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INTRODUCTION

An urgent need to greatly reduce undesirable exhaust emissions
from vehicle powerplants now occupies our attention. The problems re-
lating to air pollution are complex because there are many types of
pollutants and several sources of pollutants from the various power-
plants. The problem is further complicated by the fact that different
areas of the country have different types and principal sources of air
pollution.

Present automotive engines, gasoline and diesel, have a his-
tory of intensive development which extends back into the nineteenth
century. There are now ninety-four million vehicles registered in the
United States. Over ninety percent of all installed horsepower in the
Unites States is in motor cars and trucks. The present almost exclu-
sive use of piston engines for highway travel is based on important
technical advantages, which will be pointed out very briefly.

To predict the future outlook for the several types of power-
plants for vehicle propulsion is an imposing task, but it can at least
be approached with greater confidence because of two recent papers. The
first is the paper of Welsh,(l) representing the opinions of the Society
of Automotive Engineers Powerplant Committee. The second is the report
of Brubacher,(g) which is in part an industry concensus. My opinions
in general are similar to those expressed in these reports.

The future outlook involves an examination of energy sources,
power requirements and powerplant systems for converting a source of
energy into mechanical power. Many systems are being suggested, includ-
ing battery and fuel cell powered electric vehicles. Even the merits

of the steam powered automobile are sometimes extolled, which, along
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with the battery-electric car, competed on a nearly equal basis with the
gasoline engine car early in the twentieth century. The first portion
of the paper will consider the more conventional powerplants and the
possibilities of reducing their emissions. The last portion will con-
sider more futuristic powerplants for vehicle use.

Size is a very important consideration in choosing a power-
plant. Obviously, motorcycles and railway locomotives call for differ-
ent powerplant solutions. My comments relate particularly to personal

vehicle powerplants, and even these vary greatly in size.



ABSTRACT, OR SUMMARY AND CONCLUSIONS

1. The present types of piston engines will continue for
many years to be the main source of power for highway
transportation.

2. Major reductions of the undesirable exhaust emissions of
present powerplant systems have been made during the last
few years and will continue to be accomplished, under the
the impetus of air pollution requirements and regulations.

3. There is a place for battery-powered vehicles in very small
size and short-range applications, especially for areas
with serious air pollution. It will, however, require
batteries with much greater energy and power density, and
greatly reduced cost before they will achieve significant
use., The increased use of central station atomic energy
in the future will give added advantages to battery-
electric vehicles.

L, Our hope for reducing air pollution from vehicles during
at least the next twenty years must result mainly from
making improvements in the present types of cenventional
engines.

5. The fuel cell may be more important than batteries for
vehicle propulsion in the more distant future because 1,
it is in an earlier stage of development and 2, it may be
able to utilize a hydrocarbon fuel.

6. Any successful program for reduction of exhaust emissions
from vehicles must include an effective engine inspection
and maintenance program.
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ENERGY SOURCES

The mobile or portable powerplant can use any energy source
that can be suitably transmitted to the vehicle or stored on board.
However, mobility places severe limitations on practical energy sources
and powerplants.

The power of the wind served as a very direct and principal
source of power for water transportation for centuries. Although sail-
ing is an important sport, it is not competitive for transportation.
Similarly, the conversion of solar energy for propulsion requires an
area of on-board reflector surface which is wholly impractical, to say
nothing about the prohlems of operation after sundown.

The fossil fuels, including coal, oil, and gas represent a
vast supply of energy on earth, and are presently our principal energy
source., 0il is presently of greatest importance to land transportation,
because hydrocarbon fuels, such as gasoline, are highly concentrated
sources of energy, and easily transported and stored. Our present rate
of consumption of petroleum now exceeds 10.6 million barrels per day,
and daily consumption now exceeds the rate of discovery. 2 Although
the reserves of oil are large, there can be no doubt that they will
eventually be exhausted. It is to be expected that its cost will in-
crease as more difficult fields are tapped. There are also large de-
posits of shale rock in the Rocky Mountain Range, and also of tar sands
in the U.S. and Canada. These sources can be used to produce motor
fuels, but at increased cost. These are said to provide a reserve
supply of hydrocarbon fuels for several centuries. The supply of gas-
eous fuel is believed to be much smaller and will probably be depleted

much sooner. In view of the unknown supply and the ever mounting rate



of consumption more attention should be directed to conserving the re-
serves of oil and gas.

The utilization of nuclear energy in the last generation is
one of the great scientific achievements in history, and has made avail-
able a vast new source of energy for use. This source is best adapted
to stationary use, since many difficult problems of shielding and safe-
ty attend its application. However, the nuclear submarine is an out-
standing example of the application of nuclear power to transportation,
and here it provides advantages not possible with any other energy

source.

ENERGY CONVERSION SYSTEMS
There are almost countless ways to classify the many kinds of
powerplants. For comparisons of very diverse types, which will include

conventional engines and fuel cells, it is helpful to divide them all

into two classes,(u> as follows:

1. Those whose method of operation requires that the energy
of the fuel, or other energy source, be transferred as
heat to a working fluid, which in turn goes through a
cycle. This working fluid is commonly steam. For this
type the machine both in theory and practice executes a
cycle., Examples of this type are steam engines, nuclear
powerplants, and hot air engines such as the Stirling
engine.

2. Those whose method of operation does not require that the
energy of the fuel or other source be transferred as heat
to a working fluid. This type is concerned both in prac-
tice and in theory with processes, and not a cycle., Ex-
amples of this type are spark-ignited reciprocating en-
gines, diesel engines, gas turbine engines, and fuel
cells.,

The thermal efficiency of the energy converters of type one
are subject to the Carnot cycle limitation. This involves a principle

of thermodynamics which in general states that the efficiency of these
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engines will be increased if the maximum temperature of the cycle is
increased.

For the energy converters of item 2, maximum temperature is
not essential to gain maximum efficiency: It is true that for many
processes an increase in temperature increases the possibility of doing
more work, but this correlation is fortuitous for this type and holds
only over limited ranges and for only some of the converters. The effi-
ciency of fuel cells is commonly reduced if their temperature is in-
creased.,

It is also a principle of thermodynamics that all practical
energy conversion systems are limited in their efficiency, and cannot
convert all of the energy of a fuel into power. The laws of thermo-
dynamics establish the maximum efficiency possible, and this will be
reduced by practical considerations. For example, it is estimated that
the maximum overall efficiencyvto be expected from future practical
reciprbcating engines will not exceed 45%. The thermal efficiency of
fuel cells is very much related to load, being most efficient at the
lightest load. Present fuel cells are usually more efficient than con-
ventional engines. Since they are in an early stage of development it

is expected that their efficiency advantage will increase in the future.

PERSONAL TRANSPORTATION IN THE FUTURE
It is to be expected that with the completion of the Inter-
state Highway System vehicle speeds for intercity travel will increase.
Since the power to propel a vehicle increases as the cube of the speed,
this will increase the power required for future intercity vehicles.
Figure 1 shows the power required to propel automobiles of
common weights and corresponding sizes at various speeds. As an exam-

ple, at 70 miles per hour the power required to propel a 5000 vpound
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vehicle is L0 horsepower. If the speed of this vehicle is increased to

80 miles/hour the power required will be:

80\’
Lho x (76) = 59, H.P.

The future will bring further diversification of vehicle
types for special uses, and an even greater range of vehicle sizes and
installed horsepower. As congestion in the cities grows there will be
increased need for and use of smaller vehicles for neighborhood errands
and shopping. However, a vehicle to travel throughout the Los Angeles
Valley will probably not become much smaller than the present range of

vehicles,

REQUIREMENTS OF AN AUTOMOTIVE POWERPLANT
An automotive powerplant must meet many requirements to be
acceptable, Among these are:

1. Absence of undesirable exhaust emissions. This relative-
ly new criterion is listed first to emphasize it present
and future importance. The emissions include: carbon mon-
oxide, hydrocarbons, oxides of nitrogen, smoke, odor,
atomic radiation, and others. This requirement will have
an important effect on engine selection and design in the
future.

2, Size and weight. These criteria are obviously important,
and include the common criterion of maximum horsepower/
unit of weight. Vehicle performance, including accelerat-
ing ability, will depend greatly on the use of an engine
with high horsepower per unit of weight.

3. The powerplant must use a concentrated, low cost and eas-
ily handled energy source, or fuel,

b, Minimum fuel consumption. This is important from the
cost standpoint, and affects the driving range of the
vehicle between fueling stops. It is also important in
the interest of conserving natural resources.

5. Flexibility. This includes the ability to operate at all
necessary combinations of load and speed with simple
power control means, with characteristics suitable for



vehicle propulsion (such as high engine torque at low
speed).

6. Low initial cost, simplicity

T. Long life and Reliability. Reliability, low maintenance
cost, and long life are increased with simplicity.

8. Ability to move quickly from a cold start.

9. Ability to provide passenger comfort in hot and cold
weather., OSummer cooling and winter heating can consume
nearly as much energy as required for average vehicle
propulsion in city driving.

10. Quietness. The ability to operate quietly will grow much
more important in the future, as population density in-
creases, The public is presently being subjected to an
unreasonably high level of noise from many types of vehi-
cles,

EMISSIONS FROM GASOLINE ENGINES

A brief discussion of the emissions from gasoline engines will
point to some of the factors which influence the emissions and give in-
sight into the general problem of emissions from engines.

Whenever hydrocarbon fuels are burned, at least trace amounts
of unburned fuel and carbon monoxide will result. The quantity of these
constituents are principally a function of the amount of fuel per unit
amount of air, referred to as the air/fuel mixture ratio. The relation
between the composition of the exhaust and the air/fuel ratio is shown
on Figure 2. There is a theoretically correct mixture ratio of air and
fuel which contains precisely the necessary amount of air to burn the
fuel, with no air left over. This ratio is indicated on Figure 2 and is
about 15 1lbs. of air per 1b. of fuel. With excess air (lean mixtures)
there will be some oxygen in the exhaust, and a minimum amount of car-

bon monoxide and unburned fuel. When there is excess fuel (a rich mix-

ture) there is insufficient oxygen and the quantities of unburned
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hydrocarbons (fuel) and carbon monoxide are greatly increased, as can
also be noted on Figure 2. To reduce these constituents it is impor-
tant to run the engine on a lean mixture (excess air).

Unfortunately, the lean mixture of about 16 pounds of air per
pound of fuel, which gives minimum carbon monoxide and unburned fuel,
together with best fuel economy, also causes the oxides of nitrogen to
be near their maximum value. Oxides of nitrogen are formed whenever
air is heated to high temperatures, as in the case of combustion. The
problem of their control is very difficult, and a practical solution
constitutes an important engineering challenge.

Unfortunately, gasoline engines have needed rich mixtures
under many operating conditions to avoid hesitation and/or stalling, and
to obtain the desired maximum power and engine performance. Typical
mixture ratios used by an automobile engine at idle, part throttle
(cruise), and at full throttle conditions are shown on Figure 3. By
referring to Figure 2 for the given air/fuel ratios, the approximate
exhaust composition can be determined for various engine conditions.
For example, it can be noted that the rich mixture ratio of about 12/1
at idle produces~6% of carbon monoxide, and at this condition will be
particularly lethal in a closed garage.

With the urgent need to reduce exhaust emissions, there is
now much development activity in the automotive industry to take all
possible steps to operate engines with the leanest practical air/fuel
ratio at all operating conditions. The industry has never before had
such an urgent incentive to improve its product, and I am confident
that under this new stimulus much improvement will be made, and the

improved products will also provide improved fuel economy.
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I am convinced that the present types of automotive piston
engines will be our main automobile power source for many years. There-
fore, possible means for reducing exhaust emissions within the engine
is of major importance to this conference, and the possible means for
accomplishing this will be discussed.‘ This is the more important, since
it is likely to be the most direct and economical approach to the prob-

lem.

REDUCTION OF EMISSIONS BY IMPROVED ENGINE DESIGN

The greatest potential for reduction in emissions in gasoline
engines lies in improved fuel and air induction systems and in improved
combustion chambers; this discussion will therefore be restricted to
this portion of the engine.

The function of the carburétor is to provide the proper air
to fuel mixture ratio for each engine condition, mix the air and fuel
as intimately as possible, and provide means for regulating the engine
power. The function of the engine intake manifold is to conduct the
wet mixture of air and fuel to all the cylinders, in such a manner that
all cylinders receive the same air/fuel ratio. This task is made very
difficult because some of the fuel in the intake manifold will be vapor,
some will exist as droplets in the air, and some will exist as a slow
moving liquid film on the intake manifold wall. Figure L shows the
general arrangement of these induction system components.

Brief comments follow concerning potential improvements:

Carburetors - There is need for carburetors thét more nearly
supply the optimum mixture ratio under all engine operating conditibns,
and under all atmospheric conditions. A few examples of needed improve-

ments in carburetors will be given.
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Present automotive carburetors run at least 6% richer in
Denver than they do in Detroit, due to the average difference in atmos-
pheric pressure. ’ The effect of this change of fuel/air ratio on ex-
haust emissions will vary according to the basic carburetor mixﬁure
ratio, but it can readily double the carbon monoxide in the exhaust.(6)
Although means for accomplishing this altitude or pressure compensation
are known and have been practised for many years on piston aircraft en-
gines, the engineering challenge is to accomplish it with reasonable
increase in complexity and cost, and with reliability.

Another defect of present carburetors is unsteady flow of fuel
into the airstream, and imperfect mixing. This can result in a lack of
constant mixture ratio to a given cylinder on successive engine cycles,
This problem is especially prevalent at low cruising speeds. This
condition is improved if the carburetor primary venturii are made small
to provide high suction and good atomization., The development of im-
proved multi-venturii carburetors to provide high suction and steady
fuel flow under part-load conditions, and which meet all other meter-
ing requirements, are needed.

It wads mentioned earlier and Figure 3 reveals that at full
throttle carburetors are designed to provide about 20% more fuel than
there is available air to burn. This added fuel at full throttle is
provided by means of an enrichment valve in the carburetor, and permits
the engine to deliver about lO% more horsepower than the best economy
mixture. The use of this rich mi#ture (air/fuel ratio = 12/1) causes
much additional carbon monoxide and unburned hydrocarbons, but also
reduces the oxides of nitrogen. As efforts to control air pollution

are intensified engines must be designed to operate satisfactorily
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without the enrichment at full throttle, and the public should develop
driving habits which do not necessitate this high emission condition.

Still another source of unburned hydrocarbons is that due to
evaporation from the carburetor float bowl and the fuel tank. Again,
solutions are known but the real engineering problem is to accomplish
this without undue cost, and with the necessary reliability.

With the new emphasis on reduction of exhaust emissions,
these and other long-standing defects can and must be overcome.

Intake Manifolds - Throughout more than a half century of

multicylinder automobile engine history the intake manifold has been
designed largely on a trial-and-error basis, and has not yielded to
analytical methods. The trouble arises from the wet mixture of air and
fuel which must be distributed to each cylinder.

If some cylinders receive less fuel and therefore a leaner
mixture than others, the overall mixture delivered by the carburetor
must by enriched so that the leanest cylinder will not misfire. The
potential for increasing the ability of the engine to run on leaner
mixtures is quite large. In tﬁe work of Ref. T, the high production
six-cylinder engine tested with the standard carburetor showed varia-
tions of five air/fuel ratios. These variations were almost completely
eliminated by a vaporizing system, and permitted the standard engine to
run as much as four air/fuel ratios leaner. This ability to run with
leaner mixtures should make possible carburetor settings with mixture
ratios of 16/1 to 18/1 without engine misfiring and where most emis-
sions are at a minimum.

Heating the inlet air, the use of smaller intake manifold

pipes, and other factors reduce maximum power and performance.
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Unfortunately, the criterion of maximum horsepower has been unduly empha-
sized in the past and other characteristics, including fuel economy and
exhagst emissions, have been compromised. With the new emphasis on
exhaust emission reduction much more attention is now being given to
part-throttle conditions and economy, and which will also result in
reduced emissions. I believe it will also be necessary for the public
to accept some performance reduction in the interest of reduced exhaust
emissions, and the public must be educated to accept this.

One approach to this intake manifold problem is the use of
two intake manifold pipes from a multi-barrel carburetor to each cyl-

(8)

inder intake port. This permits the use of a small pipe with much
heating of the inlet mixture for low power conditions, and the use of a
large intake manifold pipe to each cylinder, with little heating, for
the high power conditions. This system is also well adapted to the

use of small primary venturii with high velocities for accurate meter-
ing and good fuel atomization for low power operation, and large sec-
ondary venturii air passages and unheated manifold pipes for maximum

power.

Fuel Injection - This term applied to gasoline engines refers

to one of several systems used to meter and distribute the fuel to the
individual cylinders. In most automotive applications the fuel is sup-
plied to the air in the intake port just ahead of the engine valve. The
chief merit of a gasoline injection system is its elimination of the
many difficulties resulting from the presence of gasoline in liquid
form in the intake manifold of theAcarburetor engine, as discussed
earlier,

Gasoline inJjection systems bring many metering difficulties and

prove to be very expensive in comparison with a carburetor. In spite
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of much effort no gasoline inJjection system has been able to invade the
high production automobile market. Looking ahead, gasoline inJjection
is a sound approach to precise metering and potential exhaust emission
reduction, and is worthy of research effort.

These are only a few examples of potential improvements in
induction systems that can in the future accomplish reductions in the
exhaust emissions.

In 1962, Ref. 10, I stated, "Mixture enrichment has been the
necessary and all too easy way out of the defects of the complete induc-
tion system of the carburetted engine. Enrichment simply and effectively
covers up many of the problems resulting from metering deficiencies,
incomplete fuel vaporization, poor distribution, and transient condi-
tions".

Unfortunately, the gasoline engine designer has until now
never had the incentive to make such a detailed study of the fluid flow
phenomena in the induction system and the flow patterns in the combustion
chamber as his counterpart for the diesel engine has found necessary.

The emissions problem has changed all this and, under the new incen-
tives, I am sure much will be accomplished.

Combustion Chambers - The combustion chambers constitute

spaces above the pistons where the fuel/air mixture is burned. The
metal chamber walls are relatively cool in comparison with the burning
charge. Therefore, when the flame approaches the wall, the flame is
extinguished by cooling, leaving a paper-thin layer of unburned fuel
next to the wall. This phenomenon is referred to as wall quenching.
For an engine in good condition, wall quenching is the cause of an

important amount of the unburned fuel in the exhaust under the crusing
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condition. Research work is under way to learn more about the details
of the quenching phenomenon and to evaluate the factors which influence
it. To minimize wall quenching the chamber should be compact, with as
little wall surface as possible. Fewer large cylinders are better than
a greater number of small cylinders from the standpoint of wall quench-
ing because larger combustion chambers have less surface per unit of
volume.

Cylinders and pistons must also be carefully designed to
minimize the amount of charge in confined spaces, where the charge will
be quenched and not burned. An example of this is the thin space above
the top piston ring and between the piston and cylinder wall. This
calls for very careful design and development. In the past the criteria
of maximum engine output and minimum fuel octane requirements were most
important. Today chambers are being carefully evaluated with the added
criterion of minimum emissions and marked improvements are being made.

Combustion chamber deposits are also an important factor
which influence the amount of fuel left unburned at the chamber walls.
It is believed that this is mainly due to the fuel being forced into
the porous deposits during the compression stroke, thus evading com-
bustion, and then being ejected during the expansion stroke. The use
of fuel and oil with additives which minimize the formation of deposits
have therefore taken on new importance.

Tetraethyllead has been used in motor fuels for about 40 years
as an economical means for improving the anti-knock quality or octane
number of gasoline. This in turn has permitted the use of higher engine
conpression ratios and greater fuel economy. In 1959, the maximum

amount permitted was increased from 3 to 4 cubic centimeters per gallon.
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In 1958 four hundred and fifty-five million pounds of tetraethyllead
were used in motor gasolines.

Recently, its use as an octane improver has been questioned
because of its possible toxic effects in the atmosphere. Much addition-
al observation and research is necessary concerning the effects of lead
in the atmosphere upon human life, as well as further studies of the
effect of leaded fuels upon deposits and exhaust emissions. The gradual
elimination of lead from motor gasoline would necessitate major changes
in refining techniques and various estimates have been given concerning
the increase in cost of gasoline, if the present octane numbers were
maintained. These estimates vary from one to five cents per gallon.

Many other factors, including ignition timing and valve tim-
ing, have an important influence on exhaust emission and are being
carefully studied. It is to be expected that with further study of all
these factors, reductions in emissions will result. However, it is too
early to predict what minimum values of emissions will be attained by

means of design improvements within the engine.

REDUCTION OF EMISSIONS, EXHAUST SYSTEMS DEVICES

When all practical future steps have been taken to reduce the
emissions from automotive engines, the next step may be the installation
of a device on the exhaust system to further reduce these constituents.
This might be an improved version of those already in use in California.
Two types of devices appeaf to have merits, the direct flame after-

(11,12) and the catalytic converter.(IB) Both have as their ob-

burner
jective the oxidation of CO and unburned fuel.
Unfortunately, these devices, like the engine improvements

mentioned earlier, do not reduce the oxides of nitrogen. Removal of
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the oxides of nitrogen is a quite different task from that of oxidiz-
ing carbon monoxide and unburned fuel., Perhaps ultimately a device will
be developed for use on the exhaust system which will be able to remove
not only the small amount of remaining carbon monoxide and unburned fuel,

but the oxides of nitrogen as well.

STRATIFIED CHARGE, SPARK-IGNITED ENGINE

There has been much discussion in the technical literature
over many years concerning the possibilities of the stratified charge
engine as a means for reducing the exhaust emissions of automotive en-

(14)

gines. The principal hopes for this system also include improved
fuel economy at part load, due in part to the elimination of intake
throttling, and to reduction of the maximum cycle temperature. Of
particular interest here is the claim that the exhaust emissions are
low because it burns with more excess air.

The concept involves the use of a near chemically correct
mixture at the spark plug for easy ignition, and a very lean mixture in
the portion of the combustion chamber most remote from the spark plug.
Much development has been done to obtain the progressively leaner mix-
ture across the chamber, including two-compartment chambers, and con-
trolled air motion with fuel inJjection into the combustion chamber.

In general, any fuel and air mixture requires some minimum
amount of fuel to support a flame front, or the flame will be extin-
guished. The difficulty with all of the stratified engine concepts lies
in the fact that the flame front must progress from the spark plug lo-

cation into a very lean mixture. If the most remote and lean parts of

the charge, or isolated pockets of charge, do not burn, the unburned
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fuel in the exhaust can be much greater than for conventional engines
using a homogeneous charge.

The first stratified and spark-ignited engine was demonstrat-
ed by Ricardo, who stated in 1922,(15> "The worst feature about it (the
stratified charge engine) is that, if not just right, it may be very
wrong; a very small change in form or dimension may upset the whole
systemes.." All engineers who have tried to develop a stratified charge
and spark-ignited engine can attest to the truth of Ricardo's state-
ments made forty-five years ago. No production use has yet been made
of the stratified and spark-ignited concept.

The engine has severe requirements for spark plugs and for
the fuel injection equipment. Few data have been revealed to indicate
that the exhaust emissions of the engine are superior to conventional
engines., This engine type is not likely to achieve high production use

for automobiles for at least a decade, and it may never do so.

THE DIESEL

The diesel, or compression-ignition, engine is now the main
powerplant throughout the world for heavy truck and industrial use.

Its predominance in this field is based on excellent fuel economy, re-
liability, and long life. Its present predominance in heavy trucks was
also aided in the past by a tax differential between diesel fuel and
gasoline,

The diesel however has bad manners, - it is noisy, it smckes,
and it stinks. These problems are all related to its means of ignition
and burning of the fuel., Following the beginning of injection of the
fuel into the highly compressed hot air, a short time delay of a few

thousandths of a second elapses before burning begins. During this time
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fuel continues to be injected into the air charge. At the end of the
delay period, there is extremely rapid and uncontrolled combustion of
the accumulated fuel, and a corresponding very rapid rate of pressure
rise, which causes the sharp metallic combustion noise so characteristic
of the diesel. For small engines which operate at higher crankshaft
speeds the effects of this delay are more pronounced, since the crank-
shaft turns through more degrees during the ignition delay period, and
more fuel is accummulated in the cylinder. Much progress has been made
to overcome this problem of combustion noise in the diesel, involving
different concepts of injection and means for fuel vaporization, but
complete solution is not yet in sight.

Supercharging of Diesel Engines - The use of engine inlet air

pressure greater than atmospheric is now standard practice in large
stationary and marine engine diesel practice, and is common for trucks.
It is clearly indicated that supercharging as a means to increase power
outputs will become much more prevalent.

Although unsupercharged gasoiine engines are capable of high-
er specific outputs than corresponding diesel engines, in the trend to
higher outputs the diesel has a clear advantage over spark-ignited en-
gines, because the problems of ignition and combustion control become
less difficult at higher output. The gasoline engine, on the other
hand, requires more expensive fuel of increased octane for increased
output. There is every indication that the diesel will continue to be
improved and will remain the main source of power for industrial and
truck use for many years.

The exhaust from diesel engines is low in carbon monoxide

because these engines use much excess air, especially at idle and light
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load. Until now it has been the opinion that the diesel is not a large
contributor to photochemical smog. There is, however, growing evidence
that the unburned hydrocarbons emitted by the diesel are more active in
the formation of smog than those from the gasoline engine., Much more
research is necessary on the problem of the relative reactivity of the
different hydrocarbons, and there is great need for better instrumenta-
tion to permit measurement of the various molecular forms in the exhaust.
A comparison of these emissions from different types of engines burning
different fuels is now almost impossible.

There is presently much activity concerning the use of addi-
tives for diesel fuel to control smoke, These additives consist mainly
of a metallic constituent, usually barium. The Public Health Service
is concerned about the toxicity of the several forms of barium from the
engine exhaust. The smoke reduction accomplished by these additives is
quite dramatic, and is believed to be due to catalytic influence on the
combustion of carbon. Such additives are presently in use in Europe and
are being promoted for use in the U.S.

However, present technology is quite adequate to greatly
reduce smoke without waiting for fuel additives or other new technology.
Diesel smoke usually results from:

1. Use of a fuel with too high specific gravity, because

these are less expensive and have higher energy content
per gallon,

2. Injecting too much fuel into the engine cylinders in an
effort to obtain more power.

3. Dirty fuel injectors or other poor maintenance.
It is presently economical to operate diesels with a smoking
exhaust and this will continue until laws make it uneconomic. I believe

only California is enforcing a smoke limit on diesel operators.
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Regulation of this highway nuisance throughout the United States is long
overdue. Improved instrumentation for measuring the smoke density of

vehicle exhaust would greatly aid regulation.

GAS TURBINE ENGINES

The gas turbine engine is old in principle and, following
World War II, became the dominant source of power for aircraft. Land-
vehicle use involves much smaller engines, more operation at part load,
and the need for a high gear reduction to the wheels. In this appli-
cation it cannot yet compete in the market place with piston engines.

The development of turbine powered vehicles has been dili-
gently pursued by the U.S. automobile industry for many years.(l6) For
automotive use, further reduction in fuel consumption must be accom-
plished, especially at part load. Marketing a gas turbine passenger
automobile is difficult because a large commitment must be made to
establish high production, which is essential to gain a near competi-
tive price, and it is unknown how many potential customers are will-
ing to pay a premium price for a turbine powered automobile.

In contrast with piston engines, the turbine suffers because
metals must be continuously subjected to the maximum temperature of the
cycle, This makes necessary the use of much excess air to limit the
hot gas temperature. It is to be expected that important developments
will occur to permit increased maximum cycle temperature, either
through improved metallurgy or turbine blade cooling arrangements. An-
other deterrent to the use of gas turbines for automotive use is the
need for and the very high cost of regenerators or heat exchanger equip-
ment. If means are found to raise the maximum temperature of the cycle
another few hundred degrees, and also reduce the engine cost, the tur-

bine engine could become competitive for automotive use.
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The gas turbine uses much excess air, and the exhaust emissions
are low. Although direct comparisons are difficult to make, the tests

(17)

of Turunen indicate that the emission of unburned hydrocarbons and
carbon monoxide from a turbine engine powered vehicle are about one-
tenth that of a piston engine vehicle having a low California test, on
the basis of emissions per pound of fuel burned. The comparison of
oxides of nitrogen is more difficult, but it appears that the emission
rates of oxides of nitrogen (pounds/hour) are equal to or slightly
higher for the gas turbine engine.

It is likely that as a result of continuing development, im-
portant applications of the gas turbine engine will come first in the

truck and industrial engine applications. The need for increased horse-

power gives added advantage to the turbine over piston engines.

THE WANKEL OR ROTARY ENGINE

This much publicized engine is a positive displacement engine
using the same cycle of events as conventional piston engines. Instead
of the piston and cylinder used to provide a chamber of varying volume,
the Wankel engine employs a triangular-shaped rotor which orbits within
a housing. The fhree sides of the triangular rotor and the housing
form three chambers of varying volume, which correspond to the combus-
tion chambers of a conventional engine. The chambers of this engine are
of necessity elongated, and have a large surface/volume ratio. The en-
gine also has difficult sealing problems. The chief merit of the en-
gine for vehicle use lies in the fact that for a given power it can
probably be smaller, and offers new opportunities for installation in

a vehicle., It may also prove advantageous in some applications where
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two-stroke cycle spark-ignited engines have been predominant, such as
outboard marine engines.

Data concerning the exhaust emissions from this type of en-
gine show the unburned hydrocarbons to be high. This is probably due
to the large surface/volume ratio of the combustion chambers and to the
fact that half of the charge leakage, or blowby, goes to the exhaust.
Although the future place of this engine in the spectrum of powerplants
is not yet established, it does not appear promising as a means to re-

duce the problems of air pollution from vehicles.

ELECTRIC VEHICLES

Electric vehicles can be powered by storage batteries, by
fuel cells, or by direct transmission of electricity (as in a street
car). This section will consider the problems and outlook for batteries
as an energy storage system., Fuel cells are discussed in the next sec-
tion.

The battery-electric vehicle must be considered as a system
with its necessary stationary electric generating plant and its elec-
tric distribution equipment. Table 1 shows typical values, based on
current practice; of the near maximum efficiency of these necessary
steps in the chain of power supply to a battery-powered vehicle. Some
of these efficiencies can vary widely. For example, the efficiency of
the battery charge-discharge cycle is very dependent on the rate of
charge and discharge. For shoppihg vehicle use it is to be expected
that there will be much stop-and-go driving, with intermittent high

rates of discharge.
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TABLE I

ESTIMATED AVERAGE EFFICIENCY OF COMPONENTS
OF THE TOTAL BATTERY-ELECTRIC VEHICLE SYSTEMS

Component Efficiency %
Central Powerplant Lo
Electric Transmission and

Transformers 85
Battery Charger - conversion of AC

power to DC 80
Battery Charge - Discharge

Effectiveness 70
Motor and Controls >

The overall efficiency of this energy system
is the product of all the component efficien-
cies, which is 14.%

The product of all these component efficiencies is 14%,% which
is the overall efficiency from the central powerplant fuel supply to the
output shaft of the electric motor. This efficiency can be much less
for off-design conditions. For a typical automobile, the overall thermal
effiéiency of its gasoline engine varies at steady speed in high gear |
from approximately 13% at 30 miles per hour to 22% at 70 miles per hour.,
It can be seen that the overall thermal efficiencies of the two power
systems are of the same order of magnitude. However, these figures
represent a comparison of a highly developed gasoline-powered automo-
bile with a less-developed battery-powered system that probably has
greater potential for future improvement in some of the efficiencies of
Table I.

The low available energy per unit weight of batteries is the
major technical block to the use of the battery-electric system for
automotive propulsion. This is usually expressed as watt hours of en-

ergy available per pound, and is a measure of how far a battery-powered
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vehicle can travel before requiring a recharge of its batteries. An-
other nearly equally important criterion is the ability to deliver power
at a high rate for short periods of time. This can conveniently be
expressed as weight/power ratio. Values of these abilities are shown
in Table II, taken from References 18 and 19, for conventional batter-
ies and those that have been mentioned as having future potential ad-
vantages for vehicle propulsion. Warning is given, however, that these
numbers can be very misleading since they depend on many factors and

on whether a laboratory or commercial device is being considered.

TABLE II

COMPARISON OF BATTERY SYSTEMS

Energy Density Weight/Power Ratio
Watt-hrs. per lb. Lb. per kilowatt
(Slow discharge 5 hrs.) (Rapid discharge 1/4 hrs.)

Lead-Acid 10 20
Nickel-Cadmium 1k 25
Silver-Cadmium 2L 15
Silver-Zinc 50 L
Zinc=-Air 60 30

(General Dynamics
Sodium-Sulfur 150 10

(Ford Motor Cou)
Lithium-Chlorine 150 3

(General Motors Corp.)

It will be noted from Table II that the silver-zinc battery
shows an energy density of five times that of our conventional lead-
acid battery. Unfortunately, they are very expensive partly because of
a high silver content. Also, their life as measured in terms of ability
to be repeatedly charged and discharged is only about 10% of that of a

lead-acid battery.
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The zinc-air battery has energy density as good as the silver-
zinc battery, and is very much less expensive. Unfortunately this unit
is the poorest of those shown from the standpoint of weight per unit of
power, and is unacceptable on this basis,

Many paths to possible higher output are being considered.
The Ford sodium-sulfur unit, said to be in an early stage of develop-
ment, is one example., This presents serious problems since sodium is
very hazardous if it contacts water, and the unit must be operated at a
temperature of 500°F or higher. The use of hazardous materials such as
sodium at elevated temperatures poses serious problems of safety and
starting for vehicle use. General Motors has concentrated some of its
effort on the Lithium-Chlorine cell, which operates at a temperature
slightly above the melting point of lithium, - about 1100°F. This
molten material also presents problems of safety and start-up. No one
knows when, or if ever, such batteries will be practical for propelling
a personal vehicle,

The most advanced state of the art is illustrated by an ex-

(19)

perimental battery-powered car of General Motors, shown on Figure 5.
This is an experimental vehicle developed by General Motors to learn
about and demonstrate the possibilities of an electric wvehicle, The
vehicle uses the basic structure and running gear of the Corvair auto-
mobile. It is fitted with a silver-zinc battery pack consisting of 286
cells with a total weight of 660 pounds. The car is equipped with a
very compact alternating current 115 horsepower electric motor. A com-
plex set of solid state devices for converting the direct current from

the battery into AC with varying voltage and frequency are provided by

the motor control. The car was designed to have performance comparable
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to a standard Corvair, but with a necessarily reduced operating range.

The performance is indicated on Table ITII.

TABLE TII

PERFORMANCE OF BATTERY-POWERED VEHICLE

Battery-Powered Corvair with
Corvair Standard Powerplant
Weight 3400 2600 1bs.
Performance 0-60 mph 16 sec. 16 sec.
Top Speed 80 mph 86 mph
Range L0-80 miles 250-300 miles
Power Train Weight 1230 1bs. 610 1bs.

The limited range imposed by the batteries is apparent. On
the basis of the estimated cost of these batteries when purchased for
a production of 100,000 units, the computed cost to propel the car is
approximately $3.00 per mile. This is more than 100 times the cost to
propel a conventional automobile, and there is not enough silver for
this use. To be successful, much less expensive battery combinations
must be developed to a high standard of performance.

Another aspect of the battery-powered vehicle is the exhaust
emissions of the: total system in comparison with a gasoline engine,
With the assumption that the central powerplant burned oil and the over-
all efficiency of the battery and gasoline engine powered systems are
of near equal efficiency, and neglecting any battery emissions, the
battery system would have only a small fraction of the unburned hydro-

(20)

carbon and carbon monoxide of the gasoline automobile. The oxides
of nitrogen would be comparable, and the oxides of sulfur would be much
larger, on the basis of present practices for both systems. The central

station might also use gaseous fuel, with greatly reduced emissions.
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The central station and battery electric vehicle system has the impor-
tant advantage that the central station could be located outside an
area subjected to unusually high pollution, such as Los Angeles. Also,
there would be relatively few stations and therefore easier to control.

With the rapid development of central station atomic power,
the emissions attendant to fossil fuel combustion would be eliminated,
and a further advantage would accrue to the electric vehicle. It may
now be projected that most large central station powerplants built
after 1980 will be powered by atomic energy. However, it should also
be kept in mind that the cost of generating electric power at the power-
plant is only about 20% of its selling price. There is also a problem
of disposal of radioactive waste from atomic powerplants.,

If the present basic research relating to a sustained fusion
reaction leads to the possibility of abundant power from sea water there
would be a whole new outlook on power sources. At such a time our con-
cern over world energy sources might also be ended. However, this rep-
resents a very much longer range proJjection.

There is a future place for battery-electric vehicles of
small size and short range. Local shopping and short-range commuting
are good examples., Applications where as much as half of the fuel is
presently consumed while idling, such as some mail and delivery trucks,
represent a potential field for electric vehicles, It does not seem
likely however, that battery power will be used for decades for power-

ing conventional size passenger automobiles in intercity service.

FUEL CELLS
A fuel cell is a»device for converting chemical energy di-

rectly into electric energy. For a very interesting discussion of



-3k

their principles and space applications, see Fortune magazine.(gl)

Like most other powerplant systems, the fuel cell is not a
recent conception. Sir William Grove of England, about 1840, demon-
strated that hydrogen and oxygen could be combined with the aid of cat-
alytic platimum electrodes to produce water and a small electric cur-
rent. For generations only a modest and intermittent effort has been
expended to produce electricity directly from fuels by these methods
of electrochemistry. However, this has now been changed dramatically
by the requirements of the space program, and intensive research by
many groups is in progress. Some of the results of this effort are
represented by the General Electric fuel cell powerplant system used
in the Gemini 5 and T space flights. This system, consisting of many
thin fuel cells, liquid hydrogen and oxygen storage tanks, coolant
pumps , and preheaters to vaporize the hydrogen and oxygen, weighed four
hundred pounds, and was capable of delivering one kilowatt. During the
fourteen-day flight of the Gemini 7 this powerplant delivered about
200 kilowatt-hours of energy. For this application the fuel cell has
many advantages, including the use of the same fuel and oxidant as the
main propulsion engines, and its waste product, or exhaust, is drinking
water,

An important aspect of this power system for space applica-
tion has been the very large research effort that has been triggered.
Most of the major companies involved in this effort, including General
Electric, Pratt and Whitney, and Union Carbide, are all looking to com-
mercial applications. Before there can be much commercial application
of fuel cells their cost must be greatly reduced, - the platinum in the

Gemini 1 kilowatt (1-1/% H.P.) unit is estimated to cost $7,500.00.
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Coming back to our earlier premise that an automotive portable power-
plant must use a relatively cheap and easily handled fuel, it is al-
most essential that a fuel cell for land vehicle propulsion use a pe-
troleum-base fuel and take its oxygen directly from the air.(gg) An-
other approach is to reform the fuel before supplying it to the fuel
cell, but such processes also add to the complexity and reduce the
overall efficiency of such systems. Further, all fuel cell systems
which burn conventional fuels and air are quite certain to have some
products of incomplete combustion, and undesirable emissions.

General Motors has also developed an automotive vehicle to
study the problems and possibilities of fuel cells as a means of ve-
hicle propulsion, as outlined in the news release of Reference 19.

This program was carried out with the cooperation of the Union Carbide
Company, who supplied the fuel cells. Figure 6 shows a view of the
vehicle, and indicates the principal components of the propulsion sys-
tem. Some of the principal characteristics and performance of this
vehicle, in comparison with the same wvehicle with a conventional gaso-
line engine system, are shown on Table IV.

The electric control system and propulsion motor for the fuel-
cell powered Electrovan were essentially the same types of equipment
as used in the battery-powered vehicle. The liquid hydrogen and oxygen
were kept in vented cryogenic insulated tanks at their very low boil-
ing points of -423°F and -297°F, respectively, so some of the liquids
are continuously lost by boiling away.

Figure 6 reveals that the fuel-cell vehicle was nearly filled
with the necessary propulsion equipment and Table IV indicates that the

range of operation was quité low, and that the power train weight was
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excessive. Obviously much remains to be done to make the fuel cell a
practical vehicle propulsion system. Again, a highly developed engine-
transmission system is being compared with a fuel cell system in an

early stage of development.

TABLE IV
Fuel Cell

Powered Vehicle, Conventional

The Electrovan GMC Van
Weight 7100 1bs. 3259 1bs.
Performance 0-60 mph 30 sec. | 23 sec,
Top Speed 70 mph. 71 mph.
Range 100-150 miles 200-250 miles
Power Train Weight 3650 1bs., 870 1bs.

The major problems of fuel cells involve processes of catalysis
and catalytic materials. Catalytic processes are extremely complex and
remain mysterious. In this fact lies hope that future development may
lzad to remarkable improvemsnts in performance and reduction in cost.
For this reason fuel cells may represent a much better long range hope

than storage batteries as a means for vehicle propulsion. One should
also not overlook the possibility of breakthroughs in technology in
this field of relatively recent technology. The same is true for all
fields of power development, but the chances for this are much less in
well developed systems,

Perhaps the best opinion that can be expressed here is that of
Dr. Arthur M. Bueche of the General Electric Company, which developed

(23)

!
the Representatives Committee last summer, he stated, 'When will
we have fuel cell automobiles? I don't know. I don't know when, and

I'm not really sure if, All T can say is: on the basis of what we
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know now, fuel cells might someday be very attractive for vehicles be-
cause they might not give off any appreciable noxious exhaust, and they
might be developed to fit into more compact portable packages, and they
might be made inexpensively enough for general use in vehicles,

That's a mighty long list of 'mights'. But fuel cell research
has great momentum. The need for alleviating pollution from vehicles
is very great. The accomplishments of man, when he puts his mind to it,

"
are being dramatically demonstrated in today's world.'
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