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CORNELL'S LOW POLLUTION

INTERNAL COMBUSTION ENGINE

by E. L Resler, Jr.

With a Cornell-developed "flaming
muffler" under the hood and a simple
modification of the engine, a conven-
tional automobile could surpass the
ultimate emission standards. Dramatic
reduction of nitrogen oxide pollution
—without loss of power, performance,
or gas mileage—may be achieved as
simply as inserting a new set of Cornell
spark plugs.

The modified engine and the Cornell
spark plug were designed and built in
the laboratories and shop of the Sibley
School of Mechanical and Aerospace
Engineering, are in the process of be-
ing patented, and are now being road
tested in a number of vehicles. They
are the first practical results of a
project to find ways of reducing pollu-
tion by internal combustion engines
—a project that is part of a wide-
ranging program of pollution-control
research at the School. As principal
investigator for this particular project,
I would like to outline the problems
and tell the story of why the research
was undertaken three years ago, how
it has progressed, and what we hope it
will contribute to the solution of an
urgent national problem.

THE FEDERAL PROGRAM
FOR POLLUTION CONTROL

Motor vehicles cause a large fraction
of the air pollution in the United States.
There are five major air pollutants of
concern to the general public—carbon
monoxide (CO), unburned hydrocar-
bons (HQ, nitrogen oxides (NO*),
sulphur dioxide (SO2), and participates
—and the internal combustion engine
is largely responsible for three of them:
CO, HC, and NOX.

The federal regulations set by the
Congress to limit pollutants emitted by
motor vehicles (see Table I) have been
and still are the subject of considerable
controversy, especially now that the
so-called energy crisis has assumed
such prominence. After the enactment
of the original legislation, some initial
large gains in the reduction of pol-
lutants were made, but further at-
tempts to achieve the ultimate goals
have made our vehicles more expen-
sive to run and to maintain, and pro-
gressively worse in performance.

Even before the energy crisis be-
came so acute, much pressure was
exerted by the car manufacturers and

oil companies to have the regulations
changed or postponed, and now that
fuel economy is mandatory, the whole
program of emission controls is bound
to be reviewed. The Congress can cer-
tainly be accused of overenthusiasm
in legislating such extensive pollution
reduction. On the other hand, it seems
that the car manufacturers are capable
of more improvement than they are
willing to provide. The hope is that
a realistic pollution control program
will eventually evolve to achieve clean
air for all of us.

TECHNICAL DIFFICULTIES
IN CONTROL MEASURES

The control of pollutants from a motor
vehicle is not easy and involves a de-
gree of understanding and sophistica-
tion beyond that required of the auto-
mobile industry in the past. To achieve
the desired controls, pollutants in the
exhaust must be measured in very low
concentrations, expressed as parts per
million (one ppm is equivalent in mag-
nitude to 31.5 seconds in the time
span of a year). One of the difficulties
of effective control is in obtaining in-
dependent measurements of each of the 2



" . . . effectiveness in pollution control, good performance
for the driver, apparent absence of maintenance problems,

fuel economy, and minimal sacrifice of power."

offending pollutants when they occur
in such dilution. Neither the automo-
bile dealers who service the vehicles
nor the law enforcement agencies have
the instruments or the expertise to
monitor the pollutants from vehicles
to the degree required by law. Another
important problem without a solution
is how the maintenance of rigid stan-
dards can be enforced once a vehicle
is in the hands of its owner. It seems
ironical that the government should
force the consumer to purchase an ill-
performing, gas-guzzling, intricate auto-

mobile, which has underneath the hood
ill-understood pollution controls; for-
bid tampering with the controls; and
yet not have a reasonable way to
guarantee that pollution is indeed be-
ing controlled. Such is the problem
facing us all.

The pollution regulations are com-
plicated and difficult to interpret and
meet. The allowable amounts of pol-
lutants are specified in terms of grams
per mile; and the complexities of in-
terpretation are evident when one con-
siders that a given vehicle burns dif-

TABLE I.
ULTIMATE EMISSION STANDARDS FOR AUTOMOBILES*

Pollutant

CO
Hydrocarbons

NOX

Allowable Emissions

(grams/vehicle
mile)

3.4
0.41
0.4

(ppm in
exhaust)

77 X mpgt
9.2 X mpg
9 X mpg

Percent Reduction as
Compared with Average

Uncontrolled Engines

96
97
93

* According to present legislation. The time table for achievement of these standards
is, at the time of this writing, still being negotiated in the Congress.
t Gas mileage in miles per gallon.

ferent amounts of gasoline per mile,
depending on its speed, the road con-
ditions, how many stops are made,
etc. In order to provide more usable
criteria, standards have been estab-
lished which prescribe a certain mode
of driving over a particular course
(specifically, a "federal test" that takes
almost half an hour to complete), and
stipulate how the pollutants must be
measured and the results are to be
interpreted.

HOW MUCH CONTROL
IS NEEDED?

In spite of the complexity of the re-
quirements, suppose we attempt a
quantitative estimate of the degree of
control required in terms easily under-
stood. This can be done fairly simply
in terms of the stoichiometric ratio of
air to gasoline. This ratio represents
the amount of air required to supply
the correct amount of oxygen so that
all the hydrogen and carbon in a unit
quantity of gasoline is converted to
water and harmless carbon dioxide.
The stoichiometric ratio of air to gaso-
line is about 15 by weight, and so the
total weight of exhaust products is 16



Working on the Cornell internal-external
combustion engine are, left to right, M. L.
Tompkins, manager of the technical ser-
vices facility in Upson Hall; Professor
Resler; and Ralph A. Cochran, machinist.

times the weight of the gasoline. Since
gasoline weighs about 6.1 pounds per
gallon and there are 454.6 grams in a
pound, the total number of grams of
exhaust resulting from the use of one
gallon of gasoline is 16 X 6.1 x 454.6
= 44 X 103 grams. The amount of gas-
oline used per mile may be expressed
as the reciprocal of the familiar unit
of miles per gallon (mpg). The amount
of exhaust expressed as grams per mile
is therefore:

g of exhaust/mile =
44 x 103

mpg
The ultimate pollution levels called

for by legislation are given in grams
per mile (see Table I), but they can be
converted to parts per million (ppm)
calculated on the basis of gas mileage
of a particular vehicle, a designation
that is perhaps more useful and mean-
ingful to most people. Since ppm equals
106 times the ratio of the amount of
pollutant per mile to the amount of
total exhaust per mile:

P D m _ g/mile x mpg
PPm " 44 X 10* X 1U

where g/mile is the allowed pollutant

level as given in Table I. It is apparent
from inspection of the Table I data, and
a matter of common sense, that the
more miles per gallon a car gets, the
easier it is to control pollution.

WHERE THE POLLUTANTS
COME FROM

In order to control the pollutants, their
source must be understood.

Unburned hydrocarbons and carbon
monoxide are present because of in-
complete combustion in the cylinders.
This occurs because although combus-

tion temperatures in an internal com-
bustion engine are between 5,000 and
6.000°R, well above the melting point
of steel, the walls of the cylinders must
be kept a great deal cooler, and be-
cause the walls are relatively cool,
there is an adjacent layer of fuel-air
mixture that burns incompletely or not
at all. Excessive CO production is also
promoted if any region is rich in fuel
and therefore has insufficient oxygen
to effect complete oxidation of the
carbon. .

Excessive NOX, chiefly nitric oxide, 4



Figure 1. Dependence of pollutant levels
in exhausts on the fuel mixture. When the
engine is run rich, performance is good
and NOX emissions are low, but CO and
hydrocarbons (HC) are high. When the
engine is run lean, the levels of all three
pollutants are relatively low, but engine
performance is poor. The Cornell scheme
makes use of a combination of com-
bustion conditions so as to provide both
pollution control and good engine per-
formance. (Emissions not to scale.)

NO, occurs for a different reason. It is
formed in a chain reaction (known as
the Zeldovich mechanism) involving
atoms:

(O)
(N)

N2 :
O2 : : NO + (O),

and conditions that affect the final con-
centration of NO in the engine exhaust
are complex and diverse. The big asset
of the internal combustion engine is its
small weight for a given power, and
this is due to the high temperatures
that can be sustained by the gases in
the cylinders after combustion. Un-
fortunately, these high temperatures
favor the formation of NO, and we
have a dilemma: the higher the tem-
perature, the better the performance
of the engine, but also the greater the
NO production. In principle, the NO
should disappear during the power or
expansion stroke of the piston when
the gases are cooled. The chemical
kinetic processes are such, however,
that the conversion of NO back to N2

and other products does not, in fact,
occur in the short time available during
the expansion stroke. After the expan-

5 sion stroke the gases are too cool to
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effect the desired reduction of the NO
before they are exhausted to the atmo-
sphere. A common description is that
the NO concentration leaving the en-
gine is that appropriate to the highest
temperature in the working cylinders.

Since the NOX pollutant is a result
of nonequilibrium, the description of
what actually happens can be accom-
plished only with a detailed calculation
using rate equations for the proper
chemical kinetic processes. These pro-
cesses are well understood, however,
and the necessary computations for a
typical engine have been performed.

METHODS USED TO
REDUCE POLLUTANTS

Since the power of an engine depends
on high temperature but the amount of
NOX emitted increases with tempera-
ture, initial efforts to control NOX

emission relied on recirculation of ex-
haust gas. The idea was that dilution
of the mixture with inert gases would
lower the combustion temperature and
therefore reduce NOX concentrations.
Unfortunately, exhaust gas recircula-
tion also reduces engine power and
causes rough operation. To relieve the

problem of engine roughness, the com-
pression ratios of engines have been
reduced; this allows the use of lower
octane fuel, but it also decreases effi-
ciency. The penalties of lower power,
lower efficiency, and rough operation
are all due to attempts to control NOX.

Another way to control the pol-
lutant emissions is to accelerate the
reactions by means of catalysts. Un-
fortunately, the catalysts effective for
the control of NOX require different
gas conditions than those effective for
the control of CO and HC: the NOX

catalysts require low oxygen concen-
trations, whereas excess oxygen is re-
quired for the catalysts that promote
the oxidation of CO to CO2 and HC to
H2O and CO2. Catalysts work very
well, but their durability is in doubt,
and there is also concern about other
pollutants that result from their use,
namely sulfuric acid, ammonia, and
particulates.

Some control of emission levels can
be achieved by adjusting the richness
of the fuel-air mixture. The effects on
pollution levels are well summarized
in Figure 1. The curves show that run-
ning lean can never remove all of the



Figure 2. Diagram showing the Cornell
modification of the internal combustion
engine. Four cylinders of a conventional
engine are represented. All except one
cylinder in the engine are run rich, so that
the spent gas is low in NOX but high in CO
and hydrocarbons. These exhaust gases
are fed into an added external combustion
chamber (the "flaming muffler") where
further combustion occurs. Compressed
air to support this external combustion
process is provided through the single
modified cylinder. The end result is low
pollutant emission without sacrifice of
good performance and fuel consumption.
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CO and HC pollutants; this is because
of the cool layer of gas near the cylin-
der walls. The NOX level, however, is
reduced when the engine is running
lean; this is because with a lean mix-
ture the combustion temperature is
lower. The NOX level is also reduced
in rich mixtures, a result due not to
lowered temperatures, but to a defi-
ciency of oxygen: because of the
greater affinity of carbon and hydrogen
for the oxygen, there is little left to
combine with nitrogen to form NOX.

A general summation is as follows.

An engine run rich has lots of power
because the combustion temperatures
are high; its emissions are high in HC
and CO but low in NOX. On the other
hand, an engine run lean produces
little CO and HC and less NOX than
it produces with a stoichiometric mix-
ture, but it has little power and does
not run well.

A reasonable compromise is achieved
by the so-called stratified charge
method. Here one attempts to provide
a rich mixture next to the spark plug
in the combustion chamber and a lean

mixture farther away. The rich mixture
ignites and burns well and little NOX

is produced. The hot gases from the
combustion of the rich mixture then
mix with and ignite the lean mixture.
and again little NOX is produced be-
cause the temperature is now low.
Also, the excessive oxygen minimizes
the CO and HC levels. Unfortunately,
the appropriate stratification is diffi-
cult to achieve under all operating con-
ditions and success has been moderate.
The Honda Company, however, has
recently obtained good results by actu-
ally dividing the combustion chamber
into two sections, each fed with sep-
arate mixtures—one rich and one lean
—from separate carburetors. The addi-
tional intake valve and carburetor are
not excessive in comparison with the
hardware required by more compli-
cated arrangements that have evolved
in other attempts to achieve the same
degree of pollutant control.

DESIGN OF THE
CORNELL ENGINE

The original scheme attempted at Cor-
nell was similar in concept, but not in
execution, to the stratified charge ap-
proach. Our initial criteria were:

1. Make use of the present internal
combustion engine.

2. Permit retention of present tool-
ing in the industry.

3. Make use of available fuels.
4. Maintain high efficiency so as not

to aggravate the energy crisis.
The present internal combustion en-

gine has evolved over many years, it
is reliable and convenient, and there is
much expertise within the population
in its maintenance and care. To aban-
don it, if not absolutely necessary,
seems foolhardy. The investment in 6



tooling for our present engines is large,
and to abandon that does not seem
prudent. The investment of the oil
companies in their refineries and dis-
tribution system is also large, and to
require major modifications in this in-
dustry is also not economically feasible.
Finally, our petroleum resources are
limited, even without the present crisis,
and their prudent use is required.

In all our work, we took the point
of view that we should concentrate on
reduction of NO*, since this is the most
difficult pollutant to control. Since an
engine runs well and NOX formation
is minimized when the fuel mixture is
rich, we decided to run some of the
cylinders rich and to use the exhaust
gases, after mixing with air, to sustain
a lean flame in an external combustion
chamber. With the lean mixture, the
uncombusted HC and CO would be
oxidized, but the temperature would be
low enough so that again NOX would
not be produced.

Our experimental modifications are
diagrammed in Figure 2, which depicts
a bank of four cylinders from, say, a
V-8 engine. The first three cylinders
are run rich, by adjustment of the
carburetor already on the car, so that
little NOX but high levels of CO and
unburned HC are produced. The
fourth cylinder is disconnected from
the intake manifold so that only air
can enter it. This is easily accom-
plished by blocking the intake manifold
between the carburetor and the cylin-
der and opening the manifold to the
atmosphere just downstream of the
blocking plate by means of a port
which consists of a hole drilled in the
manifold passageway. The valve and
cam shaft arrangement are not altered,

7 so that the last cylinder, which is still

Figure 3. Diagram of the modified cylin-
der. A plate inserted above the piston
divides the cylinder into a working por-
tion, which helps drive the crankshaft,
and an upper auxiliary chamber which
serves as an air reservoir.
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connected to the cam shaft, goes
through its usual four-stroke cycle. The
system is completed with an after-
burner, mounted near the engine, into
which the exhaust from the cylinders
is fed.

The sequence of events in the fourth
cylinder can be followed by reference
to Figure 3, a diagram of the actual
hardware. The cylinder has been modi-
fied by the addition of a plate above
the piston, which serves to divide the
cylinder into a working portion and
an upper auxiliary chamber. The two

parts are connected through a spring-
biased valve. During the intake stroke,
air is admitted to the cylinder through
the intake valve and the spring-biased
valve. During the compression stroke,
the air is forced under pressure into the
combustion chamber above the plate;
near the end of this stroke the biased
valve is forced shut and, as the piston
rises, one duct to the heat exchanger
(not shown) becomes covered by a re-
cessed hole in the piston face. During
the expansion stroke, the compressed
gas is forced through the heat exchanger
via the port for the spark plug (now
removed) and on into the working part
of the cylinder again, through the duct
which was covered by the piston when
this was at top dead center. During this
phase of the cycle, work is done on the
piston face, and is accordingly delivered
to the crankshaft. The exhaust stroke
delivers the spent but still hot gases to
the flame in the afterburner, by passage
through the biased valve and the ex-
haust port.

This air cylinder acts as a power
source, for it converts the flame energy
into useful work. (This function is dis-
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'These levels of
pollution are

much lower than
those required to

meet the ultimate
standards.'*

tinct from the pollution-control as-
pects of the design, for if the heat
exchanger were omitted, the pollutant
control would be just as effective.) The
modified cylinder also acts as a com-
pressor, supplying the air necessary to
sustain the flame. The first three cylin-
ders operate at peak power; the last
cylinder, because of the lower flame
temperature, operates at about half the
power of the first three. The efficiency
of the combination, however, is very
high. Since the last cylinder makes use
of the waste heat of the first three, and
also delivers its own waste heat to the
flame, a degree of regeneration is sup-
plied.

BUILDING AND TESTING
THE MODIFIED ENGINE

In our laboratory at Cornell, we began
to implement our scheme. Calculations
were made, the associated hardware
was assembled, and some experimental
data on a one-cylinder engine were
gathered. The tests and calculations
were carried out chiefly by Herbert M.
Kosstrin, a Ph.D. candidate in the
School, and all the apparatus was con-
structed in the shop headed by M. L.
Tompkins.

It was encouraging to find that all
parts of the system functioned as ex-
pected, and our confidence in the
scheme was strengthened. We soon
learned, however, that our findings
were not necessarily accepted. In the
field of vehicle pollution control, no
one is interested unless an actual ve-
hicle is outfitted, so this was our next
step. We obtained an old 1963 Pon-
tiac with a 389 cu. in. V-8 engine, and
had the engine rebuilt and bored out
to 400 cu. in. Since a large engine is
more difficult to clean up than smaller

ones, we thought that the old Pontiac,
if successfully modified, would prove
our point. We were aided in this proj-
ect by the local Pontiac dealer, R.
Davis Cutting, a 1948 Cornell gradu-
ate, who made his shop, personnel,
and facilities available to us. We also
hired a consultant, Paul Stimson of
Independent Associates in nearby
Newfane, New York.

Next we proceeded to modify one
bank of the V-8 engine as described.
Cylinder number two of the engine
was used as the air compressor; it was
disconnected from the carburetor so
that air rather than a fuel-air mixture
was ingested by the cylinder. After
some initial difficulties with burner de-
sign and pulsations, which were over-
come, the system worked satisfactorily.
Initially we chose to have two exhausts
—a "good" exhaust from the modified
bank of cylinders, and a "bad" ex-
haust from the other bank, which
was not equipped with our burner.
The "good" exhaust turned out to be
very good—more than sufficient to
pass ultimate standards, according to
our tests. (We did not have an official
test run on the car, since we did not
have the necessary equipment.) The
"bad" exhaust turned out to be so bad
that the comparison seemed unfair.
Incidentally, the difference could be
detected easily by one's nose: an indi-
cation not of how good the "good"
exhaust was, but of how sensitive the
nose is and how bad the "bad" exhaust
was.

For more extensive testing, we de-
cided to clean up all the exhaust. This
was accomplished by running seven
cylinders rich and one as an air com-
pressor to supply the oxygen to burn
the pollutants. We mounted the burner 8



above the engine for easy access and
exhausted forward (see photograph).
The configuration was given the name
"flaming muffler" by the Cornell patent
attorney, Ralph Barnard, since the
flames were visible (a covering plate
may be added) and the whole chamber
is about the size of a muffler. Inci-
dentally, it did reduce the exhaust
noise sufficiently so that a muffler was
not required. The engine ran well on
seven cylinders, and the only bad ef-
fect of running rich (about 30% rich)
was excessive oil dilution by gasoline.

With this engine running at 35 mph,
the gas mileage as measured on a dy-
namometer was 12.5 mpg (good com-
pared with gas mileages of 1973
models), the NOX concentration was
about 50 ppm, and there was so little
HC and CO that we could not measure
their concentration. These levels of
pollution are much lower than those
required to meet the ultimate standards,
as can be seen by reference to Table I.

These results were greeted at first
with extreme skepticism by our friends,
especially members of the New York
State Department of Environmental

9 Conservation, who have worked with

The Cornell "flaming muffler" is actually
an external combustion chamber mounted
under the hood of the car. The blue flame
is visible in this photograph taken during
preliminary testing. CO and hydrocarbons
remaining after combustion of a rich fuel
mixture in the cylinders are fed into the
external chamber, where further combus-
tion takes place in a lean flame.

us and been very helpful. William Bal-
gord, then a research scientist for the
State of New York, arranged for an
independent check of our results by
bringing NOX detectors from his labo-
ratory in Albany to our laboratory and
running tests for us. This more refined
equipment indicated an NOX concen-
tration of 18 to 20 ppm, verifying our
tests and again giving us confidence in
our approach.

Still there was little interest in our
scheme, for we had what was con-
sidered a horrible arrangement. First,
we had tampered with the engine
block, and this is considered bad prac-
tice. Furthermore, our modification did
not consist of a simple "bolt on" part
that could be marketed separately.

WHAT THE CORNELL
DESIGN CAN OFFER

From the standpoint of pollution, the
big advantage of the Cornell system is
that little NOV is produced, since little
is formed in the rich-running cylinders
or in the relatively cool lean flame of the
afterburner. NOX control is achieved
by operating on the rich and then the
lean part of the pollution curve (Fig-

ure 1), much as in the stratified charge
scheme. However, while lean combus-
tion in a cylinder can be troublesome,
a lean flame is easy to control. The
advantage of the combination of rich
cylinder plus lean flame is that the
cylinders run well rich and the lean
flame can be controlled conveniently;
more control of the combustion pro-
cesses is possible with this system than
with the stratified charge technique.

The arrangement involves minimal
modification of an existing engine and
is therefore promising in terms of cost,
installation, and maintenance. All it
requires is modification of one cylin-
der and its connections, and the at-
tachment of the external combustion
chamber with its heat-exchange unit.

Calculations show that the efficiency
of the engine is not compromised by
the introduction of these alterations.
Gas mileage appears to be unaffected.
The power is reduced by about 12.5%,
but a moment's thought shows that the
power could be recovered by operating
the last cylinder at a higher manifold
pressure, or operating the last cylinder
on a two- instead of four-stroke cycle,
or both. Overall, the merits of the Cor-



The Cornell engine, now being road tested,
is adjusted by, left to right, Donald Van
Dermark, research technician; Ralph A.
Cochran, machinist; and Herbert M. Koss-
trin, Ph.D. student who collaborated with
Professor Resler in the development of the
engine modifications. During his graduate
years, Kosstrin has held a Joseph Newton
Pew Jr. graduate fellowship and a Ford
Foundation fellowship for research rele-
vant to society. 10



" . . . the Cornell spark plug already
developed may be all that is required to meet
NOx emission standards/*

nell scheme, as we see it, are effective-
ness in pollution control, good per-
formance for the driver, apparent
absence of maintenance problems, fuel
economy, and minimal sacrifice of
power.

A NEW METHOD
FOR NOx REDUCTION

Our success to this point had been
greater than an examination of the ef-
forts and results of others had led us
to expect. We tried to discover why.

As a project for a professional Mas-
ter of Engineering (Aerospace) degree,
John Nordmann, with the assistance of
Kosstrin and others, performed an ex-
periment to measure how fast NOX

is eliminated. He took a portion of the
untreated exhaust from the Pontiac
engine operating as designed and hav-
ing an NOX level in the exhaust of
about 3,000 ppm, and passed it
through an oven at 2,600°R, a bright
orange heat. At the other end of the
oven there was no measurable NOX.
The experiment indicated that the
NOX disappeared after flowing through
the hot oven in the flow time of about

11 10 milliseconds, although the well

understood and widely accepted Zeldo-
vich mechanism predicts that under
these conditions, with no catalyst,
more than 200 seconds would be re-
quired for reduction of the NOX.

Although our results were again
greeted with skepticism, we knew that
we had either a new mechanism to
eliminate NOX or, as others conjec-
tured, a very effective catalyst in the
tube. An interesting aspect of the ex-
periment was that the oven did nothing
more than heat the exhaust to approxi-
mately the same temperature it had
just been subjected to in the cylinder;
the question was why the reduction we
had measured did not occur in the
cylinder.

Kosstrin suggested that this apparent
anomaly may be explained on the basis
of distribution of gas components. In
the cylinder the unburned hydrocar-
bons are not in the whole gas volume,
but are confined to the vicinity of the
walls; during the exhaust process, how-
ever, the piston ring scrapes them from
the walls and injects them into the
bulk of the gas. The possibility that
this difference should effect NOX levels
was a new concept. Remember that a

rich mixture, when burned, produces
little NOX because carbon and hydro-
gen have a greater affinity for oxygen
than nitrogen does. It is not hard to
imagine that in the absence of free
oxygen, hydrocarbons in the form
CJIy would reduce NOX.

Having conducted numerous tests
and checks, we now believe we have
a new approach to the control of the
NOX pollutant. It is based on the idea
that if a small amount (about 0.5%) of
hydrocarbon is introduced into an oxy-
gen-starved exhaust containing NOX,
then at a given temperature (say,
2,600°R) the reduction of the NOX

is accelerated to its equilibrium value
in a useful time interval (about 10
milliseconds, an interval appropriate to
the application at hand). The exhaust
must be oxygen-starved or, more pre-
cisely, there must be more NOX than
O2; otherwise, the CzHy easily finds
the required oxygen to form H2O, CO,
and CO2 without attacking the NOX.
Note that the CzHy is not a catalyst,
since it is consumed in the process; it
is an agent that provides a mechanism
for the rapid return of NOX to its
proper equilibrium concentration.



THE CORNELL SPARK
PLUG: A SIMPLE REMEDY

Now that we think we understand this
new mechanism of NOX reduction, it
is much easier to design controls for a
vehicle. The development of the Cor-
nell spark plug, one of many devices
that have evolved as a result of this
discovery, illustrates how the mecha-
nism can be utilized for pollution con-
trol.

Most of the NOX produced in the
engine is formed in the area immedi-
ately adjacent to the spark plug; this
is because the gas in this vicinity is
ignited first and is heated further by
adiabatic compression when the rest
of the charge in the cylinder burns. If
we are to attack the NOX in the cylin-
der, the most advantageous position is
at the spark plug.

Our method was to enclose the
cavity at the end of an ordinary spark
plug with a stainless steel plate con-
taining a number of holes (see Fig-
ure 4). When the plug is inserted in
the cylinder, this plate separates the
combustion chamber of the cylinder
from the cavity in the plug. Now let us

Right: Figure 4. Diagram of the Cornell
spark plug. An ordinary plug has been
modified by enclosing the cavity with a
steel plate containing a number of small
holes. When the plug is inserted into the
cylinder, this plate serves to control the
movement of gases so as to promote re-
duction of NOX by unburned hydrocar-
bons during the expansion stroke of the
piston.

Below: The perforated plate identifies the
Cornell spark plug, the first to be devel-
oped in a continuing project. Road tests
have shown that use of this spark plug
reduces NOX emissions to a currently ac-
ceptable level.
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consider the sequence of events in the
cylinder. The intake stroke is as be-
fore. The compression stroke com-
presses the mixture in the combustion
chamber and cavity. When the spark
plug fires, only the mixture in the com-
bustion chamber burns, as the fire can-
not penetrate the holes and the large
surface-to-volume ratio in the cavity
keeps the mixture below its ignition
temperature. As a result of the com-
bustion, the pressure rises in the com-
bustion chamber and the combustion
products enter the cavity through the
holes; these products mix with the un-
burned mixture in the cavity and render
it noncombustible. During the expan-
sion stroke, the pressure in the cylinder
decreases, permitting the unburned
hydrocarbons to leave the cavity, and
they mix with the NOX near the plug
and effect its reduction.

POLLUTION CONTROL
WITHOUT PENALTIES

We have tested these plugs in one-
and six-cylinder engines, and the ef-
fected reduction in pollutant has been
beyond our original expectations. For
example, in a six-cylinder Dodge Dart
running at 35 mph, the NOX level
would ordinarily be as much as 3,500
ppm. but with this minor modification,
it was reduced to 400 ppm. This modi-
fication is easily better than all the
exhaust gas recirculation schemes now
in existence, and there is no penalty in
loss of power, performance, or gas
mileage. With new, less severe require-
ments in the offing, the Cornell spark
plug already developed may be all that
is required to meet NOX emission
standards.

This brief resume presents the high-
13 lights of some of the efforts in the area

of automotive pollution that have been
made at the Sibley School over the
past three years. We believe that pure
air can be achieved by the proper ap-
plication of modern technology. The
needed technology is still evolving, and
we believe that a university, with its
broad resources, its support by public
and private agencies and dedicated
alumni, and its eager, talented students
interested in taking a new look at old
problems, is the most appropriate place
for that evolution.

E. L. Resler, Jr., the Joseph Newton Pew,
Jr., Professor of Engineering, was cited
in J971 for his "important and innova-
tive work in the fields of shock tube
technology, high temperature gas dy-
namics, magnetohydrodynamics, and laser
phenomena' on the occasion of his elec-
tion as a fellow of the American Institute
of Aeronautics and Astronautics (AIAA).
To this list of activities must be added

research on pollution reduction in auto-
mobile engines, a recent interest and the
subject of his Quarterly article.

The correlation of mechanical and
aerospace engineering activities at Cor-
nell is evident not only in Resler's re-
search interests, but also in the academic
organization of the two disciplines. In
1972 the Sibley School of Mechanical
and Aerospace Engineering was formed
as a merger of the Sibley School of Me-
chanical Engineering and the Graduate
School of Aerospace Engineering. Res-
ler, who had served as director of the
aerospace school since 1963, became di-
rector of the combined School.

Resler first came to Cornell in 1948,
when he began graduate study after earn-
ing the B.S. degree in aeronautical engi-
neering at the University of Notre Dame.
He was awarded the Ph.D. in 1951 and re-
mained at Cornell for the following year
as an assistant professor of aeronautical
engineering. After a four-year tenure on
the University of Maryland faculty, he
returned to Cornell as professor of aero-
space engineering, engineering physics,
and electrical engineering.

In addition to being a fellow of the
AIAA, he is a member of the American
Institute of Physics, the American Phys-
ical Society, the International Scientific
Radio Union, and Sigma Xi. He is also
a corresponding member of the Interna-
tional Academy of Astronautics.



THE GAS TURBINE AS

A VEHICLE ENGINE

by Frederick G Gouldin

The versatile gas turbine, already well
established as an aircraft engine, is
emerging as a viable power source for
trains, ships, electric-power plants, and
a growing number of other applica-
tions. Because of attractions such as
smooth operation, low maintenance
cost, multifuel capability, high per-
formance, and a history of steady and
rapid improvement, the gas turbine has
also been considered for a long time
as a possible competitor to the piston
engine for both trucks and cars. In
fact, its application to automotive ve-
hicle propulsion has been just around
the corner for some twenty years.

Rover of England built the first gas
turbine vehicle in 1945 and has con-
tinued development to the present
time. Chrysler has been a leader
among American manufacturers in
automotive gas turbine development;
its program was initiated in 1954, a
fifty-car evaluation program using a
fourth-generation engine design was
begun in 1963, and a seventh-genera-
tion system is now under development.
Ford and General Motors have also
maintained development programs since
the early 1950s. Why, then, is the ve-

hicular gas turbine still just around the
corner?

KEEN COMPETITION AND
ENGINEERING PROBLEMS

There are two basic reasons for the
automotive gas turbine's state of ap-
parent limbo. First, its competitor is
no slouch. Modern spark ignition and
diesel engines, after seventy-five years
of continuous development, are highly
refined and sophisticated power sys-
tems finely tuned to particular mar-
kets. Most car buyers' demands—for
low capital cost, high specific power,
low maintenance requirements, and,
if they can get it, low fuel consump-
tion—are well satisfied by these en-
gines. Furthermore, America has com-
mitted much of her manpower and
economic resources to the manufacture
and maintenance of piston engines,
and the conversion of these resources
to any alternate power system would
be difficult, time-consuming, and pos-
sibly disruptive.

The second reason for the turbine's
difficulty is strictly an engineering one.
Automotive applications require rela-
tively low-power engines which can

operate over a wide load range with
reasonable fuel economy. Gas tur-
bines, however, have generally been
used at higher powers than those re-
quired for vehicles, and turbines rated
below 1,000 h.p. are generally low-
performance, low-efficiency systems.
As turbine power is scaled down, fixed
parasitic and blade-tip losses become
important and reduce compressor and
power turbine efficiencies. Tip losses
can be reduced, but only at a price.
Partial load operation increases fuel
consumption unless the effect is offset
by means of complex and expensive
control systems and equally expensive
regenerative cycle modifications. Low
acceleration has also been a problem
in turbine vehicles; and although this
problem too can be solved by cycle
modification and special transmissions,
the solution is not cheap. Finally, con-
ventional turbine design involves exotic
materials and close tolerances, require-
ments that entail high capital cost.
These various problems can be sum-
marized in a sentence: Present technol-
ogy is capable of producing a turbine
that would be equal in performance
to conventional high-power spark and 14



" . . . the gas turbine has great potential and
will be superior to the spark ignition engine."

diesel engines, if not superior to them,
but at a price no one is interested in
paying. This was, in fact, the conclusion
reached by Chrysler.

THE CHANGING OUTLOOK
FOR USE IN VEHICLES

More engineering development is re-
quired to produce a fully competitive
gas turbine that would perform well
but cost less. Yet there has been little
incentive for the research, for the
spark engine is established and per-
forms its function well. Research on
a vehicular gas turbine engine has pro-
ceeded at an almost tortoise-like pace
when compared with the rapid devel-
opment of gas turbines for other ap-
plications; what little progress has been
made has come as spin-off from more
auspicious applications. In view of
this picture, a continued slow, steady
development of vehicular gas turbines
has been predicted. Applications are
expected first in large trucks rather
than in passenger cars, since the
higher-priced diesel engine is more vul-
nerable to competition from a dur-
able, low-maintenance alternative. This

15 would be followed, in ten to fifteen

years, by the appearance of turbines
in large, high-powered automobiles.

Events of the past few years have
radically changed this picture, how-
ever. Because of recent environmental
concerns and rapidly constricting fuel
supplies, the conventional spark en-
gine has lost much of its competitive
edge. Radical changes appear neces-
sary if the spark engine is to be as
clean, low-cost, and conserving of fuel
as is now required. In fact, these goals
appear to be mutually exclusive for
the spark engine unless new approaches
to emission control are taken. With
its competitor weakened, perhaps mor-
tally wounded, the turbine's position
has improved considerably, and inter-
est in it is growing rapidly. To many
people it seems possible that a cleaner,
more efficient, and cheaper gas turbine
for large vehicles can be in production
in five to ten years, provided that the
necessary resources are committed to
its development.

LEGAL CONTROLS ON
EMISSIONS FROM VEHICLES

Current federal legislation calls for
strict limitations on the amount of pol-

lutants that can be emitted by light-
duty vehicles. (The ultimate allowable
levels according to presently estab-
lished standards are listed in Table I,
page 3.)

All of the carbon monoxide and
nitrogen oxide (NOX) emissions and
approximately 65% of the hydrocar-
bon emissions from the internal com-
bustion engine of a conventional auto-
mobile come from the tailpipe. The
remaining 35% of the hydrocarbons
—evaporative emissions from the fuel
tank and carburetor and blow-by from
the crankcase—are easily controlled.
The NOX emissions, chiefly nitric
oxide, result from the fixation of mo-
lecular nitrogen, a highly temperature-
dependent reaction that occurs at
negligible rates except at peak combus-
tion temperatures. The cause of hydro-
carbon emissions is quenching of the
fuel pyrolysis reactions in the thin
thermal boundary layers covering the
cylinder walls and piston faces. CO
occurs primarily when there is insuf-
ficient oxygen for complete oxidation
to CO2, either in the bulk gases when
the overall fuel-air mixture is rich, or,
when the mixture is lean, in small fuel-



TABLE I. VEHICULAR CAS TURBINE EMISSIONS*

Steady-State Values
(g/kgoffuel)t

Values for Simulated
Federal Driving Cycle

(g/vehicle mile)

NOX CO NOX CO

Ultimate Federal
Standards

AiResearch

Northern Research

Solar

United Aircraft

Williams Research

Conventional Burner

1.39

—

2.5

2.0

7.9

—

—

11.8

—

7.1

12.0

20.3

—

—

0.4

3.1

—

—

—

2.12

3.1

3.4

0.578

—

—

—

4.5

11.2

* Data from a paper by j . J. Brogan and G. M. Thur, "Advanced Automotive Power
Systems Development Program/' presented in September 1972 at the 7th Intersociety
Energy Conversion Engineering Conference in San Diego, California.

t Based on a gas mileage of 10 mpg.

rich pockets of gas which result from
incomplete mixing of fuel and air in
the carburetor and intake manifold.

It may be noted that NOX is formed
in a high-temperature oxidation pro-
cess, while hydrocarbons and CO oc-
cur because oxidation is frustrated.
Thus the control of all three pollutants
would appear to be inherently difficult,
since oxidation and reduction cannot
easily be accomplished at the same
time. It is possible, however, to oxidize
CO and hydrocarbons at temperatures
that are too low for NOX formation;

this difference in temperature depen-
dence means that control of all three
pollutants is feasible, though it is far
from easy. Indeed, acknowledgment
of the difficulty is reflected in the
recent decision by the Environmental
Protection Agency administrator to
grant automobile manufacturers addi-
tional time to meet emission standards.
(Because of the energy crisis, further
delays have been voted by the House
of Representatives and the Senate, with
final resolution still pending as of this
writing.)

EMISSION LEVELS FOR
GAS TURBINE ENGINES

With a gas turbine engine, the situa-
tion is significantly different. In the gas
turbine (see Figure 1), there is a con-
tinuous combustion process which is
almost completely independent of the
working cycle. This independence
means that few constraints are placed
on the combustion process by cycle
operation, and one is free to fine-tune
combustion for low emissions. An-
other important distinctive feature of
the gas turbine is the low allowable
power turbine inlet temperature. Be-
cause of material limitations, maxi-
mum turbine inlet temperatures are
restricted to between l,100°K and
1.500°K, with the higher temperatures
found only in advanced aircraft sys-
tems. These low temperatures are
achieved by running very lean mix-
tures, containing between 300% and
600% excess air, depending on the
unit design and load setting. Because
of these features of low maximum
temperature, high excess air, and con-
tinuous combustion, one expects and
generally observes very low emissions
from gas turbines. This inherent clean-
liness gives the turbine a considerable
competitive advantage.

Gas turbines in automobiles have
not yet attained their full potential for
low emissions, however. On a concen-
tration basis, the emissions are far
below those from an equivalent spark
engine, but, since the mass flow rate
is much higher through a turbine than
through a spark engine, a comparison
on the basis of grams per mile or
grams per kilogram of fuel consumed
is not so favorable. Table I shows
emission levels for CO and NOX 16
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from a number of experimental ve-
hicular gas turbines. (Hydrocarbon
levels are not included in the table,
since they meet standards without dif-
ficulty. Soot emissions, which have
been a problem in aircraft turbines,
have never been a problem in automo-
tive turbines because of their com-
bustor design.)

Although the measured emissions are
low, they do not meet our expectations
and certainly do not meet standards.
The reasons for the unexpectedly high
emissions are easily understood if one
looks at the combustor in some detail.
A turbine combustor is located be-
tween the compressor and power tur-
bine (see Figure 1), and has the job
of introducing fuel, mixing it with the
high-pressure air coming from the
compressor, and burning the resulting
mixture. All of this must be done effi-
ciently, cleanly, at low pressure loss,
and over the full range of operating
conditions.

COMBUSTOR DESIGN FOR
LOW EMISSIONS

The design of the combustor must take
into account the fact that a mixture as
lean as that used in a gas turbine—
with 300% to 600% the amount of
air theoretically required—is outside
the flammability limits for all fuels of
interest, and that therefore the air
must be mixed with the fuel in stages.
Reaction is initiated and almost com-
pleted in a primary combustion zone
(see Figure 2) where the fuel mixture
is comparatively rich; the remaining air
is added in a dilution zone. The design
must also allow for the fact that in
the turbine the flow velocities are very
high for combustion processes (about
100 feet per second); conditions in the

Figure 1. Schematic diagram of a small,
lightweight gas turbine engine designed by
the Williams Research Corporation. The
illustration shows air flow and tempera-
tures at full power. Fresh air enters
through two intakes and is drawn into the
compressor where it is compressed to four
times atmospheric pressure. The air is
preheated as it passes through the front
half of the regenerator cores (rotating
heat exchangers). It passes into the com-
bustion chamber into which fuel is sprayed

and burned, raising the temperature to
l,700°F. The hot gases pass through the
compressor turbine and then through
the power turbine, delivering power to the
rear wheels. Then the gases pass through
the rear half of the regenerators, which
recover heat from the exhausts to preheat
the air entering the combustion chamber,
thus enhancing fuel economy and reduc-
ing exhaust temperatures. (Courtesy the
Williams Research Corporation.)
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primary zone should be the best pos-
sible for combustion, which means that
there should be a nearly stoichiometric
mixture of fuel and air. As a result of
the near-stoichiometric richness of the
mixture in the primary zone, it is a
region of very high temperature and
NOX production.

CO emissions arise in a very differ-
ent way. Under high-load conditions,
the primary zone burns hot and carbon
tends to oxidize completely. The addi-
tion of air in the dilution zone cools
the gas, but the temperatures are still

high enough to oxidize any CO and
there is plenty of oxygen present for
complete oxidation. At low load, how-
ever, and especially at idle, the overall
air-fuel ratio is extremely high and the
mixture is lean even in the primary
zone; the results are lower tempera-
ture, less vigorous combustion, and
high CO production. Then, during the
addition of secondary air, some pockets
of gas are cooled too rapidly for com-
plete oxidation of CO to CO2. The
result is that CO emission levels under
low-load conditions are very high as

Graduate student Bach Vu works with
Professor Gouldin on an experiment de-
signed to study recirculating flows that
are characteristic of gas turbine combus-
tor flows.

compared to the levels at high load,
and since idle and low-load operation
is very significant in the urban driving
cycle, overall CO emission is high.

The key to turbine emission reduc-
tion is control of conditions in the
primary zone. It is there that liquid
fuel is injected, vaporized, mixed with
air, heated to ignition, and burned al-
most completely, and it is there that
NOX production must be reduced and
combustion strengthened under idle
conditions. To make effective design
modifications, it is necessary7 to study
all the basic processes: fuel injection,
droplet vaporization and combustion,
convection and turbulent mixing, and
gas-phase chemical kinetics.

The complexity of such a study is
readily apparent. Fuel vaporization,
for example, is dependent primarily
on droplet size, injector spray pattern,
and ambient temperature; in most
combustors the larger fuel droplets are
not completely vaporized before com-
bustion, and in some combustors a
significant amount of the fuel burns
in diffusion flames surrounding the
individual droplets. The mixing and
heating of vaporized fuel depend on 18
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turbulent mixing and the complex con-
vective flow patterns in the primary
zone. The chemical processes which
consume fuel and produce and destroy
NOX and CO are complex and involve
many different chemical reactions. It
is possible to analyze these reactions
only with the aid of computers and
only under conditions in which mixing
and heat transfer are absent or can be
modeled by very simple expressions.
Even then the results may be off by
several hundred percent because of the
lack of good data on rate constants.

Nevertheless, the prospects for de-
veloping low-emission combustors in
gas turbine engines are very good.
Studies of an idealized combustor, in
which it is assumed that droplet va-
porization is complete, mixing is per-
fect, and the processes are controlled
by gas-phase chemical kinetics, show
that such a combustor could be run
virtually pollution-free. CO and hydro-
carbon emissions could be reduced al-
most to zero and NOX emissions to
levels well below the federal standards.
Thus there is no chemical kinetic limi-
tation to clean combustion. In a real

19 combustor, the prospects for altering

configurations, fuel injection, and flow
patterns to give low emission without
influencing performance are very good,
primarily because the turbine is a con-
tinuous combustion device and few
constraints are placed on the combus-
tion process by cycle design.

Activity in the field of gas turbine
emission control is quite intense and
still on the rise as a result of automo-
tive standards, impending aircraft
emission standards, and stationary
source standards that would apply to
industrial gas turbines. Much of the
work, especially industrial work, is of
a semi-empirical nature, characteristic
of combustor design. The phenomena
governing spray dynamics, turbulence,
and flow patterns are as complex and
difficult to model as the chemistry, and
this complexity has frustrated attempts
to develop more sophisticated design
techniques. Support for this kind of
work comes from industry and govern-
ment, primarily the Environmental
Protection Agency (EPA) and the Na-
tional Aeronautics and Space Adminis-
tration (NASA).

There is also a growing amount of
modeling work in university, industrial,

Figure 2. Schematic of a combustor for a
vehicular gas turbine engine. In order to
provide a very lean fuel mixture at the
exit of the combustor and still retain
flammability, two combustion zones are
provided. The fuel mixture is compara-
tively rich in the primary combustion
zone, where most of the fuel is burned.
Air is then added in the dilution zone to
lean the mixture and cool the gases.

and governmental laboratories. A
large fraction of this work has been
directed to the formulation of semi-
empirical expressions of pollutant
emissions from more or less conven-
tional combustors. Such modeling can
help a designer in refining existing
combustors, but it does not supply the
fundamental understanding needed to
support radical design innovation.

The development of fundamental
understanding has appeared feasible
only in recent years and relatively little
work of this type has been done. This
situation is rapidly changing, however,
for research in this area has been
undertaken at a number of institu-
tions, including Cornell, with support
from agencies such as the National Sci-
ence Foundation and NASA.

THE MECHANISMS WHICH
MUST BE STUDIED

The vaporization and combustion of
droplets and combustor aerodynamics
are the controlling mechanisms which
most need to be studied.

The distinguishing feature of drop-
let vaporization and burning is that
they are controlled by turbulent and



Several gas turbine engines for passenger
vehicles have been developed and built.

Right above: This Chrysler Corporation
turbine car was one of fifty distributed
to 203 motorists for a consumer test pro-
gram between 1963 and 1966. These mo-
torists drove the cars a total of more than
one million miles. The car, styled by
Chrysler and crafted by Ghia of Italy, has
a 110-inch wheelbase and an overall length
of 201.6 inches. Chrysler claims that the
fourth-generation, 130-horsepower engine
is equivalent in overall performance to a
V-8 piston engine of more than 200 horse-
power. (Courtesy the Chrysler Corpora-
tion.)

Right below: A Williams Research Corpo-
ration engine was installed in a standard
production passenger car (a Hornet) for
New York City's low-emissions vehicle
demonstration program. The compact
800-horsepower engine is 24 inches long,
26 inches wide, and 16 inches highy and
weighs 250 pounds without accessories.
(Courtesy the Williams Research Corpo-
ration.)

molecular transport processes near the
droplet and by cooperative effects be-
tween droplets, and not by chemical
reactions. The designer can direct his
efforts at pollution control to such
areas as injector design, control of
spray patterns and droplet size, and
conditions that influence droplet vapor-
ization and combustion under forced
convection. However, because of the
nature of diffusion-controlled combus-
tion, these changes will not have great
influence on CO and NOX emissions.

Combustor aerodynamics is a much
more interesting area of research be-
cause of the greater potential for con-
trol. In the past, aerodynamic studies
were severely hampered because tur-
bulence was poorly understood, the
equations for reactions governing pol-
lutant formation and reduction were
difficult, if not impossible, to solve.
and experiments to determine flow
properties were extremely difficult to
execute with accuracy. This picture has
changed in the past five to ten years,

however. Models are now available for
determining turbulent mixing rates;
advances in numerical techniques and
the availability of large computers al-
low researchers to solve the compli-
cated governing equations; and experi-
mental equipment for measuring flow
—hot wire anemometers and laser
doppler velocimeters, for example—
and for determining chemical compo-
sition have been developed. Our work
at Cornell is an example of how these
new tools can be used. We are devel-
oping computer codes for calculating
flow patterns in, and emissions from,
turbine combustors, and we are testing
the results in the laboratory. The
fundamental understanding so obtained
will prove invaluable in future design
efforts.

A COMMERCIAL GAS
TURBINE VEHICLE

We have seen that emission control in
the gas turbine engine depends on the
ability to alter flow patterns, mixing,
and fuel injection to give cooler, cleaner
combustion. Since the details of com-
bustor design have little influence on
overall engine performance, the de- 20



signer has a free hand in attempts to
provide for low emission levels—a free-
dom that is not possible in work with a
spark engine where combustion is
strongly coupled to performance. In-
deed, the development of low-emission
gas turbines is really only a matter of
time. First will come combustors that
are modifications of present designs;
these will be relatively clean and capa-
ble of meeting the proposed standards.
Later designs, based on current funda-
mental research, will be quite different,
and emissions will begin to approach
the very low levels inherently possible
with a gas turbine. The significance of
further pollutant reduction, beyond that
called for by the currently legislated
standards, must not be overlooked, for
as total yearly vehicle mileage increases,
vehicle emissions must be continually
reduced if the status quo is to be main-
tained.

The impact of emission standards on
the spark engine will be severe. Cost
will increase, maybe by as much as $300
per engine; required maintenance will
increase, along with an expected 20%
rise in fuel consumption; and driveabil-
ity of the vehicle will decrease. Such
changes will certainly make the turbine
more attractive, since it can be cleaned
without penalties, especially those of
cost and fuel consumption.

But that is not the end of the story.
Because of the short lead times in-
volved, the automotive industry is com-
mitted to the spark engine for meeting
the current standards; there simply is
not enough time to introduce a new sys-
tem on a large scale. In 1977 there will
be on the market a spark engine which
meets standards. This feat will have re-
quired a large investment of manpower

21 and materials which will not be aban-

doned lightly for a gas turbine or any
other engine; moreover, vehicular gas
turbine development is bound to suffer
during this time of development be-
cause of its lower priority. Unless
something happens to change the pic-
ture, the gas turbine will still be num-'
ber two in 1977.

What is needed is the commitment
of resources outside Detroit to develop
a clean gas turbine to compete with the
"clean" spark engine. It must be clearly
superior, however, for only then will it
seem reasonable to attempt the large-
scale conversion that would be re-
quired.

The Environmental Protection
Agency has an extensive program on
alternate engines and considers the gas
turbine one of the most viable. This
program is intended to develop a proto-
type low-emission, advanced vehicular
gas turbine by 1975-76. Performance,
acceleration, efficiency, cost, and emis-
sions are the major concerns. Most of
the work is being performed by outside
contractors, including NASA (Lewis),
Chrysler, United Aircraft, Williams Re-
search, and the Solar division of Inter-
national Harvester.

Projects to develop other gas turbine
applications may also have an effect on
design for automobiles. The Advanced
Research Projects Agency of the De-
partment of Defense is involved with
turbine development for tanks and
heavy-duty vehicles; of particular inter-
est is a large contract with Ford and
Westinghouse for the development of
high-temperature ceramic components,
including combustors and power tur-
bines. Also, some spin-off from aircraft
and industrial gas turbine development
can be expected. Aircraft development
is the one to watch: emission standards

" . . . the decision
to convert. . . to
gas turbine power
is not really a
technical matter;
it is an economic
and political one.'



are now being promulgated and are
scheduled to go into effect in 1979, and
many of the solutions that must be
found will be applicable to automo-
biles. The emission of CO and hydro-
carbons under idle conditions, for
example, is a problem for the aircraft
turbine as well as for the automotive tur-
bine. The control of NOX emission is
also important in both applications. Be-
cause of possible impact on the strato-
sphere, NOX emission was a significant
factor in the decision to cease develop-
ment of the American supersonic trans-
port.

Whether or not these efforts will be
sufficient to develop a clearly superior
gas turbine in the 1970s remains to be
seen. Much will depend on the success
of the large programs to develop clean
spark engines. I think it is clear that the
gas turbine has great potential and will
be superior to the spark ignition engine.
However, the decision to convert any
significant fraction of our ground-trans-
portation industry to gas turbine power
is really not a technical matter; it is an
economic and political one. The impo-
sition of vehicular emission standards
and heightened awareness of the need

for energy conservation has changed
the balance, but because of our com-
mitment to a clean spark engine, the
balance may not have been shifted deci-
sively to the gas turbine.

Frederick C. Gould in, assistant professor
of mechanical and aerospace engineer-
ing, has been conducting research on the
aerodynamic design of a nonpolluting
gas turbine combustor for about three
years, hi another research effort, part of
the Cornell Energy Project, he is work-
ing on an assessment of fossil fuel tech-
nology, including study of pollution con-
trol techniques used by the electric
utility industry and new technology such
as coal gasification and the use of MHD
topping units.

Gouldin came to Cornell in 1970 as a
member of the thermal engineering fac-
ulty. He received his university education
at Princeton, which awarded him the
B.S.E. degree, with high honors, in
aerospace and mechanical science in

1965, and the Ph.D. in the same field in
1970. While an undergraduate he worked
summers as a computer programmer for
the Naval Research Laboratory and in
the combustion laboratory of the Atlantic
Research Corporation. During his gradu-
ate years, he held a NASA Trainee Fel-
lowship and a Guggenheim Fellowship,
and in 1970 he was named a Teeter
Award Winner by the Society of Auto-
motive Engineers.

He is a member of the American
Institute of Aeronautics and Astronau-
tics, the Combustion Institute, the Society
of Automotive Engineers, the American
Association for the Advancement of Sci-
ence, and the honorary society Sigma Xi. 22



HYDROGEN: FUEL OF THE FUTURE

FOR TRANSPORTATION ENGINES

by P. G T. de Boer and William McLean

Energy, the handmaiden of man's prog-
ress through the centuries, is in the
deepest trouble. Demand in the United
States for all sources of energy is rising
at a steady five per cent and demand
for electricity alone is skyrocketing at
nine per cent per year—it is doubling
every decade. Continuation of this
trend is clearly impossible, given the
current means of obtaining energy. In
a few decades there will be no oil for
conversion to electricity or for trans-
portation, nor will there be any natural
gas, the cleanest-burning fossil fuel. . .
Thus the energy crisis, one that has
little to do with summertime difficulties
of power companies or the political
considerations of importing Mideast oil.
It requires recognition of the fact that
our energy resources are dwindling, the
bitter realization that at some not-so-
distant hour the party will be over.

This statement, written two years
ago by environmentalist Wilson Clark,
seems prophetic in view of the serious
fuel shortages being experienced this
winter. The real prophecy, however,
goes beyond the problems of current
shortages, which are caused by slow-

23 downs in the recovery-to-refinery-to-

user petroleum distribution system;
rather, it is concerned with the ultimate
energy crisis when fossil-fuel supplies
are exhausted some time in the next
century.

What energy sources will be avail-
able to a society that consumes power
at an ever-increasing rate? How will the
nature of these supplies affect the de-
sign and operation of future transpor-
tation engines? What are some of the
fuel options for future transportation
systems? We would like to consider
these questions in this article. In par-
ticular, we will discuss the potential use
of hydrogen as a synthetic automotive
fuel, a subject we are investigating in
a current research project sponsored
by the U.S. Department of Transpor-
tation.

THE ENERGY PICTURE IN
THE U.S. AND THE WORLD

A recent projection of total demand by
the United States for energy resources
is shown in Figure 1. An enormous in-
crease in energy consumption is fore-
cast for the next fifty years, an increase
to be met primarily by increased coal
production and rapidly expanded nu-

clear-energy capacity. The future role
of other energy sources, such as solar
and geothermal, is largely uncertain at
the present time and is not included in
the projection.

Petroleum supplies are of special
concern to the transportation sector,
because vehicles are currently fueled
almost exclusively with petroleum de-
rivatives. Figure 2 shows a projection,
to the year 1985, of petroleum use for
various purposes in the United States.
Transportation currently accounts for
about half of all petroleum consump-
tion, and this share is expected to re-
main about the same. Total petroleum
demand already exceeds domestic sup-
plies, and unless the overall trends are
altered, the dependence on foreign im-
ports will increase markedly during the
next several years. Transportation de-
mand alone is predicted to exceed do-
mestic supplies by 1980. The world
petroleum supply, of course, is far
greater than the United States supply;
nevertheless, peak worldwide produc-
tion of petroleum is expected early in
the next century (Figure 3), with a sub-
sequent rapid decrease as supplies are
exhausted.



Figure 1. Projected increases in demand
by the United States for energy resources.
The rapidly increasing demand is expected
to be met by increased use of nuclear and
coal resources. (From figures supplied in
April, 1972, by Associated Universities,
Inc., in a report to the White House Office
of Science and Technology.)

THE IMPENDING NEED
FOR SYNTHETIC FUELS
In view of the inevitable exhaustion of
petroleum and natural gas supplies, the
rapidly rising energy demands will most
likely be met in increasing proportions
by coal and nuclear fuels. In the short
term, from now to about 1985, rapidly
increasing use of coal is expected, and
the production of nuclear energy should
increase rapidly after that.

Today both coal and nuclear energy
are used primarily to generate electri-
city, since usage of either of these
energy sources is technically or eco-
nomically feasible only at large central
generating stations. How, then, can the
future need for gaseous and liquid fuels
be satisfied when natural gas and pe-
troleum reserves are depleted? Clearly
there will be a need for synthetic liquid
or gaseous fuels which can be generated
from coal or nuclear energy and which
can be stored and transported. While
it is difficult to predict when the transi-
tion to synthetic fuels will take place,
the eventual occurrence of this transi-
tion appears inevitable.

Figure 3 includes a recent estimate
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of the expected rate of production of
synthetic fuels, which are classified for
convenience according to their source
as either fossil (from coal) or nonfossil
(manufactured with use of nuclear en-
ergy). It is possible to produce meth-
ane, gasoline, methanol, hydrogen, and
other energetic compounds from coal,
while nuclear energy in the form of
electricity or heat may be used to pro-
duce hydrogen from water.

At the present time a few pilot plants
are in operation for production of syn-
thetic natural gas (methane) from coal,

and other plants are planned for the
near future. Although the manufacture
of hydrogen from coal has not been
demonstrated on a commercial scale,
the technology is quite similar to that
used for producing methane from coal,
and therefore the feasibility of the pro-
cess seems assured.

As nuclear energy usage begins to
become significant, synthetic fuels from
nonfossil sources will be required. Hy-
drogen from water is the obvious choice
here. Two methods of production are
possible. The first, electrolysis, is the 24
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familiar electrical separation of water
into hydrogen and oxygen that is usu-
ally demonstrated in high school chem-
istry classes. In this procedure, the
nuclear heat would be converted to elec-
trical energy in a standard nuclear elec-
tric plant, and then this electricity
would be used to produce hydrogen
from water. A second production
method, the direct use of nuclear heat
to dissociate water by catalytic pro-
cesses, is currently under development
in Italy and in the United States.

25 Given the ready availability of hy-

drogen from coal and from water by
means of nuclear energy, and its poten-
tial for satisfying the synthetic liquid
and gaseous fuel requirements of the
future, it is no wonder that energy sys-
tems based on a hydrogen economy
have been mentioned so prominently in
recent months.

THE HYDROGEN ECONOMY
AND ITS PROMISE

Figure 4 shows one concept of a future
energy system which makes use of the
storability, portability, and transmis-

Figure 2. Projections of United States
petroleum demand and supply. A sub-
stantial increase in imports is assumed.
It may be noted that transportation uses
account for about half of all oil consump-
tion. (From National Petroleum Council
data.)

sion advantages of hydrogen. The en-
ergy source is assumed to be nuclear
reactors, most likely of the breeder type
which would generate electricity in the
same way that present nuclear power
plants do. The nuclear plant is followed
by an electrolyzer unit where the hy-
drogen is produced. Hydrogen is then
transmitted (at less cost than is entailed
in electrical transmission) through a
pipeline system much like present na-
tural gas systems, either to storage
areas or directly to users. Direct elec-
tricity needs are satisfied by reconvert-
ing a small portion of the hydrogen in
local generating stations. The feasibil-
ity of storing energy in a hydrogen sys-
tem means that the large nuclear plants
of the future can be used very effi-
ciently, since the load can be kept es-
sentially constant.

In the hydrogen economy, energy for
transportation can be provided either
by direct combustion of hydrogen or by
the use of hydrogen to generate other
synthetic liquid fuels. Electric vehicles
powered by hydrogen fuel cells are also
possible. The use of hydrogen for trans-
portation engines is a topic of great
current interest, and since we are con-



Figure 3. Estimated production rates of
fluid fuels from various sources. As oil
and gas reserves are depleted, fluid fuels,
including hydrogen, will be obtained from
coal conversion and by production from
nonfossil sources. (Adapted from Hydro-
gen and Other Synthetic Fuels, report
T1D-26136 of the Federal Council on
Science and Technology.)
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cerned with it in our research at Cor-
nell, we would like to discuss some of
the advantages and current problems
of hydrogen-fueled transportation en-
gines.

HYDROGEN-FUELED INTERNAL
COMBUSTION ENGINES

Hydrogen has properties that make it
an outstanding fuel for appropriately
designed combustion engines. One of
these properties is its high flame speed:
for a stoichiometric mixture of hydro-
gen and air, the flame speed is about
four times larger than for a stoichio-
metric mixture of gasoline and air. This
causes the combustion process to be
completed rapidly, and means that in
an internal combustion engine, most of
the hydrogen can be reacted near the
beginning of the expansion stroke of
the piston. In contrast, the combustion
process for gasoline typically continues
during about half of the expansion
process. Rapid combustion tends to in-
crease engine efficiency, and engines
running on hydrogen have generally
proved to be more efficient than those
running on gasoline. Efficiency in this
sense is defined as the ratio of power

output to power input, the power input
being based on the heating value of the
fuel.

Another property of hydrogen that
can lead to further important improve-
ments in engine efficiency is the very
wide range of flammability of hydro-
gen-air mixtures. The lower flammabil-
ity limit is 4%, by volume, of hydro-
gen, and the upper limit is 75%; a
stoichiometric hydrogen-air mixture
contains 30%, by volume, of hydrogen.
This wide range of flammability makes
possible the control* of power output of
the engine by regulation of the fuel-
supply rate. Full load is achieved with
a near-stoichiometric mixture, while -
part loads are achieved with lean mix-
tures. At a given speed, the engine
should be capable of providing any part
load down to one-fifth of the full load;
and with hydrogen as the fuel, the fuel-
air ratio at one-fifth load is still well
above the lower flammability limit.

A fuel-regulation scheme, which is
called quality governing or mixture
regulation, offers various large advan-
tages. An important one is that the air
intake does not need to be throttled.
Obtaining part loads by throttling the 26



"Hydrogen has properties that make it
an outstanding fuel for appropriately
designed combustion engines."

engine leads to a considerable loss in
efficiency because of the pressure drop
across the throttle; the air intake pres-
sure of a throttled engine can be as low
as 0.3 atmospheres. The exhaust pres-
sure is slightly higher than one atmos-
phere, and so the engine must do pump
work in order to overcome the pressure
difference. The resulting pumping loss
can be as large as one-third of the work
done by the combustion gases. The
pumping losses decrease as throttling
decreases—that is, as the load increases
—and as a result, the efficiency of a
throttled engine is largest at or near full
load. When an automobile travels at
high speed, the increased engine effi-
ciency due to low throttling partly com-
pensates for losses arising from air re-
sistance and tire friction. However,
since automotive engines are operated
most of the time at only a fraction of
their full-load capacity, important in-
creases in average fuel consumption
can be realized by unthrottled opera-
tion.

Besides eliminating pumping losses,
mixture regulation at part loads in-
creases engine efficiency by facilitating

27 high effective values of the ratio of

specific heats of the mixture. The ef-
fective value of this ratio, y, is close to
1.2 for stoichiometric gasoline-air mix-
tures, but with mixture regulation at
part loads it is close to 1.3. The im-
portance of this difference may be seen
by considering the efficiency of an
idealized Otto cycle:

E=l-r-(y~1)

where r is the compression ratio and y
is assumed to be constant. For r = 10,
E equals 50% when y = 1.3 and 37%
when y = 1.2. More accurate calcula-
tions indicate that the combined effects
of increased specific heat ratio and
elimination of pumping losses can
make unthrottled operation at light
loads as much as 55% more efficient
than throttled operation. The efficiency
can be increased further by increasing
the compression ratio, a possibility we
will discuss later.

Mixture regulation appears to be
quite feasible for engines running on
hydrogen. This is not the case for en-
gines running on gasoline, however. In
gasoline engines, mixture regulation is
difficult to achieve because the lean
mixtures required cannot be ignited.

At the lower flammability limit, a gaso-
line-air mixture contains about 5% by
weight gasoline, only a little less than
the stoichiometric percentage of 6.8%.
The only way in which mixture regu-
lation can be made to work for engines
running on gasoline is through the use
of a stratified charge. In this case, the
fuel-air mixture is not uniform through-
out the cylinder, but instead is rich near
the spark plug, in order to facilitate
ignition, and lean in the rest of the cyl-
inder. Even then, a great deal of effort
is required to make the engine run as
desired; as a result, mixture regulation
so far has proved to be impractical for
gasoline engines.

INJECTION OF HYDROGEN
VERSUS CARBURETION

One of the principal requirements of an
engine is that it should be capable of
providing a high specific power output
—that is, a high power output in rela-
tion to the weight of the engine. An im-
portant parameter in this connection is
the chemical energy content of the
gases in the cylinder before combus-
tion. This energy content is higher for
gasoline than for most other fuels. Hy-



Figure 4. A concept of a total hydrogen
energy system, showing production,
storage, transportation,, and delivery.
(Adapted from Hydrogen and Other Syn-
thetic Fuels, report TID-26136 of the Fed-
eral Council on Science and Technology.)

drogen can be even better than gaso-
line in this respect, provided that the
hydrogen is injected after the cylinder
is first filled with air. Effectively, this is
a form of supercharging. The improve-
ment in specific power which can be
obtained by using hydrogen instead of
gasoline as the fuel is about 20%.
Without the supercharging effect,
though, about 30% of the available
cylinder volume is needed for hydro-
gen, and in that case the maximum
power delivered is some 10% less for
hydrogen than for gasoline.

There are additional ways in which
cylinder injection of hydrogen is su-
perior to carburetion. Two severe prob-
lems are encountered when a conven-
tional carbureted engine is run on
hydrogen: flashback and knock. Flash-
back is propagation of the flame into
the carburetor; it is accompanied by a
loud noise, and is very undesirable and
unsettling. Knock is a loud noise orig-
inating in the cylinder. In an engine
fueled by hydrogen, flashback is pro-
moted by the high flame speed. Knock
is caused mainly by uncontrolled igni-
tion by hot carbon deposits or hot sus-
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pended carbon particles, a condition
that is facilitated by the low ignition
energy of hydrogen-air mixtures. How-
ever, when the hydrogen is injected into
the cylinder rather than carbureted,
flashback is no longer possible, while
knock can be eliminated by injecting
the hydrogen near the end of the com-
pression stroke of the piston and by
burning the hydrogen immediately
upon injection.

When a carburetor rather than an
injection system is used, other methods
must be found to solve the flashback

and knock problems. Many of the
methods that have been proposed are
based on the reduction of flame speed.
This can be achieved by using either a
very lean or a very rich mixture, or by
recycling at least 20% of the exhaust
gas through the cylinder. It is also help-
ful to use a low compression ratio. Un-
fortunately, all of these methods com-
promise specific power, and most of
them also decrease efficiency. On the
other hand, the injection scheme has
the disadvantage that the equipment
needed is much more complicated than 28



a carburetor. At the present time, it is
not clear which of the two fuel-induc-
tion systems will prove to be most
attractive for practical applications.

NOX EMISSIONS FROM
HYDROGEN-FUELED ENGINES

Another factor involved in the choice
of a fuel-induction system is compres-
sion ratio. Not only engine efficiency,
but maximum power output as well, in-
creases when the compression ratio in-
creases. The compression ratio of a
carbureted engine is limited by knock,
but there is no such limitation for an
injected engine: the only serious limita-
tion on increasing compression ratio is
the adverse effect it has on exhaust
emissions. One of the reasons for the
current interest in hydrogen as a fuel
is that its main combustion product is
water: since hydrogen contains no car-
bon molecules, combustion with air
cannot result in the formation of car-
bon monoxide or hydrocarbons. On the
other hand, any combustion process in-
volving air can result in the formation
of nitric oxide (NO) and other oxides
of nitrogen, denoted as NOX. Unfor-
tunately, increases in the compression
ratio result in higher combustion tem-
peratures and therefore higher NOX

emissions. At the present time there are
conflicting reports in the literature
about the seriousness of the NOX prob-
lem in hydrogen-fueled engines, but it
clearly will be a factor in determining
the future of the hydrogen-fueled in-
ternal combustion engine.

At Cornell we are working on a proj-
ect to establish the magnitude of NOX

emissions as a function of a variety of
engine parameters, such as compres-
sion ratio, air-fuel ratio, ignition timing,

29 engine speed, and percentage of ex-

haust gas recirculation. For the experi-
mental work we are using a so-called
Cooperative Fuel Research (CFR) en-
gine, which is a standardized engine
designated by the American Society for
Testing and Materials (ASTM) for the
determination of the octane number of
fuels. At the same time, we are using
computer models to calculate the
amount of NOX formed under various
conditions. In this modeling it is cru-
cial to follow the temperature history
of each part of the mixture within the
cylinder, since temperature gradients
within the cylinder can markedly affect
average NOX concentrations. The re-
sults of this research should establish
the degree to which hydrogen-fueled
engines can comply with exhaust pollu-
tion standards.

PROBLEMS OF SAFETY,
COST, AND STORAGE

There are various other problems in-
volved in the use of hydrogen in trans-
portation engines, which our work does
not touch on directly. These are prob-
lems of safety, cost, and storage. All
three have received a great deal of at-
tention in recent studies of the hydro-
gen energy economy.

The general conclusion about the
safety problem is that working with
hydrogen presents hazards no more
severe than those incurred in working
with gasoline. In at least one respect,
they are less severe: in case of spillage
into the atmosphere, hydrogen will
quickly rise, whereas gasoline will tend
to spread along the ground, remaining
there for a considerable time before it
evaporates. It is believed that the hy-
drogen safety problem can be reduced
to the level of an acceptable risk.

The present cost of hydrogen is con-

siderably higher than that of gasoline.
However, if the various processes men-
tioned in this paper prove to be feasible
on a large scale, the price differential
will probably disappear. This is espe-
cially likely in view of the rapidly rising
cost of gasoline.

The storage problem looms as the
most important to be solved before
hydrogen can be used in transportation
engines. The basic problem is that a
large volume of stored gas yields a
comparatively small amount of energy.
A standard cylinder 9 inches in diam-
eter and 55 inches long, containing hy-
drogen at 2,400 psi, has a heat content
equivalent to only 0.7 gallon of gaso-
line. Two ways of solving this storage
problem are currently being investi-
gated: cryogenic storage, and storage
in the form of metal hydrides. Cryo-
genic storage requires rather large and
expensive dewar flasks, plus equipment
to evaporate the liquid hydrogen at the
rate required. Storage as a metal hy-
dride carries a weight penalty, and it
requires a high heat-supply rate—more
than is generally attainable with use of
exhaust gas as the heat source—in or-



Professors de Boer (left) and McLean ad-
just the fuel injector pump of the CFR
engine modified to run on hydrogen.

der to liberate the hydrogen. Those
who are investigating these possibilities
are quite optimistic about the prospects
for their schemes, however. The infor-
mation now available indicates that
cryogenic storage is the more attractive
of the two possibilities.

HYDROGEN: FUEL FOR
THE CAR OF THE FUTURE?

Several functional automobi les
equipped with hydrogen-fueled internal
combustion engines—most of them
built by student groups at various uni-
versities in the United States— are al-
ready in existence; and since interest in
the use of hydrogen is rapidly increas-
ing, it seems safe to predict that within
a few years there will be many more
hydrogen-fueled automobiles in opera-
tion. As time progresses and research
efforts expand, these engines will be-
come more sophisticated and more
practical. And in view of the great long-
term advantages offered by hydrogen
as a fuel, these prototype cars may well
be the predecessors of the automobile
of the future.

P. C. T. de Boer and William I. McLean
have been working together for several
years on the research project on hydro-
gen as a fuel that they discuss in their
Quarterly article. Both are members of
the faculty of the Sibley School of Me-
chanical and Aerospace Engineering.

An associate professor, de Boer has a
broad background and a wide-ranging
interest in applied and theoretical aspects
of physics and mechanical and aerospace
engineering. His research at Cornell has
centered on high-temperature gases and
automotive pollution control.

A native of The Netherlands, de Boer
received his first university degree, in me-
chanical engineering, from the Techno-
logical University in Delft in 1955, and
subsequently was a research associate
there. After serving in the Dutch army
for two years, he began graduate study
at the University of Maryland and was
awarded the Ph.D. degree in physics in
1962. He remained at Maryland as an
assistant professor until his appointment
to the Cornell faculty in 1964.

In 1968 he was a visiting professor at
the von Kdrmdn Institute for Fluid Dy-
namics in Brussels, Belgium. During this
period he held a NATO Senior Fellow-
ship in Science. In 1971-72 he spent a
sabbatical leave at the Ford Motor Com-
pany, conducting a research program on
precision fuel metering and fuel atomi-
zation.

In addition to his academic work at
Cornell, de Boers activities include serv-
ing as an industrial consultant in the
fields of fuel injection systems and com-
bustion. He is a member of the American
Institute of Aeronautics and Astronau-
tics, the American Physical Society, the
American Association of University Pro-
fessors, the Royal Netherlands Institute
of Engineers (KIVI), Sigma Xi, and
Sigma Pi Sigma.

McLean, a specialist in combustion
and air pollution problems, has been an
assistant professor at Cornell since 1972.
In addition to his work on the hydrogen
fuel project, he is involved with chem-
ical kinetic studies pertaining to the pro-
duction of undesirable emissions from
combustion systems.

McLean holds three degrees in me-
chanical engineering from the University
of California at Berkeley: the B.S.,
awarded in 1963; the M.S., 1965; and
the Ph.D., 1971. As a graduate student,
he held an Air Pollution Special Fellow-
ship, awarded by the Environmental Pro-
tection Agency.

McLean has had several years1 experi-
ence as a development engineer with the
Aerojet General Corporation and as a
research scientist at the Lockheed Re-
search Laboratory, investigating environ-
mental effects of supersonic transport
aircraft.

He is a member of the Combustion.
Institute and Sigma Xi.



CORNELL'S ELECTRIC CAR
The Development of an Urban Vehicle With No Emissions

by Joseph L Rosson

Public recognition of the national need
to reduce air pollution caused by in-
ternal combustion engines has been
growing since its beginnings in the mid-
1960s. By 1970, according to a survey
conducted by Opinion Research Cor-
poration, some fifty million Americans
felt they would be interested in pur-
chasing an electric automobile as a
second car. And although the zero-
pollution feature of the electric car is
what has made it attractive to a large
segment of the population, the current
shortage and ultimate lack of crude oil
have given additional impetus to the
search for alternatives to petroleum as
a fuel source. The apparent movement
of the United States and other indus-
trial nations toward an electricity-based
energy economy should speed the de-
velopment of the electric car.

Since 1969, the School of Electrical
Engineering at Cornell has had an ac-
tive program for the design and devel-
opment of an electric vehicle for urban
use. The impetus for the program came
from Wally Rippel, a graduate student
(M.S. '70) who was concerned about
air pollution in cities (see the article

31 about his project in Vol. 5 No. 2 of the

Quarterly). Since those beginnings, al-
most seventy graduate and undergradu-
ate students have participated in Cor-
nell's Electric Car Project. Three
electric vehicles have been designed,
built, and tested by teams of students.

One of these cars, the 1971-72
model, was entered by its student de-
sign team in the 1972 North American
Urban Vehicle Design Competition
and won the Emissions Award. Par-
ticipating in the final tests, held at the
General Motors Proving Grounds in
Milford, Michigan, were sixty-six pro-
totype urban vehicles powered by such
diverse kinds of energy as gaseous fuel,
liquid fuel, electricity, and hybrid com-
binations of liquid or gaseous fuel and
electricity. The Cornell team was led by
the principal designers, all of whom
now hold advanced degrees in electrical
engineering: Geoffrey Hanshaw (M.
Eng. '73), Foster Hinshaw (M.Eng.
'72), and Henry Coyne (M.S. '72). This
vehicle is still in operation and has
logged over 3,500 miles while under-
going tests in urban traffic.

An examination of the specifications
and performance characteristics of
Cornell electric car models (Table I)

provides a view of the advantages and
limitations of vehicles powered by elec-
tricity, and a basis for speculation on
the prospects for their use in the future.

CHARACTERISTICS OF THE
CORNELL ELECTRIC CAR

In the 1972 Urban Vehicle Design
Competition, the Cornell vehicle was
found to be not only pollution-free, but
the most efficient of all the entries. The
final report for the competition states
that ". . . . the Cornell machine was
able to convert electric energy to me-
chanical energy more efficiently than
all other vehicles converted their liquid
or gaseous fuels to mechanical energy."
The measured energy efficiency of 381
miles per million BTU of stored energy
can be equated to approximately 42.8
miles per gallon of gasoline for a typ-
ical automobile with an internal com-
bustion engine. This high efficiency is
partly responsible for the low cost of
electricity for urban driving, which is
calculated as approximately 0.7 cents
per mile. This very low figure is de-
ceptive, however, because there are no
state and federal taxes on the use of
electricity, as there are on liquid fuel;



TABLE 1. THE CORNELL ELECTRIC

Fuel

Power Drive

Charger in Vehicle

Transmission

Curb Weight

Passenger Capacity

Estimated Cost

Range

Normal Cruising Speed

Top Speed

Acceleration

Energy Efficiency

Charging Time

Noise Level

Emissions

*Predicted performance characteristics

CAR: SPECIFICATIONS AND PERFORMANCE CHARACTERISTICS

THE 1971-72 MODEL

Electricity from 96-volt lead-acid
batteries with a total weight of 1,600 lbs.,
a usable energy of approximately
19 kilowatt-hours, and recharge
capability of 300 to 400 cycles from
deep discharge

Direct current (d.c.) motor with a
continuous rating of 18 horsepower,
96 volts, 140 amperes; separately
excited connection

Input: 115 volts, 60 hertz, single-phase;
output: 96 volts with automatic
current control

Three-speed automatic Volkswagon
rear drive

3,500 lbs. (front 40%, rear 60%)

Five persons (no luggage or
carrying space)

$3,800

60 miles (approximate) in urban traffic

25 mph

60 mph

2.17 feet per (second)2 going from 0 to
30 mph

381 miles per million BTU stored
(equivalent to 42.8 mpg)

Approximately 10 hours (from deep
discharge to full charge)

64 decibels at 30 mph (maximum value,
measured 25 ft. from center line of
vehicle)

None

THE 1973-74 MODEL*

Electricity from 72-volt lead-acid
batteries with usable energy of
approximately 15 kilowatt-hours and
recharge capability of 300 to 400 cycles
from deep discharge

Direct current (d.c.) motor with a
one-hour rating of 30 horsepower,
96 volts, 233 amperes; separately
excited connection

Input: 115 volts, 60 hertz, single-phase;
output: 72 volts with automatic
current control

Three-speed automatic Volkswagon
rear drive

2,600 lbs. (front 40%, rear 60%)

Two persons (10 cu. ft. of storage
space)

52,800

50 miles (approximate) in urban traffic

25 mph

60 mph

2.86 ft./(second)2, going from 0 to
30 mph

381 miles per million BTU stored
(equivalent to 42.8 mpg)

Approximately 10 hours (from deep
discharge to full charge)

64 decibels at 30 mph (maximum value,
measured 25 ft. from center line of
vehicie)

None
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furthermore, the depreciation costs of
the comparatively expensive lead-acid
batteries have not been included in the
calculation.

The Cornell vehicle did not prove to
be outstanding in the acceleration test
of the competition. In accelerating
from 0 to 30 mph, the average rate for
thirty-five competing vehicles was 4.88
ft. per (second)2; the corresponding
figure for the Cornell car was 2.17.
This relatively poor performance can
be attributed to the weight of the main
batteries (1,600 lbs.) and the torque-
speed characteristics of the electric mo-
tor (18 hp.). The Cornell group does
not expect that in the foreseeable fu-
ture the electric car will approach the
speed-acceleration characteristics of
present-day internal-combustion-engine
automobiles; there are still too many
technological and 'materials problems
involved in the development of batteries
and electric motors capable of produc-
ing such performance characteristics.
The student designers do feel, however,
that speed and acceleration have been
oversold to the consumer. Their experi-
ence has been that they quickly adjust,

33 with a minimum of discontent, to the

more limited performance of their elec-
tric cars, and they believe that when
electric cars are generally available,
consumers will adjust just as easily.

The good handling characteristics of
the Cornell vehicles were demonstrated
by results of the slalom course test in
the 1972 competition. All vehicles were
required to traverse a course (Figure 1)
which was designed to test: (1) maneu-
verability through tight gates, to simu-
late urban driving in congested areas;
(2 cornering capability; and (3) ability
to maintain proper tire camber in turn-
ing, a measure of the effectiveness of
the vehicle's suspension system. The
average time required for thirty-five
internal-combustion-engine vehicles to
traverse the slalom course was 63.4
seconds; the best time was 54.6 sec-
onds for a six-cylinder, 1,010 cu. cm.
vehicle; and the poorest time was 90.2
seconds for a 1970 compact vehicle.
The Cornell electric car had a timed
run of 61.5 seconds. The good handling
characteristics of the Cornell vehicle
are owing, in part, to advantageous
placement of batteries, a matter of
fortuitous circumstance rather than
conscious design. The distribution and

Figure 1. The slalom course, designed to
test handling characteristics, that was
used in the 1972 North American Urban
Vehicle Design Competition. The black
dots signify pilons; a two-second penalty
was imposed for each pilon knocked over.
The Cornell electric car traversed this
course in 61.5 seconds, as compared with
the average for thirty-five entries of 63.4
seconds.

placement of batteries produces a very
low center of gravity, and causes the
vehicle to understeer.

The level of noise emitted by the
Cornell electric car was 64 decibels,
as measured at a distance of 25 feet
from the vehicle while it was traveling
at 30 mph. Thirty-five vehicles with in-
ternal combustion engines produced an
average noise level of 76.3 decibels
under similar conditions. The relative
quietness of the Cornell car was ex-
pected.

The design group is presently work-
ing on a third car in an attempt to de-
velop a lower-cost vehicle that will
move smartly in urban traffic. The new
car, which is in operation and is under-
going first tests, has the specifications
and predicted characteristics listed in
Table I.

EMPHASIS ON DESIGN
OF PROPULSION CONTROLS

Since it would be prohibitively expen-
sive and beyond the competence of
student teams to develop unique auto-
mobile bodies and all working parts,
the principal design efforts in the Cor-
nell electric car program have been



Figure 2. The propulsion system of an
electricity-powered vehicle. The three
principal units are: I. The energy source.
II. The power-control system. III. The
energy-conversion system. In the Cornell
project, work has been concentrated on
system II. The arrows indicate the direc-
tions of power or signal flow.
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concentrated on the development of
systems to control propulsion. It is in
this area that a group of electrical engi-
neers can be expected to make the
most meaningful technological contri-
butions.

The propulsion system of an electric
care can be divided into three principal
units (see Figure 2): an energy source
(the main battery), a power-control
system, and an energy-conversion sys-
tem (the motor and transmission). A
brief review of each of these units may
give some insight into their importance
in the overall system.

THE MAIN BATTERY:
THE CHIEF DRAWBACK

Little genuine advancement in the tech-
nology of batteries suitable for electric
vehicle energy sources has been made
over the past sixty to seventy years.
At the present time, as was true in the
early 1900s, the lead-acid battery is
the most practical energy storage unit
that is fully developed and commer-
cially available for the electric vehicle.

The lead-acid battery has an energy
density of about 12 watt-hours per

35 pound at the consumption rates of elec-

tric vehicles. By contrast, an equivalent
weight of gasoline has an energy den-
sity in the vicinity of perhaps 1,200
watt-hours when converted to usable
mechanical energy. New battery sys-
tems, such as lithium-sulfur, sodium-
sulfur, and zinc-air have energy densi-
ties of 100 to 150 watt-hours per
pound, and show promise for develop-
ment, but it seems probable that an-
other seven to ten years will elapse
before a battery with an energy density
of this magnitude becomes commer-
cially available. Until this development
is effected, the internal combustion
engine will no doubt continue its over-
whelming lead in vehicle propulsion.
Even with this pessimistic appraisal,
however, the Cornell group believes
that a small market does exist for a
limited-range electric vehicle such as
its 1973-74 model.

SOLID-STATE DEVICES
FOR CONTROL SYSTEMS

The Cornell designers have concen-
trated their efforts on the development
of power-control systems, diagrammed
in area II of Figure 2, which they be-
lieve will be compatible with future

Figure 3. A simplified diagram of the
separately excited d.c. motor used in the
Cornell electric car. Vehicle speed is
regulated by operator control of two ad-
justable voltage sources which supply VA,
the armature voltage, and VF, the field
voltage which develops the magnetic field
of the stator. Eo is the generated voltage.
The circuit elements Di and Dt are di-
odes which allow for the dissipation of
energy stored in the motor's magnetic
circuits.

battery systems. A power-control sys-
tem processes the driver's commands to
control the flow of energy to and from
the batteries and the drive motor for
speed control and regenerative braking.
The opportunities for significant devel-
opments in these systems have been
made possible by rapid advances in
the technology of solid-state devices
such as silicon-controlled rectifiers,
power transistors, and integrated
switching circuits. Without such ad-
vances, developments in electric cars
would be little better than could have
been achieved sixty years ago when the
Baker Electric was being built.

The three systems that have been
developed at Cornell are efficient and
reliable in their operation. The system
efficiency of each of the three is about
98%, and each has been trouble-free
after completion of the initial field
testing.

THE SEPARATELY EXCITED
D.C. MOTOR

Historically, the series direct current
(d.c.) motor has been the preferred
choice for vehicle propulsion. This mo-
tor has the characteristic of increasing



The 1973-74 model of the Cornell electric
car is now being developed by a team of
electrical engineering students. Shown
with Professor Rosson are Goeffrey Han-
shaw (at left) and Lawrence Rossi, who is
this year's student project leader. Work
is proceeding in the electric car labora-
tory, a separate building near the engi-
neering campus. For this model, the stu-
dents hope to expand their efforts beyond
the engine design which usually consti-
tutes the project. They are designing and
hope to build a fiber-glass body in a dune-
buggy style with two bucket seats.

This car is designed to cruise at 25 mph
in urban traffic, go about fifty miles be-
tween charges, and cost about $2,800.

shaft speed with decreases in armature
current and developed shaft torque,
and so meets typical vehicle traction
requirements. Instead of this common
choice, the Cornell group selected a
separately excited d.c. motor as its pro-
pulsion unit (see Figures 2 and 3). This
type of motor allows the driver to have
better control of speed and of the re-
generative braking system. Such a mo-
tor selection would not have been
likely eight years ago, but the avail-
ability of inexpensive and reliable high-
power solid-state devices makes possi-

ble the development of reliable and
simple speed-control systems for sepa-
rately excited d.c. motors.

The operation of a d.c. motor, in
simplified terms, depends on the gener-
ation of a voltage which is produced
by the rotation, in a magnetic field,
of conductors on the armature. In
the Cornell scheme, there are two sepa-
rate controls—one to vary the arma-
ture voltage, VA, and one to vary the
voltage, VF, which regulates the amount
of field current. IF. At low speeds, con-
trol is exerted by varying the magnitude 36
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of VA; VF and hence IF. the field cur-
rent, are maintained at constant values
equal to their respective ratings. As
vehicle speed increases, a maximum
value of VA, equal to the battery volt-
age, is attained, and further increases
in speed are obtained by reduction of
VF. Speed control of the vehicle, there-
fore, is obtained through control of the
average values of both VA and VF, the
armature and field voltages.

Acceleration depends on the torque
that is developed; for maximum accel-
eration, the armature and field currents
must be at their maximum permissible
values. In the operation of an electric
vehicle, it is permissible for armature
currents to reach 300% of their rated
values for short periods of time (20 to
30 seconds) without damaging the drive
motor. This fact allows for optimum
vehicle acceleration characteristics at
starting and for passing.

Figure 4 illustrates, in simplified
form, the power circuits used for speed
control of the 1971-72 Cornell elec-
tric car. The magnitude of VA is con-
trolled by the relative timing of current
pulses supplied to silicon controlled
rectifiers. The magnitude of VF is con-
trolled by the "on" time of a power
transistor, and this "on" time, in turn,
is controlled by the time width of syn-
chronous pulses of voltage applied as
indicated in the figure.

THE EDUCATIONAL VALUE
OF THE PROJECT

The electric car project has been an
excellent program to introduce seniors
and graduate students in the Master of
Engineering (Electrical) degree pro-
gram to realistic and complex design
problems. The project has stimulated
interest in design among these students;

Figure 4. A highly simplified diagram
showing how vehicle speed is controlled
by the use of high-power semiconductor
devices. This shows the essence of the
scheme used in the 1971-72 Cornell
electric car. The magnitude of the arma-
ture voltage, VA, is controlled by the rel-
ative timing of current pulses injected
into gates, gi, gt, and gs, of the silicon
controlled rectifiers SCRi, SCRi, and
SCR*. The magnitude of the stator volt-
age, VF, is controlled by the "on" time
of the power transistor, 17. The "on"
time of Ti is controlled by the time width
of the synchronous pulses of voltage ap-
plied between points Fa and Fb.
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" . . . the Cornell group believes that a small
market does exist for a limited-range electric

vehicle such as its 1973-74 model."

in a few cases, their motivation has
been so great that it has been necessary
to limit their working time so as to
keep their academic programs in bal-
ance. The faculty recognizes that few
students, if any, will subsequently par-
ticipate in industrial programs for the
development of electric vehicles, but
feels that through the experience of
working on the project, most of the
student designers acquire an apprecia-
tion of the problems associated with a
cooperative design effort. Without ex-
ception, the participating students have
gained confidence in their abilities to
participate in the design of circuits and
systems that use the most modern elec-
tronic devices and energy converters.

Limited but necessary support for
this design and development project
has been provided through the gener-
osity of Electric Fuel Propulsion, Inc.,
the Firestone Tire and Rubber Com-
pany, the General Electric Company,
the Long Island Power and Light Com-
pany, the New York State Electric and
Gas Company, and the Philadelphia
Electric Company. The electrical engi-
neering faculty is grateful for the sup-
port of these organizations.

Joseph L. Rosson. professor of electrical
engineering and assistant director of the
School of Electrical Engineering, has
pursued an active teaching, administra-
tive, and research career at Cornell since
he joined the faculty in 1951.

Rosson received the B.S. degree from
the University of Tennessee in 1942, and
after four years of active duty in the U.S.
Navy during World War II, he taught
for a year at the University of Tennessee
Junior College. Subsequently he came
to Cornell to undertake graduate studies
in electrical engineering and was awarded
the M.E.E. degree in 1951.

In addition to teaching, he has been
on numerous University and College of
Engineering committees and has served
as acting director of the School of Elec-
trical Engineering. His research projects
at Cornell include a cable project at the
University's High Voltage Laboratory, a
study of atmospheric refraction of radio
waves, and the development of feedback
engine controls.

Rosson has served as a consultant to
the Westinghouse Electric Company, the
Edison Illuminating Companies, the Gen-
eral Electric Company, and the former
Cornell Aeronautical Laboratory. He is
a member of the Institute of Electrical
and Electronics Engineers, and the hon-
orary societies Tau Beta Pi, Eta Kappa
Nu, Sigma Xi, and Phi Eta Sigma. 38



AUTOMOTIVE POWER PLANTS
The Long-Term Outlook

by Wallace E. Wilson

Whatever the effects may be of shifting
priorities for energy and the environ-
ment, changes in transportation are sure
to be among them. Nothing in the
twentieth century, an era of change, has
evolved so quickly. Over the past
seventy-five years, two major forms of
transportation—the motor vehicle and
the airplane—have been introduced
and undergone rapid development.

Economically and socially, the motor
vehicle has become the dominant form
of transportation. To a great extent, the
automobile determines how we live,
where we live, and where we work; the
truck is the prime mover of manufac-
turers' freight. In direct competition
with other forms of transportation, the
car has provided a new level of com-
fort and convenience for people, and
the truck a new level of efficiency for
moving freight.

FACTORS IN THE SUCCESS
OF AUTOMOTIVE ENGINES

Part of the reason for the success of to-
day's cars and trucks has been, until
recently, the availability of low-cost
fuel. Petroleum fuels provide relative

39 safety, convenient on-board storage,

and high-energy density in terms of
both weight and volume. At General
Motors, we continue to evaluate all
types of fuel, including synthetic fuels,
but we have not found any that are
even close rivals—yet. This situation
may change as the supply of petroleum
becomes shorter and the cost of gaso-
line higher.

The spark ignition and diesel engines
evolved as the best for the car and
truck against stiff competition. Al-
though the internal combustion engine
was a poor third to steam and electric
cars in 1900, the inherent technical and
economic advantages of the gasoline
engine moved it into first place within
a few years.

Some of the disadvantages that
caused steam and electric power plants
to lose out in early competition remain
as obstacles to their broad automotive
application today, but in recent years
new considerations have emerged. It is
now recognized that energy consump-
tion and emission control must be con-
sidered along with performance, cost,
and durability. This calls for reconsid-
eration of the old and an open mind to
the new; all forms of energy and all

concepts of power plants must be con-
sidered.

General Motors monitors many
power plants on a continuing basis,
since new technology, new materials,
new criteria, and new operating re-
quirements can change the evaluation
of a power plant. Since 1963 we have
made careful technical reviews of more
than three hundred proposals for alter-
nate power plants. We have examined
some concepts analytically on paper,
simply to determine whether they vio-
lated any of the fundamental laws of
physics, chemistry, or thermodynamics.
And over the years, General Motors
has used the more promising concepts
in building one-of-a-kind working auto-
mobiles. On various occasions we
found that concepts which appeared
very promising on paper encountered
major technical problems during con-
struction and trials.

THE IMPORTANCE OF
THERMAL EFFICIENCY

A primary consideration in any engine
is thermal efficiency. At maximum
power and without emission controls,
a steam engine for a car would have a



thermal efficiency of around 15-20%,
and the diesel and Stirling engines
would reach 35-40%. In between
would be the spark ignition internal
combustion engine at 27-30% and the
stratified charge engine at 30-35%. A
calculation of the thermal efficiency of
an electric drive for a car would have
to include the efficiency of the generat-
ing plant and losses incurred in trans-
mission and conversion; on this basis
the electric power plant in a car would
be comparable to the spark-ignition
gasoline engine.

Of course, peak thermal efficiency is
not the only criterion; in vehicle appli-
cations, part-load efficiency is equally
important. That is one of the reasons
the internal combustion engine and the
diesel have been so successfully
adapted to motor vehicles, and why the
gas turbine engine presents a problem
for passenger car use at this point in
development.

Each power plant has its own unique
emission problems. In addition, there
are trade-offs such as weight, manufac-
turing cost, and performance during the
highly variable driving cycle.

GM'S EVALUATION OF
VARIOUS CAR ENGINES

In the estimation of General Motors,
the steam or Rankine cycle engine ap-
pears to be one of the least promising
of proposed automotive power plants.
One problem is fuel economy. Other
problems include weight and size (par-
ticularly of the heat exchangers for
vaporizing and condensing), complexity
in the mechanism and controls, cost,
water consumption, water freezing,
lubrication, and NOX emissions. Use of
working fluids other than steam is often
proposed, but these introduce new
problems. Our evaluation of automo-
biles powered by steam engines is based
on close observation and study since
1926 and on experience since 1968 in
building and testing experimental
models.

The Stirling engine is based on a
concept patented more than a century
and a half ago by a Scottish minister.
At General Motors an active research
program on the Stirling engine, involv-
ing the analysis, design, construction.
and testing of a number of engines, ran
from 1959 to 1970.

Left: General Motors' experimental steam-
powered Pontiac Grand Prix is the world's
first steam car with complete power ac-
cessories, including air conditioning.

Right: These are among General Motors'
experimental electric car models. Top to
bottom: a vehicle for special-purpose
urban uses; a model with dual-battery
system to improve range and power; the
Electrovair II, with expensive silver-zinc
batteries weighing 680 pounds and per-
mitting a range of 40 to 80 miles.

The Stirling tends to have a very
high efficiency. It is quiet, its major
components are durable, and its hydro-
carbon and carbon monoxide emissions
are extremely low. On the other hand,
there are some major disadvantages. It
requires a large radiator for cooling,
the engine is heavy and bulky, and the
hydrogen or helium working fluid is
difficult to seal for life. Also, the en-
gine is complicated and expensive, and
it may be slow to respond to operating
conditions which suddenly change the
power demand.

BATTERIES OR FUEL
CELLS AS POWER PLANTS
Battery electric power plants seem to
some to offer a total solution to the air-
pollution problem, but they do not.
They simply transfer the problem from
the tailpipe of the automobile to the
smokestack of the central electric-
power station, where sulfur dioxide and
particulates presently create a more
severe problem.

In building a number of battery elec-
tric vehicles for experimental purposes,
General Motors has come to the con- 40
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" . . . all forms of
energy and all
concepts of power
plants must be
considered."



elusion that in order to overcome the
high cost of a battery electric car and
the opera t ing l imita t ions , break-
throughs in battery technology are
needed. Since about 1959, we have
been carrying on a substantial research
program in high-power-density and
high-energy-density battery systems.
We see the lithium-chloride battery as
probably the best to date, but not yet
the breakthrough we are looking for.
With such a breakthrough, the electric
car might participate in a mix of power
plants to be used in transportation sys-
tems of the future.

A fuel cell might be the best alterna-
tive in the long run. Emissions are very
low and the efficiency is very good.
Range is less limited than with stor-
age batteries, since fuel is carried
aboard. There are, however, major dis-
advantages at the present time: ex-
tremely low power output per unit of
weight and volume, high cost, and a
limited range of possible fuels. General
Motors has been doing fundamental
research on fuel cells since 1960, and
in 1966 built a fuel-cell-powered ve-
hicle for test purposes.

PROSPECTS FOR GAS
TURBINES AND DIESELS

The gas turbine has been under devel-
opment at General Motors for more
than twenty-five years; in the 1950s ex-
perimental passenger cars as well as
turbine-powered buses and trucks were
built. At the present time, the gas tur-
bine is approaching commercial feasi-
bility and application for trucks, buses,
and other heavy-duty vehicles, but it is
a different story for automobiles. Pres-
ent gas turbine configurations are heav-
ier than the piston engine, and because
of costly metals and machining, the en-
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These three cars are among General
Motors' experimental models.

Left: This hybrid model with a gasoline-
electric power plant is designed for urban
use.

Below: The Stirlec 11 combines a Stirling
engine and an electric power source.

Right: The experimental Electrovan is
powered by a hydrogen-oxygen fuel cell.

gine is expensive. Moreover, in stop-
and-go city traffic, fuel economy and
acceleration characteristics are still un-
satisfactory. General Motors does have
a major gas turbine passenger car pro-
gram underway, however, and we feel
that considerable progress can be made
in the problem areas.

The diesel engine is obviously feas-
ible for automotive use. Mercedes-
Benz, Peugeot, and General Motors'
German subsidiary, Opel, all market
diesel passenger cars in Europe. How-
ever, this type of vehicle has not been

generally accepted for a number of rea-
sons: low power-to-weight ratio, noise,
smoke, odor, cold starting difficulties,
and high initial cost. Diesel passenger
car sales in Europe, where fuel econ-
omy was a strong incentive before it
became a major concern here, have ac-
counted for less than two percent of the
market. Nevertheless, General Motors
is continuing its study of the diesel en-
gine for passenger car use.

In past years, a variety of stratified
charge engines have been known to
have good fuel economy, less restrictive 42
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fuel requirements than those of the
conventional internal combustion en-
gine, low carbon monoxide emissions,
and sometimes low nitrogen oxide
emissions. On the other hand, they
usually have had poor driveability, a
lack of flexibility in normal driving,
complicated fuel control systems, low
power output, and difficulty in main-
taining tuning. High hydrocarbon emis-
sions, noticeable as smoke, have also
been experienced.

EFFECT OF STRATIFIED
CHARGE ON EMISSIONS

Last year Honda announced that it
had a new type of engine which al-
lowed its small car to meet the original
1975 emission requirements with min-
imal penalties. It was a "jet-ignition"
stratified charge engine. Our evaluation
is that in compact and subcompact cars,
this engine may be adequate for meet-
ing the current 1976 emission stan-
dards; whether the technology is ade-
quate for larger cars in production
volumes is less certain. Our testing indi-
cates that this engine will not meet the

43 current 1977 emission requirements,

however, even in lightweight cars. The
Honda CVCC engine is more compli-
cated than current piston engines, it
may be more expensive, and it prob-
ably will need a thermal reactor or
catalyst to clean up hydrocarbons. Gen-
eral Motors is continuing to work on
this development.

A ROTARY-ENGINE
AUTOMOBILE IN 1975

Of all the alternate power plants, the
rotary engine is closest to volume pro-
duction. In fact, General Motors has
announced plans to start production of
a rotary-powered small Chevrolet in
the 1975 model year.

The rotary engine has four basic and
major advantages. The engine is as
much as 50% smaller than a compara-
ble piston engine, a feature that gives it
a high power-to-bulk ratio. In addition,
it is about 30% lighter than a com-
parable piston engine, and so has a
high power-to-weight ratio. It also has
about 40% fewer major components
and is extremely smooth and quiet.
Finally, because of its small size and
weight for its power output, it gives the

car designer new appearance and pack-
aging opportunities.

There have been certain problems
with the rotary engine, as there usually
are in any major engine development,
but progress has been made in seals, in
emissions, and in fuel economy. The
true costs of manufacturing the rotary
engine cannot be established until it has
been in production and the machine-
tool industry has had the opportunity to
develop processes and techniques spe-
cifically for this engine.

THE PISTON ENGINE:
STILL GOING STRONG

Major technical advances are still
needed to solve development problems
of alternate power plants. Although one
or more of these alternatives, or possi-
bly a hybrid combination of two of
them, may become feasible in the fu-
ture, for the near term and well into the
1980s, the majority of cars on the road
will be powered by the internal com-
bustion piston engine. It has advantages
in cost, performance, and durability,
and its emission problems are in the
process of being solved.

Control hardware has reduced auto-
motive emissions substantially. Meas-
ured against the original baselines for
reductions, the emissions of 1974 cars
are 80% lower in hydrocarbons, 69%
lower in carbon monoxide, and 38%
lower in oxides of nitrogen than those
of the uncontrolled cars of the early
1960s.

These reductions are being achieved
at what General Motors believes is a
reasonable cost-benefit relationship.
For the 1975 models, we expect the in-
ternal combustion engine equipped with
a catalytic converter to meet the interim
federal standards of 90% less hydro-



carbon and 83% less carbon monoxide
emission. Based on our tests with con-
verter-equipped cars, there will also be
a substantial improvement in fuel econ-
omy—amounting to a sales-weighted
average of about 13% over 1974—and
better driveability.

DECISIONS ON STANDARDS
AND HOW TO MEET THEM

What will be required after 1975 is not
yet clear. (At the time of this writing,
the Senate had voted to extend the
1975 standards through 1976, and the
House had voted for a two-year exten-
sion. A House-Senate conference was
to resolve the differences.) The require-
ments of manufacturing lead time and
the increased concern over energy
make it essential that Congress make
an early determination of the timetable
and the ultimate standards. Involved
are serious questions about what air
quality is necessary to protect public
health; General Motors has contended
all along that the very strict standards
now on the books for 1976-1977 are
not necessary from a health standpoint
and are an unnecessary cost penalty for
the consumer.

There are differences of opinion on
how to control emissions of internal
combustion engines and of alternate
power plants. But among automotive
engineers, there is general agreement
that no alternate system has any defi-
nite possibility of meeting the 1976-
1977 standards. Any alternative to the
internal combustion engine is farther
down the road.

Wallace E. Wilson is a General Motors
Corporation group vice president with
jurisdiction over the Automotive Com-
ponents arid Non-Automotive and De-
fense Group. He has ties with Cornell as
a member of the Engineering College
Council, an advisory group to the dean.

A graduate of the University of Mich-
igan, Wilson began his General Motors
career in 1936 as a draftsman at the
Oldsmobile Division in Lansing, his
home town. After serving in various en-
gineering capacities with Oldsmobile, he
was transferred in 1942 to General Mo-
tors' wartime Eastern Aircraft Division

in Trenton, New Jersey, for assignments
on a torpedo bomber program.

At the end of World War II, Wilson
returned to Oldsmobile, and then in 1948
was named assistant to the resident man-
ager of the AC Spark Plug Division plant
in Milwaukee. In 1951 he was trans-
ferred to the Buick-Oldsmobile-Pontiac
Assembly Division plant in Kansas City,
Kansas, where he was placed in charge
of the engineering connected with the
manufacture of the F-84F Thunderstreak
fighter-bomber. Then, after serving as
general manager of the Products Divi-
sion at Rochester, New York for several
years, he was elected a vice president of
General Motors in 1963 and placed in
charge of the Manufacturing Staff. He
became group executive in charge of
Automotive Components in 1967 and
was serving in that position when he re-
ceived his present assignment in 1970.

Wilson has been active in community
projects wherever he has been assigned.
His activities in Rochester included ser-
vice on the Industrial Management Coun-
cil and the Bureau of Municipal Re-
search, and he retains his membership on
the Board of Trustees of the Rochester
Institute of Technology. Long active in
Boy Scout councils, he is a member of
the National Executive Board, Scouts of
America and president of the East Cen-
tral Region, Scouts of America. He is
active also in youth programs of Future
Farmers of America. 44



REGISTER
Neil M. Brice Howard N. McManus

Within a one-week period this winter,
the College of Engineering experienced
the loss of two of its faculty members.

Neil M. Brice. 39. professor of elec-
trical engineering, was killed January
31 in an airplane crash in Pago Pago.
Samoa. Howard N. McManus. 52. pro-
fessor of mechanical and aerospace
engineering, died February 6 following
a brief illness and subsequent surgery.
Brice leaves a widow and three chil-
dren; McManus, a widow and five
children.

At the time of his death, Brice was
on sabbatic leave at the University of
Sydney, participating in a Cornell-
Sydney exchange program in iono-
spheric research. He had also lectured,
consulted, and attended conferences in
England. India, Japan. Hong Kong.
and New Zealand, and was on his way
to Hawaii when his plane crashed.

Among his recent honors was the
award of a doctorate by the University
of Queensland in his native Australia,
where he studied for his A.B. and M.S.
degrees in physics. Also, he had just
been elected a Fellow of the Institute
of Electrical and Electronics Engin-

45 eers (IEEE). An earlier honor, in

recognition of his participation in
scientific expeditions to Antarctica,
was the designation of a mountain
there as Mt. Brice.

Brice came to Cornell in 1966 after
receiving the Ph.D. in electrical en-
gineering from Stanford University and
teaching for two years at Carleton
University in Ottawa, Canada.

A specialist in atmospheric science,
his research was concerned with at-
mospheric phenomena of the earth and
other planets, and included studies of
the earth's radiation belts, their effect
on communications, and possible
means of control. During a leave in
1970-71. he served as director of the
solar-terrestrial physics program of the
National Science Foundation.

He was a member of the American
Geophysical Union, the American As-
sociation for the Advancement of
Science, and IEEE.

McManus, a member of the College
faculty since 1957, had served as
chairman of the Department of Me-
chanical Systems and Design and was
responsible for much of the develop-
ment of Cornell's program in this area.
He had also served as chairman of

the Graduate Professional Program
Committee.

McManus held two degrees in me-
chanical engineering from the State
University of Iowa and the Ph.D. from
the University of Minnesota. Before
coming to Cornell, he taught at Min-
nesota and at Northwestern University.

In addition to teaching, McManus
was active in industrial and govern-
ment-sponsored research. Over the
years, he supervised numerous projects
in thermal and mechanical engineering
research, served as consultant to sev-
eral firms, and spent many summers
working in governmental and industrial
laboratories. In 1971 he spent a sab-
batic leave at the University of Not-
tingham in England.

He was a member of the American
Society of Mechanical Engineers, the
American Society for Engineering Edu-
cation, and the American Association
of University Professors.

The deaths of Professors Brice and
McManus are a great loss to the en-
gineering and scientific communities
in which they were so active and re-
spected, and especially to their friends
and associates at Cornell.



FACULTY
PUBUCATIONS

The following publications and confer-
ence papers by faculty members and
graduate students of the Cornell College
of Engineering were published or pre-
sented during the period May through
July 1973. Earlier publications inad-
vertently omitted from previous listings
are included here with the date in par-
entheses. The names of Cornell personnel
are in italics.

Listings from several departments have
been held for publication in the next is-
sue, in order to permit late coverage of
the deaths of two College of Engineering
professors.

• AGRICULTURAL ENGINEERING

Cooke, J. R., and Rand, R. H. 1973. A
mathematical study of resonance in intact
fruits and vegetables using a 3-media elastic
sphere model. British Journal of Agricul-
tural Engineering Research 18(2): 141-157.

Magshood, J.; Scott, N. R.; Furry, R. B.,
and Sexsmith, R. 1973. Linear and nonlinear
finite element analysis of wood structural
members. Transactions of the ASAE 16(3):
490-496.

Ourada, J. F., and Furry, R. B. 1973. Ap-
plication of the Absorption Concept for
Continuous CO« and O« Analysis: The
Search for a Low Cost Control Element
for CA Storage Utilization. Paper read at
Annual Meeting of the American Society of
Agricultural Engineers, 17-20 June 1973,
at the University of Kentucky, Lexington.

Rehkugler, G. E. 1973. Modular instruction
in agricultural engineering. Agricultural En-
gineering 54(6) .16-17.

• COMPUTER SCIENCE
Bunch, J. R. 1973. Complexity of sparse
elimination. In Complexity of sequential and
numerical algorithms, ed. J. F. Traub, pp.
197-220. New York: Academic Press.

Conway, R., and Gries, D. 1973. An intro-
duction to programming. Cambridge, Massa-
chusetts: Winthrop.

Hartmanis, J. 1973. A Survey of Computa-
tional Complexity Problems. Paper read at
Workshop Conference on Complexity of
Computations, 6-10 June 1973, at MIT,
Cambridge, Massachusetts.

Hopcroft, J. E., and Tarjan, R. E. 1973. Ef-
ficient algorithms for graph manipulation
(H). Communications of the ACM 16(6):
372-378.

-. 1973. A V log V algorithm for
isomorphism of triconnected planar graphs.
Journal of Computer and System Sciences
7(3): 323-331.

More, J., and Rheinboldt, W. C. 1973. On
P- and S-functions and related classes of
n-dimensional nonlinear mappings. Linear
Algebra and its Applications 6:45-68.

Salton, G. 1973. Some thoughts on the de-
velopment of information science. Journal
of the AS1S 24(3):218-220.

• ELECTRICAL ENGINEERING

Ankrum, P. D. 1973. Testing GE-MOV
varistors. In G.E. application notes. Auburn,
New York: General Electric Company.

Bergmans, P. P. 1973. A Simple Converse
to the Coding Theorem for Additive White

Gaussian Noise Broadcast Channels. Paper
read at IEEE International Symposium on
Information Theory, 25-29 June 1973, in
Ashkelon, Israel.

. (1973). Random coding theorem for
broadcast channels with degraded com-
ponents. IEEE Transactions on Information
Theory IT 19(2): 197-207.

Bergmans, P. P., and Cover, T. M. 1973.
Cooperative Broadcasting. Paper read at
IEEE International Conference Symposium
on Information Theory, 25-29 June 1973,
in Ashkelon, Israel.

Frey, J., and Pasiecznik, J., Jr. 1973. A High-
Performance, Low-Cost Digitally Driven
SEM System. Paper read at Symposium on
Electron, Ion, and Laser Beam Technology,
21-23 May 1973, in Cambridge, Massa-
chusetts.

Gray, R. M., and Bergmans, P. P. 1973.
Two problems in simultaneous communica-
tions. IEEE Transactions on Communica-
tions CCM-21:763-768.

Fine, T. L. 1973. Partial Comparative Prob-
ability. Paper read at 3rd International
Symposium on Information Theory, 18-23
June 1973, in Tallin, Estonia.

. 1973. The Bayes Principle. Paper
read at IEEE International Symposium on
Information Theory, 25-29 June 1973, in
Ashkelon, Israel.

McBride, J. B.; Ott, E.; and Wagner, C. E.
1973. Theory of turbulent plasma heating
by anomalous absorption of magnetosonic
waves. Nuclear Fusion 13:151-155.

Ossakow, S.; Ott, E.; and Haber, I. 1973.
Theory and computer simulation of whistler
turbulence and velocity-space diffusion in
the magnetosphere. Journal of Geophysical
Research 78:2945-2958.

. 1973. Simulation of gyroresonant
electron-whistler interactions in the outer
radiation belts. Journal of Geophysical Re-
search 78:3970-3975.

Ott, E.; Manheimer, W.; Book, D.; and
Boris, J. 1973. Model equations for mode
coupling saturation in unstable plasmas.
Physics of Fluids 16:855-862.

Tang, C. L. 1973. A simple molecular-
orbital theory of the nonlinear optical prop-
erties of group ni-V and II-VI compounds.
Journal of Quantum Electronics QE-9:755-
762.

Thorp, J. S. 1973. Optimal tracking of
maneuvering targets. IEEE Transactions on
Aerospace and Electronic Systems AES-9:
512-519. 46



• GEOLOGICAL SCIENCES

Dubois, J.; Pascal, G.; Barazangi, M.;
hacks, B. L.; and Oliver, J. 1973. Travel
times of seismic waves between the New
Hebrides and Fiji Islands: a zone of low
velocity beneath the Fiji plateau. Journal
of Geophysical Research 78:3431-3436.

• INDUSTRIAL ENGINEERING AND
OPERATIONS RESEARCH

Burton, R. W., and Jaquette, S. C. 1973.
The initial provisioning decision for insur-
ance type items. Naval Research Logistics
Quarterly 20:123-146.

Jaquette, S. C. 1973. Markov decision pro-
cesses with a new optimality criterion: dis-
crete time. Annals of Statistics 1:496-505.

Leventhal, T.; Nemhauser, G. L.; and
Trotter, L. E., Jr. 1973. A column genera-
tion algorithm for optimal traffic assignment.
Transportation Science 7:168-176.

Weiss, L. 1973. Asymptotic properties of
maximum likelihood estimators in some
nonstandard cases, II. Journal of the Ameri-
can Statistical Association 68:428-430.

. 1973. Statistical procedures based
on a gradually increasing number of order
statistics. Communications in Statistics 2:95-
114.

Weiss, L., and Wolfowitz, J. 1973. Maxi-
mum likelihood estimation of a translation
parameter of a truncated distribution. An-
nals of Statistics 1:944-947.

• MATERIALS SCIENCE AND
ENGINEERING

Danyluk, S., and Blakely, J. M. 1973. Space
charge regions at silver halide surfaces:
experimental results for AgCl. Report no.
2037, Materials Science Center, Cornell
University.

Guan, D. Y., and Sass, S. L. 1973. Diffrac-
tion from periodic arrays of dislocations. I.
The structure factor of a square grid of
screw dislocations in a low angle (001)
twist boundary. H. A possible method for
the direct determination of the core struc-
ture of screw dislocations. Philosophical
Magazine 27:1211-1223; 1225-1235.

Robinson, J. T.; Wilson, K. L.; and Seid-
man, D. N. 1973. On the interpretation of
ledge "bright spot" contrast effects in field
ion microscope images. Philosophical Mag-
azine 27:1417-1432.

Ruoff, A. L. 1973. Penultimate static pres-
47 sure containment considerations and pos-

sible applications to metallic hydrogen
preparation. Cryogenic Engineering 18:435-
440.

Ruoff, A. L., Lincoln, R. C, and Chen,
Y. C. (1973). High pressure calibration with
a new absolute pressure gauge. Applied
Physics Letters 22:310-311.

Sass, S. L., and Eyre, B. L. 1973. Diffrac-
tion from void and bubble arrays in irradi-
ated molybdenum. Philosophical Magazine
27:1447-1453.

Shelton, J. C; Patil, H. R.; and Blakely,
J. M. 1973. Equilibrium segregation of car-
bon to a nickel (111) surface: a surface
phase transition. Report no. 2036, Materials
Science Center, Cornell University.

• MECHANICAL AND AEROSPACE
ENGINEERING

deBoer, P. C. T. 1973. Ion boundary layer
on a flat plate. AIAA Journal 11(7): 1012-
1017.

deBoer, P. C. T., and Johnson, R. A. 1973.
Reply to A. G. Hammitt by authors. AIAA
Journal 11:1598-1599.

Gut man, D. P.; Torrance, K. E.; and Es-
toque, M. A. 1973. Use of the numerical
method of Estoque and Bhumvalkar.
Boundary-Layer Meteorology 5:341-346.

Johnson, R. A., and deBoer, P. C. T. (1972).
Theory of ion boundary layers. AIAA
Journal 10:664-670.

Krauter, A. 1. 1973. Anti-skid braking of a
tractor-semitrailer truck. Vehicle System
Dynamics 2:61-91.

Leibovich, S. 1973. Effects of wind, waves
and swell on the performance of oil spill
control devices. Mathematical models for
the physical removal of oil from calm
water. Reports for the Esso Production Re-
search Company.

. 1973. Langmuir Circulations. Paper
read at Mechanical Engineering Seminar,
28 March 1973, at the University of
Houston.

Leibovich, S., and Randall, J. D. 1973.
Amplification and decay of long nonlinear
waves. Journal of Fluid Mechanics 53:481-
493.

Moore, F. K. 1973. The minimization of air
heat-exchange surface areas of dry cooling
towers for large power plants. Cornell Uni-
versity Energy Project report no. 73-2.

Osborne, C. 1973. Compressible unsteady
interactions between blade rows. AIAA
Journal 11 (3): 340-346.

Pera, L., and Gebhart, B. 1973. Natural
convection boundary layer flow over hori-
zontal and slightly inclined surfaces. On the
stability of natural convection boundary
layer flow over horizontal and slightly in-
clined surfaces. International Journal of
Heat and Mass Transfer 16:1131-1146;
1147-1163.

Randall, J. D., and Leibovich, S. 1973. The
critical state: a trapped wave model of vor-
tex breakdown. Journal of Fluid Mechanics
53:495-515.

Vincent, R., and Krauter, A. 1973. Tractor-
Semitrailer Handling: A Dynamic Tractor
Suspension Model. SAE paper no. 730653,
read at the Combined Commercial Vehicle
Engineering and Operations and Powerplant
Meetings, June 1973, in Chicago, Illinois.

• THEORETICAL AND APPLIED
MECHANICS

Barratt, P. J., and Jenkins, J. T. 1973. In-
terfacial effects in the magnetohydrostatic
theory of nematic liquid crystals. Journal
of Physics A 6:756-769.

Burns, J. A. (1972). Space Engineering: The
Possibility of Changing the Precession of
Mars. Paper read at Meeting of the New
York Astronomical Corporation, 10 October
1972, at the State University of New York
at Albany.

. (1973). Where are the satellites of
the inner planets? Nature 242:23-26.
Burns, J. A.t and Harwit, M. 1973. Towards
a more habitable Mars—or the coming
Martian spring. Icarus 19:126-130.

Con way, H. D. 1973. The rate of change
of film thickness in the elastohydrodynamic
squeeze film process. Journal of Lubrication
Technology (ASME) 95:391-393.

Conway, H. D., and Engel, P. A. 1973.
The elastohydrodynamic lubrication of a
thin layer. Journal of Lubrication Tech-
nology (ASME) 95:381-385.
Cooke, J. R., and Rand, R. H. 1973. A
mathematical study of resonance in intact
fruits and vegetables using a 3-media elastic
sphere model. British Journal of Agricul-
tural Engineering Research 18:141-157.

McAdoo, D. C, and Burns, J. A. (1973).
Further evidence for collisions among aster-
oids. Icarus 18:285-293.

Nadig, G., and Rand, R. H.~ 1973. Non-
linear normal modes in dynamical systems
with non-Euclidean metrics. In Proceedings
of 4th Canadian Congress of Applied Me-
chanics, ed. A. Bazergui, pp. 519-520.
Montreal: CANCAM.
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Like many engineering problems, the question of what to do about automobiles
has no single, obvious solution, as the collection of articles in this issue illustrates.
The dual problems of air pollution and gas shortages present conflicting demands
and involve matters well beyond the immediate ones of engineering design. In-
deed, these complex problems have ramifications into practically all aspects of
our national life.

The mandate to engineers to come up with a nonpolluting engine, for example,
is complicated by a wide range of contingencies. Radical changes in engine parts
would involve radical changes in existing manufacturing plants and expertise—a
significant factor in an economy heavily dependent on the automobile industry.
The impending shortage of petroleum—which has been obvious for a long time—
is an immensely important factor, but again the economics and politics of conver-
sion to alternate power sources extends the simple consideration of how one might
run a car on something other than gasoline well beyond the drawing board, the
shop, and the prototype model. The question of the place the automobile can or
should have in an evolving transportation system carries implications for the whole
economic, political, and social structure of the nation. American life has come
to be organized around the automobile, and for the average citizen, living and
working where he does and often without a viable alternative for transportation,
a car is a necessity. Other broad questions are coming to the forefront of public
awareness: for example, where should the responsibility lie for providing badly
needed direction to technological development?

In the context of such pressures, how can and do engineers respond? Often
they are limited by the circumstances of their employment, but what about those
in universities, who have more opportunity to take independent views? What
leadership can they offer? The articles in this Quarterly issue provide an example.
Our Cornell professors are working to solve immediate problems with skill and
imagination. They are developing alternative solutions, not necessarily tailored
to fit present industrial priorities, although these are taken into consideration.
They are looking ahead and trying to prepare for anticipated problems. They are
attempting to take into account the complex implications of technological develop-
ment and change.

The "engineering approach" is necessarily many-sided. Responses to the prob-
lem of what to do about automobiles, for example, may range from improvements
in a spark plug to a blueprint for a whole new energy economy. Engineering lead-
ership today requires both immediate pragmatism and the long view.

THE EDITOR
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