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Prospects for Internal Combustion Engines 
Among Advanced Energy Conversion Systems 

by 
A.K. Oppenheim 

University of California, Berkeley 

ABSTRACT 

The position of internal combustion engines 
as major prime movers for transportation is 
examined. Advantages, associated with their 
impressively high level of flexibility and 
re1 iabil ity are reviewed, and the disadvan
tages, due to their harmful environmental 
effects and relatively poor fuel economy, are 
outlined. The former are ascribed to the 
intrinsic superiority of both the internal 
combustion system as the. most-convenient heat 
source for an energy conversion cycle and the 
oil fuel as the most compact energy accumulator. 
The latter are shown to be related primarily 
to the conditions under which the combustion 
process is performed .. In principle, signifi
cant improvements could be made in this respect 
if combustion chambers could be developed that 
would serve not only as heat sources. but a1 so 
as chemical reactors yielding acceptably low 
concentration of pollutants in the exhaust 
products.. Fundamentally the. recipe for this 
purpose is quite straightforward: operation 
with a. completely pre-evaporized, homogeneously 
pre-mixed, and extra-lean charge. In practice. 
however, the attainment of this goal is riddled 
with difficulties. One of the important 
reasons for this state. of affairs, it is postu-
1a,ted. is that engineering had to ou,t-distance 
science. Means to remedy :the situation are 
suggested and studies currently conducted in 
this connection are described. 

Sponsorea by the Department of Energy under 
Contract No. W-7405-ENG-48. 

THE DOUBLE CHALLENGE of acceptably low pollution 
and sufficiently high efficiency seems to pose 
unsurmountable problems for reciprocating piston. 
internal-combustion eng,ines. According to 
currently prevail ing trends, for a normal size 
passenger car in the U.S.A. the regulatory 
emission standards can be achieved solely by 
the use of three-way catalytic converters. For 
this purpose. however. the temperature of 
exhaust gases entering the converter must be 
sufficiently high. This imposes a definite 
restriction upon the thermal efficiency of the 
system. Engine technology is thus faced with a 
critical dilemma. 

Under such circumstances, it is not sur
prising that great emphasis is placed on alter
native, external-combustion engines, such as 
those utilizing the Rankine or the Stirling 
cycle. At the same time, as a commodity, the 
internal-combustion engine is in great demand. 
Besides its intrinsic mechanical simplicity 
reflected in the' relatively low production 
cost, it is distinguished by an impressively 
high level of reliability and flexibility. As 
a consequence of these traits, interna1-
combust.ion engines occupy today such a firmly 
estab1 ishe~ position in our soc.iety that it 
is hard to imagine how they could be replaced 
in the foreseeable future. 

An examination of their potentia] for 
improvement is, therefore, of significant 
interest. The aim of this paper is to provide 
a fundamental perspective for this purpose. 

Conceptua 11y the technology is faced wi th 
a di1emna of seemingly conflicting demands. 
The most attractive solution would. be to 
develop alternative means that would avoid the 
conflict. Is this possible for internal:.. 
combustion engines? The answer to this question. 
advanced here. is: in pri nc i p 1 eyes. by 
exp 10 it.i ng the cy1 i nder enc 1 osure. where the 
high temperature requjred for- chemical proces
sing_ is readily available, to produce suffi
ciently clean exhaust. The apparent simp1 icity 
of this solution is. of course. misleading. 
Numerous engineering attempts have been made 
to do just that. and they all have failed. 
The rationalization for such a state of affairs. 
put forward here. is that this should be 
considered as a prominent example of engineer
ing having been pushed well ahead of science. 
The discussion what specifically could be done 
to close this gap; and what could be thereby 
aChieved. forms the main topic of this paper. 

ADVANTAGES AND DISADVANTAGES 

Fundamentally there are two prominent adva,.. 
, tages offered by the internal-combustion engines: 

the complete power cycle. including the genera
tion of the heat reservoir. takes place within 
the same enclosure, and the energy conversion is 
accomplished with high compactness, both with 
respect to the volume as well as the mass of 
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the system. including the fuel. 
As, a consequence of the first, in a piston

cylinder system (in contrast to rotary engines). 
the same piece of metal wall is exposed. in the 
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Fig. 1 - Ranges of operating conditions for 
automotive power-plants (1) 

course of each power cycle. to its highest and 
lowest temperature. As is well known •. heat 
transfer to the wall is consequently much lower 
than it would have been if the wall had to be 
exposed. at all times to the high temperature 
only (as. indeed. it is in rotary engines). 
For this reason the reciprocating piston. 
internal-combustion engine. can operate at a 
much higher temperature' of the heat source 
than an external-combustion engine or a' steady 
flow system. In an external-combustion engine, 
moreover. the heat transfer wall between the 
heat source and the working substance has to 
be maintained at as high a temperature as 
possible to assure high efficiency of the cycle. 
While non-existent in an internal-combustion 
engine, it constitutes an essential element 
of any external-combustion system. 

The second advantage is due to the use 
of the most compact energy accumulator, the 
hydrocarbon fue1--a medium whose specific 
energy content exceeds by far any other means 
for energy storage. Thi sis refl ected by the 
prominent position occupied by interna1-
combustion engines on the diagram presented in 
Figure 1.(1)* Shown here are regimes of operating 
conditions for a variety of automotive power 
plants, designated to provide motive power 
weighing 500 1bs. for a 2000 1bs vehicle. on the 
plane of specific energy and specific power. 

Major disadvantages of internal-combustion 
engi nes are assoc fated wi th pollutant emi ss ion 
and combustion problems. 

Regulatory emission standards set in the 
U.S.A. are displayed in 1ab1e 1. They are 
tough to meet by an average car in demand by 
the consumer today in the U.S.A .• as emphasized 
by the corresponding values of molar fraction 
in exhaust per fuel economy, listed in the 
Table. As pointed out here at the outset, this 
forces the industry to resort to three-way 
catalytic converters as the only viable solution. 

*Numbers in parentheses designate References 
at end of paper. 
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Table 1 - Regulatory Automobile Emission 
Standards in the U.S.A. 

1981 
1977-78 1980 and after 

1* p** 1* p** 1* p** 

HC 1.5 10.3 0.41 2.8 0.41 2.8 
CO 15 370 7 170 3.4 83 
NOx 2 46 2 46 1 23 

* emission index in grams/vehicle mile 
** molar fraction in exhaust per fuel economy in 

(parts per mi11ion)/(mi1es per gallon); aver
age evaluated for a stoict.'ometric mixture 
of air with CnH2n+2 where n ~ 7. 

The problems are compounded by the diffi- . 
cu1ties associated with proper control of the 
combustion process within the relatively short 
period of time afforded for this purpose during 
the power stroke for each cycle. In fact. 
the achievement of the high level of reliability 
and flexibility by present day car engines 
should be regarded. in view of these difficu1-
tjes, as truly remarkable. The attempt, we 
wish to consider. of exploiting the combustion 
system so that it would serve at the same 
time as a chemical reactor. where the production 
of minute by-products will be properly cur
ta.i1ed. presents. thus indeed a form·idab1e 
task. . 

CLEAN COMBUSTION AND ENGINE EFFICIENCY 

According to current engineering practice. 
in order to achieve a reliable and efficient 
combustion process. one has to rely on the 
estab1istlnent of stoichiometric conditions. 
This is associated with unnecessarily high 
temperatures that enhance the production of 
pollutants. suchas oxides of nitrogen. To 
make matters worse, the process is usually 
controlled by the rat~ at which fuel is mixed 
with air. as is typically the case in Diesel 
engines. Under such circumstances the flame 
is established at the stoichiometric contour 
and the evaporizing fuel has to approach the 
high temperature regime in an oxygen defi
cient atmosphere. This causes the onset of 
pyrolysis and the formation of soot. At 
the same time the residence time in the 
combustion zone of, especially. the last 
portion of the charge to undergo the process 
is too short for complete oxidation of carbon 
monoxide and .the residual hydrocarbons. Thus, 
as pointed out by Weinberg. the formation of 
a:ll the pollutants is then automatically 
maximized (2,3). 

The remedy for this state of affairs is 
in essence quite straightforward-: operation 
with a homogeneous, lean gas mixture--a charge 
where the fuel has been completely pre-evapor
fzed and thoroughly mixed with air. In order 
to be truly effective. the mixture has to be 
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Fig. 2 - Equil ibrium Otto cycle efficiency 
as a function of eq~ivalence ratio 

actually extra-lean; that is, the equivalence 
rat.io should be 0.7 or less. 

In practice the use of such miXtures poses 
significant problems. Ignition is very d.iffi
cult and, therefore, quite unreliable, while 
the flame propagation speed is very slow. In 
principle, these problems can be overcome by 
the use of active radicals and induced 
turbulence to provide multiple ignition sources 
and enhance the combustion rate. However, in 

-'order to accomplish this"a much more sophis
ticated scientific background is required than 
avail ab1 e today. 

As a preamble to discussion of the actual 
means that may provide a satisfactory solution, 
let us consider the effects it would have on 

, the thermal efficiency of the cycle. It is 
sufficient for this purpose to examine highly 
idea1ized.resu1ts of an equilibrium cycle 
analysis presented in Figure 2. Since the 
excess air participates in the cycle as an 
integral part of the working substance, thermal 
efficiency of the cycle increases as the equi
valence ratio is reduced. The gains in effi
ciency are noteworthy. Operation of an engine 
with a compresSion ratio of 8.5 at an equiva-

_._"-:---. -.~. " 
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1ence ratio of 0.7 has the same effect as 
increasing the compression ratio to 10 
without any reduction in the equivalence ratio. 
To top it off, operation with extra-lean mix
tures whose equivalence ratio is of an order 
of 0.7 should allow operation of Otto cycle 
engines at a compression ratio of 15, or more. 
According to Figure 2 this should produce a 25% 
gain in efficiency. 

Thus a successful use of extra-lean mix
tures should lead not only to greatly reduced 
production of pollutants, but also to a 
substantial improvement in fuel economy--a 
double goal achievable by single means. Its 
attainment should be considered therefore worthy 
of a special effort. . 

IGNITION AND COMBUSTION OF_EXTRA-LEAN MIXTURES 

The concept that lean mixtures offer 
distinct advantages, both with respect to 
pollution as well as efficiency. is well known. 
as attested by the development of stratified 
charge engines. However. efforts to achieve 
satisfactory performance under extra-lean condi
tions have been so far unsuccessful. Most of 
the difficulties encountered in this connection 
can be ascribed to too localized ignition 
pro~ess--the rate of burning the charge having 
to depend on the flame propagation speed which 
in such mixtures is just too slow for satis
factory operation. Thus. attempts to develop 
"lean burn" engines run invariably into 
problems associated with excessive emissions 
of unburned hydrocarbons and carbon monoxide. 

As pOinted out in the previous section, ' 
this deficiency can be overcome by the use of 
multi-point ignition sources--a concept exp10i- . 
ted in fact. by the LAG process. as reported here 
by Gussak (4). 

In principle. multi-point ignition can be 
achieved by impregnating the charge with active 
radi:cals which enhance the induction process and 
speed up thereby the, onset of exothermic reac
tions. This can be accomplished by photolysis 
or by jet ignition. For the latter two methods 
are available: plasma. jets obtained by electric 
discharge, or radical jets obtained by combus
tion as in the LAG process. In this connection 
it should be observed that there is a fundamen
tal difference between jet and torch ignition-
terms which unfortunately in the past have 
been used interchangeably. causing some confusion. 
Whereas jets, by virtue of their penetrating' 
power, can impregnate the charge with a multi
tude of ignition centers. torches are defi
cient in thi s respect since they can propagate 
the combustion process only at their peripheries. 
Mechanically. the main difference between one 
and the other is that jets have an appreciable 
momentum due to the high velocity of efflux, 
which as a rule is sonic at the discharge 
orifice. while torches emerge from pre-combus
tion chambers in the form of relatively low 
ve loci ty f1 ames. 

Photolysis is induced by U.V. irradiation. 
This phenomenon has been used with great success 
for chemical kinetic studies of combustion. 
especially its induction process (5). As 

'. 
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Fig. 3 - Plasma jet. igniter of Wyczalek et al. (6) 

brought out by more recent studies (6), photo
chemical ignition is particularly advantageous 
for extra-lean mixtures since, in contrast to 
spark ignition, its energy requirement does 
not increase when the equivalence ratio is 
reduced. Unfortunately so far ·this technique 
did not receive enough attention to warrant 
its consideration as an operating system. 

Plasma jets, on the contrary, have attrac
ted a good deal of attention, as manifested by 
numerous patents and a score of publications. 
Of special interest in this respect are papers 
reporting on the work which has been carried 
out- recently at General Motors (7) . and at Ford 
(8). The particular devices used for this 
purpose are · illustrated in Figures 3 and 4. 

Jets of combustion generated radicals have 
been advanced primarily by the studies pursued 
at the Institute of Chemical Physics of the 
USSR Academy of Sciences in Moscow, leading 
to the establishment of the LAG process 
described by Gussak (4,9). An attempt to 
check this process in an engine especially 
adopted for this purpose has been made at 
General Motors (10), resulting in a marginal 
success. The characteristic features of jet 
ignition used in the LAG process, in contrast 
to torch ignition provided by a divided chamber 
stratified charge engine, are shown in Figure 5, 
illustrating the difference between the two as 
described earlier. The cross-section of the 
injector used at General Motors is presented in 
Figure 6. 

In order to attain optimum conditions for 
ignition, as well as for the subsequent com
bustion of an extra-lean charge, the provision 
of a high initial temperature of the unburned 
medium by the use of as high a compression ratio 
as possible should be considered obviously of 
utmost importance. This produces not only a 
double gain in thermal efficiency, as pointed 
out in the previous section, but also has a· 
beneficial effect upon the combustion process. 

Ignition--even if successfully distributed 
1195 
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XBL 785-8389 
Fig. 4 - Prototype of the plasma jet igniter 
used by Asik et al. (8) 

throughout the charge and enhanced by its high 
initial temperature--is by no means sufficient 
to assure satisfactory combustion of an extra
lean charge within the environment of an 
internal combustion engine . The combustion 
PrOcess, once started, must be thereupon exe
cuted in such a way that it consumes the com
bustible medium as completely as possible within 
the allowable amount of time. Since, for the 
sake of negligible pollution, one is concerned 
with minimizing the generation of minute amounts 
of by-products, this is certainly not an easy 
task. 

Basically, one has to satisfy two require
ments: assure rapid spread of the combust ion 
process, and protect it from harmful wall 
effects. In principle the first can be catered 
to by proper fluid mechanic means, such as 
swtrl and turbulence . The second involves 
heat transfer and fluid mechanic effects com
bined with chemical reactions taking place in 
the quench layer. Presumably, in practice, 
problems caused by the quench zone could be 
solved by fluid mechanic treatment that would, 
in effect, destroy the boundary layer. This 
may lead eventually to the use of such devices 
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~ Fig. 5 - Combustion generated jet ignition in 
contrast to torch ignition of a divided chamber 
stratified charge engine (9) 

ElECTRONIC FUEL INJECTOR 
MAIN CHAMBER 

XBL 785-8387 
Fig. 6 - Combustion jet igniter of Wycza1ek et 
a 1. (10) 

as ceramic 1 iners and catalytic surfaces. How
ever, it should be recognized that, due to the 
complexity of the problem, it is quite unlikely 
that the use of any practical means would be 
successful, unl ess it is founded upon a thorough 
understanding of the physics and chemistry of 
the phenomena one · wi shes to trea t. 

The type of studies that should provide 
the background required for this purpose is 
described in the next section. 

CURRENT STUDIES 

For obvious reasons most of the work done 
in the past was concerned with the diagnosis 
of performance of actual engines, both with 
respect to parameters affecting energy conver
sion efficiency as well as pollutant formation. 
It is also obvious that fundamental knowledge 
that would drastically remedy the situation 
cannot be obtained by the use of engines alone. 
The constraints imposed by an operating system 
hinder the insight into the elementary processes 
that are at. the heart of the problem. Thus, the 
salient feature of modern research in internal 
combustion engines is the use of models, both 
for experimental investigation as well as for 
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Fig. 7 - Cinematographic schlieren records of 
the roll-up vortex (20) 

numerical analysis. 
Essentially the aim of such studies is to 

enhance the understanding of the interaction 
between fluid mechanic, heat transfer, and 
chemical kinetic processes affecting engine 
performance. From the overall point of view, 
the subject matter can be divided into three 
categories: 

1. charge preparation 
2. ignition 
3. combustion 

For the sake of brevity, only phenomena occur
ring in the engine cylinder will be discussed 
here. Such important aspects as carburetion, 
operation with alternative fuels, electronics 
of the ignition system, control of engine 
operating conditions, etc., are considered out 
of scope. 

Preparation of the charge involves all 
the processes occurring prior to ignition in 
the course of intake and compression. Recently 
the role of swirl and turbulence has received 
particular attention (11-17). The results 
indicate that a significant aDDJnt of turbu
lence induced by the intake valve persists 
until ignition. The situation gets more 
involved as a consequenc~ of the fluid flow 
induced by piston motion during the compression 
stroke. This is manifested primarily by the 
roll-up vortex (18-20). A sequence of cine
matographic schlieren records illustrating this 
phenomenon is shown in Figure 7. It has been, 
obtained by the use of a compression expansion 
machine in our laboratory (20) . The time in
terval between frames is 1 millisecond. Heat 
transfer to the wall associated with the non
steady flow phenomena occurring in an engine 
cylinder are of a particular nature which 
until now remained virtually unexplored, as 
demonstrated by recent studies of Nikanjam and 
Greif (21). 

i·~"· ............ ~.,., ...... ........ .... ................. , ................................... , ................................... .... . ...... "i.~~ ...... t-.. , ....... -
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Fig. 8 - Cinematographic schlieren records of 
spark ignition (20) 

Ignition is being studied by us, both in 
the environment of the compression-expansion 
machine and in a constant volume bomb. Besides 
a variety of spark igniters, from conventional 
spark plugs to a line source created by a series 
of spark gaps to generate a two-dimensional 
flame front, plasma jets as well as combustion 
generated jets of active radicals have been 
used. Figure 8 shows a spark ignited flame in 
the compression -expansion machine, and Figure 
9 depicts a combustion generated ignition jet 
and the subsequent combustion process character
istic of LAG . Both have been obtained for a 
stoichiometric methane-air mixture in the same 
machine and under the same operating conditions 
as those used for Figure 7. Also, as in Figure 
7, the time interval between frames in Figures 
8 and 9 is one millisecond. 

The completely different character of 
ignition produced by the jet and the signifi
cantly faster and more uniform combustion 
process it initiates are clearly evident. 
Moreover, as it was demonstrated in the course 
of our studies, jets are capable of initiating 
a satisfactory ~ombustion process in a much 
leaner mixture than that ignitible by a conven
tional spark plug . In fact, most of our studies 
were carried out using ultra -l ean mixtures, 
that is mixtures which are beyond the flamma
bilioty limits corresponding to spark ignition. 
Such limits, it should be recalled, correspond 
to infinite spark energy. 

~ I 
.-~ I 
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Fig . 9 - Cinematographic schlieren records of 
jet ignition (20) . 

Fluid mechanic features of jet ignition 
are illustrated by a series of flash schlieren 
photographs presented in Figures 10 and 11. 
In contrast to Figure 9, plasma plug was used 
here instead of the combustion generator. The 
experiment was performed in a constant volume 
cylindrical bomb, 9 cm in diameter filled with 
optical windows aOt the bases, so that the depth 
of the cavity in the direction of optical axis 
was also 9 cm. Initially the bomb was filled 
with a stoichiometric methane-air mixture at 
atmospheric pressure and room temperature, while 
the cavity of the plasma generator was filled 
with iso-octane. 

Figure 10 shows the formation of the tur
bulent jet plume prior to ignition. The se
quence from left to right, first row followed 
by second, corresponds to the following delay 
times after the electrical discharge in the 
plasma plug: 0.1,0.2,0 .35 and 1 milliseconds. 
Each photograph was obtained from a different 
experimental run. The jet enters the combus
tion chamber in the form of a turbulent plume 
engulfed in a blast wave headed by a hemispheri
cal shock front . The latter soon becomes 



Fig. 10 - Schlieren flash photographs of plasma 
jet (plasma feedstock: iso-octane, discharge 
energy: 2.5 J, combustible medium: methane-
air at equivalence ratio ~ = 0.5) 

completely dissipated, leaving a turbulent plume 
in the center of the charge. The subsequent 
development of the combustion process is demon
strated in Figure 11. The time delays for the 
individual photographs are here: 1,5, 10, 
and 20 milliseconds. Combustion starts in the 
turbulent plume as a distributed system of 
turbulent flames which subsequently acquire 
the character of a wrinkled laminar f1ame--in 
direct contrast to the sequence of events fol
lowing spark ignition, a process that invariably 
starts as a laminar flame that subsequently 
breaks up into a turbulent pattern. 

Our studies established the following 
advantages offered by jet ignition: 

a) controllable depth of penetration, 
providing means for starting the combustion 
process in the middle of the charge, far from 
the walls and their harmful effects, 

b) zonal pre-turbulization, furnishing 
optimum conditions for ignition so that the 
subsequent combusti on process is enhanced, 

c) multi-point initiation of combustion 
attained by the dispersion of ignition sources 
in the turbulent plume, yielding a high rate 
of burning in lean mixtures, in spite of the 
relatively low flame speeds. 

The combustion process in the environment 
of an inter,na1 combustion engine requires 
particular attention, especially if it is to 
yield clean exhaust products. Once combustion 
is successfully initiated, its rate should be 
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Fig. 11 - Schlieren flash photographs of events 
associated with ignition produced by. plasma 
jet (plasma feedstock: iso-octane, discharge 
energy: 2.5 J, combustible medium: methane-air 
at equivalence ratio ~ = 0.5) 

maintained at the desired, relatively high 
level. Of particular importance in this respect 
is prevention from quenching effects. As a 
prerequisite, a thorough understanding of such 
effects is required. There are basically two 
regimes of quenching: at the walls and in 
the bul k of the charge. Recently', both were 
investigated in our laboratory. 

The first was studied by Ishikawa and 
Daily (22,23) using the compression-expansion 
machine with particular emphasfs upon the 
unburned hydrocarbons. A series of experiments 
was performed with different shapes of the pis
ton head to affect the conditions in the quench 
layer at the wall. ' Local turbulence in this 
layer is generated as a consequence of the 
roll-up vortex described here earlier, as well 
as due to the unsteady character of the boun
dary layer in the flow field generated by the 
piston motion. The main conclusion reached 
by this study is that,in the presence of cold 
walls, wall turbulence can significantly in
crease the thickness of the quench layer and! 
enhance thereby the emission index of unburned 
hydrocarbons. The effects of high temperature 
and catalytic walls are yet to be explored. 

Bulk quenching was studied by Smith, et al. 
(24) using both experimental and computer 
modeling techniques . This effect is due to 
rapid temperature decay associated with expan
sion during the working stroke. Under certain 
conditio~s, it has been demonstrated that this 



may lead to complete extinction of the flame. 
At this time the objective of the study was to 
gain better understanding of especially the 
chemical kinetic processes of bulk quenching. 
Computer modeling analysis has been in this 
connection especially useful. In the future. 
one may hope. this will lead to proper control 
of chemical kinetic processes achieved by the 
maintenance of proper conditions in the cylin
der. better matching of engine speed with com
bustion rate. and perhaps even the use of addi
tives that would promote its progress. 

It should be emphasized that the work des
cribed here is just a sample of the effort spent 
today on the acquisition of knowledge on com
bustion of lean mixtures. pertaining to inter
nal combustion engines. Research currently in 
progress at M.I.T. Sloan Automotive Laboratory 
includes. for example. such programs as basic 
combustion studies conducted by Keck and Unkel. 
with particular attention given to wall quen
ching; development of performance criteria for 
lean mixture engines. and evaluation of 
stratified charge engine performance directed 
by Haywood. Keck and Rife; and investigation 
of lean engine efficiency and flammability 
limits carried out by Haywood. Hoult and Rife. 
Relevant studies are pursued at Princeton 
by Sir ignano with reference to turbulen t igni
tion and by Bracco in connection with combustion 
modeling for stratified charge engines (26) . 
An impressive program of research is currently 
conducted at Sandia Laboratories in Livermore. 
including the work of Dyer on combustion in a 
bomb simulating the environment of an internal 
combustion engine. of Dwyer and Sanders (27). Kee. 
and Ashurst (28) on the develDpment of computer 
techniques for the study of elementary processes 
in engines. to mention just a few. All this. 
it should be noted. excludes completely all 
of the considerable effort spent nowadays 
on the development of powerful diagnostic 
techniques based on the use of lasers. Omitted 
also for reasons pointed out at the outset. 
is all the work involving the use of engines. 
in spite of its obvious importance to the 
eventua l outcome of the whole effort . 

The background of knowledge thus acquired. 
enhanced by the concomitantly developed tech
niques for experimental as well as computational 
modeling. and assisted by accurate diagnostic 
tools. should have a decisive influence upon 
the quest set forth here for a sufficiently 
good understanding of processes occurring in 
internal combustion engines to assure a signi
ficant improvement in their performance as 
relatively clean and efficient prime movers. 

CONCLUDING REMARKS 

On the basis of arguments presented here) 
it appears that the development of internal 
combustion engines which would produce less 
pollutants and at the same time operate more 
effiCiently should be considered within the 
realm of feasibility. 

In principle. the two goals are achievable 
by the same means. namely the use of pre
evaporized. pre-mixed and lean mixtures. The 
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attainment of such an objective should be 
considered worthy of a significant effort. and 
such effort is indeed needed in order to acquire 
the scientific background tnat is indispensable 
for this purpose. 

To assure success. the program of studies 
conducted for this purpose has to be carefully 
coordinated between the various groups involved 
in them, including a close collaboration with 
automotive industry . 
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