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PREFACE

The current generation of combustion engines is the result of an extended
period of simultaneous evolution of engines and fuels. During this period,
the engine designer was relatively free to specify fuel properties to meet
specific performance requirements, and the petroleum refining industry
responded by producing fuels with the desired specifications. The resulting
engine/fuel systems are appropriate to an era of abundant supply of
inexpensive petroleum feed stocks. The rising cost of petroleum, coupled
with a realization that petroleum supplies will not be able to meet long-term
demand, has stimulated an interest in alternative liquid fuels, particularly
those that can be derived from coal. An effective strategy for the efficient
utilization of coal-derived fuels and for the period of transition to their
utilization will require consideration of a new generation of engine/fuel
systems.

A wide variety of liquid fuels can be produced from coal, ranging from
methanol to high molecular weight, low-volatility oils. With the possible
exception of methanol, experience in burning coal-derived liquid fuels in
practical devices is very limited. Furthermore, there is almost no in-
formation on the fundamental combustion characteristics and chemical
kinetics of these fuels.

In September 1977, Project SQUID sponsored a workshop on Alternative
Hydrocarbon Fuels for Engines: Combustion and Chemical Kinetics. This
workshop was cosponsored by the Department of Defense (the Air Force
Office of Scientific Research, the Office of Naval Research, and the Naval
Air Systems Command) and the Department of Energy. The objectives of
this workshop were to present a perspective for the probable evolution of
engine/fuel systems and, on the basis of this perspective, to iden:ify
research needs in the areas of combustion and chemical kinetics which will
be required for timely transition to these systems. Although the focus of the
workshop was on engines used in the transportation sector, and in par-
ticular on aircraft gas turbines, other combustion systems, including
stationary devices, were considered because of a commonality in com-
bustion and kinetics problems, the relevance of related alternative fuels
experience, and the impact of these devices on the development of fuel
processing techniques and fuel availability.

This volume is based on the fourteen papers presented at that workshop
and on the discussions which fcilowed them. Chapter I is concerned with
the availability of alternative fuels and with engine/fuel interactions.
Chapter II reviews critical aspects of the combustion process, such as
ignition and stabilization, flame propagation, and flame emissivity, which
are relevant to alternative fuels. Chapter I1I discusses the current knowledge
of pyrolysis and oxidation kinetics of alternative fuels, including liquid-
phase reactions. Chapter IV is concerned with pollutant emission con-

xiii




Xiv

siderations in the use of alternative fuels. Chapter V summarizes the results
of two panel discussions which followed the formal presentations. One of
these panels addressed the political and economic considerations of im-
plementing and utilizing alternative fuels. The second summarized an-
ticipated technological problems associated with the transition to use of
alternative fuels in engines and attempted to identify specific research needs
in the areas of combustion and chemical kinetics.

The editors would like to thank the authors of the various papers and
those who participated in the discussions. Their contributions have made
this volume possible. S.N.B. Murthy, James R. Patton, and Joseph F. Masi
contributed their ideas and support in the early formulation of the
workshop objectives. Special thanks go to Robert N. Hazlett who served
with us on the committee which organized the workshop. Annmarie Pitt-
man efficiently handled workshop arrangements and assisted in the
preparation of this volume. Ruth F. Bryans, AIAA Administrator of
Scientific Publications, and Martin Summerfield, Series Editor, provided
continuous support throughout the preparation of the volume.

Craig T. Bowman
Jorgen Birkeland
February 1978




INTRODUCTION

James R. Patton Jr.
Office of Naval Research, Washington, D.C.

The Office of Naval Research and the Naval Air Systems Command were
particularly happy to join with the Air Force Office of Scientific Research
and the Department of Energy in sponsoring this workshop on ‘‘Alternative
Hydrocarbon Fuels for Engines—Combustion and Chemical Kinetics.”
The sponsors have a common interest in the pursuit of knowledge relative to
this important subject.

The Navy basic and applied research effort in airbreathing propulsion is
planned to support research and technology requirements and the tech-
nology base necessary for development of future aircraft and missiles as
well as to improve existing vehicles. Strategy for developments in this area
calls for a dynamic technology base, an absolute necessity if we are to
increase power plant reliability and performance and decrease life cycle
costs. These types of considerations are continually placing more stringent
demands on research programs. The requirement, then, is to develop a
deeper, more fundamental understanding of the physical phenomena
involved in all aspects of engine design and development. As part of this
effort, a series of workshops has been held in recent years to emphasize
problem areas. Workshops have been held on the following subjects:

Research in Gas-Dynamics of Jet Engines

Fluid Dynamics of Unsteady 3-D Separated Flows
The Use of Laser Doppler Velocimetry for Flow Measurements
Aeroelasticity in Turbomachines

Laser Raman Diagnostics

Second International Workshop in Laser Velocimetry
Turbulent Mixing in Nonreactive and Reactive Flows
Unsteady Flows in Jet Engines

Combustion Measurements in Jet Propulsion Systems
Transonic Flow Problems in Turbomachinery
Turbulence in Internal Flows

Engine-Airframe Integration-Short-Haul Aircraft

These workshops have served a useful purpose, both in improving
communications between all groups involved and in the selection of specific

research programs for investigation.

XV
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In planning the workshop on Alternative Hydrocarbon Fuels for
Engines, the Navy sought to create a forum for discussion of the current
status, anticipated problems, and research requirements relative to
evolution of future fuel-engine systems under conditions of scarce
petroleum supplies expected in the time period between 1990 and the year
2000. This objective is consistent with the status of alternative fuel
development today. A number of meetings and other workshops have been
held in recent months to review the status of alternative fuel development.
The significant conclusions of these workshops were:

¢ A national policy is needed to develop alternative fuels.

e Use of synthetic fuels will be required in the future for both civilian and
military applications.

¢ Engines must be designed and developed to operate on such fuels.

A number of aspects of alternative fuels - science and technology - are
significant in fuel-engine matching and fuel development, such as low-
temperature oxidation characteristics; physical characteristics which would
affect storage, handling, injection, and ignition; high-temperature chemical
kinetics of upper and middle distillates; and production problems. It was
felt that chemical kinetics and its interaction with physical characteristics
and combustion should deserve first attention in basic research at this time.

It is hoped that this volume will be useful in relating future research
projects and investigations to particular needs and in assuring that pertinent
research is undertaken in timely fashion.

St
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ALTERNATIVE FUELS AND COMBUSTION PROBLEMS

John P. Longwell*
Massachusetts Institute of Technology, Cambridge, Mass.

Abstract

The projected maximum 1in world oil production in the
1990-2000 time period will result in a series of shifts in the
use of liquid fuels, which in turn will result in a substantial
decrease 1in the ratio of gasoline production to diesel, jet
fuel, and heating oil production. This trend, plus the intro-
duction of low-hydrogen-content 1iquids from coal and shale,
will reduce the hydrogen content of these "distillates." Com-
bustion problems introduced by this trend include increased
emission of carcinogenic polynuclear aromatics and soot, in-
creased combustor liner heating, and increased ignition time
lag in diesel engines. Although these problems can be avoided
by hydrogenation, improved combustor design promises to be much

more economical and will reduce refining energy loss. Research
is needed in the formation of soot and polynucliear aromatics in
droplet combustion and on the subsequent destruction of these
materials in turbulent combustion systems. Opportunities also
exist for use of lower hydrogen content gasoline.

Introduction

The inevitable depletion of oil and gas reserves and
their replacement by, first, coal, shale, and uranium and,
ultimately, by nuclear fusion and solar-based resources forces
serious consideration of how the consumption of energy will
adapt to the radical changes in supply which can be foreseen.
For the purposes of this paper, discussion of research aimed
at meeting the needs of the 1990-2000 time period seems most
appropriate; however, responses to changing composition of
starting materials for production of 1liquid fuels and to the
changes in demand that can be foreseen should be consistent
with the expected changes for a longer time span: say, to the
year 2025.

*Professor, Chemical Engineering Department.




4 J.P. LONGWELL

Our interest here is primarily in the supply and use of
liquid fuels, particularly in the transportation sector. For
the time period under consideration, the world-wide availa-
bility of oil will be the ﬁrimary driving force for change. A
recently published report” shows projections of the world
demand if adequate supplies of petroleum were available at
essentially the present price structure. Obviously, if
petroleum supplies were inadequate, the "gap" would be filled
by substitution of other energy sources such as coal and
electricity and by simply making less use of energy produced
by liquid fuels. It is seen that, depending on the OPEC
management of their resources, the "gap" between supply and
demand is expected to be felt between 1980 and 19S7, whereas
before then world oil production, as is presently the case, is
limited primarily by demand (see Fig. 1). The corresponding
U.S. projection is summarized in Table 1.

Total use would go through a maximum in the same time period

when imports would be limited by world production to some
possibly constant fraction of the internationally traded oil.
U.S. production could increase somewhat or hold constant dur-
ing this period if a vigorous offshore drilling and recovery
program is carried out.

A major response to the onset of the "gap" in the U.S. is
production of liquids from o0il shale and coal. During the
1990-2000 period, production of these liquids is expected to
be small relative to total demand (2-10%). Rapid growth is
possible, so that by 2025 half of the liquid hydrocarbons
might come from these sources.

Table 1 Dynamics of oil use

1975 Use,
M barrels/day Growth pattern

Noncommunist 46 Maximum 1990-2000, -80 M
world production barrels/day
U.S. total use 16.3 Maximum 1990-1995, -23 M

barrels/day; imports

limited by world population
U.S. production 10.5 Fairly constant to 2000
U.S. synthetics “ee <0.5 M barre]s/&ay in 1990;

major component after 2000

oo
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Fig. 1 Timing of petroleum shortages.

As noted earlier, the response to supply limitations must
be a vigorous program of substitution of other energy sources
plus use restrictions where direct substitution is not accom-
plished. A projegction of consumption patterns for the major
consuming sectors™ is summarized in Table 2.

Transportation use is the largest and is expected to con-
tinue growing. Here the opportunities for substitution for
petroleum are limited because of the requirement for high

Table 2 U.S. liquid hydrocarbons use by consuming sector

1975 use,
Consuming sector M barrels/day Growth pattern
Transportation 9 Levels off in 1990's,
-10 M barrels/day
Nonenergy 1.6 Rapid growth; second
(petrochemicals) largest after trans-
portation by 2000, -4 M
barrels/day
Commercial/residential 2.4 Flat maximum in 1990's
Industrial and Je3 Maximum 1985-1990

electric power

PSS - Gk e i o Rl o




6 J.P. LONGWELL

energy density and clean combustion characteristics. Within
this sector, gasoline use may well level off relatively early;
however, rapid growth is projected for diesel-engine-propelled
vehicles. Growth also is projected for jet fuel, but it also
is anticipated that use of JP-4, which contains gasoline
fractions,will be phased out in favor of kerosene-type fuels,
increasing the pressure on the supply of these petroleum
fractions.

Of particular interest is the projected rapid growth of
the use of hydrocarbons for petrochemical field stock. Here
the primary need is for high-hydrogen-content fractions for
pyrolysis into ethylene and propylene. Possible substitutes
are greater recovery of ethane and propane from natural gas
and use of CO/H, mixtures from coal as a starting point for
synthesis. It %s expected, however, that, during the 1990-
2000 time period, demand for paraffinic fractions for petro-
chemical feed will exert significant pressure on the supply of
thse materials for transportation fuel.

In the commercial/residential sector, the fuel used for
space heating makes use of the same boiling range of hydrocar-
bons as kerosene-type jet fuel and diesel fuel. Here, substi-
tution of electricity plus the heat pump, coal-generated
central heating, and solar heating will allow eventual reduc-
tion of oil use for this purpose so that relatively little
growth is anticipated in this sector, with a maximum perhaps
in the 1990-2000 period.

Industrial use and electric power generation use of fuel
0il currently is growing extremely rapidly because of substi-
tution of oil for gas. Eventual substitution of coal for fuel
oil is expected to reduce this use before 1990. The heavy
fuel 0il used here is higher boiling than fuels used in trans-
portation. Reduction in its use will allow its conversion to
lower boiling materials falling in the transportation fuel
range. A summary of these trends is as follows: 1) increased
use of paraffinic hydrocarbons (diesel fuel, kerosene-type jet
fuel, petrochemical feed); 2) decreased demand for high
boiling aromatic fuels (fuel o0il); and 3) stable or somewhat
decreased demand for motor gasoline and home heating oil.

Manufacturing Efficiency

Dukek3 has presented a general discussion of these
projected shifts in product distribution and of the refining
technology for converting natural petroleum to the required
products. In Fig. 2, a typical petroleum composition is
compared with the output of a typical U.S. refinery, together
with an indication of the conversion processes used.

R
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The crude petroleum can be separated by distillation into
the basic boiling range fractions shown. This distillation
process is quite energy efficient, consuming about 3% of the
heating value of the fuel petroleum. The naptha, which covers
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the gasoline boiling range, is clearly not sufficient to
supply gasoline needs, whereas distillate is available in
approximately the quantity needed for jet fuel and other
distillates. Some lower-boiling materials are supplied by
pyrolysis (coking) of the very high-boiling (undistillable)
materials. Catalytic cracking is used to convert gas oil,
some distillate, and some coker products to the gasoline
boiling range. Fractions boiling in the distillate range also
are produced; however, since paraffins and napthenes carck
more readily than aromatics and since aromatic content gener-
ally increases with boiling point, the aromatic concentration
is higher than in the virgin distillates. These more aromatic
distillates currently are used mainly in heating oil.

Reforming is employed to increase the octane number of
naptha and is an energy-intensive process that contributes
to the 9% energy consumption of this type of refinery.
Reforming also produces hydrogen as a by-product which is used
for hydrotreating distillate fractions to reduce their sulfur
content and to improve thermal stability by olefin saturation.

It should be pointed out that the output of this U.S.
refinery is supplemented by substantial quantities of imported
fuel oil, which is used to supply power generation and indus-
trial needs. Significant quantities of jet fuel also are
imported. The ratio of gasoline/distillate production is a
useful measure of the type of refining required. Projected
changes in this ratio are shown in Table 3.

This shift in product distribution is, of course, highly
dependent on the degree to which the Otto cycle engine is dis-
placed. For discussion purposes, a gasoline/distillate ratio
of 0.7 is shown in Fig. 3. Here jet fuel and distillate
requirements greatly exceed the amount in the crude shown, and
a large amount of cracked material from coking and from gas
0oil must be converted to distillate. In order to maintain
current fuel specifications, hydrocracking probably would be

Table 3 U.S. petroleum products distribution

Year Gasoline/distillate ratio
1975 1.7
1980 1.5
1990 1.2
2000 1.0
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required rather than the catalytic cracking typical of today's
refineries. This process consumes substantial quantities of
hydrogen, and it 1is probable that the amount available from
reforming would be inadequate and that hydrogen would have to
be manufactured specially for this purpose, a very expensive
and energy-consuming process. Introduction of shale oil or
coal Tliquids would increase hydrogen requirements greatly.
For the case shown, energy consumption increased to 12% rather
than decreasing, which might have been expected from the
reduction in gasoline production. From the viewpoint of
combustion, the aromatic content of the various streams is of
considerable interest. These are shown in Table 4.

The most efficiently produced supplement to available
virgin stock is the hydrotreated catalytically cracked distil-
late; however, its high aromatic content (30-40%) tends to
rule it out for use in paraffinic fuels. Hyrdocracking pro-
duces lower aromatic material but at a high price in energy
consumption and its accompanying increase in manufacturing
cost.

Introduction of coal liquids greatly increases the aro-
matic content of the refinery hydrocarbon pool, and, although
this will help in producting high-octane gasoline, it will
increase the difficulty of producing distillates meeting
current specifications. Both coal and shale liquids contain
substantial quantities cof organic nitrogen, which can be
removed by hydrotreating but which also require a very large
amount of hydrogen and therefore refining energy.

Table 4 Major distillate streams

Boiling Process energy

Stream range, °C consumption, % % Aromatic
Virgin distillate 230-350 3 15-30
Heavy virgin naptha 130-200 3 10-20
Hydrotreated cata- 200-350 6 30-40
lytically cracked
distillate
Hydrocracked distillate 200-350 12 10-30
Hydrotreated 200-350 20 20

hydrocracked distillate

i
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In summary, a major increase in mid-distillate consump-
tion relative to gasoline plus increased use of tars, shale
0il, and coal liquids will tend to increase the aromatic
content of the mid-distillate pool. Although current specifi-
cations can be met by hydrogen-intensive refining, the corres-
ponding increase in refining energy consumption and cost will
be a powerful driving force for development of combustion
equipment that will allow use of the types of fuels which can
be produced with minimum refining energy consumption.

Combustion Characteristics of Fuels
Hydrogen Content

The preceding discussion has pointed out the tendency for
future fuels to be of higher aromatic content than today's
fuels. The effect of increasing aromatic content is to in-
crease the formation of soot in the early stages of combustion
where local fuel-rich conditions occur. Experience has shown
that soot formation in practical equipment is correlated bet-
ter by the hydrogen content of the fuel than by the analysis
for total aromatics, since individual aromatics vary consider-
derably in tendency to form soot and also in hydroggn content.,
An example of such a correlation is shown in Fig. 4" for fuels
covering a wide range of compositions. A hydrogen content of
15% corresponds to a paraffinic fuel with specification jet
fuel having a hydrogen content of around 14%. The pronounced
effect on smoke formation is striking, and a similar correla
tion was found for linear heating from flame radiation.

Figure 5 illustrates the reasoning behind the use of
percent hydrogen rather than the conventional refining meas-
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Fig. 5 Hydrogen content of aromatics.

urement of aromatics content. Napthalene (6.2% H) and butyl
benzene (10.4% H), both containing 10 carbon atoms, are
compared. Napthalene is known to produce considerably more
soot than a compound such as butylbenzene, so that a better
correlation with percent hydrogen would be expected. This
type of correlation applies to a variety of combustion
devices, ranging from kerosene lamps to domestic oil burners.

Formation of soot causes a variety of related problems:
1) liner heating from flame radiation; 2) combustion chamber
deposits; 3) heat-transfer surface deposits; 4) smokestack
fires and plugging; 5) dirty environment; and 6) possible
increase in cancer. The first two of these problems are of
particular interest in gas turbines. Whereas home and commer-
cial heating units and boilers are adjusted to avoid visible
smoke and, hopefully, heat exchanger dqgosits by setting the
excess air as illustrated in Fig. 6. Here a very large
amount of excess air must be introduced to control soot, which
decreases the thermal efficiency by increasing stack losses.
This particular burner is considered typical of those in the
field; however, improved designs are available.

Regulations on soot formation generally require elimina-
tion of "visible" soot and have had pronounced effects on
diesel engine operation, where power output is limited by
smoke formation, and on jet engine design, where it has been
necessary to eliminate the highly visible soot of past de-
signs. Although the dirty and unsightly nature of soot has
been sufficient cause for regulations, there is potentially
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much greater concern with the established carcinogenic poten-
tial of some soots. Soots have been found to contain quanti-
ties of extractable polynuclear aromatics varying from essen-
tially zero for samples that have been subjected to a high
temperature after formation to a few percent where temperature
has been reduced shortly after formation by rapid heat trans-
fer or mixing with cold gasses. Analysis of these polynuclear
aromatics shows varying content of identifieg carcinogens such
as benzo (a) pyrene. The data in Table 5,  taken in a tur-
bulent continuous flow combustor, illustrate this point.

The indicated i1ncrease in benzo pyrenes when benzene is
substituted for kerosene is of particular interest. Very few
data are available on the effect of fuel composition on PCAH
composition or on the effect of thermal and environmental his-
tory of soot particles. Although there is little direct evi-
dence of soot causing an increase in cancer of the respiratory
system in the general population, soot is known to be in
the dangerous particle-size range and to contain identified
potent carcinogens and must be considered potentially haz-
ardous.
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Table 5 Polycyclic aromatic hydrocarbons (PCAH) in soot

Kerosene Benzene
Total PCAH, mg/m 603 665
% benzo (a and e) pyrene 1.1 2.0

Since soot does not form for homogenous fuel/air mixtures
in the vicinity of stoichiometric, and since soot, once
formed, burns out very rapidly at adiabatic flame temperatures
with a modest amount of exccess air, it is generally not dif-
ficult to design for soot-free performance for a given steady-
state operating condition. The problem of also designing for
satisfactory performance during start-up ro during part-load
or overload conditions and to design a system whose soot
output does not depend on a sophisticated maintenance program
has proved to be very difficult. Home heating units, for
example, operate in a cyclic mode in which hydrocarbon and
soot emissions are high until the combustion chamber tempera-
ture reaches steady state. Diesel engines, when operated in
good condition on a test stand, can produce relatively soot-
free combustion products, but poor maintenance practices in
the field and a tendency to overload the egine result in the
diesel having a well-established reputation for being "dirty."

The major challenge, then, is the design of practical
equipment that is both capable of clean operation over the
entire operating range and also not prone to produce soot
before maintenance is forced on the operator by other consid-
erations. In order to accomplish this, a much more quantita-
tive understanding of the effect of combustion atmosphere, the
mixing and turbulent combustion process, as well as the
chemistry an physics of soot formation is needed.

Fuel Viscosity and Freezing Point

Refining energy consumption and cost obviously would be
reduced if less boiling-point reduction were required. For
distillate fuels, the upper limit on boiling point is set by
the required low-temperature characteristics: viscosity and
precipitation of a solid wax phase. For temperate climates, a
final boiling point of around 350°C allows reasonable perform-
ance of diesel fuel and home heating oil. Wax precipitation
is a potential problem, and seasonal control is achieved by a
combination of additives and control of end point. Aircraft
jet fuel is designed to deal with temperatures as low as
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-50°C. This requirement (-40° or -50°C freeze point) has the
effect of reducing the final boiling point to the 250°-230°C
range, drastically reducing the fraction of petroleum which
can be included in this fuel. Systems modifications such as
fuel heating would allow use of distillate fuels of normal
boiling ranges. Such a change would tend to decrease hydrogen
content, since the higher boiling fractions are generally
lower, and to increase fuel viscosity, which, particularly for
start-up conditions, will increase drop size and in some cases
modify spray distribution, which can result in starting or
relight problems. Possible future use of antimisting addi-
tives for improvemerit of crash survivability also would modify
the fuel viscosity and therefore atomization characteristics.
Improved techniques for atomization over a wide range of flow
rates and viscosities is needed.

Fuel Stability and Deposit Formation

Hydrocarbon fuels, when exposed to high temperatures,
particularly in the presence of oxygen, form polymeric com-
pounds that can cause difficulty in a variety of ways. On
storage, precipitates can form which can cause filter plugging
and other problems. Low-molecular-weight polymers, which
remain soluble, will form films on surfaces where fuel is
evaporated and can cause sticking of control valves, for
example, and generally prevent the use of distillate fuels in
combustion devices that evaporate the fuel on a hot surface.
The development of these stability problems is a strong func-
tion of the temperatures to which the fuel is subjected in the
fuel-handling system. Modern jet aircraft are particularly
severe in this regard, since fuel is used to absorb heat for
lubicating oil and other parts. There also can be an atomiz-
ing nozzle deposit problem from exposure of residual fuel to
high temperatures after shutdown of the engine. These prac-
tices have resulted in very severe jet fuel termal stability
requirements. The virgin paraffinic kerosene distillate cur-
rently used for jet fuel is a relatively stable material; how-
ever, olefins, which are a constituent of fractions formed by
thermal or catalytic cracking, are highly unstable and would
require hydrogenation to correct this problem. Aromatics and
higher boiling fractions tend to be less stable than paraf-
fins, so that future increase in aromatics and boiling point
will require careful design to avoid thermal stress.

Organic nitrogen is a specjal problem in shale o0il and
coal liquids. Preliminary data’ indicate that nitrogen con-
tent must be reduced to less than 100 ppm to assure meeting
current stability requirements. Severe hydrogenation is
required to attain such low levels, greatly increasing refin-
ing cost.
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Future Fuels for Aviation Gas Turbines

As indicated in the preceding discussion, jet fuel
specifications are well matched to present and past resources
and manufacturing capabilities but will require increasing
conversion of higher boiling and aromatic hydrocarbons in the
future. Since restraints on fuel composition can, to some
extent, be modified by combustor and total system design,
an important opportunity exists for reoptimization of the
aircraft/fuel system. In order to carry out such an opti-
mization program, it is helpful to have a target fuel for use
in research programs on both fuel production and aircraft and
engine design. A NASA-sponsored workshop (June 1977) recom-
mended a fuel for experimental use with the characteristics
given in Table 6.

An increase in aromatics to 35% would appear to cover
expected fuel compositions up the point where it is necessary
to include significant quantities of highly aromatic coal
liquids. The flash point was kept in the kerosene range for
crash safety reasons, even though lowering the flash would be
one of the Towest-cost and most efficient methods of increas-
ing supplies.

The increase in freezing point to -29°C (-20°C) increase
the final boiling point to a value about halfway between
current jet fuel and diesel fuel or heating oil. It was felt
that a higher freezing point would affect the operations of an
undue number of aircraft. The fuel stability criterion was
held constant and would be achievable with petroleum stocks
with moderate hydrotreating. This specification would require
care in order not to increase thermal stress in future jet en-
gines. For research and development work, parametric studies
of fuel composition could be carried out to develop a data
base for ultimate reoptimization of the jet fuel composition.

Table 6 Proposed experimental fuel

Jet A Experimental fuel
% H, min 14 13
% aromatics, max 25 35
Flash point, °C >38 >38
Freezing point, °C -40 -29

JFTOT break point, °C 295 295
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Diesel, Gas Turbines, and Stirling Engines
for Ground Transportation

Since diesel engines require a fairly paraffinic fuel,
some increased difficulties in supply might be encountered;
however, since diesel fuel can run up to -35 % aromatic, the
problem does not appear severe until significant quantities of
coal liquids are needed. The automotive gas turbine and the
Stirling cycle engine could well be developed to use the
equivalent of No. 2 heating oil or automotive diesel should be
developed to be as flexible as possible in fuel requirements.

Otto Cycle Engine

The spark ignition engine is unique in its dependence on
high octane number for high compression ratio and therefore
high-efficiency operations. Conversion of paraffinic low-
octane-number napthas is the largest refinery energy consumer
in current refineries. This energy requirement is increasing
because of the scheduled elimination of tetra-ethyl lead. The
problem of knock is related closely to the combustion chamber
design, with avoidance of hct spots being an important consid-
eration. A frustrating problem, which deserves further
research, is the increase in octane requiremnets with use.
This increase can be quite substantial, -5 octane number, and,
if it could be avoided, would allow either use of less refin-
ing energy or an increase in engine efficiency. The problem
appears to be related to surface deposits and therefore to
fuel characteristics; however, the mechanism of this octane
requirement increase is not understood.

Table 7 Typical octane number of gasoline components

Motor Research Boiling range,

Component octane no. octane no. OF
Current clear gasoline 83 91 120-430
Light petroleum naptha 65 65 150-300
Aromatics

Toluene 112 124 230

p-xylene 124 145 280

n-butyl benzene 116 114 361

1,4 di-ethyl 138 151 363

benzene
1 methyl 114 123 464

napthalene
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When the proportion of total petroleum used for gasoline
decreases and coal liquids are used, an opportunity exists for
drastically increasing the aromatic content of gasoline.
Although deposit problems might be increased, this combustion
system is unique in benefiting from an increase in aromatics
concentration due to the high octane number of aromatics (see
Table 7).

The very high octane number of aromatics is striking,
and, since a gasoline octane number of ~110 would allow a 12:1
compression ratio and a 15% thermodynamic efficiency gain, a
long-range possibility of resource conservation through a new
engine/fuel combination exists.

In summary, the shifts in relative magnitude of the
various liquid hydrocarbon uses will force re-examination of
combustion system performance, particularly in the transporta-
tion area and home heating. Ability of transportation systems
and home heating to make optimum use of the aromatic compounds
will be of particular importance, particularly during start-
up, off design, and poor maintenance condition. For large-
scale stationary uses, the main problem appears to be reduc-
tion of nitric oxide from organic nitrogen found in shale oil
and in coal liquids in order to avoid its removal by refining.
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DISCUSSION

DR. F. L. DRYER (Princeton University): I was very
interested in the process bar graphs that you presented.
(Figs. 2 and 3). The percentage of residuals involved in
those two cases appeared to be the same.

DR. J. P. LONGWELL (MIT): Yes, that is true. The reason
is that the typical American refinery does not produce much
residual fuel now. Both processes had coking which can take
residual and convert it to distillate and coke.

DR. DRYER: In time, will not tertiary recovery processes
increase the percentage of residuals which were in the origi-
nal crude breakdown?

DR. LONGWELL: Yes. I did not dwell on that, but one of
the major resources that has not been used very much in the
world is what we call tars. There is a lot in the Venezuela
tar belt. This Venezuelan tar contains about 60% residual.
The Canadian Athabasca tars are also a major resource. There
also will be more of a tendency to produce heavy crudes in the
Arab countries. They have been selectively producing light
crudes. One of the challenges in refining research is to find
a better way of converting tars into useful distillates.

DR. R. M. FRISTROM (Applied Physics Laboratory): How big
a difference does the part of the world we take the oil from
make? Is geopolitics going to be a major constraining factor
or just a minor one?

DR. LONGWELL: It appears that the major importable oil
reserves are going to be the so-called OPEC reserves. There
are two major areas to consider. One is the Mideast. There,
they will be exporting more high-sulfur heavy crudes. So that
will make a difference. Then, in time, Venezuela will be
another major source with its tar belt reserves. Canada is
not considered to be an important exportation source becuase
of its internal needs.

MR. E. ECKLUND (Department of Energy, Washington): What :

was the basis for the use of transportation liquid fuels
leveling off in the latter decade of this century?

e

Bl

—ad



ALTERNATIVE FUELS AND COMBUSTION PROBLEMS 19

DR. LONGWELL: Largely the proposed program on conserving
gasoline. Different estimates are given, and I should have
put a range on that.

MR. ECKLUND: Yes, the thinking in DOE on transportation
is that the effect of the more fuel-efficient automobiles will
be rather dramatic initially. Once you get to the point where
you have done all the good things quickly, there is reason to
believe that, with population growth, use is going to continue
to increase. So the gap will get bigger and bigger with time.

DR. LONGWELL: The 1975 use that I showed was 9,000,000
barrels a day. I gave 10,000,000 for 1990-2000. I think it
would have been fairer to say 10 to 14,000,000.

MR. ECKLUND: There has been a great deal of discussion
in the aircraft industry on the use of the gaseous fuels,
methane and hydrogen. You did not mention those fuels.

DR. LONGWELL: It is likely that these fuels will be con-
sidered for aircraft only after the 1990 to 2000 time period
on which I was focusing. Hydrogen is the one gaseous fuel
that really shows an advantage. From an overall energy
viewpoint, it is poor compared to burning hydrocarbon fuel,
but you can get better aircraft range, which can be important,
particularly for supersonic flight.

MR. ECKLUND: There is a factor though, which is implied
in the curves that you ahve shown and in other projections,
that has not been addressed very much. Everybody seems to be
pointing to the proposition of world o0il production peaking
out sometime in the 1990's. That says that there is going to
be a gap. If a half-billion barrels a day of synthetic fuel
are available to start making up that gap, we will have to
start producing the synthetics by 1980. Coal synthetics will
not be ready at that time. We have environmental problems
with shale and only a couple of years to get something going
here. If we do not, then we have to consider some other
alternatives. One possibility from a liquid fuel point of
view, of course, is to make up part of the shortfall with
alcohol. The other aspect of the situation is that if you
have to have an aircraft by the year 2000 or thereabouts, and
if you have to take into account world fuel supply, you will
have to start designing that aircraft somewhere in the
neighborhood of 1985 or 1990. So all these things break down
on us pretty rapidly.

DR. LONGWELL: They do. I presented what I would call an
optimistic picture. In regard to alcohols, they, of course,
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do not have much promise for aircraft use. They are one of
the alternatives for ground use, there again, to make alcohols
we would logically start with coal or shale. The investment
and all the problems of making conventional fuels also are
there for making alcohol fuels.

MR. ECKLUND: There is another factor that we are prob-
ably not prepared to address at this stage. I congratulate
you on the very fine approach that you have taken to adjusting
conventional fuels, but in view of the fact that we do not
really know where we are going as far as an eventual finished
fuel is concerned, and the price that we are going to pay in
conversion efficiency, there is a need to look at the whole
picture from a systems approach -- looking at the process, the
engine, and the whole works. This approach may say something
quite different from what you have indicated here. My point
is to leave the though that we are going to be talking about
here is very good and very necessary, but perhaps only part of
the picture.

DR. LONGWELL: The problem does need to be worked from a
systems viewpoint. My presentation was fairly qualitative.
Some detail could have been added, but much remains to be done
before a complete systems approach can be claimed. I think
that there is going to be a real effort in the aviation area
to do this, but of course it is a relatively small consumer.
The NASA and Defense Department programs in this area will be
at least a trial case of working the whole system problem.
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Abstract

Current cost and availability considerations along with
the potential for future depletion of petroleum resources
mandate the examination of obtaining Tliquid turbine fuels
from nonpetroleum resources which may have properties that are
substantially different from those of current fuels. Indeed,
a significant long-range impact on combustion system design
practice is envisioned. Characteristics of current petroleum-
derived fuels, as well as present combustion system design
requirements, are reviewed, and principal fuel effects on
combustion systems are described. Fuel characteristics most
likely to affect future gas turbine designs are hydrogen and
nitrogen content, volatility, viscosity, metal and sulfur
content, and thermal stability. Design approaches which may
lead to improved fuel flexibility are described, and the
research necessary for the development of those new concepts
is identified. The final section describes the magnitude and
time requirements for the task of achieving fuel flexibility
in gas turbine engines.

Introduction

The purpose of this paper is to review potential combus-
tion problems associated with the utilization of future fuels
in gas turbine engines and to comment on the prospects for
coping with these difficulties. Although much of the discus-
sion is equally applicable to current ground-based and air-
craft turbine engines, special attention has been given to
turbopropulsion combustion. (It should be noted that future
~utility turbine technology developments may depart substan-

*Staff Engineer.
*Supervisor, Fuels Division.
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tially from that of aircraft systems, e.g., fluidized bed coal
combustion in combined cycles.)

Additional reasons for concentrating on the aircraft
system are that jet fuel represents a much more significant
consumption of energy than stationary turbine fuel and that
turbopropulsion systems appear likely to be affected more
seriously by future fuel changes.

Since 1973, the cost and availability of aircraft jet
fuels have changed drastically. Per-gailon jet fuel costs
have more than tripled for both commercial and military con-
sumers. In addition, fuel procurement actions have encoun-
tered difficulties in obtaining desired quantities of satis-
factory fuel, even though consumption levels have been reduced
significantly from those of 1972. These developments have
encouraged initial examinations of the feasibility of produ-
cing jet fuels from nonpetroleum resources.t~

Although economics and supply are primarily responsible
for this recent interest in new fuel sources, projections of
available world-wide petroleum resources also indicate the
necessity for seeking new means of obtaining jet fuel. Regard-
less of current problems, the dependence on petroleum as the
primary source of jet fuel can_be expected to cease sometime
within the next half century.6’7

If the general nature of future aircraft (size, weight,
flight speed, etc.) is to remain similar to today's designs,
liquid hydrocarbons can be expected to continue as the primary
propulsion fuel. Liquified hydrogen and methane have been
studied extensively as alternatives but seem to be practical
only for very large aircraft. The basic nonpetroleum re-
sources from which future 1liquid hydrocarbon fuels might be
produced are numerous. They range from the more familiar
energy sources of coal, 0il shale, and tar sands to possible
future organic materials derived from energy farming. Experi-
ence to date indicates that basic synthetic crudes, especially
those produced from coal, will be appreciably different from
petroleum crude. Reduced fuel hydrogen content would be anti-
cipated in jet fuels produced from these alternate sources.

Because of the global nature of aircraft operations, jet
fuels of the future are likely to be produced from a combina-
tion of these basic sources. Production of fuels from blends
of synthetic crudes and natural crudes also may be expected.
In Tight of the wide variations in materials from which
world-wide jet fuel production can draw, it is anticipated
that economics will dictate the acceptance of future fuels

-
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Fig. 1 Overall scheme for alternate jet fuel develop-
ment program.

with properties other than those of currently used JP-4, JP-5,
and Jet A. Much additional technical information will be
required to identify the fuel characteristics that provide the
optimum solution to the following objectives: 1) allow usage
of key world-wide resources to assure availability; 2) mini-
mize the total cost of aircraft system operation; and 3) avoid
sacrifice of engine performance, flight safety, or environ-
mental impact.

A complex program is necessary to establish the informa-
tion base from which future fuel specifications can be made.
Figure 1 depicts the overall nature of the required effort.
Fuel processing technology naturally will be of primary
importance to per-gallon fuel costs. The impact of reduced
levels of refining (lower fuel costs) on all aircraft system
components must be determined. These include fuel system
(pumps, filters, heat exchangers, seals, etc.) and airframe
(fuel tank size and design, impact on range, etc.) considera-
tions, as well as main burner and afterburner impacts. In
addition, handling difficulties (storage stability, fuel
toxicity, etc.) and environmental impact (evaporative and
exhaust emissions) require evaluation. The overall program
must be integrated by a system optimization study intended to
identify the best solution to the stated objectives.

This paper focuses on information relating to the combus-
tion system aspects of the tradeoff. Specifically, it is
intended to define the problems to be encountered and identify
future directions to be undertaken in combustion research.
The paper is written with sufficient background information to
allow researchers not familiar with gas turbine combustion
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systems to understand the problems faced and the areas requir-
ing further study. The following major sections are concerned
with descriptions of jet fuel characteristics and require-
ments, the gas turbine combustion system, fuel effects on
combustion system operation, and future research and develop-
ment requirements.

Jet Fuel Requirements

The properties of jet fuels, as we know them today, have
evolved in a period of plentiful and low-cost petroleum
products. Fuel specifications have been written to accommo-
date the needs of the aircraft systems, with few limitations
placed on aircraft and engine designers by fuel quality
constraints. Nevertheless, there is a direct relationship
between certain properties of the fuel and the performance and
durability of aircraft or associated systems. Although the
primary subject of this paper is the effects of future fuels
on combustion, some comments on the fuels themselves and their
effects on the overall aircraft system are appropriate.

The following subsection addresses the relationships
between fuel characteristics and fuel system effects. Details
of combustion system effects are not included, as this topic
is reserved for Sec. IV. Subsequent discussions in the
current section provide a short description of current jet
fuel properties and summarize recent experiences to obtain jet
fuel from nonpetroleum resources.

A. Fuel System Effects

Aircraft fuel systems consist of four major components:
1) fuel tanks; 2) fuel piping, valves, pumps, meters, and
filters; 3) oil/fuel heat exchangers; and 4) fuel injection
equipment.

1. Fuel Tanks. Aijrcraft cruising at high altitude are
exposed to extremely cold temperatures, and care must be taken
to prevent fuel from freezing or from reaching temperatures
where they attain a high viscosity. Other important fuel tank
criteria relate to safety aspects of fuel handling, crash
safety, and combat vulnerability. The key fuel characteristic
for these factors is the flash point. This parameter is
determined empirically using a controlled temperature con-
tainer partially filled with fuel. A small flame is passed
over the fuel/air mixture. The minimum temperature at which
some evidence of ignition is observed is defined as the flash
point. It has been demonstrated that this temperature corre-
sponds approximately to conditions where the equilibrium

—uad
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vapor/air mixture above the liquid fuel is at the lean flamma-
bility 1imit.8

2. Fuel Piping, Valves, Pumps, Meters, and Filters.
These components must be designed to avoid excessive wear and
provide reliability and easy maintainability. The system must
prevent plugging from fuel impurities or vapor lock and avoid
unexpected pressure drops such as those that might occur
across filters. Fuel viscosity and density are key parameters
that affect pumping and metering capability. The lubricating
characteristics of the fuel are critical to wear and relia-
bility of valves, pumps, and meters. Wide range in chemical
composition of the fuel can give rise to additional material
difficulties (e.g., seals and bearing surfaces).

3. (il/Fuel Heat Exchangers. Ccoling for the oil in the
aircraft turbine engine is provided by the fuel on its way to
the combustor. The temperature of the fuel in the oil/fuel
heat exchanger can reach 150°C. Excessive heat Toad resulting
in temperature exceeding this level can result in fuel break-
down and deposit formation. Such behavior can result in loss
of heat-transfer effectiveness, as well as plugging problems.
Special fuel quality tests for thermal stability have been
established, and much effort has been expended to correlate
these data with actual engine experience.

4. Fuel Injection Equipment. Both pressure-atomizing
and air blast (utilizing the momentum of air flowing into
the combustor) type fuel injection systems are utilized in
today's aircraft turbines. In each case, the design must
maintain the temperature of the 1iquid fuel below levels where
deposits may form. This is a very difficult task in today's
high-temperature systems, especially during engine shutdown,
when heat is transferred to the fuel nozzle systems and
nozzles under zero fuel flow conditions. Another problem
associated with fuel injection is carboning or caking within
the combustor (i.e., in the presence of oxygen). Carbon
formation and deposition can occur if fuel is allowed to
impinge on metal parts at certain temperature and pressure
conditions. It is thought that this process is related to the
presence of lower hydrogen content components in the fuel.
Figure 2 summarizes the property/affect relationships just
discussed.

B. Current Jet Fuels

Three jet fuel types are currently in wide use throughout
the free world. JP-4 is the fuel used by the air forces of
NATO, including the United States. Jet B, a fuel nearly
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Fig. 2 Critical fuel characteristics and noncombustion
effects.

identical to JP-4, is used by Canadian commercial airlines.
These fuels can be represented grossly as a blend of kerosene
and gasoline. The high volatility of JP-4 results in a vapor
pressure of about 0.17 atm (2.5 psia) at 310K (100°F) and a
flash point of approximately -25°C.

Jet A is the kerosene-based fuel used by most of the
world's commercial airlines, including the United States. It
has a much lower volatility than JP-4, resulting in a flash
point of about 52°C. Because of the reduced probability of
postcrash fires and the reduction of combat vulnerability, the
NATO nation air forces are considering conversion to JP-8.
This fuel 1is nearly identical to Jet A-1, a commercial fuel
similar to Jet A in all respects except freeze point (-50°C
-40°C for Jet A). The combustion characteristics of JP-8, Jet
A, and Jet A-1 are virtually identical. The unique problems
associated with shipboard jet fuel use cause the U.S. Navy to
use a third fuel type, JP-5, which has an even higher flash
point (>63°C).

Some of the physical and chemical properties of these
fuels are illustrateg 18 Table 1. Limits imposed by the
various specifications?s and the "typical” characteristics
of delivered fuels are given. Yearly consumption figures for
1974 also are shown.

C. Jet Fuels from Nonpetroleum Resources

Recent experience with limited supplies of fuels from
alternate sources has provided some insight into the devia-
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tions to be expected if these sources are ever exploited for
aircraft use. Such fuels range from high-quality candidates
obtained with routine refining to fuels that still fall short
in several areas after extensive refining.

1. Fuel from Athabasca Tar Sands. A middle distillate
cut (kerosene) taken from a synthetic crude oil produced by
Great Canadian 0il Sands Company was found to make a JP-5 that
was iqdistinguishable from a high-quality petroleum-derived
Jp-5.1 It successfully passed all specification require-
ments and hardware tests. If all candidates for "future fuel"
status were as amenable to aircraft operation as this one, we
should not find it necessary to conduct research in their
utilization.

2. Fuel from 0il Shale. The only jet fuels derived from
0il shale which have been available for extensive hardware
testing were part of a group of experimental_products refined
from 10,000 barrels of Paraho shale 0i1.3 The jet fuels
were intended to approach, as closely as possible, specifica-
tion grades JP-4 and JP-5. The JP-4 met the specification
after a minor amount of postrefining treatment; the JP-5 fell
short in several characteristics.1?:13  The fuel had high
gum and contamination values, a high freezing point, and poor
thermal stability. The freezing point, although important, is
not a factor in engine performance. The other characteristics,
all related to chemical instability, caused problems during a
full-scale engine test in the form of blocked filters and
deposits in engine fuel injectors. However, engine perform-
ance during the test was normal. Combustor tests of the JP-4
and engine tests of the JP-5 resulted in higher than normal
emissions of oxides of nitrogen because of high fuel nitrogen
content.12,13  The effects of fuel-bound nitrogen on emis-
sions will be covered in detail later in this paper. _Recent
investigations in the area of shale oil refining have
indicated that it may be possible to minimize these problems
without excessively intensive refining. '

3. Fuel from Coal. A JP-5 type of fuel refined fr??
crude coal Tiquids has been gested on a gas turbine engine
and a research combustor.l Although this fuel received
rather intensive hydrogen treatment in both the liquefaction
and refining stages, it still failed to meet the specification
requirements in several respects. The thermal stability was
poor, heat of combustion marginal, density too high, and smoke
point too Tow. None of these factors had any noticeable
effect on the performance of the engine. Although density is
a factor in the operation of the fuel control, it did not
deviate enough to cause a problem. Smoke point and thermal
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stability can have long-range effects on durability which were
not apparent in this short test (4 hr). In the combustor
test, the effect of the low smoke point, which is related to
hydrogen content, was to increase the total flame radiation.
This phenomenon also will be explored in the sections on
combustors. The fuel tested represented only one coal type,
one liquefaction process, and a particular level of refining
severity. A different set of circumstances might produce a
fuel of higher or lower quality which results in different
effects on an engine.

Gas Turbine Combustion System

The gas turbine employs the Brayton thermodynamic
cycle: adiabatic compression, constant-pressure heat addi-
tion, and adiabatic expansion. The function of the combustion
system is to accomplish the heat release with complete combus-
tion and minimum pressure loss and to satisfy numerous engine
operational requirements. This section describes the type of
hardware used and the requirements that must be satisfied.

A. Description

Turbine engine combustors have undergone continuing
development over the past 40 years, resulting in the evolution
of a variety of basic main combustor configurations. Contem-
porary aircraft combustion systems may be classified broadly
into one of the three types schematically illustrated in Fig.
3.

The function of the main burner is to provide for the
mixing of fuel and air within the proper environment to insure
their nearly complete reaction to desirable combustion pro-

ducts. Operation of can, cannular, and modern annular com-
bustors is described adequately through consideration of Fig.

= O & ¢

CAN TYPE CANNULAR TYP

ANNULAR TYPE \\E

Fig. 3 Types of combustion systems.
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Fig. 4 Conventional main combustor.

4. In the "primary zone," fuel and oxidizer are mixed,
usually in slightly fuel-rich proportions. Approximately 90%
of the fuel is burned in this zone. Fuel oxidation is com-
pleted in the "secondary zone." In modern engines, turbine
inlet temperatures are close to the temperature at which sig-
nificant chemical reactions cease (~1600 K), and no dilution
is required. However, older designs with reduced turbine in-
let temperatures utilize a "dilution zone" to reduce tempera-
ture further. No significant reaction occurs within this zone.

The fuel-air ratio typically required for the combustor
temperature increase is less than one-third the stoichiometric
quantity: that resulting in complete 02 consumption upon
fuel conversion to COp and Hp0. The equivalence ratio
parameter @, defined as the ratio of the actual fuel-air
mixture strength to that required for stoichiometric combus-
tion, provides a convenient way of describing mixture varia-
tions through the combustor. Current primary zone equivalence
ratios are about one, whereas combustor exit values are less
than one-third.

The purpose of the primary zone is to stabilize combus-
tion. High temperatures resulting from stoichiometric opera-
tion promote rapid fuel consumption reactions. Primary zone
flow is dominated by a strong recirculation region (estab-
lished by swirling the air entering the head end or dome of
the burner), which furthers combustion stability. The re-
quirement to insure an adequate residence time for completion

of chemical reactions is satisfied by Timiting combustor
reference velocity (the average cold-flow velocity just behind
the primary zone) to about 25 m/sec.

In practically all current gas-turbine combustors, the
fuel is injected as a liquid. The tormation of a well-
distributed dispersion of small droplets is desirable to
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Fig. 5 Conventional combustor liner cooling techniques.

promote rapid evaporation of the fuel and intimate mixing of
the fuel and air. Two general categories of fuel injectors
currently are employed. Pressure atomizers utilize a large
fuel pressure drop (greater than 100 psi) across a nozzle to
create a finely dispersed spray of small (<50u ) fuel drop-
lets, which quickly vaporize. Air-blast atomizers create
strong swirling motions of a small portion of the combustor
airflow into which fuel is introduced. The severe shearing
motion of the air disperses the fuel and results in small fuel
droplets.

The secondary zone introduces additional air to provide
for the chemical reactions that consume the products of
incomplete combustion passing from the primary zone. Air
participating in these chemical reactions is introduced normal
to the main flow direction. The remaining air enters parallel
to the main flow at the combustor walls to provide a film of
cool air which protects the combustor liner and to tailor the
temperature profile exiting the combustor. Design of the
combustor Tiner hole pattern to accomplish this requirement
traditionally involves a costly development effort to avoid a
number of possible detrimental effects. Excessive addition of
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air may result in quenching chemical reactions (especially
carbon monoxide and soot oxidation) essential in reducing
emissions. Air introduction must be accomplished in a manner
that results in the correct temperature profile entering the
turbine; a 25 K increase in temperature at a critical region
of a turbine blade can result in a fourfold decrease in blade
life. These design objectives must be met within a prescribed
combustor length. Although increasing combustor size might
facilitate the design task, this would cause undesirable
increases in engine length, main shaft size, bearing require-
ments, and engine weight.

Combustor liners must be designed for structural integ-
rity to support forces resulting from pressure drop and must
have high thermal resistance capable of continuous and cyclic
high-temperature operation. This 1is accomplished through
utilization of high-strength, high-temperature oxidation-
resistant materials and effective use of cooling air. Depend-
ing upon the temperature rise requirements of the combustor,
20-50% of the inlet airflow may be utilized in liner cooling.
A number of conventional cooling techniques are illustrated in
Fig. 5.

1. Louver cooling. Many of the early jet engine com-
bustors used a louver cooling technique in which the liner was
fabricated into a number of cylindrical panels. When assem-
bled, the liner contained a series of annular air passages at
the panel intersection points, the gap heights of which were
maintained by simple wiggle-strip louvers. This permitted a
film of air to be injected along the hot side of each panel
wall, providing a protective thermal barrier. Subsequent
injection downstream through remaining panels permitted
replenishment of this cooling air boundary layer. Unfortu-
nately, the louver cooling technique did not provide accurate
metering of the cooling air, which resulted in considerable
cooling flow nonuniformity, with attendant variations in
combustor exit profiles and severe metal temperature gradients
along the liner.

2. Film Cooling. This technique is an extension of the
louver cooling technique but with machined injection holes
instead of louvers. Consequently, airflow metering is more
accurate and uniform throughout the combustion chamber. Most
current combustors use this cooling technique. However,
increased operating gas temperatures of future combustors will
result in less air for cooling, and more advanced cooling
techniques/materials will be required.

3. Convection/Film Cooling. This relatively new tech-
nique (patent pending: patent application Nos. SN 876,264 and
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SN 298,434, titled "Combustion Liner," Detroit Diesel Allison
Division of General Motors) permits much reduced cooling
airflow (15-25%) while providing high cooling effectiveness
and uniform metal temperatures. It is particularly suited for
high-temperature rise combustion systems where cooling air is
at a premium. The convection/film-cooled liner takes advan-
tage of simple but controlled convection cooling enhanced by
roughened walls while providing the protective boundary layer
of cool air at each cooling panel discharge plane. Although
somewhat similar in appearance to the louver and film-cooled
liners, the convection/film coolant passage length is several
times greater; more accurate coolant metering is provided, and
a more stable coolant film is established at the panel exit.
Principal disadvantages of this design are somewhat heavier
construction, increased manufacturing complexity, and repair-
ability difficulties.

B. System Requirements

A broad list of combustion system performance and design
objectives is required of all combustors. Although this list
can be quite lengthy, the more important requirements, some of
which were alluded to previously, are discussed below; these
focus on the aircraft application but are adaptable to the
industrial/utility turbine combustors, with obvious modifica-
tions that recognize ground utilization:

1) Performance objectives: a) high combustion effi-
ciency (100%) at all operating conditions; b) Tow overall sys-
tem total pressure loss; c) stable combustion at all operating
conditions; and d) reliable ground-level ignition and altitude
relight capability.

2) Design objectives: e) minimum size, weight, and
cost; f) combustor exit temperature profile consistent with
turbine design requirements; g) good durability, maintaina-
bility, and reliability; and h) minimum exhaust emissions
consistent with current specified limitations and regulations.

These demands are discussed in more detail in the follow-
ing subsections.

1. Combustion Efficiency. Since propulsion system fuel
consumption has a direct affect on aircraft system range, pay-
load, and operating cost, it is imperative that design point
combustor efficiency be as close to 100% as possible. Combus-
tion efficiency at the high-power/high-fuel-consumption
conditions of takeoff and cruise is always near 100% (usually
greater than 99.5%). However, off-design efficiency, particu-
larly at idle, can be in the low nineties.
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2. Overall Pressure Loss. The combustion system total
pressure loss from the compressor discharge to the turbine
inlet normally is expressed as a percent of compressor dis-
charge pressure. Losses of 5-8% typically are encountered
in contemporary systems. Combustion system pressure loss is
recognized as necessary to achieve certain design objectives
(pattern factor, effective cooling, etc.) and also can provide
a stabilizing effect on combustor aerodynamics. However,
pressure loss also impacts engine thrust and specific fuel
consumption. Each additional percent increase in pressure
loss will result in approximately a 1% decrease in thrust and
a 0.5-0.75% increase in specific fuel consumption. Conse-
quently, design goals for pressure loss represent a compromise
among the preceding factors.

3. Combustion Stability. Combustion stability is
defined as the ability of the combustion process to sustain
itself in a continuous manner. Stable, efficient combustion
can be upset by the fuel-air mixture become too lean so that
temperatures and reaction rates drop below the level necessary
to heat and vaporize the incoming air and fuel effectively.
Such a situation causes blowout of the combustion process. In
addition to these extinction considerations, oscillatory
combustion (sometimes called acoustic instability) must be
avoided.
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4. Ignition. Ignition of a fuel-air mixture in a
turbine engine combustor requires inlet air and fuel condi-
tions within flammability limits, sufficient residence time
of the potentially burnable mixture, and the location. of an
effective ignition source in the vicinity of the burnable
mixture. Reliable ignition in the combustion system is
required during ground-level startup and for relighting during
altitude windmilling. The broad range of combustor inlet
temperature and pressure conditions encompassed by a typical
ignition/relight envelope is illustrated in Fig. 6. It is
well known that ignition performance is improved by increases
in pressure, temperature, fuel-air ratio, and ignition-source
energy. In general, ignition is impaired by increases in
reference velocity, poor fuel atomization, and low fuel
volatility.

5. Size, Weight, Cost. The main combustor of a turbine
engine, like all other main components, must be designed
within constraints of size, weight, and cost. The combustor
diameter usually is dictated by the engine casing envelope
provided between the compressor and turbine and never is
allowed to exceed the limiting diameter defined for the
engine. Minimization of combustor length allows reduction of
engine bearing requirements and permits substantial reductions
in weight and cost. Advancements in design technology have
permitted major reductions in combustor length. With the
advent of the annular combustor design, length has been
reduced by at least 50% when compared to contemporary cannular
systems.

6. Exit Temperature Profile. A critical turbine-life-
determining parameter controlled by the combustor design is
related to the temperature uniformity of the combustion gases
as they enter the turbine. In order to insure that the proper
temperature profile has been established at the combustor
exit, combustion gas temperature often are measured by means
of high-temperature thermocouples or via gas sampling tech-
niques employed at the combustor exit plane. A detailed
description of the thermal field entering the turbine both
radially and circumferentially can be determined from these
data.

7. Durability, Maintainability, Reliability. A prin-
cipal combustor design objective is to provide a system with
sufficient durability to permit continuous operation for an
acceptably long time period between scheduled major engine
overhauls, at which time it becomes cost-effective to make
necessary repairs and/or replacements. In the case of the
main burner, durability is related predominantly to the struc-

il i
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tural and thermal integrity of the dome and liner. The com-
bustor must exhibit good oxidation resistance and low stress
levels at all operating conditions if durability is to be
achieved.

A maintainable component is one that is easily acces-
sible, repairable, and/or replaceable with a minimum of time,
cost, and labor. Although most combustor liners can be
weld-repaired if damaged or burned, turbine removal is re-
quired for replacement of combustors in many cases. Combustor
cases and diffuser sections require minimal maintenance, and
fuel nozzles and ignitors generally can be replaced and/or
cleaned with minimal effort.

Reliability can be defined as the probability that a
system or subsystem will perform satisfactorily between
scheduled maintenance and overhaul periods. Component relia-
bility is highly dependent on the aircraft mission, geograph-
ical location, and pilot operation, since these factors
strongly affect the actual combustor temperature-pressure
environment and cyclic history of the components. In that the
combustor has virtually no moving parts, its reliability is
related strongly to fuel nozzle and ignitor performance.
Although fouling and carboning of these subcomponents are
common causes for engine rejection, these problems are rela-
tively easy to correct through normal inspection and replace-
ment field maintenance procedures.

8. Exhaust Emissions. With the advent of environmental
regulations and goals for aircraft gas turbine systemsl/,18
the 1levels of carbon monoxide (CO), unburned hydrocarbons
(HC), oxides of nitrogen (NOy), and smoke in the engine
exhaust become important. Naturally, the environmental
constraints directly impact the combustion system: the
principal source of nearly all pollutants emitted by the
engine. Major changes to combustor design philosophy have
evolved in recent years to provide cleaner operation at all
conditions without serious compromise to engine performance.
Further emissions reductions are being sought in efforts such
as the NASA Experimental Clean Combustion Program (Eccp). ]

CO and HC are the products of incomplete combustion in a
gas turbine system. At design conditions (near full load or
at cruise conditions), both of these emissions are negligible.
However, during engine idle conditions when combustor inlet
temperatures and fuel-air ratios are low, combustion effi-
ciency decreases, and CO and HC emissions increase. Tech-
niques to minimize these emissions focus on control of fuel-

_ad
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air distribution at idle to optimize temperature and residence
time conditions to provide for maximum combustion efficiency.

NOy emissions from continuous combustion processes
result from three formation mechanisms. The best-understood
mechanism involves "thermal NO," which arises primarily from
combination of N2 and O present during combustion at near-
stoichiometric conditions. Ny and 0 equilibrium concentra-
tions can be utilized to predict thermal NO. The second
contribution "“prompt NO," is not predictable by equilibrium
concentration assumptions. Prompt NO is formed at the very
beginning of the combustion process and is thought to be
associated with active radical concentration levels far in
excess of equilibrium formed during the fuel pyrolysis and
chain branching, which initiates the combustion process. The
third and final mechanism for NO formation is that where
nitrogen chemically bonded to the fuel is converted to NOy.
Fuel nitrogen has been found to be converted very effect1ve1y
to NOy (30-100% conversion) in laboratory studies and in
actual gas turbine combustion testing. This mechanism for
NOy formation is thought to be very rapid, occurring early
in the combustion process during fuel pyrolysis.

The importance of each of these three contributions in
gas turbine combustors is illustrated in Fig. 7. An assumed
fuel nitrogen concentration of 0.3% and a 100% conversion
efficiency have been used in developing this figure. Thermal
and prompt NOy values were determined with the analytical
correlation of Ref. 22. At low power, combustion inlet
temperature corresponding to large engine idle or small (<1000
hp) engine operation, fuel nitrogen is the predominant contri-
bution, followed by prompt and then thermal NOy. At high
inlet temperature operation, corresponding to stationary or
aircraft high-power conditions, thermal NO is the primary
contribution, followed by fuel NOy and, finally, prompt
NOx. It should be noted that current aircraft jet fuels
have fuel nitrogen contents far below this level (usually less
than 20 ppmw), and NO, from fuel nitrogen is not a present
concern.

Smoke is formed at higher power conditions when the
primary zone of the combustor operates with its highest
fuel-air ratio. The carbon particle formation processes that
occur in the primary zone and the limits of soot formation
will be described in Sec. IV. A.1. Techniques that have been
employed to reduce smoke emission depend on the introduction
of additional air into the primary zone (to achieve leaner
Operatlon) aqg the improvement of mixing to avoid rich fuel-
air pockets
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Beyond the difficulty of exhaust visibility is the ill-
defined issue of the health effects of emitted particulates.
Although there has been some general discussion of the effects
on humans of particulates of various size- ranges, none of the
existing regulations addressed this ‘potential problem. It
should be noted that some 1imited work has indicated the
possibility that carcinogenic compounds may . be present in
gas-turbine-emitted particulates.?

Fuel Effects on Combustion Systems

Fuel characteristics that are most likely to affect the
gas turbine combustor designer in the future are fuel hydro-
gen and nitrogen content and fuel thermal stability. 1In
addition, the designer may be confronted with changes in fuel
characteristics influencing volatility, viscosity, sulfur, and
trace metal content. Each of these topics is discussed below.

A. Fuel Hydrogen Content

The impacts of reduced fuel hydrogen content are asso-
ciated with increased rates of carbon particle formation.
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Effects include increased flame luminosity, leading to higher
combustion liner temperatures and increased smoke emission.
The following subsections focus on the carbon particle forma-
tion process, smoke emission dependence on hydrogen content,
and the effects of increased flame luminosity.

1. Carbon Particle Formation Process. Althougn both
carbon formation and carbon consumption processes occur in
continuous combustion systems, the latter are very much
slower. The optimum approach for preventing hardware distress
and avoiding serious environmental consequences is to develop
technology to avoid carbon formation while satisfying other
system requirements (efficiency, gaseous emissions, hardware
reliability, etc.).

The predominance of fundamental research activity has
involved laminar premixed flames. Street and Thomas' work,
published in 1955, is extremely thorough jn experimental
detail and breadth of hydrocarbons examined;30 it has become
the classical paper in the field. Other publications are
Refs. 31-42. These investigations have confirmed universally
that soot formation is a kinetically controlled process.
Equilibrium calculations indicate that soot should not be
present at fuel-air mixture conditions where the oxygen-to-
carbon atomic ratio (0/C) is greater than one. That is, the
general chemical equation

ClHy + (x/2 0) » XCO + (y/2) H,

should define a soot formation threshold. A1l experimental
results have shown soot formation at 0/C substantially in
excess of unity.

Another very important premixed flame experiment con-
ducted at the British National Gas Turbine Establishment
(NGTE) atteppted to evaluate the effect of pressure on soot
formation.3 A1l previously mentioned work with premixed
flames concerned atmospheric or subatmospheric conditions.
The combustion system employed took special precautions to
prevent flashing back to upstream locations, an additional
difficulty associated with the high-pressure operation. In
addition to sooting Tlimits, the amount of soot formed was
determined and expressed as a "soot formation ratio" (the
percent of fuel carbon evident as soot). The index of the
soot quantity was found to increase with the cube of pressure.
Very useful plots of pressure equivalence ratio for various
values of soot formation ratio were presented. Examples are
shown in Fig. 8 for cyclohexane, cyclohexene, and benzene.
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Gas-phase species also were determined during this testing,
and it was concluded that Hp0 and COp, oxygenated compounds
not predicted by equilibrium for the system [CXHy +(y/2) 0
- XCO +(y/2)Hp], are formed in substantial quantities and
deplete the system of oxygen prior to consumption of all fuel.

Soo fggmation in laminar diffusion flames also has been
studied.43- The direct utility of this dinformation for
the gas turbine combustion application has been questioned, as
the mixing rates and characteristic times for chemical reac-
tion are very much different from those in the typical com-
bustor. Shirmer4’/ has discussed the significant differences
between such experiments and the actual combustion process.
He is particularly critical of the use of the smoke point test
as an index of fuel tendency to form carbon particulates.
Turbulent diffusion flame results would appear to be more

‘!",Qa - -
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applicable.48 Wright46 has examined soot formation in a dif-
fusion flame burner and has published results of soot measured
when the fuel side of the flame is supplemented with oxygen at
concentrations well below 0/C = 1. Surprisingly, it was found
that the addition of oxygen increases soot formation up to an
optimal rate at which the influence abruptly reverses, and
soot suppression is accomplished at higher 0, concentrations.

Wright's work involving soot formation in the jet-
stirred reactor?9,50 is perhaps of most interest to this
discussion; it 1is a combustion process similar to that at
which soot forms in the primary zone of an actual continuous
combustion system. As in the previously mentioned studies, it
was determined that soot forms at 0/C > 1, but the strong
backmixing of the jet-stirred reactor did afford some broaden-
ing of the soot-free 0/C ratio. In addition to the establish-
ment of sooting limits, as determined by the color of the
flame (Tuminous yellow blue), Wright determined the concentra-

Table 2 Carbon formation 1imits for various fuels

Critical 0/C ratio for f/a mass ratio for
incipient carbon formation carbon formation at
Fust  VEames G Ra ", ChndiEiont
Ethane 2.10 <1.56 >0.140
Propane 2.14 <1.41 >0.151
Hexane 2.18 1.7 0,119
Ethylene 1.67 1.43 0.1426
Propylene 1.79 1.40 0.146
Butene 2.08 1.48 0.138
Benzene 1,76 1475 0.116
Toluene 1.92 1.71 0.112
Xylene 2.08 1.80 0.107
Tetralin 2.27 1.81 0.106
1-methyl 2.38 1.62 0.116

napthalene
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tions of soot formed for some limited conditions of 0/C below
-~ the soot limit. No analysis of this "yield" data to determine
soot formation kinetics was undertaken, but it is recognized
that more such data might provide the basis for global carbon
formation chemical models.

The key fundamental data just discussed have been summar-
ized in Table 2. These results indicate that all hydrocarbons
soot at 0/C > 1. The table also illustrates broadened soot
limits afforded by backmixing in the jet-stirred reactor.
Figure 9 illustrates the difference in soot production between
the jet-stirred reactor and a premixed laminar flame.%0
Since the troublesome aromatic compounds are present in
relatively small amounts in practical fuel blends, the fuel-
air ratio to achieve the design temperature rise is dominated
by the balance of the fuel composition which may be relatively
high in hydrogen content. Therefore, the fuel-air mass ratio
for incipient soot formation is most important to the com-
bustor designer. This information, based on the jet-stirred
reactor sooting ]imits,49 also has been included in Table 2.
The fuel-air ratio representation emphasizes the soot-forming

tendencies of the aromatic-type compounds. Consequently,
attempts to utilize reduced hydrogen content fuels with
increased aromatic compounds would be expected to experience
the difficulties associated with soot formation.

2. Smoke and Particulate Emission Effects. Visible
smoke from new gas turbine systems is not permitted by exist-
ing Federal Environment Protection Agency (EPA) regulations in
the case of aircraft gas turbines and is tforbidden by Tlocal
regu:ations in the case of stationary utility and industrial
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Fig. 10 Impact of reduced hydrogen content on smoke emis-
sion.

turbines. Reductions in fuel hydrogen content can handicap
the designer severely in his goal of attaining exhaust invisi-
bility.

Figure 10 illustrates the relationship between smoke
emission and fuel hydrogen content. These data were acquired
at a combustor inlet temperature of 756 K using a 156 single-
combustor rig.51 Substantial increases in the SAE smoke
number (SN) (determined from the reflectance of a smoke spot
formed on filter paper after passing a known volume of exhaust
samp1e5 ) with decreasing hydrogen content are noted at each
combustor inlet temperature. These changes can cause serious
visibility problems in engines with current SN values near the
visibility threshold. (Depending on engine size, the thres-
hold varies from SN = 20 to 40.) Furthermore, since the
relationship between SN and particulate mass loading (gravi-
metric exhaust concentration) is exponential,®3 these in-
creases represent very substantial increases in absolute
particulate emission levels.

Even smaller changes in fuel hydrogn content can affect
smoke emission significantly. Setting of combustion systems
on both JP-4 and either JP-5 or Jet A has indicated that smoke
levels are substantially lower with JP-4.5% The higher
hydrogen of JP-4 (about 14.5 vs 13.9 wt% for Jet A) is thought
to be primarily responsible for the increase. The increased
volat1l1ty of JP-4 also contributes toward lower smoke emis-
sion; increased volatility yields more rapid vaporization
whlch may give better tuel/air mixing. Figure 11 illustrates
one example of this type of result for the case of the CJ005
(J79) engine.>5
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Fig. 11 Effect ot tuel type on smoke emission from a CJ805
(J79) engine with low-smoke combustor.

3. Flame Luminosity Effects. The flame in a gas turbine
combustion system radiates energy to the combustor liners,
which must be cgp]edfyi%? substantial quantities of compressor
discharge air. 1,56-62  Radiation may be considered both
luminous and nonluminous. The nonluminous infrared emission
is due to COp and Hp0 band radiation, whereas the Tumi-
nous component is due to radiation from carbon particles
within the flame. The non]um%nogs portion of the flame
emissivity can be calculated from 6,59

eng = 1 - exp [;2.86 x 102 p (r'z)o'5 T¢ ']'§]

where
P = combustor pressure, kN/m2
r = fuel-air mass ratio
£ = radiation path length, m
T¢ = flame temperature, K

ik

The conditions that would result in the highest value of e,
correspond to high-power operation of a modern high-bypass-~
ratio engine: P = 30 atm = 3039 kN/m?, r = 0.05, & = 7.5

4
3
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Fig. 12 Impact of reduced hydrogen content on combustor
liner temperature. (T = combustor liner temperature with
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cm = 0.075 m, and T¢ = 2500 K. Even under these conditions,
eng s only 0.346. Consequently, nonluminous radiation
does not approach optically thick conditions. Increases in
luminous emissivity resulting from use of a low-hydrogen-
content fuel can have substantial heat-transfer impact.

Many investigators have studied the effect of fuel char-
acteristics on flame luminosity agd gge Jesulting effects on
liner temperature and durability. 1,03-6 Figure 12 illus-
trates a correlation of many of these data. This figure
illustrates the relationship between hydrogen content and
combustor liner temperatures for a number of aircraft gas
turbine engines. The ordinate in Fig. 12 is a nondimensional
temperature parameter;°l TL=TLo is the difference between
liner temperature with a given hydrogen content fuel and that
obtained with a standard fuel (in this case JP-4 with 14.5%
hydrogen content), and T g-T3 is the difference between the
JP-4 Tliner temperature and the combustor inlet temperature.
The parameter is representative of the fractional increase in
liner temperature (over the baseline JP-4 case). Thinking of
the liner as a radiative heatflux gage, the parameter is also
representative of additional radiative Toading.

—_—————— - —
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A nondimensional temperature parameter of 0.25 represents
a substantial 1liner increase. Since T p-T3 could be about
300°C, the increase 1n liner temperature over that of the
standard fuel would be 75°C. Such changes, especially as they
occur at highly stressed combustor locations, can reduce
hardware reliability and durability seriously.

A simplified radiation heat-transfer analysis of the com-
bustor liner temperature data has produced a relationship
between particulate concentration in the primary zone (which
increased luminosity) and the fuel hydrogen content.68 The
relationship is of the form

Pc/(Pc)o =1 + Cp (AH)N

where
Pc = particulate concentration
(PC)o = particulate concentration with JP-4
C1 = constant
AH = 14.5 - H, where 14.5 = JP-4 hydrogen

content, and H is the hdyrogen
content ot the test fuel

n=20, 1, 2, etc.
The best fit of the data of Fig. 12 indicated that n = 1.

More detailed evaluations of hydrocarbon type on the
enhancement of luminous radiation have been pursued.
Figure 13 illustrates the influence of single- and double-ring
aromatic compounds on the previously described nondimensional
temperature parameter using results from testing with a T56
single combustor. Different hydrocarbon compounds were added
to the fuel to achieve reduction in hydrogen content: naptha-
lene is an unsaturated double-ring compound, tetralin is
double ring with one saturated and one unsaturated ring,
decaline is a saturated double-ring compound, and xylene is a
single-ring unsaturated compound with two methyl groups. The
figure illustrates that, in this instance, hydrogen content is
a sufficient correlating parameter, and hydrocarbon-type
influences are secondary.

B. Fuel Nitrogen Content

1. Fuel Nitrogen =» NO, Chemistry. A number of re-
searchers have studied the fuel n{trogen problem from a
fundamental standpoint./0-79 A1l indications point toward
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extremely rapid conversion of the fuel nitrogen to a nitrogen-
containing intermediate with subsequent rapid oxidation to NO.
Some correlations and models have been suggested, but it seems
certain that only at rich mixture ratio conditions can minimi-
zation of NO formation be possible.

Equilibrium conditions at rich mixture conditions call
for the fuel nitrogen to be converted largely to Np. Suffi-
cient time for the approach to equilibrium must be allowed;
otherwise large quantities of the nitrogen containing inter-
mediates can enter the burnout stage and be converted to NOy
during that process. Consequently, the kinetics of the ini-
tial fuel pyrolysis and partial oxidation process must be
evaluated.

The key research needs in this area focus on 1) how to
accomplish rich combustion without detrimental side effects
(smoke, hardware carboning, flame radiation), and 2) what the
products of rich combustion are which must be accommodated in
the second-stage combustion process. The time requirements,
volumetric loading limitation, inlet temperature influence,
and fuel-type variations all must be considered in establish-
ment of the rich operating limits. The form of the nitrogen
compounds as they exit this first stage (i.e., NH3, CHN, NO,
etc.) as a function of operating conditions will be important
to the design of the second-stage burnout process. The

)
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possibility that some of the fuel nitrogen is present in the
soot particulate also must be examined.

Previous work in strongly backmixed systems again focuses
on the jet-stirred reactor. Bartok et al. 5 established
NO, conversion efficiencies' dependence on mixture ratio for
methane combustion with addition of NH3, (CN)p, and CH3NHj.
Conversion clearly was decreased by operation at greater-than-
stoichiometric mixture ratios. Figure 14 illustrates jet-
stirred reactor conversion rates for propane fuel doped with
500 ppm CH3NH2.

2. Effects on Engine Emission. The importance of nitro-
gen in future fuels arises from its high conversion (30-100%)
to NOy. The extent of this problem in future continuous
combustion systems is a complex issue. Most importantly, the
levels of nitrogen which might be expected in future fuels
have not been defined.

é)iscussion at the recent NASA Hydrocarbon Fuels Work-
shop 0 indicated that the impact of fuel nitrogen on the
storage and thermal stability of jet fuels may dictate levels,
which, even if completely converted to NOy, would be nearly
undetectable. This conclusion, however, was drawn in consid-
eration of petroleum-derived fuels and current technology
aircraft systems and refining methodology. A more long-range
look at the jet fuel nitrogen issue, where nonpetroleum fuels
and improved techniques for coping with stability difficulties
are considered, may alter this assessment.

The effect of increased fuel-bound nitrogen in actual
engine systems is evaluated by determining the additional NOy

[ LR osooppm
ADDITION CH3NH»

| T e e 4

-

O g O -

g
T

PERCENT CONVERSION
OF INPUT CH3NH2
a
o
T l T T
|

(4] e, R S el LA | SR T

50 100 150 200
PERCENT STOICHIOMETRIC AIR

Fig. 14 Conversion of CH3NHy to NOx.75

s




FUTURE FUELS IN GAS TURBINE ENGINES 49

emission occurring when nitrogen is present in the fuel and
calculating the percent of fuel nitrogen conversion to NOy
necessary to cause this increase. Current petroleum jets
fuels that have near zero (< 10 ppmw) fuel nitrogen usually
are used as the zero fuel nitrogen baseline. Results pre-
sented in Fig. 15 were acquired using a standard JP-4 fuel
doped wig? pyridine to fuel nitrogen Tevels of 0.1, 0.3, and
1.0 wt%.°1 A T56 single combustor was utilized in this
testing. These results indicate the importance of two vari-
ables. First, as combustor inlet temperature is increased,
conversion is reduced. Secondly, as fuel nitrogen concen-
trations are increased, conversion decreases. Other V gas
turbine resulgs of cgmbustor testing have reached these same
conclusions.66,67,81-84

Another observation to be made with the information pre-
sented in Fig. 15 is the conversion achieved with nitrogen
naturally present in a refined jet fuel from a nonpetroleum
source. In this case, the fuels were derived from Colorado
0oil shale resources, and nitrogen contents of 250-800 ppm
resulted. The oil shale jet fuel results are shown on a band
in Fig. 15 because of difficulties in accurately measuring
small NOy increases.

Stationary turbines using heavy distillate or residual
fuels can be expected to be confronted more directly by fuel
nitrogen considerations. Levels in some currently consumed
fuels will cause significant difficulties satisfying the
proposed NOy emission requirements for ground-based turbines
(75 ppmv at 15% 02). Further fuel nitrogen increases with
the use of coal or shale-derived fuels will compound this
difficulty. In recognition of this problem, EPA has estab-
Tished a substantial contractual effort with the Pratt and
Whitney Florida Research and Development Center tgo develop
technology to limit fuel nitrogen-to-NOy conversion.

C. Fuel Stability

In many aircraft applications, the fuel is used as a
coolant prior to being combusted. Subsonic applications use
the fuel to cool engine 0il, whereas supersonic-cruise air-
craft also may require the fuel to serve as a heat sink for
aerodynamic heating effects. As the fuel enters the com-
bustor, it flows through hardware (fuel nozzles, fuel pipes,
manifolds, etc.) exposed to high temperature due to heating by
the compressor discharge air and often radiant heating from

the combustion zone. For these reasons, the thermal stability
is a closely monitored fuel quality.

-
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The combustor designer must recognize this fuel limita-
tion and take appropriate precautions to prevent the fuel from
reaching temperatures where thermal breakdown leading to
deposition can occur. Designs for Tow emissions involving
fuel staging are especially troublesome in this respect. As
the fuel flow to a stage of the combustor is started or
stopped, the fuel is exposed to a transient heating. After
starting, the hardware may be at an initial temperature
corresponding to the compressor discharge, and thus the fuel
is exposed to very high wall termperatures for a brief period.
After stopping, the fuel may reach high temperatures as it
slowly drains from the system with no supplemental cooling.

Another potential difficulty is the formation of carbon
deposits within the combustion system. These would be dis-
tinctly different from those within the fuel system which are
formed in the absence of oxygen. Unplanned impingement of fuel
on combustor walls with the use of air-blast fuel injection
techniques can result in substantial carbon deposit buildup.
In addition to the difficulties associated with a distorted
aerodynamic situation, fragments of deposit can separate from
the har%ygre, pass through the combustor, and impinge on the
turbine.

The introduction of lower-hydrogen-, higher-nitrogen-
content fuels would aggravate further the design difficulties
of coping with the fuel's limitations. The technique that
would be expected to offer improved fuel flexibility (e.g.,
air-blast atomization and staged combustion) may experience
especially difficult problems because of liquid fuel contact
with metal surfaces and intermittent fuel nozzle usage.

D. Other Fuel Factors

Volatility affects the rate at which liquid fuel intro-
duced into the combustor can vaporize. Since important
heat-release processes do not occur until gas-phase reactions
take place, reduction of volatility shortens the time for
chemical reaction within the combustion system. 1In the
aircraft engine, this can result in difficulty in ground or
altitude ignition capability, reduced combustor stability,
increased emissions of carbon monoxide (CO) and hydrocarbons
(HC), and the associated loss in combustion efficiency.
Moreover, carbon particle formation is aided by the formation
and mgintenance of fuel-rich pockets in the hot combustion
zone.86  Low volatility allows rich pockets to persist
because of the reduced vaporization rate. Again, increased
particulates can cause additional radiative loading to com-
bustor liners and increased smoke emission between JP-4 and

i mma
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JP-5. Some of the differences between JP-4 and JP-5 smoke
levels (Fig. 11) can be attributed to the volatility effect.

The desired formation of a finely dispersed spray of
small fuel droplets is affected adversely by viscosity.
Consequently, the shortened time for gas-phase combustion
reactions and prolonging of fuel-rich pockets experienced with
Tow volatility also can occur with increased viscosity. The
ignition, stability, emissions, and smoke problems previously
mentioned also increase for higher-viscosity fuels.

Both sulfur and trace metals are at very low concentra-
tions in current jet fuels. Sulfur is typically less than
0.1% because the petroleum fraction used for jet fuel produc-
tion is nearly void of sulfur-containing compounds. ATthough
syncrudes from coal or oil shale may contain higher sulfur
levels, it is not likely that the current specification limit
of 0.4% would be exceeded with the processed jet fuel. The
nature of modern turbine blade design and the operating
temperatures in this component require that the trace metals
be removed. Because of the way in which future jet fuels are
expected to be produced, trace metals also are expected to
continue to be present at Tow concentrations (less than 1
ppmw) . Should higher levels appear possible, the necessity to
preserve the high fuel efficiency benefits of the advanced
technology turbine blade would justify additional expense for
removal.
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Fig. 15 Fuel-bound nitrogen conversion to NOy in an aircraft
gas turbine combustor.51




Fig. 16 CF6-50 standard combustor.8’

Future Research and Development Requirements

In consideration of future research and development
requirements, this section presents three types of informa-
tion. First, the types of designs which might be expected to
afford some fuel flexibility are described. Secondly, the
research and technology development requirements that must be
satisfied to move toward this goal are summarized. Third, the
implications of the development cycle through which new
technological approaches must proceed are described. This
final section provides important information on time require-
ments for development of new engines that might have greater
fuel flexibility.

A. Combustion System Design for Fuel Flexibility

1. Premixing/Prevaporization/Lean Operation. Since
carbon particulate formation occurs at fuel-air ratios above a
limit determined by the fuel composition, it is evident that
the primary approach toward eliminating Tuminous raciation and
smoke problems is to maintain fuel-air ratios below the
incipient carbon formation limit at all points within the
combustor. To assure this situation, the maximum degree of
premixing, prevaporization, and lean operation should be
pursued. The ability to incorporate these design character-
istics, however, is limited seriously by the difficulties to
be described below.

The most recent current designs incorporate some degree
of premixing and lean operation to minimize smoke emission
while using fuels within existing specifications. The General
Electric CF-6 combustor illustrated in Fig. 16 utilizes
air-blast atomization and a lean primary zone. Testing of the

.
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Fig. 17 Comparison of modern and advanced designs with rich

combustor correlation (CF6-50 and NASA ECCP data from Ref. 87).

CF-6 combustor has produced results that indicate combustor
liner temperature dependencies on fuel hydrogen content
significantly below that of older designs.87 Figure 17
compares the nondimensional temperature parameter for the CF-6
with that of the older designs established as Fig. 12.
Interpreting the nondimensional temperature parameter in terms
of a heat flux parameter, it is clear that the fractional
increase in combustor thermal loading resulting from luminous
radiation is far less for the CF-6 combustor.

Low NOy emissions designs tested in the NASA Experimental
Clean Combustor Program have a leaner, more premixed design.
These advanced combustors make use of a staged design, as
illustrated in Fig. 18. The first stage, being the only one
fueled at idie, is designed for peak idle combustion effi-
ciency. The second stage is only utilized at higher power
conditions. This main combustion zone is designed with the
primary motivation of NOy control and operates fuel-lean.
It has been found that some of these designs indicate nearly
no sensitivity to fuel type; the behavior of such systems as
expressed in the manner of Fig. 17 would be a horizontal
1ine.87 That is, all fuel-air ratios in the combustion zone
must have been below the incipient sooting limit.

It should be noted that not all evidence points to
greater fuel flexibility for modern engines. During the
recent NASA Hydrocarbon Fuels Technology Workshop, combustor
liner temperature results from the testing of some of the ECCP
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advanced combustors were thought to imply an equal sensitivity
to the older designs. 2 It generally was agreed, however,
that the direction in which the ECCP combustor designs pro-
ceeded to satisfy performance requirements and reduce emis-
sions is favorable to promoting fuel flexibility.

The designer's ability to incorporate premixing/pre-
vaporization techniques into his combustor is limited seri-
ously by preignition and flashback Tlimitations and by com-
bustor geometry constraints. At the high combustor inlet
temperatures and pressures associated with takeoff, climbout,
or cruise operations, the ignition delay time of the fuel air
mixture may be less than 10 msec. Should this residence time
be achieved prior to the mixing entering the burning zone, ig-
nition will occur, with resultant destruction of the combustor
hardware. 1If droplet size is too large, the prevaporization
passage may be too short to accomplish sufficient vaporiza-
tion. Recognizing the need for future premixing/prevaporiza-
tion systems, a number of efforts have begun to collect
fundamental information of meggodg of best achieving this
condition in practical systems.8 8

2. Combustor Liner Cooling. A second, or perhaps addi-
tional, approach to avoiding hardware distress resulting from
increased flame luminosity is the use of advanced combustor
liner cooling techniques. Three concepts are to be reviewed

Fig. 18 General Electric dgub]e annular combustor developed
during NASA ECCP program.8
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Fig. 19 Advanced combustor Tiner cooling techniques: a)impinge-
ment/film cooling; and b) transpiration cooling.

b)

here: impingement/film cooling, transpiration cooling, and
thermal barrier coatings. Figure 19 illustrates character-
istics of each of these techniques.

The impingement/film-cooling technique is well suited for
applications involving high radiative flux and minimum availa-
bility of cooling air. Small jets of air impinge on the hot
side of the combustor liner, providing very effective heat
transfer. When combined with the additional film-cooling
feature (see Fig. 5), impingement cooling provides for excel-
lent thermal protection of a high-temperature liner. Its
disadvantages, however, are similar to those of the film/
convection liner: heavier construction, manufacturing com-
plexity, and repairability difficulties.

Transpiration cooling is the most advanced cooling scheme
available and is particularly well suited for future high-
temperature applications. Cooling air flows through a porous
liner material, uniformly removing heat from the liners while
providing an excellent thermal barrier to high combustion gas
temperature. Both porous (regimesh and porolloy) and fabri-
cated porous transpiring materials (Lamilloy, developed by
Detroit Diesel Allison, Division of General Motors Corpora-
tion, Patent No. 3,584,972, titled "Laminated Porous Mate-
rial," June 15, 1971) have been examined experimentally.
Fabricated porous materials tend to alleviate plugging and
contamination problems, inherent disadvantages of the more
conventional porous materials. As can be seen in Fig. 19,
transpiration cooling offers better temperature control and
uniformity than any other cooling technique.

Beyond these techniques are other approaches involving
coatings and thermal barriers. Recent efforts at NASA Lewis
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Research Center have illustrated that thermal barriers can
provide significant relief from high radiative Toads, allowing
acceptable metal temperatures in conventional combustion
designs when burning fuels with low hydrogen content.? The
thermal barrier consisted of a 0.0l-cm bond coat of nickel-
chromium-aluminum-yttrium alloy covered with a 0.025-cm
ceramic layer of 12% yttria-stabilized zirconia. Combustor
liner metal temperature decreases of over 200°C were indicated
when using a high aromatic fuel.

3. Minimizing Smoke Emission. The most attractive means
of controlling smoke emission is to maintain fuel-air ratio
conditions throughout the combustor at values below the
incipient carbon formation limit. However, because of the
practical problems presented by premixing, prevaporization,
and lean combustion, this may not be possible. In such a
case, the previously discussed liner cooling techniques will
be of value in handling the increased amounts of Tluminous
radiation.

Carbon particulates that are formed will have to be oxi-
dized within the secondary zone. Close control of mixture
ratio, temperature, and residence time within this zone will
be necessary to achieve maximum consumption. Radcliffe and
App]eton91 have determined that optimum consumption of
particulates occurs at ¢ = 0.75. Their particle surface
consumption rates of 1-20 pum/sec indicate that particles
whose initial diameter is less than 0.04 um will be consumed
in a typical residence time of 5 msec. Even with optimum
conditions, however, it may not be possible to consume suffi-
cient amounts of soot to provide acceptable exhaust levels,
especially if significant agglomeration has occurred to form
particles larger than 400 K.

4. Fuel Nitrogen Conversion. The primary approaches to
minimizing fuel nitrogen conversion to NOy involve rich com-
bustion to react fuel nitrogen to Np, followed by lean
burnout of the rich zone products. The necessity for the rich
combustion zone creates substantial difficulty in the task of
preventing carbon particulate formation. In brief, this
Timits the "window" of premixed prevaporized conditions which
the designer must satisfy and creates the necessity for a
sequentially staged design (rather than spatially or parallel
staged design, as in the NASA ECCP combustors). Difficulties
associated with the conflicting approaches to soot minimiza-
tion and fuel nitrogen = NOy control, coupled with thermal
stability requirements, certainly will contribute toward a
preference to remove nitrogen from future aviation fuels.
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The situation is ground-based turbines, although still
very difficult, is more flexible. Combustion system size and
weight constraints and methods of fuel preparation might offer
enough flexibility to deal successfully with the fuel nitrogen
problem. It may be possible, for example, to utilize "reburn"
techniques, where the injection of a reducing agent at the
proper 38cation for a sufficient time might reduce the high NO
levels. Such a solution would not be a quick fix, as it
may be necessary to place the injection point between turbine
stages and thus alter the entire turbomachinery structure.

5. Other Fuel Characteristics. Fuel thermal stab-
ility, volatility, viscosity, and sulfur and trace metal
content would have significant impacts. As previously disc-
ussed, thermal stability might become a more significant
problem in staged designs where fuel introduction systems are
started and shut down frequently, thus undergoing substantial
thermal transients. Cautious design of fuel system components
and control of fuel quality will be required to overcome this
difficulty.

Reduced volatility and increased viscosity would impact
ground and altitude ignition capabilities. It must be empha-
sized that the system must be designed for and qualified at
the most stringent operating parameters (in this case, lowest
temperature), and future fuels might have very difficult
properties at such conditions.

B. Research and Technology Requirements

Much fundamental research and technology development is
required before significantly different fuels can be utilized
in the gas turbine engine. Key research requirements are
listed below:

1) With the exception of Wright's work,49’5O soot
formation has been studied under conditions where fuel and a};
were premixed, and, with the exception of the NGTE data,
experiments have been conducted at atmospheric pressure.
Existing knowledge, based Targely on the information from the
premixed flame data, must be re-examined, and pressure effects
must be investigated.

2) Additional information concerning the effects of
mixture ratio, fuel type, pressure, and other relevant vari-
ables is necessary for the development of a better under-
standing of carbon particle formation..

3) Soot chemical composition, physical properties, and
its radiative characteristics have not been analyzed suffi-
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ciently. Each of these must be determined at the appropriate
combustion conditions with representative fuels for applica-
tion in environmental assessment, as well as flame heat-
transfer modeling. The possible existence of polynuclear
aromatic material in soot particulate size distribution and
particulate contribution to luminous emissivity are of inter-
est.

4) With respect to the determination of soot radiative
properties, it should be noted that optical methods of measur-
ing emissivity, reaction temperature, and particle size have
not been applied widely. Such experiments should be conducted
to satisfy a number of the informational requirments des-
cribed here.

5) The effect of imperfect mixing on soot formation has
not been studied in fundamental experiments. Such information
is of direct practical interest. In addition, all of the
fundamental information previously developed has involved
completely vaporized fuels. Further studies to investigate
the influences of percent vaporization and droplet size are
required.

6) Evaluation of the impact of viscosity on ignition
should be undertaken. An improved understanding of droplet
atomization and distribution with high-viscosity fuels should
be developed, and modeling of the process should be accom-
plished.

7) New methods of fuel injection must be developed which
provide optimum liquid fuel vaporization and fuel-air mixing
to avoid carbon particle formation difficulties in rich
fuel-air pockets. To this end, an improved understanding of
preignition and flashback must be developed.

While these research requirements are being satis-
fied, a number of technology development tasks will demand
attention:

1) An assessment of the impact of fuel characteristics
on existing combustion systems is required. This data base
will define the 1imits of fuel flexibility and any associated
performance or durability penalties that might be expected of
in-use designs. Since most of this assessment would be
conducted using combustor rigs, some extension or verification
testing in actual engines is necessary.

2) Retrofit technology may be necessary to maintain '

current . performance levels (especially altitude and ground
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ignition characteristics) while avoiding problems of smoke
emission and excessive combustor liner temperature when fuels
of significantly different type are used. This new technology
should be defined.

3) Advanced technology combustors, such as those devel-
oped in the NASA Experimental Clean Combustor Program (ECCP),
must be assessed in the same manner, and technology must be
defined to accommodate fuels of significantly different
character while achieving the reduced emission levels.

4) Modeling capability to allow prediction of fuel
effects in the combustor system (especially smoke emission,
ignition characteristics, and radiant loading) will be neces-
sary. Current analytical capabilities to predict gaseous
exhaust emissions should prove to be a worthwile starting
point for these efforts.

5) Improved methods of describing fuel characteristics
are required; current test methods do not correspond to
conditions within the modern gas turbine combustion system.
Solution of fuel-related difficulties in the future will be
impeded by this situation if not corrected. Furthermore,
existing measurement methods are often not sufficiently
accurate. Since fuel hydrogen contents from 12-14% wt are of
interest to aircraft fuel effects studies, 0 a method of
measurement with accuracy to 0.02% wt should be developed.
Currently used methods produce results far from this level of
confidence.

6) Methods to relate combustion system data to final
information for tradeoff assessments are required. For
example, the commonly measured parameter combustor liner
temperature is not in itself meaningful; this information must
be related to the reduced durability of the component and to
the increased costs of operation with the new fuel.

7) Tradeoff studies to define the optimum fuel charac-
teristics for the future must be undertaken. Combustion
difficulties are but one aspect of this complicated problem,
which also includes the cost of fuel refining, world-wide
availability considerations, and handling considerations.

C. Development Cycle Implications

Depending upon the state-of-the-art of existing technol-
ogy, the period required for implementation of fuel flexible
concepts may range from as little as seven years to more than
13 years. Under this subsection, the timing for implementing
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the three basic technology categories (current technology,
midterm technology, and advanced technology) is considered.

1. Current Technology. Technology concepts that in-
volve minor changes to conventional hardware design would
require a minimal development period. Modifications to the
combustor hardware for existing engines or engines in devel-
opment normally would begin with combustor rig testing (not
involving the actual engine). Any planned engine developments
would follow this testing. These activities would be included
in an advanced development program (ADP). Although the time
required is dependent on complexity and degree of risk, a
period of about three years normally is required. Other
techniques not involving combustor hardware modifications
(e.g., improved fuel distribution control) would not require
this long development and demonstration period; a six-month to
one-year period of investigation would be suitable.

The results then are incorporated into an engine for
ground testing where performance, endurance, and other prob-
lems are analyzed and appropriate design changes are made.
Flight suitability and propulsion system performance impact
and compatibility will have been investigated thoroughly after
this engineering development program (EDP), which generally
requires an additional three years.

310 YRS

3 YRS EXPLORATORY DEV
3 YRS
ADVANCED DEV
3 YRS ENGINEERING DEV
TOOLING
1YR
INITIAL PRODUCTION
AND COMPONENT
o Vs IMPROVEMENT
|
1
4 YRS §
ADDITIONAL PROD.
20 YRS.

—— e S22VRS SYSTEM LIFE

[l 28 YRS.

Fig. 20 Technology implementation.




FUTURE FUELS IN GAS TURBINE ENGINES 61

Implementation into the aircraft plant may be delayed
yet an additional year for acquisition of special tooling and
establishment of the production routine. Figure 20 illus-
trates that, when technology is considered ready for advance-
ment development, the total time to production will be ap-
proximately seven years.

2. Midterm Technology. Technology concepts that have
been defined generally but not yet developed to the point
where benefits are substantiated fully and hardware approaches
are defined fall into the midterm technology category. These
concepts will require considerably more development than those
state-of-the-art techniques discussed previously. Midterm
technology control measures normally will begin with an
exploratory development effort (similar to the NASA ECCP
efforts previously discussed) to establish firmly component
capabilities and limitations. This effort typically requires
three years to complete.

Once the technology has been established firmly through
exploratory development, subsequent steps similar to those
described for current technology may be undertaken. Figure 20
illustrates these phases and indicates a total time to produc-
tion for midterm technology hardware of approximately 10
years.

3. Advanced Concepts. Advanced techniques tor tuel
flexibility will require even longer technology development
periods. The advanced technology candidates will require a
period of 3-10 years of basic and/or fundamental concept
research. Once a sound understanding has been established
relative to how this new emissions control concept functions,
an exploratory research and development program may be estab-
lished to develop and apply this new technology further.
Progress beyond the research stage then would be similar to
the schedule described for midterm technology. Total time in
this case would be 13-20 years, as indicated in Fig. 20.

Beyond development of the production design and tooling
is production itself. The production phase might be consid-
ered in two stages. First is that stage where production is
accompanied by significant component improvement: changes in
design which respond to field problems. Substantial engineer-
ing involvement occurs during the first half of this period.
Second comes the period of production with only minor changes.
These have been shown in Fig. 20 as two four-year periods.
Naturally, the demand for each engine can cause this time
period to vary significantly, and this total eight-year time
period is chosen only for purposes of illustration. The
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engine finally produced during this process has an anticipated
lifetime on the order of 20 years.

This discussion reminds us of the time requirements to
realize benefits of our research. Today's finding may result
in a concept that can be accomplished with minor hardware
modification (production realized in seven years) or one that
is categorized as a midterm concept (realized in 10 years).
Significant increases in fuel flexibility, however, are likely
to require research, and, in this case, time periods of 13-20
years will be required before production. The engines based
on concepts generated in research programs are begun today and
will be in the inventory of aircraft 41-48 years beyond
initiation of this work.

It may be that some fuel flexibility can begin to be
acquired with minor system changes in the relative near term
(beyond 1985). Greater flexibility could be the target for
the fleet of aircraft to be produced in the far term (beyond
2000), consistent with the long lead times required to develop
and implement truly new technology. The tradeoff studies
discussed previously should consider the suitability of this
implementation schedule vis-a-vis the availability and cost-
effectiveness of projected future energy resources.

Summary

Increased cost and reduced availability of jet fuels,
along with the potential future depletion of world-wide
petroleum resources, has created an interest in the feasi-
bility of obtaining jet fuel from nonpetroleum resources.
Crude oils from coal, oil shale, and tar sands, alone or in
mixtures with petroleum crudes, are likely possibilities.
Because of basic chemical differences in these crudes, and
processing economics, future fuels may have properties that
are different from those of current fuels. Programs are
necessary to provide the information base for future speci-
fications. The end objective is to optimize the factors of
availability, cost, aircraft performance, and safety.

The properties of modern jet fuels have evolved over a
number of years in response to the operational requirements of
aircraft and economic/supply factors connected with petroleum
refining. The aircraft systems for which performance and
durability are sensitive to fuel properties are the pumping
and metering systems and the combustion/turbine system.
Density, viscosity, lubricity, volatility, thermal stability,
freeze point, and material compatibility all impact on the
fluid flow systems. Volatility, hydrogen content, thermal
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stability and viscosity, and the presence of certain minor
constituents are related to combustor performance and/or
combustor and turbine durability. Military and commercial
specifications controlling the important fuel properties have
been developed in an era of plentiful natural petroleum, and
changes may be required in order to assure an adequateysupply
of economical fuel in the future. The combustion process is
one of the most sensitive areas to changes in fuel proper-
ties.

Fuel characteristics that are most likely to affect
future gas turbine combustor design are the hydrogen and
nitrogen content and the thermal stability. The impacts of
reduced fuel hydrogen content are associated with increased
rates of carbon particle formation. Effects include increased
flame luminosity, leading to higher combustor liner tempera-
tures and increased smoke emission. The carbon particle
information process is discussed, and data are presented to
show the dependency of smoke emission on hydrogen content and
the effects of hydrogen content on flame luminosity and liner
temperature.

The nitrogen content of the fuel can have a strong effect
on the emission of oxides of nitrogen (NOy). Conversion
efficiency of fuel-bound nitrogen to NOy varies with fuel
nitrogen concentration and variations in combustion conditions
but has been found to be high in conventional fuels to which
N-containing compounds have been added, as well as in fuels
derived from shale oil (30-100%). Although there is no
substantial contribution to NOy emission from the fuel
nitrogen in conventional jet fuels (the nitrogen contents
being extremely low), future jet fuels derived from synthetic
crude sources may have higher nitrogen contents, which could
contribute to total NOy emissions. The thermal stability of
the fuel also is affected by nitrogen content, as well as by
other possible differences in future fuels. Because of high
convective and radiative heat loads on parts of the fuel
injection system, careful design will be required to avoid
harmful deposits. Other factors to be considered in com-
bustors for future fuels are volatility, viscosity, sulfur,
and trace metals.

Combustor research and development is needed to accommo-
date future fuels. Fuel flexibility is provided in recent
designs with the use of premixing of fuel and air, partial
prevaporizing of the fuel, and operation at lean fuel/air
mixtures. New techniques in combustor liner cooling have the
potential to reduce the impact of the higher flame luminosity
caused by low hydrogen content. The primary approaches to

)



64 W.S. BLAZOWSKI AND L. MAGGITTI

minimizing fuel nitrogen conversion involve rich combustion,
followed by lean burnout. Much fundamental research and
technology development still is required. Additional infor-
mation is needed on the effects of all of the important fuel
and combustor variables on soot formation and on the chemical
and physical characteristics of the soot. Evaluation of the
impact of viscosity on ignition should be undertaken, and new
methods of fuel injection must be developed to improve droplet
atomization and mixing. Modeling capability for predicting
fuel effects is needed. Improved ways of describing fuel
characteristics also are required. Finally, tradeoff studies
are needed to identify the optimum fuel characteristics that
maximize availability, minimize cost, and preserve flight
safety.

It should be noted that the development of tommorrow's
sophisticated gas turbine engines requires a complex and
costly process. New concepts derived from research and
development require from seven to 10 years before actual
production occurs. Even longer time periods (up to 20 years)
are required if research is necessary to accomplish goals.
Furthermore, because of the typical 20-year lifetime of a new
engine, significant impact on the fleet of operational engines
will require a very long time period beyond the time of
initial production. These factors encourage the research and
development community associated with gas turbines to assess
the potential for fuel flexibility and to evaluate the related
cost/availability tradeoffs. This task is one requiring
immediate attention. From these results, the general direc-
tion for future technology direction can be identified, and
movement toward realization of these advantages can be.3jin.
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DISCUSSION

DR. A. H. LEFEBVRE (Purdue University): I am concerned
about your Fig. 12, which relates liner wall temperature to
the hydrogen content of the fuel. I attended a meeting almost
20 years ago where there was at least one paper which showed
quite conclusively that you get a variation of liner wall
temperature with fuel type only if you make the mistake of
having an over-rich primary zone. I thought this lesson had
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been learned, and I have never heard anyone argue with that
view.

As you well know, if you make the primary zone over-rich,
then the bulk of the heat transfer from the flame to the wall
occurs by radiation which is sensitive to fuel type. However,
if you make the primary zone fairly weak, then most of the
heat transfer to the wall is by convection which is insensi-
tive to fuel type. I thought it had been fully established
that the best way to design a combustion chamber is to avoid
rich combustion. It seems to me that by introducing this
slide, you are highlighting a problem that should not exist.

DR. BLAZOWSKI (Exxon Research and Engineering Company):
Perhaps it 1is valid to say that these problems should not
exist since the fuel-air ratios required for 1incipient soot
formation are far in excess of that necessary for gas turbine
engine operation. The fact is that the combustion systems
which I considered in Fig. 12 are significantly affected in
terms of both smoke emission and Tiner temperature.

DR. LEFEBVRE: Yes, but you are talking about engines or
combustors that were designed many years ago. If one were
sitting down now to face the problems of alternative or syn-
thetic fuels, then I think you would agree that one would not
use a rich primary zone.

DR. BLAZOWSKI: That is right, but even in the case of
the CF-6, which utilizes a leaner primary zone, there is
sensitivity (albeit a reduced sensitivity) of smoke emission
and liner temperature to fuel hdyrogen content.

DR. LEFEBVRE: I cannot remember when the CF-6 was
designed.

DR. BLAZOWSKI: The important point is that the CF-6 was
designed after smoke abatement became a design goal. This
development illustrates that, although it may be theoretically
possible to operate at a fuel-air ratio below the incipient
soot formation limit, this goal is difficult to achieve in a
real engine because of the many other requirements the com-
bustor designer must satisfy.
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ALTERNATIVE FUELS FOR RECIPROCATING INTERNAL COMBUSTION ENGINES

Nicholas E. Gallopoulos*
General Motors Research Laboratories, Warren, Mich.

Abstract

Investigations of fuels for internal combustion engines
usually are aimed at one of three objectives: to improve the
efficiency and performance of engines; to widen the availa-
bility of natural resources for fuel production and thus avoid
fuel shortages; and to reduce pollutants in engine exhaust
gases. Most recent research in fuels for internal combustion
engines has been motivated by the desire to attain all three
objectives. Consequently, this review examines recent litera-
ture that reports efficiency, performance, and exhaust emis-
sions of Otto and diesel cycle engines burning various fuels
derived from several natural resources. Inciuded in this
review are liquid gaseous hydrocarbons derived from oil shale
or coal; alcohols; ammonia; hydrogen; powdered coal; and
blends of some of these fuels. Experimental findings with
respect to engine efficiency, performance, and exhaust emis-
sions are reviewed and compared to identify the advantages and
shortcomings of the various fuels in Otto and diesel cycle
engines. The review also suggests that, to conserve natural
resources, one of the criteria for the commercialization of
fuel-engine combinations should be the maximization of overall
energy efficiency, which is the product of the efficiencies of
all of the steps involved in converting a natural resource to
a usable fuel and burning that fuel in an engine.

Introduction

That the United States has insufficient petroleum to
satisfy its energy needs is a matter of fact reflected most
vividly in the precipitous increase in petroleum imPorts from
26% of consumption in 1970 to almost 43% in 1976. Whether
and when the world will run out of petroleum is discussed
seriously, but it generally is conceded that by the year 2000
world petroleum production will have passed its k, and
world petroleum demand will have outstripped supply.” " These
circumstances, therefore, compel the search for fuels not

*Assistant Head, Fuels and Lubricants Department.
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derived from petroleum, which usually are referred to as
alternative fuels.

The search for alternative fuels involves all consuming
sectors, but this paper will concentrate only on fuels suit-
able for reciprocating internal combustion engines. However,
decisions to produce a given alternative fuel commercially
will have to be based on whether it satisfies other energy
needs in addition to those of internal combustion engines and
meets stringent social, economic, technological, and environ-
mental requirements.

The viability and desirability of an alternative fuel
depends on several factors: 1) the size of the resource from
which it is to be derived; 2) the maturity of the technology
for converting the resource to the alternative fuel; 3) the
social, economic, and environmental considerations associated
with the resource-to-fuel conversion; 4) the transportation
and distribution requirements of the fuel; and 5) the suita-
bility of the fuel for its intended application. In this
paper, the first four factors will be discussed briefly for
each alternative fuel. The fifth factor, the suitability of
each fuel for use in reciprocating internal combustion en-
gines, will be examined in greater detail by focusing on
engine power and efficiency, exhaust emissions, compatibility
of engine materials with the fuel, and safety. In addition,
the volumetric energy density and the storability of fuels on
vehicles will be discussed, since these properties affect the
operating range and weight of vehicles that usually are
powered by reciprocating internal combustion engines.

This literature review will be comprehensive in terms of
the number and types of alternative fuels which it will con-
sider, but it will be eclectic in terms of the references from
which information will be extracted. In particular, most of
the engine and vehicle data that will be shown will be those
generated by the author's colleagues at the General Motors
Research Laboratories. However, the General Motors work will
be compared with that which has been reported in the litera-
ture, and discrepancies will be identified. An additional
limitation of this review is that it deals only with conven-
tional spark ignition and diesel engines.

Inorganic alternative fuels will be reviewed first, and
organic fuels second. Following the review of individual
fuels, the paper will address future research needs in the
evaluation of alternative fuels. The paper will close with a
discussion of the application of the overall energy efficiency

3
2
3
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criterion to the selection of alternative fuels for commercial
development.

Inorganic Fuels

0f the alternative fuels, those that are inorganic
provide opportunities but also challenges and problems. The
opportunities arise because most of the inorganic fuels can be
derived from inexhaustible or renewable resources, and when
burned they tend to contribute fewer air pollutants than
organic fuels. Also, combustion of inorganic fuels does not
produce carbon dioxide. Some scientists contend that the
burning of fuels that produce carbon dioxide will have to be
limited because an excess of carbon dioxide in the Earth's
atmosphere will increase the Earth's temperature (greenhousg
effect), which could have severe climatological effects.
Such a Timitation also would apply to certain production
methods for inorganic fuels which release carbon dioxide to
the atmosphere. The challenges and problems, on the other
hand, result from the physical and chemical properties (Table
1) of these inorganic fuels, which make them dissimilar and
incompatible with current fuels and reciprocating internal
combustion engines. (In the remainder of the text, whenever
fuel properties are referenced, it should be understood that
their values will be found in Table 1.) Since hydrogen is the
inorganic fuel that has received the greatest attention in the
literature, this section will emphasize hydrogen, whereas
ammonia and hydrazine will be discussed briefly.

Hydrogen

Hydrogen has been studied as an alternative fuel because
it can be produced from water via either electrolysis or
thermochemical cycles and from coal via gasification. Sq}zano
and Brown recently have assessed hydrogen's prospects” and
conclude that, in the next 30 years, hydrogen from coal will
be used in those industrial markets currently served by
hydrogen derived from petroleum and natural gas. Production
of hydrogen from water either by electrolysis or through
thermochemical cycles may become viable only after the year
2000, but this possibility is Eyextricably connected with the
uncertainties of nuclear power.

An additional attraction of hydrogen for any application
is its minimal contribution to air pollution, since its
combustion with air produces only water and nitrogen oxides.

Efficiency, Power, and Emissions. Experimental work with
hydrogen-fueled intqual compustion engines has been surveyed
in detail by Escher. Cole’ compared much of the available
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thermal efficiency and power data of hydrogen-fueled engines
with calculations based on fuel/air cycle analysis. These two
reviews cover most of the availabie literature of hydrogen-
fueled engines. Both reviews state that hydrogen is unsuit-
able for diesel engines because of its large ignition delay.
However, succq;§fu1 diesel operation using a glow plug has
been reported.

Results of several investigations6’7 have shown that
hydrogen-fueled Otto cycle engines are efficient because of
hydrogen's high flame speed and_because they can operate at
very lean equivalence ratios. Equivalence ratio (@) is the
actual fuel-air ratio. Equivalence ratios less than one
(@ < 1.0) indicate fuel-lean conditions.] The latter is a

consequence of hydrogen's wide flamePility limits. For
example, Fig. 1 shows Stebar's results. He found an indi-
cated thermal efficiency advantage of five percentage points
for hydrogen over isooctane. Both were tested at their
respective lean limits, where indicated thermal efficiency is
near its maximum value for either fuel.

The ability of hydrogen-fueled engines to operate lean
also permits running the engine unthrottled, whith power
regulation being accomplished by changes in fuel flow. Un-
throttled operation further enhances overall engine efficiency
by decreasing pumping work. With throttled engines, high
efficiencies at lean equivalence ratio, however, are obtained
at the expense of power output, which decreases very rapidly
as equivalence ratio decreases (leaner). This effect is
particularly troublesome for hydrogen because of its very low

40

ENGINE : CFR
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Fig. 1 Comparison of the thermal efficiencies of hydrogen and
isooctane at their respectiveglean limits (@ = 0.2 for
hydrogen; @ = 0.9 for isooctane).
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charge energy density even at stoichiometric conditions. A
potential solution to this pro?]em isto inject hydrogen direct-
ly into the engine's cylinder. »9

The power output of hydrogen-fueled engines also is
restricted by preignition and backflash problems, which limit
enginelﬁperation to low compression and lean equivalence
ratios. Operation at low compression ratio decreases not
only power but also engine efficiency. Preignition and
backflash can be minimized by water injection and exhaust gas
regircu]atien, which also can reduce nitrogen oxide (NOX)
emissions.

Without those NO_ control methods, burning hydrogen with
air in Otto cycle engfhes under peak power conditions (@ = 1),
such as those encountered during vehicle accelerations, pro-
duces more NO_, than burning hydrocarbon 9fuels. Figure 2,
which was devﬁloped from Stebar's data,” illustrates this
point and also shows the preignition and backflash Timits.
Under low power conditions (vehicle cruising at moderate

T 1 & =g 1
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Fig. 2 Comparison of NOx emissions franghydrogen and iso-
octane combustion: single=cylinder engine.
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speeds), however, NO_ can be kept at low levels by operating
with very lean mixtures, as shown in Fig. 2.

As mentioned previously, combustion of hydrogen does not
produce carbon monoxide (C0) and hydrocarbons (HC). Any
traces of these pollutants found in hydrogenifue]ed engine
exhaust are due to the engine's lubricating oil.

Distribution, Storage, and Other Concerns. The metal
embrittlTement caused by hydrogen under high pressure may be a
prcblem for hydrogen distribution systems. Hydrogen is
campatiple with materials used in automotive engines and fuel
systems  but incompatible with fuel carburetion or injection
systems used with gasoline. Consequently, such systems will
have to be developed specifically for hydrogen before it can
be used widely.

Bowen11 discussed safety hazards associated with hydro-
gen. The wide flammability 1imits and other unique properties

Table 2 Vehicular storage requirements of fuels
(Based on Ref. 35)@

Fuel Alone Fuel + Container

kg L kg L
Gasoline (typical) 54 75 61 79
Hydrogen, Gas? 20 1150 1020 1870
Liquid as MgH2 20 289 160 289
262 187 314 306
Ammonia, liquid 129 203 206 380
Coal powder 94 70 105 %
Methane, Gas® 48 351 227 782
Liquid 48 115 109 456
Acetylene, dissolved in acetone 54 400 362 416
carbide-water reaction 200 125
Methanol 120 149 130 161
Ethanol 88 112 97 135

4 Basis: Energy equivalent of 75 L (20 gal) gasoline(2.4 GJ).

b At 20 MPa.
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of hydrogen present some safety probl , but their serious-
ness generally has been overdramatized. Distribution to and
storage on vehicles are, however, serious problems. Even if
existing natural gas pipelines could be used for long-distance
hydrogen transport, refueling automobiles with hydrogen would
require the construction of a completely new distribution
(service station) system, which could not utilize current gas-
oline and diesel fuel distribution facilities. The low volum-
etric energy density of hydrogen makes its storage on vehicles
a difficult problem to solve, particularly for passenger cars
and other small vehicles, because any of the three storage
methods (compressed gas, cyrogenic liquid, metal hydride) re-
quire heavy and bulky containers (Table 2). Even in the best
installations to date, the amount of hydrogen which was stored
on vehicles was insufficient for the vehicEF to travel a.reas-
onable distance before refueling. Escher” and Salzano™ have
reviewed progress in this area. Research by Daimler-Benz to
develop hydrogen-fueled vehicles utilizing metal hydrides fff
hydrogen storage was reviewed by Buchner and Saufferer.

Hydrogen As a Supplement

Supplementation of gasoline with hydrogen generated from
the gasoline onboard a vehicle is not a subject that fits this
paper's definition of alternative fuels. However, for com-
pleteness, the following references dealing with the subject
are cited: 6, 9, and 13-15.

Ammonia and Hydrazine

Ammonia can be synthesized from hydrogen and nitrogen,
and hydrazine is, in turn, derived from ammonia. Conse-
quently, ammonia and hydrazine have been considered as alter-
native automotive fuels mainly because they are hydrogen
carrigrs that may be easier to store on vehicles than hydro-
gen. Whether this is indeed an advantage is debatable,
as shown in Table 2. Unquestionable disadvantages of the
production of these nitrogenous fuels are dependence on
hydrogen availabilty, which is subject to the uncertainties of
nuclear power; and reduction of overall fuel production
efficiency, since energy must be expended to convert hydrogen
to ammonia or hydrazine. An advantage that these two fuels
share with hydrogen, however, is the absence of C02, €0, and
HC from their combustion products.

Efficiency, Power, and Emissions. Operation of eng;gfg
with ammonia has been reported by several investigators.
Hydrazine, on the other hand, has not been used in engines,
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except as reported in the very preliminary study of Schmidt. 20
Consequently, hydrazine will not be discussed further.

Compared to hydrocarbon fuels, ammonia combustion in nor-
mally aspirated Otto cycle engines yields very lTow efficiency
and powgr because of its low energy density and slow flame
speed. At wide-open-throttle conditions, increasing
engine compression ratio and supercharging can alleviate these
problems, but at part-throttle conditions the addition of
hydrogen is required to overcome the slow flamfgsgfed effects,
which restrict operation to low engine speeds.” " ?* Operation
at high compression ratios and supercharging are possible with
ammonia because it has a high octane number. However, the
high octane number (Tow cetane number) makes ammonia unsuit-
able for diesel engini§, unless either glow plugs or supple-
mentary fuels are used”” to help ignite the mixture.

Ignition of ammonia is difficult in Otto cycle engines,
also. Ignition systems to overcome this problem and the
adveraﬁ effects of ammonia's slow flame speed can be de-
vised. Another problem which ammonia is its high latent
heat of vaporizatiqﬂé vehicles will have to be equipped with
ammonia vaporizers.

Ammonia and NO arezqollutants found in the exhause of
ammonia-fueled engﬁnes. Unfortunately, no definitive
ammonia-fueled engine studies of these two nitrogenous pollu-
tants have been reported.

Distribution, Storage, and Other Concerns. As in the
case of hydrogen, distribution of ammonia to vehicles presents
serious problems because of its incompatibility with systems
designed for hydrocarbon fuels. Ammonia also shares with
hydrogen the weight and bulk problems associated with storage
on vehicles (Table 2). In additiﬂg, ammonia is corrosive to
materials such as brass and zinc which are found in many
automotive fuel systems.

The narrow flammability limits of ammonia reduce fire
hazards with this fuel. However, ammonia is toxic, and its
release into the atmosphere either from fuel storage systems
or from unburned ammonia in engine exhaust gases could be a
problem. Additional safety problems are local freezing if
ammonia contacts skin and fuel tank rupture (if overfi]le?g
due to liquid ammonia's high coefficient of expansion.
This latter problem could be resolved through proper fuel tank
design.

Organic Fuels

Because of their similarity with current petroleum-
derived fuels, many of the organic alternative fuels present
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fewer technical challenges than inorganic fuels. In addition,
the use of organic fuels in reciprocating internal combustion
engines has been investigated extensively. However, the
combustion with air of all organic fuels produces CO, NO_,
unburned fuel components such as HC, aldehydes, and particﬁ-
late matter. The greatest challenge presented by the organic
alternative fules for the near future is not associated with
either their use in engines or their contribution to air
pollution, but with the technology and economics of converting
various natural resources to organic automotive fuels.

This paper will review organic alternative fuels in two
groups: hydrocarbons and oxygenated hydrocarbons. Each group
will be introduced by a brief section on the natural resources
available for the production of these fuels.

Hydrocarbons

Alternative hydrocarbon fuels can be produced from such
domestic natural resources as biomass (plants, manure, and
other wastes), oil shale, and coal. Biomass can be converted
to hydrocarbon fuels by a number of processes, including
anaerobic digestion to produce methane, pyrolysis to produce
heavy oil, and gasification to produce synthesis gas (CO and
H,), which can be converted to either gaseous or liquid
h§drocarbons. For best results, the type of biomass must be
matched with the appropriate process. For example, manure and
giant kelp may be more suitable for anaerobic digestion
because of their large water content, whereas municipal wastes
and crop reségues may be more appropriat§3for pyrolysis or
gasification. As suggested by Calvin, another, albeit
long-range, possibility is to cultivate plants (Euphorbia)
that generate hydrocarbons biologically.

The kerogen in oil shale yields hydrocarbons upon heat-
ing. The product, shale oil, is a viscous liquid with a
hydrogento-carbon ratio lower than that of crude petroleum.
Refining of the shale oil, including hydrogenation, yields
various hydrocarbon 21’¢Jels including those suitable for auto-
motive applications.

Coal itself can be considered a solid hydrocarbon fuel
with some potential for direct combustion in reciprocating
internal combustion engines. In addition, coal can be either
converted to 1iquid hydrocarbons (1iquefaction) or gasified to
synthesis gaszsfrom which both 1iquid and gaseous hydrocarbons
can be made. With suitable processing, the products of
coal liquefactionzgnd gasification can be made into acceptable
automotive fuels. The remainder of this section will review
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studies in reciprocating internal combustion engines of
hxdrocarbon alternative fuels derivable from the aforemen-
tioned resources.

Solid Coal

The burning of solid (powdered) coal in reciprocating
internal combustion engines has not been studied intensively.
Existing studies are very old and Timited to modified diesel
engine applications. A recent assessment by the Thermga
Electron Corporation for the National Science Foundation
reviews the scant literature on the subject. Thermo-Electron
concluded that powdered coal could be burned efficiently in
large-bore, very slow-speed, stationary diesel engines that
can be designed to circumvent the wear problems caused by coal
and ash particles. The selection of very slow-speed engines
is justified further on the basis of the very low combustion
rate of coal.

Review of the Thermo-Electron assessment, as well as of
other studies of coal-fueled engines, strongly suggests that
powdered coal, despite the high energy efficiency associated
with its production, would not be a suitable fuel for automo-
tive engines. Additional problems with powdered coal as an
automotive fuel are on-vehicle storage due to its Tow mass
energy density and the complex mechanisms required for feeding
the coal to the engine.

Gaseous Hydrocarbons

Methane, propane, butane, and acetylene are among the
alternative gaseous fuels that have been studied. Since these
are individual chemical compounds now extracted from petroleum
in industrial quantities, their study has not been hampered by
availability. Furthermore, methane, propane, butane, and
liquefied mixtures of propane and butane (liquefied petroleum
gas or LPG) are currently used to fuel spark ignition engines
in special commercial applications. In the future, these
gases could be made from coal, shale, or biomass. However, of
these gaseous hydrocarbons, only methane and acetylene would
be 1ikely alternative fuels to be made from the aforementioned
natural resources. Methane is a likely candidate because it
can be made directly by anaerobic fermentation of biomass and
from synthesis gas produced by gasification of either coal or
biomass. Acetylene appears feasible because it can be made by
a series of reactions involving coal, calcium oxide, and
water. Synthesis of the other gaseous hydrocarbons, although
possible, involves large energy losses and high costs. Con-
sequently, the remainder of this section will be devoted to
methane and acetylene.
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Methane. Methane, usually as natural gas (-90% methane),
currently is used to fuel reciprocating internal combustion
engines predominantly in stationary applications. Methane is
recognized as an excellent Ottocycle engine fuel for special-
ized applications, and its combustion and exhaust emissions
have been studied.

Efficiency, power, and emissions. Lee and Wimmer27
compared methane to gasoline in engines. Workers at tsg
Bureau of Mines used natural gas in comparable studies.
As expected from its properties shown under "Stoichiometric
Mixture" in Table 1, methane produces less powgr than does
gasoline under comparable operating conditions. Methane's
ability to burn at leaner conditions than gasoline would allow
engines to operate with high efficiency and low exhaust
emissions (see pp. 144, 145 of Ref. 22 and Refs. 27 and 28).
However, use of methane does not reduce emissions sufficiently
to eliminate the need for emission controls.

Distribution, storage, and other concerns. Fueling auto-
mobiles with methane presents problems: on-vehicle storage
requires either high pressure or cryogenic tanks, which
increase the weight (Table 2), complexity, and cost of the
car; and distribution to vehicles would require a complete
revamping of the service station network. Of course, distri-
bution of methane from the generation plant to distribution
terminals now is practiced by public utilities. Methane by
itself is not suitable for fueling diese! enggg;s because it
is very difficult to ignite in a diesel engine.
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Fig. 4 Mass emissions compari§8n between acetylene and
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Acetylene. Whereas methane received early and thorough
attention as a fuel for reciprocating internal canbustigﬂ
engines, acetylene was studied in depth only recently.
This neglect was mainly due to acetylene's very low octane
number (which was determined many years ago) and know]edgs
that acetylene explosively decomposes upon compression.

Efficiency, power, and emissions. Hilden and Stebar30
found that the power and efficiency of an acetylene-fueled
Ottocycle engine cannot match those attained by gasoline-
fueled engines, because with acetylene the engine operates
only in a very narrow range of compression and equivalence
ratios, as shown in Fig. 3. The low values of the compression
ratio and rich limit equivalence ratio observed for acetylene
are due to its low octane quality, which, in turn, probably is
related to the ease with which acetylene decomposes upon
compression. In contrast, the fast flame speed of acetylene
allows engine operation at much leaner equivalence ratios than
are possible with gasoline.

As shown in Fig. 4, very lean operation (@ = 0.5 to
0.4) with acetylene reduces emissions of CO and NOx to
levels lower than those found with gasoline. However, at
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these very lean equivalence ratios, emissions of HC can be as
high as those observed with gasoline.

Diesel engine operation has not been attempted with
acetylene and probably would be impossible. Acetylene would
decompose explosively when compressed in the fuel system to
the required pressure for injection into the engine's combus-
tion chamber.

Distribution, storage, and other concerns. The explosive
decomposition of acetylene on compression and its wide flamma-
bility range present safety problems for automotive applica-
tions. In addition, storage or generation of acetylene
onboard a vehicle and the distribution of acetylene from
generation plants all the way to vehicles are pgﬁplems that
add to its unattractiveness as an automotive fuel.

Liquid Hydrocarbons

Regardless of the starting material and the process used
to produce liquid hydrocarbons, the product is always a
complex mixture not only of hydrocarbons, but also of many
organic compounds of oxygen, nitrogen, and sulfur. The
starting material and conversion process, however, greatly
influence both the composition and properties of these complex
liquid mixtures. For example, coal-derived liquids usually
contain more aromatic compounds than oil shale-derived liquids.
Liquids produced from synthesis gas via the Fischer-Tropsch
and related methods are complex mixtures of hydrocarbons;
however, most nitrogen and sulfur compounds are absent because
purification of the synthesis gas precedes the Fischer-Tropsch
synthesis.

Production of liquid hydrocarbons from coal, oil shale,
or biomass is still in the developmental stage in the United
States. Thus, the raw material from which automotive fuels
can be made is generally unavailable. In a few instances,
synthetic crude from either coal or oil shale has been refined
to gasoline and diesel fuel, but serious efforts along these
lines are awaiting more definitive developments in conversion
technologies. This is a logical attitude, since changes in
the technology to produce liquids from coal, shale, or biomass
will affect the properties of the liquid product and conse-
quently the type and severity of refining which this liquid
product will require for conversion to automotive fuels.
Thus, very little research has been conducted in reciprocating
internal combustion engines with liquid hydrocarbons not
derived from petroleum.
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Hurn3] reported preliminary results from spark-ignition
engine tests using coal- and oil shale-derived gasoline. He
found no unusual results with these gasolines and remarked
that their properties were either very close to their petro-
leun-derived counterparts or could be made more gompargble by
more severe refining. Several other authors™"? also
have observed that liquid hydrocarbon fuels derived from
nonpetroleum resources are likely to resemble those derived
from petroleum. Consequently, nonpetroleum-derived 1liquid
hydrocarbons refined to meet current specifications for
gasoline and diesel fuel should not present any unforeseen or
unique combustion and exhaust emissions problems when burned
in reciprocating internal combustion engines. In addition,
they should be compatible with current distribution and
storage systems, and their safety and toxicity properties also
should be similar to those of petroleum-derived automtotive
fuels.

However, the closer one tries to duplicate the properties
of petroleum-derived fuels, the more numerous and severe will
be the refining steps required for the liquids dervied from
nonpetroleum resources. This increased refining complexity
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and sevegjty cost both energy and money. This was recognized
by Hurn,” who recommended<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>