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SUMMARY

Advanced automotive gas turbine and Stirling engines are being devel-
oped as possible altermatives to conventional piston engines. These engines
provide the potential of using a wide variety of fuels for transportation
purposes. This report discusses altermative fuels for use with advanced
automotive gas turbine and Stirling engines on the basis of a literature
survey.

Two factors in the design of the advanced automotive alternative en-
gines that will affect alternative fuels capability are the cowbustor design
and the materigls that make up the path of the combustion products. The gas
turbine licerature shows that lean, homogeneous mixtures of fuel and air
increase combustor tolerance to low-hydrogerncontent fuels. Low-hydrogen
content fuels can cause excessive radiant heating of che cowbustor. The
literature also shows that the types of ceramics being developed for
advanced engines ave very tolerant to fuel impurities. Present metal
engines are sensitive to such impurities as sulfur, sodium, potassium, lead,
vanadium, and ash, all of which cause severe corrosion problems. The new
ceramics, which will replace the metal components, show promise of being
corrosion resistant. Some new advanced combustor designs use a lean,
homogeneous mixture of fuel and air that should allow the use of
low-hydrogen—content and broad-cut fuels.

Crude oils from c¢oal and oil shale will require cogtly hydrotreating to
produce transportation fuels. However, fuels for the advanced automorive
gas turbime and Stirling engines should require less processing cthan fuels
for conventional piston engines. Gas turbine and Stirling engines can be
adapted to run very well on alcohols or blends of alcchols and fuel oils aud
thus can extend petroleum supplies. However, the extent of the adaptability
of advanced automotive alternative engines ro alterrative fuels is still to
be determined. Some key questions need to be znswered through advanced com~
pooent and engine research activities:

(1) what is the sllowable range of fuel composition (i.e., hydrogen-
carbon ratio, aromatics, naphthalenes, ete.) for different combina-
tions of combustors and fuel systems?

(2) Will 8 low-heating-value fuel {such as methanol) affect the tran-
sient performance of an engine whose turbomachimery and fuel system
were matched for a fuwel with twice the heating value?

(3) What effect will the inrroduction of ceramic components have on the
engine's tolerance to fuel impurities? -

(4) what problems will be encountered with low-temperature starts?

The answers to these questions will affect fuel cost, the efficiency of fuel
production, and the ability of advanced sutomotive gas turbine and Stirling
engines to adept to different fuels.

. 1NTRODUCTION

A joint effort is being conducted by the Department of Energy (DOE) and
NASA to Find altermatives to the stamdard automotive spark ignition engine
and vehicle system. Part of the overall effort that is funded by DOE- is the
development of an advanced automotive gas turbine (AGT) and an autowotive
stirling engine (ASE). Because of the need to extend petrolewm supplies and
to help this country become more energy seli-sufficient, the DOE Advanced
Automotive Hest Engine program has as its goal to develop and demonstrate



advanced gas turbine and Stirling automobile propulsion systems that weet
the following objectives:

(1) at least 30 percemnt improvement in fuel economy {mpg) over a 1984
production vehicle of the ssme class and performance powered by
conventional spark ignition engines (based on equal Btu content of
fuzl used)

(2} Emissions levels that meer or exceed the most stringent Federal
research standards: 0.41 g/mile hydrocarbons (EKC), 3.4 gfmile
carbon monoxide {€C0), 0.4 g/mile oxides of nitrogen (80}, aud
0.2 gfmile particulates

{3) ability to use a broad range of liquid fuels and blends derived
from crude oil as well as synthetiec fuels from coal, oil shale, and
other sources [ !

(4) Suitability for cost—competitive mass production

The components and materials for the advanced engines are presently being
developed. This report combines information from these recent developments
with information given in the literature on alternative fuels. On the basis
of 2 literature survey a discussion is developed about the application of
various alternative fuels to advanced automotive gas turbine and Stirling
engines.

Because of currently evolving automotive technology an advanced automo-
tive gas turbine engine and a stirling engine may become competitive alter-
natives to conventional piston engimes. The ability for clean use of
alternative fuels is ar important concept in faver of these alternative
engines. Before discussing fuels for these engines it is mecessary to
briefly describe the AGT and ASE, although present work ia the development
of components and engines will determine the exact configurations of the
advanced engines.

ADVANCED AUTOMOTIVE GAS TURBINE ENGINES

Automotive gas turbinmes use a regenerative Brayton cycle. Figure 1
shows the engine configurations schematically for the one- and rwo~shaft
designs. Within rhat gemeral framework many options are open to advanced
component designs and engine configurations:

(1) Compressor options

(a) axial or centrifugal
{b) Single or multiple stages
- (¢) Fixed— or variable-geometry diffuser
(d) Fixed or variable inlet guide vanes
{2) Heat exchanger options
(a) Statiomary recuperator
(b) Rotating regenerator
{(¢) Metal or ceramic components
(3) Combustor options
(a) Droplet diffusion
(b) Premixed-prevaporized
{¢) Catalytic
(d) Multielement
(e) Fixed or variable geometzy
(f) Metal or ceramic
(&) Turbine options
(a) Radial or axial
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(b) Single or multiple stages
(c) Fixed or variable geometry
(d) Metal or ceramic
(5) Engine shaft arrangements
{a) Single or multiple
(b) Power transfer between shafts
These advanced concepts are described by Evans and Miller in reference 1.
Some of these advanced concepts have already been introduced into

. .operating automotive gas turbine engines. The Chrysler upgraded engine,
‘whieh is described in referemce 2, has a centrifugal compressor with vari-

able inlet guide vanes, a ceramic regenerator, and a premixed-prevaporized
combustor. The Chrysler upgraded engine was developed as & part of the
Baseline Gas Turbine Development program, which was funded by the Environ-
mental Protection Agency, then by the Energy Research and Development
Administration, and finally by DOE. The Chrysler upgraded engine is shown
schematically in figure 2,

Detroir Diesel Allison Division of Gereral Motors is presently using
a gas turbine engine to advance the use of ceramics in the hot gas path.
Under the Ceramic Applications in Turbine Engines (CATE) project a heavy—
duty engine is being progressively retrofitted with ceramic components to
permit increased cycle temperature and engine efficiemcy. The project,
which is funded by DOE, is described in reference 3. The engine used in the
CATE project, designated as the GT404/505-4, is shown with the ceramic com
ponents pointed out in figure 3,

Presently there are three principal Govermment contractors developing
AGT vehicle systems: the AiResearch Manufacturing Company teamed with the
Ford Motor Company, DDA Division of Gemeral Motors teamed with the Pontiac
Division of GM, and the Chrysler Corporation tesmed with the Williams
Research Corporation. The development effort includes the use of ceramics
to increase cycle temperature and efficiemecy and some use of variable geome~
try to improve off-design operating efficiency. Aas examples of likely AGT
configurations, ail three concepts are briefly summarized in table I and
shown in figure 4 (ref. &), figure 5 (ref. 5), and figure 6 (ref. 6).

ADVANCED AUTOMOTIVE STIRLING ENGINES

The automotive Siirling engine is a closed—cycle, external combustien,
Teciprocating piston machine that operates on a modified Stirling cycle.
(Fig. 7, obtained from ref. 7, describes the ideal Stirling cycle.) Mary
different engine configurations, either single acting or double acting, can
be used to produce the Stirling cycle. Some of these are shown in figure 8
{ref. 8). Of the possible configurations, the Rinia double-acting arrange-
ment has been chosen for the automotive Stirling engine because of its rela-
tively high specific power and low specific weight. Figure 9 shows the
three mechanical drive arrangements that have been considered for the auto-
motive Stirling engine. The V-drive and the swashplate drive have been used
and tested in experimentally evaluated vehicles. The current P-40 engines,
built by United Stirling of Sweden under the DOE Automotive Stirling Engine
program, have a U-drive configuration with two parallel crankshafts con—
nected by gears to an output drive shaft.

Since the Stirling engine uses a closed cycle, the combustion process
is separate from the thermodynamic cycle and is continuous. Two Stirling
external combustion systems are shown schematically in figure 10 with ex—



haust gas recirculation (EGR) and in figure 11 with combustion gas recireu—
lation (CGR). The options that are open tO Stirling engine combustion sys=
tem configurations and components are

(1) Precheater options

(a) Staticnary recuperator

(b) Rotating regenerator

(c) Metal or ceramic

(2) Combustor options

(a) Dropler diffusion

(b) atomizer

(c) Premixed-prevaporized

(d) Two stages

(e) Catalyrtic

(£) Multielement

(g) EGR or CGR

(h) Metal or ceramic
The technology involved with advanced Stirling engines is discussed in
reference 9.

Development of the automotive Stirling system in the United States
originated with Ford Motor Company (ref. 10) and was partially funded on a
cost—sharing basis by DOE from 1977 until Ford decided to terminate LTS
Stirling activities in 1978, Since 1978 the autemotive Stirling engine
development in this country has been totally funded by DOE.

This effort is directed to the development of an advanced experimental
Stirling engine for automotive application that will wmeer the program goal
and to the transfer of Stirlimg engine technology to U.S. manufacturers.
The work (refs. 11 and 12) is being conducted by a team comprising Mech-
anical Technical Incorporated (MII)}, United stirling of Sweden, and &M
General (AMG) - a wholly owned subsidiary of American Motors Corporation -
under a contract inititated on March 22, 1978. MI1 is responsible for over~
all program management, development of component and subsystem technelegy,
and transfer of Stirling engime technology to U.S. manufacturers. Onited
stirling is primarily respomsible for engine development. AMG is
respousible for engine vehicle integration, testing, aund evaluation. In
addition, it is intended to add to the project team during the course of
development a U.S. engine manufacturer who will be licensed to produce the
Stirling autcmotive engine and will be am additional recipient of the
technology transfer. _

The Ford fuel economy assessment studies and reference engine design
studies by MTl and United Stirling indicate very good potential for meeting
and exceeding the 30-percent fuel economy improvement goal., Key approaches
to achieving the improved fuel economy designs include

{1) Optimizing engine efficiency in the low part—power regions most

. eritical to drive-cycle fuel economy

(2} Increasing mean heater tube temperatures and minimizing tube

temperature variations

(3) Reducing engine and vehicle auxiliary and accessory losses through

improved drive systems and better wmatching to real needs

(4) Minimizing conduction lesses through cylinder and regenmerator walls

(5) Improving controls to provide more efficient part-power operating

modes in order to improve durability and transient exhsust emissions

(6) Reducing external heating system losses through use of 2 wore

effective air preheater and reducing combustion system flow losses
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Ceramics can be used in the Stirling engine if cermmics technology becomes
significantly advanced; however, the use of ceramics is not Tequired to meet
the fuel ecoucmy goal as it is for the gas turbine.

COMBUSTOR OPERATING REQUIREMENTS

The combustors for the AGT and ASE must perform to the same emissions
and particulate limits (0.41 g/mile BC, 3.4 g/mile CO, 0.4 g/mile NOy, and
0.2 g/mile particulates). The combustors for the AGT systems must stay
below these emission limits while operating over the raage of airflows,
pressures, and tewperatures matched to the acrodynamic and heat transfer
components in the cycle. Minimizing the level and variation of pressure
drop across the combustor is also essential to maintain the performsnce and
stall margin of the compressor over its operating range. Uniquely the
Stirling combustor operates in a separate combustion air-loop at pressures
slightly above ambient and over a range of airflows and temperatures that
do not metch those of the primary working fluid of the engine but are con-
trolled by the heat input required for the engine.

As a result, the combustor operating parameters for the two engine
types differ considerably, as shown in table 11, The Stirling combustor
operates over a wide range of the flow parameter w+/T/P but at a mearly
constant fuel~air ratio. The ges turbine operates over a wide range of
fuel-air ratio but at a relatively constant flow parameter. However, the
combustor primary-zome flame temperature and flame residence times must be
controlled to within approximetely the same limits for both emgine types in
order to assure that emission limits are not exceeded. Also, primary-zone
fuel-air ratios and flow velocities must be high enough to avoid lean sta—
bility limits and flashback, respectively, within the operating range of the
combustor, These limits vary somewhat with combustor type, combustor inlet
remperature, and inler pressure, but representative values are noted in
table LII.

Finally the thermodynsmic efficiency of the gas turbine snd Stirling
engines in an automotive duty cycle depends directly on the amount of ex—
haust heat returned to the cycle. Io the gas turbine cycle the exhausr heat
Teturn is limited by the effectiveness of the regenerator and the minimm
sink temperature to which it operates, in this case the compressor discharge
temperature. Additionmal regeberation (such as through the use of an
exhaust-gas-to-inlet~air heat exchanger) and recirculation of the exhaust
gas {EGR) to the compressor imlet (to control NG, emissions) are not
practical because of their large impact on compressor materials and specific
work and the increase in flow sizing required for the enmgine components. .

Although the efficiency of the Stirling cycle does not depend on the
external combustion system efficiency, the overall engine efficiency is
directly related to how efficiently the fuel energy is transferred into the
Stirling cycle by the combustion system. Therefore the waste hest energy
contained in the exhgust is exrremely important and must be minimized. To
avoid corrosion of the stainless-steel air preheater. The exhaust tempera—~
ture of the present Stirling systems is limited by the condensation tempere—
ture of sulfuric acid (400° ¥; 200° C). This temperature limitatiom also
limite the effectiveness of the combustion air preheater. As a result, con—
trol of Stirling RO, and CO emissions by using very lean combustion is
impractical because of the required large mass flow and actendsnt large flow
of heat epergy out the exhsust. For this reason Stirling engines use & com—
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bination of a near-stoichiometric, }ean-fuel-gir-ratioc mixture to control
CO and external exhaust gas recircularion (EGR) or internal combustion gas
recircularion (CGR) to control NO,. The exhaust flow rate is independent
of the amount of EGR or CGR and is only slightly more than that required for
jdeal combustion. Therefore the exhaust heat flow is considerably less than
with very lean combustion ouly. The net difference in fuel consumption cam
be as much as 4 to 5 mpg.

The primary options that aifect fuel selection and specification im
both engines are the combustor design and the materials in rhe path of the
combustion products. In the AGT the components in the path of the combus-
tion products will be high-temperature, high-strength a2lloys and ceramics.
An ultimate geal in the AGT development is to raise the turbine inlet tem—
perature to 1370° € (2500° F) in order to increase overall cycle effi-
ciency. This can be dome without expensive cooling if ceramics are used for
the hot flow path compoments. Silicon nitride and silicon carbide are the
candidate materials for the combustor, turbime stage, and ducting because of
their strength and corrosion resistance. RegeneratoIs will be made mainly
from alumimum silicates because they cam be used to febricate very thin,
compgct structures and have becrer heat transfer properties than silicon
carbide and silicon nitride.

The Stirling engine combustion chamber is formed primarily by the en—
gine heater tubes, which are made of high-temperature alloy. The entrance
section of the combustor is cooled by the incoming combustion air and there—
fore is made of stainless steel. The uncooled base of the combustion chaar—
ber is made of ceramic to withstand the maximum fleme temperature, and the
air preheater is made of stainless steel.

FUEL PROPERTIES

although most of the thermodyramic and transport properties of poten—
tizl alternative engine fuels are nomcritical, density, boiling range, and
viscosity can be important combustion characteristics. Octane and cetane
rating are of nc importance. Volatility need only be sufficient to allow
ignition during cold weather. The boiling range must not extend s¢ high
that it hinders premixing and prevaporizing in an advanced combustor or so
low that the Fuel is vaporized in the fuel system. The fuel sust not be s0
viscous that it is difficult to pump and to atomize during cold wedtner.
And it must be demse enough and have a high enough beating value that the
volume and weight of the fuel are not prohibitive for a compact automobilie.

It is of primary importance that gas turbine and Stirling engine fuels
in general be purified of certain elements and compounds. Some impurities
can cause severe problems with exhaust emissions, corrosion, erosion, carbomn
buildup, and residue, that is, costly maintemance problems with the gas tur-
bine combustor and turbomachinery and the Stirling air preheater and combus—
cor. As the concentration of certain impurities in the fuel increases, com-
bustor life, turbime life, snd air preheater ilife will suffer and engine
performance will degrade with time. Purification of the fuel is them an
important feature of the refining process.

Bealth and safety factors are also a concern for fuels of very high
aromatic content. Large concentrations of benzene and polynuclear aromatic
compounds are known to be toxic and carcinogenic, arnd care must be tgken to
avoid prolonged and repeared exposure. The health and safety factors are
discussed in detail in references 13 and 14, :
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Combustion Characteristics

Depending on combustor types, the hydrogen content of the fuel ﬁay be
an iwportant factor that affects combustor life. The hydrogen content
affects the luminosity of the flame within the combustor. Low hydrogea com

tent correspouds to high flame luminosity and radiation (refs. I5 to 1B).

‘A highly radiant flame can cause overheating and distortion of the combustor
matezrials.

Figure 12 shows the structures of differeant hydrocarboa fuel constitu—
ents and compares hydrogen—carbon ratios. Aromatic compounds typically have
low hydrogen content and produce smcke. They are undesirable constituents
for gas turbine fuels, For this reason aromatic centent and smoke point aze
pare of the specificatious (ASTM D-1655) for aviation fuels. Figure 13
(ref. 19) is an approximate correlation between fuel aromatics content and
hydrogen content for jet fuels.

The effect that a given hydrogen content of the fuel has on burner
liner tempersture is imfluenced by pressure and the structure of the arome—
tic components in the fuel (xef. 17). The high combustor liner tempera—
tures, which come with 2 very luminous flame, are caused by the infrared
portion of the flame and not the visible component. Visible flsme rediation
gives little energy at hydrocarbon-air flame temperatures, but carbon par-
ticles in the flame can radiate as black bodies in the infrared region. At
high pressures the carbon particles tend ro grow in size enocugh to increase
the radiant heating. Radiant heating contributes to distortiom, metal
erosion, and durability problems (refs. 17 and 18). This effect is more
pronounced with polycyelic aromstics than with monoeyclic aromatics
{ref. 17). Reference 20 presents data showing the effect on_combustor tem-
perature and exhaust emissions of different hydrogen content fuels.

Figure 14 shows the effect that hydrogen content has on combustor liner
temperatures (ref. 16). The shaded area represents a band of data taken
from tests of various sircreft combustors with pressure-atomizing fuel sys-
tems. The next lower lipe represents data from an advanced Gemeral Electric
CF6-50 combustor that uses air-blast fuel injection to allow a leaner mix-
ture in the primary combustion zone. The NASA Experimental Clean Combustor
program (ECCP) engine, which is described in reference 21, is a more
advanced design. The test coaditiors in this figure simulate cruise
conditions, about 8 armospheres and 547 to 756 K combustor inlet
temperature. Since the differemce between the maximum combustor liner
temperature for & fuel with the reference hydrogen content (14.5 percent)
aond the combustor inler temperature (Ipg - Ty) could be of the order of
300 K, the variation in liner temperature represented by the shaded srea
could be an important consideration vhen designing automotive combustors for
use with low-hydrogen—content alternative fuels. However, the leamer
air-blast combustor (CF6~50 in fig. 14) shows great tolerance to low
hydrogen content. This demonsrrates that leaning out the primary combustcion
zcne can very gignificantly decrease the rgdiant heating of the combustor
liner. .

Although it has not been demonstrared, it may be possible to use &
radiant £lame to advantage in the Stirling engine. Since the heat from the
combustion gas must be tramnsferred to the heater rtubes, any heat transfer
that can be gained through radiacion will improve the heater effectiveness.
This radiation to the heater should also tend to reduce the peak fleme tem—
perature and thereby lower NO, emissions.



The existence of nitrogen-containing compounds in Cthe fuel is also uo-
desirable because a high percentage of the fuel-bound nitrogen converts to
NO, during combustion (refs. 18, 22, and 23). Figure 15 indicates conver
sion rates for NO, formatiom from fuel-bound nitrogen. 1t is shown thar
the percentage of conversioan dacreases with inereasing combustor inlet tem~

_persture.and. nitrogen content. The combustor inlet temperstures in advanced

automotive gas turbine eagines will be greater than the tempetatures shown
in figure 15. The conversion rate of fuel-bound nitrogen to N0, is not
significantly affected by pressure or flame temperature but decreases as
combustor outlet temperature increases (ref. 22). Test show thac, depending
on the conditions described, between 20 and 100 percent of che fuel-bound
nitrogen is converted to NO and NO; in the exhaust.

Since it is the NO, level amd not the comversion rate of fuel~bound
nitrogen that is of direct importance, the limits on the amount of fuel-
bound nitrogen will be imposed by combustor type, vehicle fuel economy, and
emissions regulations. NOy, emissions are reduced by lowering flame tem—
perature, and flame temperature can be lowered by leaning out and premixing
the primary combustion zone. Figure 16 shows the NOy emissions index ver-
sus primary-zome equivalence ratio for different combustor designs described
in references 1 and 23. A horizontal linme representing the NOy emissioms
index limitr (2.8 g NO,/kg fuel) is also shown in figure 16. This limit is
based on a vehicle fuel econcmy of 20 mpg and a NOy emissions limic of
0.4 z NO,/mile. Lean blowout limits for the premixed and ceramic element
combustors are also shown. Note that for the premixed combustor the equiva-
lence ratio wmust be maintained below about 0.46 if the emissions index is to
be limired to 2.3. However, the equivalence ratio must be maintained above
about 0.3 if lean blowour is to be avoided. This narrow range of equiva-
lence rario (0.3 to 0.46) could be maintained over the entire engine operat-
ing range by using variable geometry to control the fuel-gir ratio. This
concept is planned in the design of the advanced gas turbine engiaes.

As discussed earlier, the Stirling engine combustor operates over a
wide range of flows and near stoichiometric fuel-air ratios, and it makes
use of eitber EGR or CGR to reduce NO, emissions. Figure 17 shows the
effect of EGR on the NOy emissions index. For the case shown in fig-
ure 17, abour 57 percent EGR is required to meet the 2.8 g NOy/kg fuel
emissions index limir.

Figure 18 shows the influence of fuel-bound mitrogen on NOx emissions
index for various conversion rates. The emissions indices of figures 16 and
18 can be combimed additively aod used to approximate maximum allowable
fuel-bound nitrogen for a given gas turbine combustor and vehicle fuel
economy. For example, if it is assumed that a variable-geometry, premixed-
prevaporized combustor can keep the average equivalence ratio at about (.4,
then figure 16 shows that the NO, emissions index for mo fuel-bound nitro—
gen will be sbour 1.5. This leaves an emissions index limit of 1.3 (2.8 -
1.5) for fuel~bound nitrogen. Lf further assumptions are a 20-mpg vehicle
fuel economy and a conversiom rate of 50 percent, then figure 18 shows that
the maximum allowable amount of fuel—bound nitrogen for an emissions index
of 1.3 is about 0.08 percent by weight. By the same reasoning, catalytic
and surface ccmbustors would allow about 0.17 percent fuel-bound nitrogen by
weight for the 20-mpg Vehicle. I1f the vehicle fuel economy is 40 mpg
instezd of 20 mpg, the corresponding NO, emissions index limit is 5.6 g
NO,/kg fuel. The maximum allowable fuel-bound mitrogen would be 0.25 per-
cent by weight for the leam, premixed combustor and about 0.32 percent for
the catalytic combustor.
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The allowable fuel-bound nitrogen for a Stirling engine depends on the
amount of EGR or CGR. As the amount of EGR increases beyond 55 percent, the
allowable fuel-bound nitrogen also increases. '

Effect of Impurities

Sulfur and sulfnr compounds in the fuel will also lead to enmgine prob-
lems (refs. 15 and 24). Besides adding to emissions the sulfur forms some
compounds (fluxes) that have melting points in the gas turbime and Stirling
operating range and some compounds (acids) chat have dewpoints in the -
operating raoge of the Stirling engine air preheater. These compounds can
cause severe corrosion of the metal turbine blading and the Stirling engine
metal heater head and metal air preheater. Total sulfur should be limited
in the fuel to about 0.5 percent, and mezcaptan sulfur (organic compounds of
the form RSH) to 0.003 percent by weight (refs. 15 and 24).

Vanadium, sodium, and porassium, if present in certain quancities,: can
all form compounds during combustion that cause corrosiom (refs. 15 and 24)
of weld joincs. These elements should also be of limited comcentration in
the fuel. Adding magnesium to the fuel can minimize the effect of vana-
divm. However, if lead is also present in the fuel, it will mot only hinder
the effect of magnesium, but also cause corrosion of weld joints. Table 1LV
gives the ASTM D2880-78 recommendation for trace metal limits in the fuel,

It is also important that the fuel have s low gum content. Gum causes
varnishlike deposits to form in the fuel system. The presence of sulfur and
nitrogen in the fuel has a2 significant influence on gum formation
(ref. 25). A liwmit that is typically imposed on aviation turbine fuels is
an existing gum conteat of 7 mg/100 milliliters of fuel (refs. 15 and 24).

Ash is also to be avoided in automotive altermative engine fuels. ash,
the noncembustible portion of the fuel, can take the form of solid particles
or metallic compounds that are dissolved in the fuel or in sny water chat
has become mixed with the fuel. The particles ¢an cause wear and plugging
of the fuel system, and the metallic compounds (typically those previously
described) can cause corrosion of engine components (refs. 15 and 24). The
ASTM D2880-78 recommended limitation for ash comtent in gas turbine fuel
oils is 0.0l percent by weight.

The composition of the fuel must also be acceptable for use with ad-.
vanced cersmics. Parts of the combustors, regenerators, and first turbine
stages of the advenced automotive gas turbine engines will be made of
ceramics. Impurities in the fuel may corrode these parts. However, silicon
carbide and silicon nitride, which are the most promising ceramics struc-
turglly, do not appear to be sigmificantly asffected by sulfur and trace
metal content in the fuel under simulated gas turbine operating conditions
(ref. 26). Therefore the use of these ceramics will probably impose no
#dditional restrictions on fuel content. .

Because of the great change in temperature as the combustion products
pass through the turbine engine regenerator or Stirling epgine air pre~
heater, corrosive compounds may condense and attack the matrix material.
This will be of concern in specifying limitations on fuel impurities. For
example, recent experience with lithium aiuminum silicate (LAS) regenera=-
tors shows a great semsitivity to chemical atrack from sodium and sulfur
{refs., 27 and 28),

Sulfur in the fuel causes oxides of sulfur to form during the combus—
tion process. Some of these oxides form sulfuric acid and attack the re-
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generator surface. The lithium ions in the LAS material are leached by the
sulfuric acid, causing the thermal expansion characteristics of the re-
generator material to change. Thermal stresses build up and eventually the
regenerator fziles as cracks formm (refs. 27 and 28).

Sulfuric acid presents a similar problem in the Stirling engine air
preheater, which is typically made of stainless stesl. The sulfuriec acid
causes corrosion particularly in the areas near welds and also precludes use
of less costly alloys.

Sodium oxide, which results from contaminated fuel or road salt being
ingested by the engine, attacks the hot side of the LAS regenerator. The
thermal expansion characteristics change as with the sulfurie acid atiack,
but failure of the regenerator happens faster (refs. 27 and 28).

advanced ceramic regemerator materials are being developed to minimize
this problem. The chemical attack described above can be avoided by leach—
ing the LAS regenerator in sulfuric acid to remove the lithim ions prior to
assembly in the engines. Another advanced material is magpesium aluminum
silicate (MAS), which is also highly resistant to chemical attack. However,
the maximum allowables for fuel impurities for these regenerator wmaterials
have not yet been determined (refs. 27 and 28).

Transport Characteristics

Although most of the thermodynamic and transport properties of potem
tial alternative enmgine fuels are noncritical, density, boiling range, and
viscosity can be indications of some other important combustion characteris-
ties (refs. 15 and 24). 1n generzl for transportation fuels, more dense
fuels produce more luminous and radiant flames because of their low hydrogen
content. Lf the boiling range of a fuel extends to relatively low tempera-—
tures, there is a volatile comstituent of the fuel that will aid starting
during cold weather. A high viscosity will hinder the fuel pumping and
atomization necessary for clean combustion. It will therefore be necessary
to limit the fuel viscosity to about 10 centistokes (ref. 24) at the coldest
ambient temperature that the automobile will operate at. This limit was
selected in an attempt to assure fuel atomization. This could allow the use
of a more Viscous fuel during warm weather but require a less viscous fuel
during cold weather. Figure 19 shows the relation betweszn temperature and
kinematic viscosity for some typical petroleumbased fuels. Based on the
10-centistoke limit, a fuel similar zo number 2 fuel oil should be adequate
for warm climates, and number 1 fuel oil should be adequate for all seasons.

Boiling range is important because the final boiling point is related
to the viscosity and freezimg point of liquid fuels (zef. 19). " Figure 20
shows the boiling range of various petroleum products. Number 2 fuel oil,
which has a high but marginally acceptable viscosity, has a final boiling
point of about 345° C. Also, as figure 21 shows, a high final boiling point
also gives a high freezing point. As the fuel approaches the freezing
point, waxlike particles begin to build up in the fuel system. Based on
figures 19 to 21, it is apparent that a wide-boilimg-range petroleum fuel
with a final boiling peint of about 370° C or less is likely to satisfy vis-
cosity and freezing point requirements for automotive fuels.
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TYPES OF ALTERNATIVE FUELS

A gas turbine engine or Stirling engive can use a relatively wide
variety of fvels because the performance of the engine is independent of
many of the fuel characteristics that conventional piston engines require.
The imporrant facrors rhat must be considered when choosing a fuel are

(1) Availabiliry

(2) Cost

{3) Energy efficiency

{4) Volume and weight

(5) safety

(6) Combustion characteristics, including emissions

{7) Compatibilicvy with maveriais that could be used in mass-produced

engines
The candidate fuels wmay be liquid or gaseous, petroleum or nomnpetroleum,
natural or synthetic, hydrocarbon or noohydrocarbon. However, the fuel must
be safely packaged for a small wvehicle, and the fuel and fuel system must be
light enough so that the vehicle rolling resistance and inertia are within
reasonable limits. Also, there may be certain constituents of 2 fuel that
will cause corrosion or emissions problems.

The use of alternative fuels for automobiles c.ould help ease this
country’s dependence on petroleum. The use of broader cuts of petroleum
fuels will increase liquid fuel yields. Also, the use of non-perroleum—
based fuels from oil shale, coal, or biomass could stretch and eventually
replace petrolemm—derived fuels. The automotive gas turbine and Stirling
engine can be made to readily accept alternative fuels.,

The ability of altermative engine combustors to accept low=hydrogen-
content fuels is a key economic issue for the use of alternative fuels from
coal 2nd shale oil. 1t is expensive to hydrotreat synthetic oils to in-
crease hydrogen content. Figure 22 (ref. 19) shows the relative hydrogen
content of crude oils. It is apparent that coazl especizlly needs a great
deal of hydrotreating. Figure 23 (ref. 29) shows that the cost of hydrogen
needed to transform coal into a barrel of oil that has a hydrogem-carbon
ratio of 2 (14.3 percent H) would be about $30 at 1980 prices, whereas to
achieve a barrel of coal-derived synthetic oil with a hydrogen~carbon ratio
of only 1.5 (11 percent B) would cost only about $13 per barrel. Therefore,
if a conventional engine required a2 fuel with an B/C ratio of 2 and a gas
turbine or Stirling emgine could use a fuel with an B/C ratio as low as 1.5,
the fuel cost could be reduced by $17 per barrel by using the alternative
engine.

In 1976, Chrysler built an altermative fuels demonstrat:.on rig as a
part of the Baseline Gas Turbine Development program (for ERDA, now DOE)
(refs. 30 and 31). It consisted of six safecry cans of fuel sl:rapped to the
front bumpex of 2 gas turbine automobile with diesel number 1 in the veh:.cle
fuel taok, waking a total of seven ;uels.

(1) Diesel number 1

(2) Nonleaded gasoline

(3) A relatively broad-cut distillate {boiling range 40° to 230° C)

simiiar to JP3 or JP4

(4) An unrefined, low-hydrogen, high~ash, coal-derived fuel

(5) Echanol

(6) 60/40 Diesel/isopropenol

(7) 60/40 Gasoline/methanol

i1




The fuels were dyed different colors and were valved through a clear plastic
frel line for visualization.

The demonstrations were at idle, switching between fuels with the eu-
gine running. The demonstrations showed that at idle the automotive gas
turbine could switch between radically different fuels with no modificatioms
at all and no apparent changes in performance. However, Chrysler notes that
for oprimum transient cperation and exhaust emissions, the engine's combus—
tor, fuel system, and control system would requize adjustment for each fuel.

Chrysler also found that the unrefined coal liquid (which was derived
from pyrolysis with no hydrotreating) was & pooT fuel (ref. 31). This is
not surprising considering the information listed in the section om fuel
properties of this report and the composition of the fuel given below:

Carbon, percent . « « « =« = » = = =« = = = » o

H.ydragen,Percent.--t--.-------o.o---.o---. 8.4
Ni'.;rogen,percent.....-.-....--.........-.. 1.1
OXygen, PEICent . « - « = = » s = » s = & + & o 2 = = & s 2 8 ¢ oo« 0.4
Sulfur, PETCENE . & o = = = = » = a = = » = & =+ = » s s & & & o = ¢ o 7.1

They concluded that this fuel required more refinement and that the liquids
made for catalytiec hydroliquifaction of coal would be more suitable.

It is important to note, however, that mors advanced automotive gas
turbine engines should be more tolerant to less refined fuels than the
engines and combustors that were used inm Chrysler's demonstration. It is
likely that variable—geomelry, premixed-prevaporized combustors and cataly~
tic combustors will be able to take relatively low-hydrogen—content fuel and
that advanced ceramics will be able to accept relatively high sulfur and
other impurities. However, emissions consideration will dictate the degree
of processing required to achieve low nitrogen and sulfur contents. Also,
high ash content will still cause harmful deposits. -

Multifuel demonstrations have been performed by United Stirling with a
Stirling-powered Opal autcmobile on several occasions, bur performance and
emissions data have not been published.

Researchers at the Bartlesville Emergy Research Center tested a2 single~
cylinder nonautomotive Stirling emgine to compare synthetic gasoline having
an octane rating in the low 70's and a referemce 84 octame gasoline
(ref. 32). The results showed no significant difference between the two
fuels in fuel consumption or exhaust emissions at a given engine settimg.

Petroleum Derivatives

Petroleum supplies for tramsportation could be extended by several per-
.cent if broad-cut fuels were produced aleng with gasoline and diesel fuel.
A broad—cut fuel is typically defined as a product of primary distillation
that has & wide boiling range (finsl boiling poimt about 350° C) and no
octane or cetane rating. Producing broad-cut fuels requires less energy
than producing gasoline and diesel fusl. Maximizing the yield of broad-cut
and/or diesel fuel increases the total liquid yield. It is a goal that
automotive gas turbine, Stirling, and direct-injected, stratified-charge
piston engines readily accept broad-cut fuels.

In a study of the refining industry (mwentioned in ref. 33) for the
Department of Transportation, Bonner and Moore Consultants considered ways
of maximizing diesel fuel production. They concluded that increasing diesel
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fuel production increases refinery efficiemcy if the amount of diesel fuel
produced does mot exceed 30 percent of the light-duty :ransporta=1on fuels.
They also concluded that refinery efficiency could be increased even further
if broad-cut fuel was produced along with the gasoline and diesel fuel. For
a 10/70/20 split of gasoline/diesel/broad=-cur fuel, a supply of petroleum
crude could be extended by 3.5 percent, raising the refinery efficiency to
about 95 percent.

Texaco conducted another study that showed the benefits of producing
diesel and broad—cut fuels over gasoline {ref. 34). They considered four
cases that would produce a differemt mix of transportation fuels. For all
four cases, refimery cutput of all other petroleum products was held the
same as for the base case, which represented the 0.S8. refimery iundustry in
1972, The four cases are defined in table V. Table VI summarizes the yield
of transportation fuels and energy needed to operate the refinery for each
of the four cases. Lt shows that case D, which prcduces mostly broad-cut
and some diesel fuel, would give a significantly better refimery output over
case A (the base case). The benefits would be a ZS—percent reduction in
energy needed at the refivmery and am almost 3-percent increase in the yield
of transportation fuels.

Coal Derivatives

The depletion of domestic petroleum resources and the desire for U.S.
energy self-sufficiency have enhamced the technological and economic attrac—
tiveness of coal liquifaction. Because of this, some advanced processes for
large-scale commercial coal liquifaction are presently under development in
the United States. These processes are improvements over the methods used
by Gemmany during World War Il to make transportation fuel from cozl. The
thermal efficiencies of these new processes are 60 to 70 percent (refs. 35
and 36), but despite good technological progress the economic incentives are
still lacking.

Without extensive hydrotreatzng, coal liquid: are low in hydrogen con=
tent. Therefore the unrefined ceoal liquids have likely applzcat1ons in
boilers and heavy-duty gas turbines where residual fuel oils can be used.
However, with the added cost of hydrorreating (shown in fig. 23), transpor-
tation fuels cao be produced from cxrude coal liquids.

The problem of coal liquifaction has been approached by several differ—

ent methods. These methods vary in liquid yield and thermal efficiency.
These processes are discussed briefly here, but more detailed summaries are
given in references 36 to 38. In the Pischer-Tropsch process the coal is
first gasified to form synthesis gas (Hp and CD), which is then de-
sulfurized and catalytically reacted to form & mixture of liquid hydto~
carbons. This process was used by Germany during World War 1l and is pre-
sently used in a commercial plant ir Sasolburg, South Africa, that produces
2000 barrels of gasoline per day. The process has a relatively low thermal
-efficiency. (40 te 45 percent) as compared with the more advanced processes
that are still under development. However, an advantage to this process is
that it allows in-situ gasification of the cozl. Also, & very similar pro—
cess can be used to make methanol.

Most modern processes under development use direct hydrogenation of the
coal to produce hydrocarbon liquids. The cosl is pulverzzed and mixed with
2 solvent that can be obzained as a byproduct later on in the process. The
slurry is mixed with hydrogen and fed into a reactor vessel at temperatures
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greater than 430° C and at extreme pressures. Particulate matter must be
removed and a significant portion of the coal must be used for the genera—
tion of the hydrogen used in the process, but the thermal efficiency of fwel
oil by this type of process will be 60 to 70 percemt. Gulf Solvemnt Refimed
Coal (SBRC), Exxon Donor Solvent (EDS), and Hydrocarbon Research, Inc. (HR1}
H-Coal are candidate processes for coal liquifaction.

Table VII compares petrcleum crude o0il to H-Coal and SRC. The H=Coal,
which is produced by catalytic hydroliquifactionm, is puch lighter than the
SRC, which is produced by a noncatalytic process. Also, more broad—cut
fuels (100° to 650° F boiling range) can be produced from 2 given supply of
H-Coal syncrude than from both SRC and pecroleum crude oil. The cost of
coal-derived syncrude has been estimated to be between €20 and $30 per bar-
rel for compercial scale plants (zTef. 36).

Another problem is with impurities, such as trace—metal, and mitrogen
contents in the crude oils. Trace-metal comtent, which is of major concern .
to the life expectancy of metal components, will vary with the origin and
processing of the coal and will be a problem with certain coal products.
Excessive nitrogen content, typically encountered in coal~derived crude
oils, will cause problems with meeting vehicular emissions requirements.
Figure 24 (ref. 38) shows that the heavier fractions (lower API gravity) of
synthetic crude oils tead to have low hydrogen content. Figure 25 shows
that the fractions that have low hydrogen content also tend to have exces—
sive nitrogen content. Figure 26 shows how the heat of combustion for these
fuels varies with hydrogea content. The data peoiats in figures 24 to 26
represent various fracrioas of synthetic crudes derived from different pro—
cesses. These problems can of course be alleviated by refining the coal-
derived crude oils.

0il Shale Derivatives

Western oil shale in Colorado, Wyoming, and Utah can potentially supply
hundreds of billions of barrels of shale oil. Production of oil from oil
shale will probably be more ecomomical than coal liquifaction. However,
there are important envircmmental, economic, and political problems that
come with establishing a major industry in an unpopulated, very dry region.
These problems will require careful solution. Hore detailed coverage of the
topic of shale oil is given in references 37, 39, and 40.

0il shale is really a base material of marlstome containing an orgamic
solid called kerogen. The oil shale contains about 14 percent kerogen by
weight and, upon pyrolysis, may yield 25 to 40 gallons of shele oil per tom
(ref. 39). The shale is heated to over 900° F so that pyrolysis of the
kerogen will produce hydrocarbon compounds that can be condensed into
liquids. )

The present method of obtaining shale oil is to mine the oil shale,
crush it, and thenm transport it to the retort facility for processing.
Sinee so much shale is required to produce 2 barrel of oil, this activity
involves the rearrangement of a great deal of landscape. The spent oil
shale occupies 10 to 30 percent more volume than it did before it was
mined. Disposal of the spent oil shale becomes a very significant problem
because it requires large quantities of water from & generally arid area.
Efforts are under way to reduce the water required in the process and to
minimize the effects on the ecology.
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When the retorting is accomplished in the ground, it is known as an
in-situ process. The o0il shale formation is first made permeable by
drilling and causing horizontal faults by explosion, hydraulic fracturing,
or lesching. A fire is started or hot gases are then circulated within the
formation in order to decompose the kerogen and form hydrocarbon £luids that
can be collected. This has advantages siuce most of the oil shale pever .-
Jeaves the ground, greatly lessening the envizommental impact and making the
operation more economical inm principle. However, the yield of hydrocarbem
liquids is not nearly as great.

Crude shale oils are highly uwnsaturated and high in ash, nitrogen, sul-
fur, and trace elements. This and the high viscosity of cthe shale oil msake
it difficult to transport by pipelime. These problems can be alleviated by
mild hydrotreating of the crude shale oil.

The properties and compasition of shale oil differ with loecation and
process. Table VILI (ref. 41) shows the elemental analysis for dry shale
oil from different locations. The nitrogen and sulfur contents of the oil
vary greatly with location, and the carbom-hydrogen ratio is rypically about
7. Table IX shows the properties of distillates from the Paraho 0il Shale
project in Apnvil Poiats, Colorado. These can be compared with values in
table X, which shows some of the properties of Occidental skale oil produced
from an in-situ process. The properties vary sigunificantly. The distil~-
lates produced from the in—-situ process are lower in nitrogen and sulfur.
Also, only 28 percent of the Paraho distillates fall in the 100° to 630° F
boiling range that is considered switable for broad-cut fuels, but 46 per—
cent of the distillates from the in—asitu process fall ieto that category.
The heavy o0ils would require further processing in ovder to make them less
viscous and suitable for automotive applications.

Alcchol Fuels

Alcohols have potential for extending petroleum supplies significantly
by substitution for and bleading with petroleum fuels. The industry for
producing alcohol fuels is already developing, and therefore the ability to
use alcohols is an important advantage for advanced engines. Certain
Governmental incentives are also helping to encourage rapid growth of the
alcohol fuels industry (ref. 42).

The alcohols that are being considered for automotive fuels are pri-
marily methapcl and ethanol. Methanol will come mainly from liquifaction of
synthesis gas from coal, as described in an earlier sectiom of this reporxt.
The synthesis gas can also come from gasifying bicmass and organic refuse
and waste. Ethanol will come primarily from yeast fermentation of certain
agricultural and food byproducts that contain carbohydrates. Research is
also being conducted in cellulose conversion to fermentable products.
Therefore ethanol can come from renewable resources, since the photo—
synthesis that produces the raw materials uses sunlight and recycles the
carbon dioxide in the atmosphere. Much more information onm the use and pro—
duction of alcohol fuels is contained in references 37 and 42 to 45.

Alcohols are good gas turbine and Stirling engine fuels and have the
advantsge of being nonpetroleum and clean-burning fuels, Lower NO, emis-
sions result from aleohol's significantly lower flame temperatures as com—
pared with gasoline and diesel fuel. Aalso, they can be blended with other
fuels to streteh a given fuel supply. ‘



Bowever, there are some disadvantages to using alcohols as altecnative
engine fuels. Since alcchols are infinitely soluble in water, they are also
susceptible to contamination by salts that may be dissolved in the water.
This can cause severe corrosion problems within the gas turbine and stirling
engines themselves and the fuel systems. Other disadvantages are their
relatively low heating value and chemical attack upon certain materials
(refs. 46 and 47). Because of the lower heating value, fuel systems must be
designed for higher volumes and flow rates. This may make it impossible to
use alcohols and petroleum-like fuels interchangeably without modifying the
fuel system when switching between one and the other. Corrosion problems
are encountered with low—carbon steel, aluminum, brass, zinc, and magnesium,
and therefore these metals should not be used in the fuel systems. aAlcohols
are also strong solvents that can soften and swell certain types of plastics
and rubbers. Thus a disadvantage of alcohol fuels is that the fuel systems
must be designed specifically for alcohols.

Blends of alcohals and broad-cut hydrocarbon fuels may be an excellent
option. Since the blend would have 2 heating value closer to that of the
broad-cut fuel, modifications of the fuel system when changing fuel may not
be necessary. The potential problems of corrosion and salt contamination
would not be as great for blends as for straight alcohols. Bowever, when a
certain amount of water is introduced into these alcohol-hydrccarbon fuel
biends, there is a phase separation. The water tolerance of & blend can be
enhanced by the addition of certain stabilizers and aromatics to the fuel.
Tables XI and XI1 indicate the relation between water tolerance, aromatic
content, stabilizers in methanol-gasoline blends. The haze point shown in
tables XI and XI1 is the point at which phase separatiom occurs. Figure 27
shows the relation between water tolersnce, blend ratio, and temperature for
ethanol-gasoline wixtures. A comparison of this figure with tables X1 and
X1I shows that ethanol-gasoline blends tolerate much more water than '
methanol-gasoline blends if no stabilizers are used.

Tests of gas turbine and Stirling engines using methanol fuel show no
decrement in performance when switching from diesel fuel or gasoline to
methanol. Reports show both a significant reduction in NOy emissions
because of a lower flame temperature and an increase in CO (refs. 44 and
48). However, increasing the atomization of the fuel in a diffusion flame
combustor can help greatly to reduce the carbon monoxide emissions (ref. 48).

In summary, the major disadvantages to using straight alcohols as a
fuel are the low heat of combustion and the danger of contamination by salts
dissolved in water. Also, alcohol fuel blends must be kept relatively dry
to prevent phase separation.

Bydrogen Fuel

The.use of hydrogen as a fuel is a long-range concept that is presently
under investigetion (ref. 49). Hydrogen may become an important fuel for
many applications because it can be safely stored as wetal hydrides and pro-
duces a very clean flame. Hydrogen-can be produced by the electrolysis of
water or can be made from a catalytic process that uses coal and steam to
produce hydrogen and carbon oxides. The large amounts of electric power
required for eleccrolysis would conceivably come from nuclear powerplants,
perhaps fusion plants, or from g combination of renewable energy resources
(solar, wind, ocean, and biomass). It is 1ikely that the use of hydrogen
can become an effective method of replacing and extending natural gas sup—
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plies. More information on the production and use of hydrogen cam be found
in reference 49.

However, the use of hydrogen as a vehicular fuel, particularly for
automotive gas turbine and Stirling engines, poses some special problems.
The main problem involves the volume and weight of the hydrogen storage sys—
tems (refs. SO and 51). Hydrogen can be stored as a compressed gas, cryo—
genically as a liquid, as a metal hydride, or in liquid chemical compounds.
Storing the hydrogen as a compressed gas on a vehicle is dangerous, and the
idea is gererally not considered. Liquefying and storiog the hydrogen cryo-
genically requires a significant amount of epergy and results in loss due to
boiloff. Safery is a coucern, &lso. Storing the hydrogen as a metal hy-
dride is relatively safe, compact, and efficient, but there is a vehicle
weight penalty of at least several hundred pounds. The most promising wmetal
hydride based on fuel storage weight, magnesium hydride, requires dissocia-
tion temperatures that are typically greater than the exhaust temperatures
of zutomotive gas turbine or Stirling engines, especially at part power.
This means that the dissociatioen would probably require the use of more
fuel. Storing the hydrogen in liquid compounds would result in less weight
penalty than with metzl hydride storage, bdut it takes a significant smount
of energy to reform the hydrogen. Storage in liquid cempounds is also
iliogical for gas turbine or Stirling vehicles because the hydrogen-
concaining compounds used to store the hydrogen would usually make excellent
fuels themselves. Table X111, taken from reference 50, suumarizes a com
parison of different hydrogen storage methods.

Bydrogen is & very clean fuel. It produces no hydrocarboms, carbon
monoxide, smoke, or sulfur dioxide. Nirrogen oxides and harmless water
vapor are the only combustion products. Nitrogem oxides can be very low for
hydrogen~air flames, depending on the combustor design.

The key to producing minimum NOy levels in a hydrogen continuous—
combustion system is a lean, thoroughly premixed flame (ref. 52). The lean
flammability limit for hydrogen and air occurs at a flame temperature of
about 1200 K as compared with sbout 1800 R for hydrocarbon fuels at advanced
automotive gas turbine combustor inlet temperatures. This large reduction
in flame temperature can reduce RO, emissions by more than an order of
magnitude. Since the range of turbine inlet temperature in the advanced
engines will be below 1650 K, it should be possible to eliminate the need
for adding secondary air within the combustors.

However, combustion of 2 nonhomogeneous mixture causes hot regioms, and
this can negate the beneficial effect of an overall lean hydrogep—air mix—
ture. Also, a hydrogen flame is difficult to stabilize because the flame
speed is almost seven times faster than the flame speed for hydrocarbon
fuels. A premixed hydrogen flame is prone to flashback into rhe non—
homogeneous premixed regiom, causing high ROy emissions and burmout prob-
lems., Prevention of this problem may require a pressure drop within the
combustor, and this is impraectical,

As discussed earlier, the automotive Stirliig engine uses EGR or CGR to
control NO.. For a given equivaleance ratio, hydrogenm burns with a higher
flame temperature than conventional hydrocarbon fuels. Thus additionzl
EGR/CGR flow will be required to maintain low NO, emissions. Beat trans-
fer requirements dicrate that the combustion temperature be higher for the
gutcmotive Stirling engine than for the advanced automotive gzs turbine.

The maximum Stirling engine combustion temperature is typically 22753 K.
When conventional hydrocarbon fuels are used in the Stirliug engine, a sub~
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stantial portion of the heat transfer to the heater head is by radiation.
The low radiation of the hydrogen flame will necessitate a higher flame tem-
perature or greacter heat transfer area to achieve the required heat trans—
fer. Therefore NO, emissions may be difficult to control.

FUTURE RESEARCH EFFORTS AT LEWLS

Although it is certain that advanced automotive gas turbine and
stirling engines will be able to accept a wide variety of fuels, the extent
is still to be determined. Key unanswered questions are

(1) what is the allowable range of fuel composition (i.e., H/C ratio,
aromatics naphthalenes, for different combustor and fuel system types?

(2) Will 2 low heating value fuel (such as methanol) affect the tran—
sient performance of an engine whose turbomachinery and fuel system were
matehed for a fuel with twice the heating value?

(3) What effect will the introduction of ceramic components have on the
engine's tolerance to fuel impurities? -

(4) What problems will be encountered with low-temperature starts?
These are important questions because the answers will strongly affect fuel
cost, the efficiency of fuel producrion, and the ability of an automotive
alternative engine to adapt to different fuels. These questiops will be
studied at NASA Lewis for both the automotive gas turbine and Stirling en—
gines in steady-state and transient engine test facilities. Both types of
facilities will handle a large number of engime performauce parameters, and
the transient facility will alsc impose speed demands on the engimes and
simulate Toad loads. Test rigs are being used to evaluate advanced combus—
tor concepts and components.

The Chrysler upgraded automotive gas turbine engine will be used for
the gas turbine studies at Lewis. The engine is a two—shafr configuration
with a fixed-geometry, premixed-prevaporized combustor. The present gas
turbine engine test plan involves steady—state resting of both high— and
low-hydrogen-content fuels and tramsient testing with werhanol. The tem~
perature at the hotrest point on the combustor will be wonitored to deter-
mine the effect of H/C ratio on radiant heating. For the tramsient rests,
engine response time and compressor surge margin will also be studied to
determine if the engine can readily accept both high- and low-heating-value
fuels for road~cycle types of conditioms.

The initial alternative fuels studies with the Stirling emgire will be
done with the United Stirling P~40 engine. This engine has a two—crank-
shaft, U~configuration with s stationary stainless—steel air preheater.

The automotive Stirling engine test plan will involve steady-state and
transient engine testing with both high~ and low-hydrogen-content fuels and
wirh alcchols. Exhaust emissions will be studied to determime the effect of
B/C ratio and to evaluate combustor performance. The effects of molecular
bonded nitrogen atoms, sulfur, and vanadium will be evaluated, along with
the effects of unsaturated chemical structure. Transient tests will be dope
to study engine control response and emissions effects with various fuels
for road cycle types of conditions.

It is hoped that these studies will help to pin down the acceptable
ranges of requirements for good automotive alternative engine fuels. On the
basis of the literature summarized in this report, a first cut csn be taken
to identify the fuel requirements. Table XIV summarizes these requirements.
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CORCLUSIONS

A wide variety of fuels are adaptable ro gas turbine and Stirliang en-
gines but must sarisfy certain requirements to insyre proper operation,
maintain engine life, and help satisfy emissions standards. These require-
ments depend on fuel system and coxbustor desigen and rthe materials that make
up the path of the combustion products. Because of the types of combustors
and engine materials being developed for use in advanced automotive gas tur—
bine and Stirling engines, it is likely that & much greater tolerance to
alternative fuels will be realized than in present-day engines. Advanced
combustors will allow the use of relarively low-hydrogen-content and broad-
cut synthetic amd petroleum fuels. This has been demonstrated with advanced
aircraft combustors. Introduction of ceramics into the hot gas path will
not only allow a hotter, more efficient thermodynamic cvele, but may also
greatly decrease the engine's semsitivity to impurities in the fuel. These
advantages would help to minimize the extent of costly hydrorreating and ‘
additional processing of synthetic fuels.

Although it is certain that advanced automotive gas turbine and
Stirling engines will be able to accept a wide variety of alternmative fuels,
the extent of their adaptability is still to be determined. Key unanswered
questions are :

(1) What is the allowable range of hydrogen—carbon ratio for different
combustor types?

{2) How does a wide ramge of fuel heating values affect engine perfor—
mance under the highly transient demands of an automobile?

(3) To what extent will the introduction of ceramic cmponents alter
the engine's tolerance to fuel impurities?.

(4) What problems will be encountered with low-temperature starts?
These are the questions that should be addressed by component znd engine
Tesearch activities. The answers will affect fuel cost, the efficiency of
fuel production, and the ability of advanced automotive gas turbine and
Stirling engines to adapt to different fuels.
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