in the heavier vehicles.

The previous discussions did not attempt to distinguish between vehicles
having different levels of performance; however, this is an important consi-
deration in making comparisons of different vehicles. The previous fuel
economy data is shown in Figures 2-6 through 2-10 expressed as vehicle inertia
weight (IW) times composite fuel economy (MPG) plotted versus horsepower
divided by vehicle inertia weight. |In these figures, vehicle inertia weight
is expressed in tons. Fuel economy in IW(TON) X MPG is a measure of vehicle
efficiency, and HP/IW(TON) provides a first-order indication of vehicle
performance. The data show a sicnificant spread in the fuel economy para-
meter at a given performance level.

2-1
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The fuel economy charaeteristics for the various engine types are com=
pared in Flqure 2-10,  Vehlelas with diesel engines qenerally have a lower
S W(TON) than vehieles powered by aasoline engines.  This Indicates that
the diasel=powerad vehicles whieh are currently being produced and sold have
towar porformance than thelr qasolino-powered counterparts. Diesel engines
still show significant fuel econemy advantaqoes in this plot, even when com-
pared at the ~ame vehicle performance level (as indicated by the HP/IW(TON)
paramoter,

A comparison of the NO, emissions characteristics for various engine
types is shown in Fiqure 2-11. Solid lines in the figure represent the 1980
California NOy emissions standard ond the Federal NQO, emissions research
aqoal. All EPA data for 1980 Califoraia vehicles with a particular engine
type have been averaged and plotted as a single point in this figure., The
uniform charge Otto anglne with three-way catalyst emissions control provides
the lowest NOy emissions of any engine type. The rotary engine dota shown
is from 1980 EPA test data. The rotary engine is also equipped with a threo-
way catalyst emissions control system. Although NOy emissions are controlled
to about the same level as for the uniform charge Otto engine (reciprocating)
with three-way catalyst emissions control, the rotary engine shows signifi-
cantly lower fuel economy. NOy emissions for +the lean burn (fast burn)
and stratified charge engines are somewhat higher, but still well below the
1980 California standard. The prechamber diesel engine has NOy cmissions
of about 1.35 g/mi, which is higher than the 1980 Callfornia standard.
Diesel enqine fuel economy Is shown based on diesel fuel and also based on a
qgasol ine equivalent basis so that energy efficiency comparisons can be made.

Comparisons of the HC and CQ emissions characteristics for the various
engine types is shown In Figure 2-12. The solid lines represent the 1980
Callfornia emissions standards. All engine types moet these requirements
with margin. Diesel engines tend to have lower CO emissions and higher HC
emissions than the gasoline engline types considered.

As previously mentlioned, prechamber dlesel engines currently In produc-
tion have difficulty meeting the 1.0 g/mi NOy emissions requirement. The
ability of diesel engines to meet the proposed 0.2 g/mi particulate emissions
requlation (In 1985) is also a major open issue. The general trends of
particulate and NOy emissions for prechamber diesel engines are shown In
Figure 2~13., The emissions characteristics for current productlon vehicles
are represented by the right-hand termination points of the curves. Both
NOy and particulate emissions increase significantly with Increasing vehicle
Inertia weight. This figure shows the relationship between particulates
and NOy emissions, which are reduced through the use of exhaust gas recir-
culation (EGR) and modified Injection timing. In this case, reductions in
NO, emissions are accompanied by increases In particulate emissions. As
shown in this figure, only vehicles with Inertia welghts less than 2000
Ib can meet both the 1.0 g/mi NOy emissions requirement and the 0.2 g/mi
particulate emissions level simultanecusly, using present diesel engine
technology. Significant efforts are underway 1o develop combustion system
mod| fications and/or fuel modificatlons to lower diesel engine particulate
and NOy emissions. However, In the near term, some form of exhaust treatment
will probably be required for the prechamber diesel engines to meet the 0.2
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q/mi particulate emissions requlation,  The most promising after=-treatmont
davice is the regenerative particulate trap.

A comparison of the averaqe fuel eaconomy charactoaristies for vehicles
with vartous enqlne typas 1s shown In Fiquro =14, Fual economy 15 axprassed
in Torms of the paremotor 8, which 1s dofined as the product of vohlala inor=
tia waiqght In tons and the ecomposite fuol oconomy in MOG., This fual economy
paramater 15 platted varsus tha vehicle parformance paramoter, HP/ZIW(TON),
fach plottad ponint reprasonts the average of all tPA data for 1980 California
vahiclag with a qgivon endine typo and with values of the vohicle porformance
paramotar within a “=uynit Intarval (0.q., the ruel oconomy parameters for all
vahiclos with prechamber dinsal onginos and with HOZIW(TON) valuos botwoen
“hoand 60 are averaged and plotted as a sinqle point in this figuro). TIn
provide a basis for comparison, a lino is drawn to reprosent the averagoe of
t+he data points for vehieles having uniform charge Otto engines with throo-
way catalyst oemissions control systema, The three points with the highost
HOZIW(TON) valuos were not included In this averanlng process becauso thoy
ropresont hinh parformance sports vehicles. Also shown are lines reprosonting
the uppor and lower bounds of the data for vehicles having uniform charge Otto
onyinos and throe=way catalyst emissions control systoms. A second scale is
included +o show the percent deviation In +he parameterf, relative to the
basal ino averaqe for vehiclos with uriform charge Otto engines and throeo-way
catalyst emissions control systems,

Some genoral conclusltons regardi-w; the relative merits of current ongine
tachnoloqles can be reached by comparing the averago data in Flgure 2-14,
Vehicles with lean burn (fast burn) uniform charge enginos which do not util-
Izo three-way catalyst emissions control systems have a fuol economy parameotor
B which is 10% higher than the basolline system. Data for vehicles using
stratified charge Otto englnes give values about 5% less than the baseline
systom. Vehicles wlth diesel engines show 8 values about 50% higher than
t+he baselinn, when the 8 is calculated using dlesel fuel. When the diesel
vehicla fuel economy is expressed In gasoline equivalont MPG, the diesol fuol
aconomy parametor 81s 30 to 40% higher than the baseline. However, it should
be recalled (sece Fiqure 2-11) that the diesel vehicles shown herc produced
NO, emissions qreater than 1.0 g/mi. The NOy emissions lavels for these diesel
vehirlns are approximately two times as high as the NOy emissions lovels for
the other engine types. The fuel economy advantage shown for the diesol
vehicles In Figure 2-14 would be reduced if tha diesel engines were calibrated
t+o moet the 1.0 g/mi NOy emlssions requirement.



sadA; auibug

S=0iLBp 4T, SOI4SiJejoedeys Aucucscy jong efedeay ayi jo ucsidedwol  cyl-g aanb1 4

(NOLiMI,/dH
0elL Ol oLl 00l 05 08 14 09 0s o¥ 05 174
] 1 1 i i i | 1 I} I

INION3I AVIOY @

- LINTIVAINDI INITOSYO SV @3SSIUdX3 DdW) INION3T 135310 ¥3EWVHOId |l |
INION3I 13531A ¥3gWVHOIId [
INION3 O110 3I9¥VHD QadILWiLS V

L ISATVLYD AVM-ITHL O, M INEONI JOYVHD WIOLINN (N¥ME 1Svd) N¥Mg Nv31 A —

(WIISAS INITISVE: LSATVLIVD AVM-IRYHL HilM INIONI OLLIO I9¥VHD WIOLINN O

ViVa 1SATVLVYD AVM-I3dHLI ANNOE ¥3MOT
A —— —— N T O ——

| AVM-ITHL 304 3OVEIAY

VLVa ISATVIVD A O m. S M

—— — — S— NP S——

VIVA LSATVLIVD AVM-IRHL ANNOE 33ddN

ISATVLYD AVM-3RHL HUM 3NIONI OLIO _o
IOYVHD WEOAINN O3 § IDOVIAV =
LUSOINOI5 gy x (NowLl =4

SITOIH3A VINYOLiTVvD 0861 304 Viva vda 40
SANTVYA IDOWVIIAVY INISIdY SINIOd (J311OTd
i 1 | 1 | ] 1 I | ]

ot

0S

-

ool x % /g -9

2-17



SECTION 3
FUTURE POTENTIAL FOR VARIOUS ENGINE TECHNOLOGIES

This sectlon will provide a comparison of the status of current con-
ventional engine tachnologles and Indlcate the future fuel economy potential
of each enqglne type., The comparisons are made under the assumption that the
1980 Callfornla gaseous emissions standards remain In effect and that the
proposed particiulate emissions standards are Implemented as planned. Esti=
matas of the future potential of each engine type are based on the use of
technology which can be Iimplemented on production vehicles by 1986.

Estimates of the fuel economy of vehlicles with various engline types are
shown In Figure 3-1, Fuel aconomy Is given In terms of +the fuel economy
parameter B, with the vehicle Inertla weight expressed In tons and the MPG
belng expressed In gasoline equivalent units. Fuel economy values for vehl-
cles utlllzing 1980 engine technology are ‘taken from Flgure 2~14 for vehicles
with a performance parameter (HP/IW) of 57.5. This value of performance
parameter was selected because It Is representative of many 1980 production
vehicles (see Table 3-1) Including vehicles powered by each ongine type con-
sldered In this study, with the exception of the rotary engine which Is used
In only one vehicle having a HF/IW(TON) value of about 73. As previously
mentlioned, the 1980 dlesel vehicles did not, in general, meset the 1.0 gm/m!
NOy emissions requirements and In that sense are not equivalent 1o vehlicles
powered by The other englne types.

Fuel economy astimated for vehlcles using 1986 engine technology ars
based on projected advances In current conventional engine technologies and
the Introduction of direct Injection diesel engine technology. The 1980
uniform charge Otto engine with three-way catalyst emissions control Is se-
lectod as the haseline system, with estimated fuel economy Improvements baing
measurad against this base.

By 1986, the fuel economy of vehicles with the advanced basaline engine
system (l.e., unliform charge Ofto with three-way catalyst) Is expected to
Increase by about 10% due to dvances in the basallne englne ‘technology. These
advances will Include contlinued development of alr-fuel control systems which
are more sulted to closed-loop, three-way catalyst emissions control. As
microprocessor-basaed control systems find wlcer use on future vehicles, more
optimization of engines will be made to Improve fuel economy by monitaring
and controlling engine variables (e.g., spark timing, EGR, secondary air,
air/fue! ratio) while at the same +time maintaining low emission levels.

Continued progress In understanding lean combustion processes (e.g.,
flame Initiation, flame propagation, and turbulence control In the combustion
chamber) and practical ways of achlieving a fast burn in englines Is expected
to result tn a 15% increase in fuel economy by 1986. This estimate assumes
t+aking advantage of tho tolerance of fast burn engines to Increases In compres-
sion ratio. This assumption depends on tThe continued availabllity of fuels
with properties (e.g., octane rating) similar to 1980 gasoline fuels. It
Is expected that englne compresslion ratio can be Increased from 8.5, which Is
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typical of 1980 fast burn onglinas, to abeut 12,0, A plot showing tho osti-
mated Incroasos In onginoe offlcloncy which can be achieved by incroeases iIn
comproassion ratlo and leanor opoaration Is glven In Figure 3=2, Changlng from
stolchlometrie oporation at a comprossien ratio of 8.% to opoerating with 0%
axens s ale at a compression ratio of 12,0 loads te an ostimated 2%% Incroaso
In onglna officioney. Uso of FOR rathor than excess alr as o diluent gas
would raduce this potantlial galn in afflicioncy. Further Inereasoes In ongline
offlctoney are possibla with roductlons In the combustion intorval through
Imrovemonts Tn the fast burn characteristies of this ongine typo. Consldora-
tlon of thaso factors loads to tho 199 ostimatod Increaso In fucl oconomy.

With theo Introduction of oxidation catalyst systoms on prochamber strati-
flad chargo enginas, It s oxpacted that furthor optimlization of ongine vari-
ableas (a.q., spark timing, atr/fuel raotio) to achiove botter fuel eoconomy
wltl rosult In a 10% Improvemont In fuel oconomy over 1980 vehicles using these
aenglines.  Although doevelopment of the opon chamber stratified charge engine
has slowod, another 108 galn In fuol economy would rosult if It Is used in
1986 vahlclos.

Introductlon of concepts from curront exporimontal rotary ongine dovelop-
mant acrivities should yleld a 20% Increaso In the fuol cconomy of vehiclos
with rotary enginos hy 1986, This would mako thoe rotary engine more compet|-
tive with conventlonal reciprocating engines from the fuol oconomy standpoint.

As proviously mentionod, 1980 diesol onglnes wore not able to moeet the
Callfornia omissions standards and roequlired walvers to continue tholr sales
In that state. |f diesel enginos are pormitted to continue mooting the 2.0
a/mi NOy omlssions fevol rather than tho 1.0 g/mi NOy standard, a 10% galn
In fue! oconomy Is expectod duo to tho Introduction of more dicsel engine
dosigns (i.o0., not dlosols derived from gasoline onglnes) and an Increased
uso of turbocharging. If dlesel enginos are required to control NOy omls-
stons to the 1.0 g/ml lovel through the use of EGR or Injection timing retard,
this will Imposa about a 15% penalty in fuel economy, making the proechambor
diesal about oquivalont to the advanced lean burn (fast burn) system.

Successful Introduction of direct Injection diesel engine technology
will provide an additional 10% increase in fuel oconomy over that of pre-
chamber diesel englnes. This fuel economy advantage of direct Injection
diese! engines of the automotive slze has been successfully demonstrated In
soma curront experimental diesel engine programs. To meet +the 1.0 g/mi NOy
emissions level would also result In a 15% fuel economy for the direct injec-
tlon dlesel. 1t Is expected that only the smallest vehicles (l.e., Inertia
walghts less than 2250 Ib) with prechamber or direct Injection diesel englnes
could meet the 0.2 g/mi particulate emisslions lavel.

As a summary of +the Information contained in Figure 3-1, estimated
miloages for two vehicle welghts are given In Table 3-2. These results repro-
sent astimated average milleages for vehicles with the various engine types
In the welght and power ranges Indlicated.
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