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FOREWORD

Technological opportunities for improving the performance of vehicle
power plants have increased over the last few years to the point that competi-
tion for research and development (R&D) funds required to see each of these
opportunities to fruition presents a serious planning problem. A rational anal-
ysis of the technological opportunities for the Army’s vehicles in terms of op-
erational use and force planning is fundamental to thorough planning for the
effective use of limited R&D funds. The use of vehicles in support of ground
combat is functionally complex and is not understood sufficiently well to allow
technological improvements !o be related comprehensively and explicitly to
the effectiveness of vehicles in support of combat. This difficulty is propa-
gated into the further problem of distinguishing between the effectiveness of
different aggregated mixes of ground vehicles, some technologically advanced
and others conservatively engineered, as a basis for force planning.

Much-needed progress toward a practical but thorotgh and systematic
foundation for R&D programs and force planning for vehicles must come from
analysis of the functional performance of vehicles in ground-combat missions
and accompanying analyses of the relation of this functional performance to
engineering characteristics. At the same time such analyses should be sup-
ported by a comprehensive survey and technical evaluation of technological
advances toward the improved engineering of Army vehicles. The present re-
port provides a survey and technical evaluation, independent of Army and in-
dustry viewpoints, of technological opportunities for engines and transmissions
for Army ground vehicles operating in the period 1975-1985. Many of these
opportunities have evolved in an ad hoc manner in response both to the mili-
tary and to the civilian markets. The evaluaiion was made with respect to
engineeringz characteristics and production feasibj* ' r.

The stvdy was conducted at RAC in 1966 by a group of vehicle engineering
specialists witi: industrial experience specifically related to the design, test,
and manufacture of ground vehicles. The material provided in the report
should contribute to future more complete evaluation of vehicle R&Dprograms
using terms of reference that should be formulated from cperational and force
planning considerations.

Clive G. Whittenbury
Head, Science and Eugineering Department
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Problem

To identify those energy- and power-conversion devices that, if devel-
oped and made available, have the greatest potential for advancing the state of
the art of tactical vehicles iielded inthe 1975-1980 and 1980-1985 time frames,
thus providing a base from which priorities for energy- and power-conversion-
device de.e¢inpment can be established.

Facts

This study was performed for,and at the request of, the Chief of Research
and Developmeat, Department of the Army, by RAC.

The results of this study are intended to assist the US Army in selecting
those programs for research and development (R&D) that appear to offer the
greatest return for investment. Although analysis and discussion of compo-
nents and systems include those envisioned as feasible wiithin a broad time
frame, only devices available for application in vehicles to be ficlded in the
1975-1980 and 1980-1985 time irames are emphasized in this document.

Need for the Study

The need for this study was predicated on the fact that the Department of
the Army needs up-to-date circumspect guidelinesin order to establish priori-
ties for energy- and power-conversion devices required for tactical vehicles
for the 1975-1980 and the 1980-1985 time irames. The most recent related
study on vehicle power systems was completed in 1956 and is not appropriate
for application to the time frames cited.

Vehicle improvem<nt cannot be accomplished without the continued de-
velopment of energy- and power-conversion rievices well in advance of vehicle
development. Past experience has shown that on the averag? 5 years are re-
quired to develop a new energy- or power-conversion device and that a2n addi-
tional 5 years are then req:uired to develop a new vehicle.

The study is based on the premise that superior or improved vehicles
can be developed if technological advances are obtained in ene: gy- and power-
conversion devices. The criteria considered as contributing most to the tech-
nical advancemaent of these devices are:

(a) Reduction in size

(b) Reduction in weight
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(c) Increased performance

(d) Increased reliability and decreased maintenance
(e) Reduced initial cost

(1) Reduced operating cost

(g) Compatibility with US Army fuel policy

(h) Vehicle design flexibility

(1) Industry’s mobilization capacity

(j) Reduction of proprietary components

Discussion

Assumptions

The study was based on the following assumptions:

(a) The US Army intends to develop energy- and power-conversion de-
vices and supporting components for tactical vehicles. The devices and com-
ponents designed for military application cannot be obtained on the commercial
market.

(b) Energy- and power-conversion systems applicable to aircraft or to
stationary equipment are excluded from this study unless information about
them is pertinent and has direct applicability to tactical vehicles.

(c) Statements by industrywill be accepted only if supported by test data
or if the concepts are deemed feasible.

Data Sources

Up-to-date information onenergy- and power-conversion devices, related
components, and systems has been sought from cognizant and concerned per-
sonnel in Federal agencies, the military, industry, and academic and industrial
research institutions. Literature socurces have included papers published by
professional societies and organizations, commercial books, periodicals, Gov-
ernment and industrially sponsored technical reports, and related industrial
pamphlets and brochures.

Aggroach

From the sources given, data on present energy- and power-conversjon
devices, related systems, and components were obtained and analyzed. The
analysis was performed to assess the status of present hardware technology,
present R&D programs and concepts, and tnose research programs that are
anticipated.

Four types of tactical vehicles (wheeled, tracked, amphibious, and speciai-
purpose), of the horsepower and veight classes shown in the accompanying tab-
ulation, were considered in the course of this study.
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Horsepower Vehicle weight, tons
‘120 -5
120-250 5-15
250-500 15-35
500-1000 35-50

=1000 -0

The study is divided into four parts. The title and contents of each part
are as follows:

Part iI: Energy-Conversion Devices. The 14 major types of energy-
conversion devices are named, analyzed, evaluatec, and discussed.

Part II: Power-Conversion Devices. The 5 major types of power-con-
version devices are named, analyzed, evaluated, and discussed.

Part III: Applicability, Compatibiiity, and Potential Contributions :.;

Tactical Vehicles. The areas covered in this part are indicated by the title.

Part 1V: Tradeoff Analysis and Recommended Programs. The study
findings are summarized and the results of a full evaluation of accumulaied
data are reviewed and presented.

Energy-Conversion Devices Considered

Energy-conversion devices were evaluated to find those that would offer
technological advances appreciably improving the physical or performance
characteristics of tactical vehicles in the fureseeable future, The engines
studied are discussed in the following paragraphs, first those (the first nine)
that are contenders for consideration or thatoffer specific advantages and then
those judged unsuitable for use in tactical vehicles.

Spark-Ignition Reciprocating Engines. Spark-ignition engines will con-
tinue to be used in tactical vehicles in low power ranges since these engines
are relatively compact and can be procured at a reasonable cost. Development
of spark-ignitior reciprocating engines for commercial applications will con-
tinue, but the Army will require continuing R&D funding to modify these engines
for use in tactical vehicles.

Compression-Ignition Reciprocating Engines. Compression-ignition
engines will continue 'o be developed by industry in power ranges to 600 hp for
commercial application, but these engines niust be modified for use in tactical
vehicles. Industry haslim ted application for suchlightweight engines in higher
power ranges and therefore has no incentive to sponsor such development.

In order to have compression-ignition engines above 600 hp applicable to
tactical vehicles, the US Army would have to sponsor their development. Little
risk is invcived in ihe development of compressicn-ignition eagines at mcderate
specific weight and volume in power ranges above those now available.

Hybrid Engines. The hybrid engine represents a relatively new engine
concept that combines the best features of the spark-ignition and compression-
ignition reciprocating engines. The hybrid engine has the Lest poiential for
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improving the capabilities of many future vehicles and when iully developed
could be produced with the tooling and facilities now used by industry. How-
ever, full development of hybrid engines will require a lead time of from 5 to
10 years, depending on power level. and an element of risk is involved in this
development.

Gas-Turbine Engines. The gas-turbine engine will offer excellent power-
to-weight and power-to-size ratios for tactical vehicles when fully developed.
Both the development and unit cost of gas turbines wiil be relatively high, but
for vehicles that require an exceedingly hizh power output within weight and
space limitations, such as a main battle tank, the cost is warranted. Gas-
turbine engine development will require a relatively long lead time and holds
anelement of risk. However, when successfullydeveloped, gas-turbine engines
will replace compressiocn-ignition engines for use in high power ranges.

Rotary-Piston Fngines. The power output of rotary-piston engines is
high when contrasted with th=iy light weight and compactness. Their simple
construction contributes to low unit production cost. This type of engine, more 5
than any other, lends itself to a “throw-away” policy when major repairs or
overhaul become necessary. A serious problem arises from the fact that the
companies that are developing the mest promising engines hold proprietary
rights to them. The capability of industry to produce rotary-piston engines at '
a competitive cost wiil depend in large measure on the success of Governni~nt
negotiations with these companies.

Dynastar LEngines. The Dynastar engine, a reciprocating engine with
peripheral opposed pistons, offers greater compactness and lighter weight than
the more conventional reciprocating compression-ignition engines. Several
prototypes have been successfully produced. The cost of developing the Dyna-
star wili. be the same as the cost of developing the compression-ignition recip-
rocating engine. The capability of industry to preduce the Dynastar during full
mobilization would be limited because production tooling i3 not available.

Cumpcund Engines. Compound enginesare basically compression-ignition
reciprocating eagines that incorporate a power turbine driven by the ergine’s
exhaust gases, These engines have a lower fuel-consumption rate for power
output than any other engines cons!Jered. However, compound-engine deval-
opment and unit cost would be relatively high since the design of this engine is
somewhat complex. If maximum f{uel economy is of prime interest, develop-
raent of the compound engine could be warranted. The capacity of industry to
produce this engine during a period of full mobilization would be limited be-
cause of the number of gas-turbine-engine components used.

Free-Piston Engines. The free-piston engine, while offering excellent
torque characteristics, low fuel consumption, and multifuel capabilities, is
limited for use in tactical vehicles because of its high weight-to-output and
size-to-output ratios. A 1elativelylong lead time would be requira2d to produce
these engines in produvction quantities since cousiderable research is neaded
to yield an acceptable design. Further, production facilities arnd tooling are
not avajlable at present.
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'irling-Cycle Engines. The Stirling-cycle engine offers silent operation
in lo. ower ranges. The latest version of this engine incorporates a devel-
opment called the “Dineen” process. A decrease in engine weight-to-output
and size-to-output ratios is indicated, but there is doubt that the decrease will
yield ratios more favorable than those of the more conventional engines. The
unit production cost of the Stirling-cycle engine will be relatively high since
the engine is complex. Further, the density for use of the Stirling engine in
tactical vehicles 1s low. Only limited quantities of this engine could be pro-
duced during a period of full mobilization since production facilities and tool-
ing arenot available. However,the engine doesoffer silent operation, a feature
novtavailable in any other engine that has been found acceptable in other respects.

Ammonia-Fueled Engines. Because of the corrosive effect of ammonia
tuel on many metals and its harmfulness to personnel,ammonia engines would
be highly vulnerable in combat. Therefore the introduction of these engines
into the military system would immediately impose two new logistics problems.
First the total number of vehicles needed would increase since tne ammonia-
fueled vehicles could be used only under noncombat conditions. Other types of
vehicles in the same horsepower class would be required for combat condi-
tions. This requirement nullifies the advantage of a decreased hydrocarbon-
fuel transportation burden. Second an entire new line of spare parts would be
required, supply depots would have to accommodate for the issue of the new
ammonia engines,and maintenance depots would have to gear for their repair.
Further disadvantages of ammoniaengines are the need for increased mainte-
naince because of the danger of fumes and leaks, the greatly increased bulk and
weight of ammonia fuel compared to gasoline, the need for pressurized fuel
tanks, and the power loss (approximately 20 percent) that is presently experi-
enced when hydrocarbon-fueled engines are converted to ammonia operation.

Fuel Cells. It has been determined that fuel cells will remain too bulky,
heavy, and inefficient within the foreseeable future for use in tactical vehicles.
Exploratory and advanced development of this device for mobility operation
shcuid be held in abeyance until successful application is attained in staticnary
equipmeat. If fuel cells are successfully used in the future in stationary equip-
ment and if many of the present problems are resolved,R&D of these cells for
tactical vehicle ~pplications should be reconsidered.

Unique Energy-Conversion Devices. Nine unique energy-conversion de-
vices that were considered in the course of this study were determined to be
much too heavy, excessively bulky, and too inefficient for application in tacti-
cal vehicles. Development of unique devices within the foreseeable future
would not result in an energy-conversion device that weuld improve the capa-
bility of tactical vehicles.

Nuclear Reactors. Nuclear reactors will remain too bulky and too heavy
for application in tactical vehicles. Further, materials to provide efficient
shielding must be developed and a concept devised to overcome personn<! and
velicle vulnerability to radiation hazards. In addition the cost of such devices
must be substantially rceduced.
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Batteries. Batteries have application in tactical vehicles where silent
operation is mandatory but a limited operating range is acceptable. For most
tactical-vehicle operations, however, the noperating range provided by batteries
is too limited, and batteries are too bulky to be considered for such vehicles.

KGG Cycle or Kuhns Gasifier. Currently the Xuhns gasifier turbine
engine is only a concept and its application to tactical vehicles lies too far in
the future for consideration at this time. The successful development of this
device should first be achieved for use in aircraft. At that time each feasible
additional development should be considered for tactical-vehicle application.

Steam Engine. To date a concept has not been devised that would reduce
the weight and size of a steam engine below that of present-day conventional
reciprocating engines. Further consideration should not be given the steam
engine unless the development of a vehicle offering silent operation is con-
sidered more important than overall size and weight limitations, and high
torque characteristics are required at low power output.

Power-Conversion Devices Considered

Mechanical Power-Conversion Devices. Mechanical power-conversion
devices have been used with success for many years in tactical as well as
commercial wheeled and tracked vehicles. Today most mechanical power-
conversion devices have outlived their usefulness for tactical-vehicle appli-
cation. An exception is the synchromesh device, which will continue to have
military application in low-powered vehicles with less than 120 hp. Industry
is continually improving synchromesh power-conversion devices in various
horsepower ranges. The Government could therefore make use of those com-
mercially available units that fall within the applicable military power ranges
by modifying these units to meet specific tactical-vehicle requirements.

The belt drive is another mechanical power-conversion device that has
been investigated. This device can be produced at a low unit cost and would
provide ease of operation at relatively slow speeds. Belt-irive units are used
in commercial vehicles but have not as yet been proved acceptable for use in
tactical vehicles. However, they appear to have potential for successfui ap-
plication in some types of small tactical vehicles with power ranges up to £0hp.

Hydrokinetic Transmissions and Power Trains. Hydramatic* and Torg-
matic* power-conversion devices arewidely used for commercial application.
They have also been employed in the past for installation in cert.in tactical
vehicles. However, only the Torgmatic devices have remained in the system,
and their use is also restricted to relatively few kinds of tactical vehicles.
Torque-converter pl: netary-gear power-conversion devices are successfully
used in both tactical wheeled and tracked vehicles. They provide vehicles with
performance capabilities superior to those acaieved with other hydrokinetic

*“Hydramatic* and “Torgmatic” are trade namee of General Motors Corporation
(GMC) transmissions.
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devices of earlier design. They are available in ali required power ranges for
tactical wheeled vehicles but cover only power ranges up to 600 hp for tactical
tracked vehicles. Therefore R&D of these devices is required to extend their
range and to furnish some improvement to existing units. Full development of
hydrokinetic power trains will assure coverage of all required power classes
for tactical tracked vehicles until niore advanced devices are developed and
proved acceptable.

Hydromechanical Power-Conversion Devices. Hydromechanical power-
conversion devices are relatively new in concept, but the few prototypes that
have beendeveloped promise to exceed the capabilities of present hydrokinetic
power-conversion devices.

Since a hydromecnanical power train is basically made up of two sym-
metrically opposite hydromechanical transmissions, development of the power
trains will benefit transmission development. Hydromechanical power-con-
version devices would offer improved specific-weight and volume-to-torque
ratios, better acceleration, and greater fuel economy. Their successful de-
velopment would result in a unit that could be readily applied in various sys-
tems with components that would be common to both wheeled and tracked vehj-
cles. Thus the logistics burden would be reduced. However, a long lead time
will be required, and there are some elements of risk for successful develop-
ment of these devices in all power ranges. When fully developed, hydrome-
chanical power-conversion devices will replace most of the hydrokinetic units,
which will remain in the system during the transition period.

Hydrostatic Power-Conversion Devices. Hydrostatic power-conversion
devices are being developed by industry in the narrow speed-torque range for
slow-moving commercial vehicles. Devices operating in this range are also
applicable to special-purpose tactical vehicles that do not readily permit the
installation of more conventional devices because of space limitations or other-
wise cumbersome mechanical-drive-line component arrangements. Hydro-
static power-conversion devices in the medium speed-torque range find only
few commercial applications.

Industry’s interest in pursuing these developments is therefore limited
and does not extend beyond that of keeping abreast with the state uf the art.
Both narrow- and medium-range hydrostatic devices have been installed in
several types of tactical vehicles, but with only marginal success. However,
a need does exist for this type of power-conversion device for larger, faster-
moving military vehicles requiring additional functions from the power-con-
version device that cannot be accomplished efficiently with strictly mechanical
components, such as delivery of power to the wheels of amphibious vehicles
for steering and wheel retraction.

Electric-Drive Power-Conversion Devices. The inherent features and
capabilities of both dc and ac electric-drive systems would improve the phy-
sical and performance characteristics of some types of tactical vehicles.
Electric-drive power-conversion devices have been used with success in a

RAC-R-26 7
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TABLE §-1

Energy- ond Power-Conversion Devices ond Their Potentiol

Contributions to Tocticol Vehicles

Type of device

Contribution to physicol
improvement of vehicle

Contribution to operotionol
improvement of vehicle

Rotary spark-ignition
engine

Dynastar compression-
ignition engine

Variable-compression-
ratio (VCR) engine

Very-high-oatput(VHO)
engine

Extremely-high-output
(EHO) engine

Hybrid engine

Stirling-cycle engine
Gas-turbiae engine

Piston-turbine com-
pound eagine

Free-piston turbins
engine

"forque-eonverter
planetary gear, TX
series

Torqae-converter
planetary gear, X

series

Belt driv e

Energy-Conversion Devices

Reduces vehicle weight; provides
more space for cargo and per-
sonnel

Reduces vehicle weight; offers
more space for cargo and per-
sonael

Redaces vehicle weight; offers
more space for cargo and per-
sonnel

Rzduces vehicle weight; offers
more space for cargo and per-
sonnel

Reduces vehicle weight; offers
more space for cargo and per-
sonnel

Reduces vehicle weight: offers
more space for cargo and per-
sonnel

Reduces vehicle weight; offers
more space for cargo and per-
sonnel

Reduces vehicle weight; offers
more space for cargo and per-
sonnel

Reduces vehicie weight; offers
wre space for cargo and per-
sonns!}

Decreases operational cost; decrcases
vehicle maintenance reqairements;
reduces logistic requirements

Decreases operaticnal cost; complies
with fuel policy

Decreases operatioral cost; complies
with fael policy

Decreases operational cost: complies
with fael policy

Decreases operational cost; complies
with fuel policy

Decreases operational cost; complies
with fuel policy; contributes prompt
mobilization capacity

Offers silent operntion

Decreases operational cost; complies
with fael policy

Improves mobility: decrenses opera-
tional cost; complies with fuel policy

Decresses operational cost; complies
with fuel policy

Power-Conversion Devices

Reduces vehicle weight

Reduces vehicle weight: offera
more spoave for cargo and per-
nonnel

Provides better loud distribution on
axles; incres~es vehicle ground
clearsnce; readily adaprable to
various »mall enginens

Improves inobility: improves controlln-
bility; decreases Ingistic require-
ments; decreases vehicle mainte-
nance requirements; increases
vehicle relinbility: decrenses
operational cori

Improves mobilits: improves controlin-
bility; decreases logistic require-
ments; decreases vehicle maintenance
reqairenicnis; increases vehicle
reliability; decreases operational
cost

Der:cases logistic requirements

PAC-R-26
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TABLE.S-1 (continued)

Contribution to physicol Contribution to operationol
Type of device improvement of vehicle improvement of vehicle
llydrostatic drive Offers flexibility of design; pro- Improves mobility and ease of operation;
videa better load distribution on improves controllability; reduces vehi-
axles and increased ground cle maintenance requirements; de-
clearance for wheeled vehicles; creases logistic requirements;
provides more space for cargo reduces operational cost

and personnel; readily adaptable
to various efigines

Hydromechanical drive Reduces vehicle weight; offers Improves mobility and ease of operation;
more space for cargo and per- improves controllability; reduces vehi-
sonnel; readily adaptable to cle maintenance requirementa; de-
various engines creasea logistic requirements; re-

duces operational cost

Electric drive Offera flexibility of design; pro- Improves mobility and ease of operation;
vides better axle-loading ratios provides better vehicle control; re-
and increased ground clearance; ducea vehicle maintenance; decreases
provides more space for cargo logistic requirements; reduces opera-
and personnel; readily adaptable tional crst

to various engines

number of special commercial vehicles but have yet to achieve success in tac-
tical-vehicle application. There is a need for the electric-drive devices in
special types of tactical venicles, but their development must continue to re-
duce the unit size, weight,and cost. This study has revealed that so far greater
success has been experienced with the development of dc electric-drive sys-
t2ms than with ac electric-drive systems. Direct-current electric-drive sys-
tems are being developed by industry for commercial vehicles not required to
operate under environmental conditions as severe as those to which tactical
vehicles are exposed. Available commercial dc electric-drive systems should
be modified for application to special tactical vehicles whose configuration does
not permit the ready use of more conventional power-conversion devices. Ac-
ceptable ac electric-drive systems have not been developed by industry for
commercial vehicle applications. Alternating-current electric-drive systems
have the potential of achieving a weight and size reduction greater than that of
comparable dc electric-drive systems. They would have greater vehicular
applications than the dc system but should be installed in vehicles specifically
designed to take full advantage of ac systems. Based on the findings of this
study the most opportune course to pursue would be to develop dc electric-
drive systems {irst but at the same time to continue R&D of ac electric-drive
systems. The dc eiectric-drive system could be available for tactical vehi-
cles within the 1970-1975 time frame, and development of ac electric-drive
systems could be accomplished within the 1975-1985 time frame.

A summaryof the potential contributions of energy- and power-conversion
devices to the imprrovement of tactical vehicles is given in Table S-1.

RAC-R-26 9
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SUMMARY

Conclusions

Energy-Conversion Devices—First Priority

1. Spark-IgnitionEngines: US Army modification of commercially avail-
able engines in power ranges to 250 hp is warranted.

Horsepower Development costs, Estimated unit
class dollars costs, dollars Density
<120 2,500,000 900 315,350
120-250 2,500,000 1,400 241,100

Lead time required for full production: 4 years

Probability of successful development: Excellent

Mobilization capacity: cxcellent

Remarks: Relatively compact, reasonable cost, proved reliability.

2. Compression-IgnitionEngines: US Armydevelopment of commercially
available engines in power rang2s under 500 hp and of new engines in power
ranges over 500 hp consolidated into a new R&D program is warranted.

Horsepower Developm 2nt costs, Estimated unit
class doliara costs, dollars Density
250-500 5,000,000 8,000 77,900
500-1000 12,000,000 19,000 34,450
21000 17,000,000 24,000 17,000

Lead time required for full production: 7 years

Probability of successful development: Excellent

Mobilization capscity: Good

Remarks: Reliable, lower fuel~consumption rate than spark-ignition
engine, multifuel capability.

3. Hybrid Engines: US Army development in power ranges 100 to 1000 hp
is warranted.

Horsepower Development costs, Estimated unit
class dollars costs, dollars Density
$120 7,000,000 2,100 315,350
120-250 9,000,000 4,000 241,100
250-500 14,000,000 8,000 77,900
500-10C¢ 17,000,000 16,000 34,450

Lead time required for full production: 10 years

Prohability of successful development: Good

Mobilization capacity: Excellent

Remarks: Combines best features of spark-ignition and compression-
ignition reciprocating engines; good specific fuel consump-
tion; multifuel capabilities.

10 RAC-R-2b
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4. Gas-Turbine Engines: US Army development in power ranges over
1000 hp is warranted. !

!

Horsepower Development costs, Estimated unit l
class dollars costs, dollars Density

\

500-1000 17,000,000 19,000 34,450 i
21000 25,000,000 23,000 17,000

Lead time required for full production: 12 years

Probability of successful development: Good

Mobilization capacity: Fair

Remarks: Excellent power-to-weight and power-to-size ratios,
excellent torque characteristics, multifuel capabilities,

5. The precedingfour engines (listed in order of priority) promise greater
across-the-board benefit from R&D than all the other engines listed or con-
sidered.

6. These four engines represent the minimum number that should be
developed.

Energy-Conversion Devices—Second Priority

2]

7. Rotary-Piston Engines: US Army development in power ranges to 250
hp is warranted.

|

Horsepower Development costs, Estimated unit |
class dollars costs, dollars Density
<120 2,000,000 450 315,350
120-250 3,500,000 750 241,100

Lead time required for full production: 9 years |

Prchability of ‘successful development: Good

Mobilization capacity: Good

Remarks: Low unit cost, best potential for throw-uway concept,
Zood maintainability, multifuel capabilities,

8. Dynastar Engines: US Army development in power ranges from 120 !
to 250 hp is warranted.

Horsepower Development costs, Estimated unit
class dollars costs, dollars Density
120-250 4,000,000 5,000 241,100
250-500 €,000,000 10,500 77,900
500-1000 11,000,000 23,000 34,450

Lead time required for full production: 9 years

Probability of successful development: Good

Mobilization capacity: Good

Remarks: Highly compact engine, excellent family capabilities.

RAC-R-26 11
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9. Compound Engines: US Army development in power ranges from 250
to 1000 hp is warranted.

Horsepower Development costs, Estimated unit
class dollars costs, dollars Density
120-250 12,000,000 6,500 241,000
250-500 16,000,000 10,000 77,900
500-1000 18,000,000 20,000 34,450

Lead time required for full production: 9 years

Probability of successful development: Good

Mobilization capacity: Fair

Remarks: Best engine fo. -maximum fuel economy, multifuel capabilities.

10. Free-Piston Engines: US Arm, development in power ranges from
120 to 1000 hp is warranted.

Horsepower Development costs, Estimated unit
class dollars costs, dollars Density
120-250 12,000,000 6,500 241,100
250-500 16,000,000 10,000 77,900
500-1000 18,000,000 20,000 34,450

Lead time required for full production: 13 years

Probability of successful development: Good

Mobilization capacity: Fair

Remarks: Excellent torque characteristics, low fuel consumption,
multifuel capabilities.

11. Stirling-Cycle Engines: US Army development in power ranges to 120
hp is warranted.

Horsepower Development costs, Estimated unit
class dollars costs, dollars Deusity
€120 6,000,000 1,400 88,600

Lead time required for full production: 9 years
Probability of successful developmeni: Poor
Mobilization capacity: Poor

Remarks: Offers silent operzation.

12 RAC-R-26
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12. Engine technology will benefit less from R&D on the preceding five
engines than it will from R&D on the first four.
13. The following energy-conversion devices are not applicable for use
in tactical vehicles:
(a) Ammonia-fueled engines
(b) Fuel cells
(c) Unique energy-conversion devices
(d) Nuclear reactors
(e) Batteries
(f) Kuhns gasifier
(g) Steam engines

Power-Conversion Devices*

14. Torque-Converter Planetary-Gear Power Trains: US Army develop-
ment in power ranges above 600 hp is warranted.

Horsepower Development costs, Estimated unit
class dollars costs, dollars Density
500-1000 7,000,000 9,500 34,100
>1000 9,000,000 14,500 17,000

Lead time required for full production: 6 years

Prohability of successful development: Excellent

Mobilization capacity: Good

Remarks: Compact, ease of operation, good family capabilities.

15. Belt-Drive Transmissions: US Army development in power ranges to
120 hp is warranted.

Horsepower Development costs, Estimated unit
class dollars costs, dollars Density
<120 1,750,000 400 94,600

Lead time required for full production: 4 years

Probability of successful development: Good

Mobilization capacity: Excellent

Remarks: Low unit cost, automatic spuved-torque change,
readily maintained.

*Not in order of priority.

RAC-R-26 13
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SUMMARY

16. Hydromechanical Power Trains: US Army development in all power
ranges is warranted.

Horsepower Development costs, Estimated unit
class dollars costs, dollars Density
<120 2,500,000 4,000 24,500
120-250 3,500,000 4,500 34,500
250-500 4,500,000 5,000 76,900
500-1000 6,000,000 6,500 34,100
21000 9,500,000 8,200 17,000

Lead time required for full production: 10 years

Probability of successful development: Good

Mobilization capacity: Good

Remarks: Permits engine to operate at its most economical power range;
continuous variable-controlled vehicle speed; lower unit costs
than comparable power trains; development of power trains
would be applicable to transmissions.

17. Hydrostalic (Narrow-Range)Systems: U3 Army development in power
ranges under 25C hp is warranted.

Horsepower Development costs, Estimated unit
class dollars costs, dollars Density
120 640,000 2,200 94,600
120-250 630,000 3,500 2,500

Lead time required for full production: 3 years

Probability of successful development: Good

Mobilization capacity: Good

Remarks: Design flexibility; permits engine to operate at its most
econcinical power range; continuous variable-controlled
vehicle speed; ease of control.

18. Hydrostatic (Medium»Range)Systems: ’JS Army development in power
ranges to 1000 hp is warranted.

Horsepower Development costs, Estimated unit
class dollars costs, dollars Density
120 1,000,000 9,800 184,650
120-250 2,200,000 11,100 68,400
250-500 2,326,000 14,760 1,000
500-1000 2,929,000 18,700 350
21000 3,430,000 15,800 17,000

Lead time required for full production: 12 years

Probability of successful development: Poor

Mobilization capacity: Fair

Remarks: Design flexibility; permits engine to run at its most
economical power range; continuous variable-controlled
vehicle speed; ease of control.

14 RAC-R-26
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k

H 19. Electric-Drive (Direct-Current) Systems: US Army development in
§ power ranges to 250 hp is warranted.

i

: Horsepower Development costs, Estimated unit

i class dollars costs, dollars Density

] <120 1,250,000 4,800 141,600

1 120-250 2,000,000 2,600 64,000

Lead time required fcr full production: 8 years
Probability of successfu. development: Good
Mobilization capacity: Poor
¢ Remarks: Design flexibility; permits engine to operate at its most
economical power range; continuous variable-controlled
vehicle speed; ease of operation.

C 20. E'ectric-Drive (Alternating-Current)Systems: US Army development
in all power ranges is warranted.

, Horsepower Development costs, Estimated unit
class dollars costs, dollars Density
<120 3,700,000 8,000 90,050
120-250 3,900,000 15,000 66,000
250-500 4,200,000 35,000 1,000
500~-1000 4,400,500 50,000 850
{ 21000 5,600,000 60,500 17,000
j Lead time required for full production: 14 years

Probability of successful development: Good

Mobilization capacity: Poor

Remarks: Design flexibility; permits engine to operate at its most
economical power range; continuous varfable-controlled
vehicle speed; provides auxiliary power source; ease
of operation.

s . Po——— e A AT S

! Availability Times

21. The four energy-conversion devices for which the estimated avail-
ability times are shown in Fig. S-1 make the greatest across-the-board con-
tribution toward satisfying the requircments of most military tactical vehicles
in all power ranges. The five energy-conversjondevices in Fig.S-2 each have
a specific and predominant feature that is not offered by the four treated in
Fig. S-1 but that may be required to meet specific requir~ments of vehicles

| of a special type. Estimated availability times shown in Figs. S-1 and $-2 are
based on the assumption that full development effort is continued or initiated
by the next {iscal year after publication of this report. Any additional elapsed
time before initiation of development would most iikely be additive to the est!i-
} mated time frames.
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22. The mechanical, hydrokinetic,and hydromechanical power-conversion
devices for which the estimated availability times are shown in Fig. S-3 make
the greatest contribution toward satisfying the requirements of most military
tactical vehicles in all power ranges. The electric and hydrostatic drive sys-
tems treated in Fig. S-4 offer design flexibilitv where conventional devices
canuot be readily installed without considerable vehicle design compromise.
Estimated availability times shown in Figs. S-3 and S-4 are based on the as-
sumption that full development effort is continued or initiated by the next fiscal
year after publication of this report. Anyadditional elapsedtime before initia-
tion of developmentwould most likely be additive to the estimated timeframes.
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ac
ATAC
bdc
BEST
bhp
BICERA
bmep
bsfc
CAE
CIE
CITE

EHO
FRG

ghp
GMC

Y DS S DA I

ihp
imep
KGG
MAN
MHD
OTAC

A T I WA B

R&D
SIGMA
S.I

TCP

UET
USAERDL
USATAC
VCR

VHO

WSP

20

ABBREVIATIONS

alternating current

Army Tank-Automotive Center
bottom-dead-center

Ballastable Sectionalized Tractor

brake horsepower (only with arabic numbers)
British Interral Combustion Engine Research Association
brake mean effective pressure

brake specific fuel consumption

Continental Aviation and Engineering Corporation
compression-ignition-engine
compression-ignition-turbine-engine (fuel)

direct current

extremely high output

Federal Republic of Germany

gasoline horsepower (only with numbers)

General Motors Corporation

gross vehicle weight

indicated horsepower

indicated mean effective pressure

cycle or “KHUNS” Gasifier

hypercycle combustion principle
magnetohydrodynamic

Ordnance Tank-Automotive Command (now ATAC)
piston-turbine compound engine

research and development

acronym from name of French manufacturing company
spark-ignition reciprocating engines

shaft specific fuel consumption

Texaco combustion process

Universal Engineering Tractor

United States Army Engineering Research and Development Laboratory
United States Army Tank-Automotive Center
variable compression ratio

very high output

Witzky swirl-stratify combustion procese

World War II
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: Chapter 1

INTRODUCTION TO THE STUDY

The purpose of this study is to identify those areas that show promise of
yielding the greatest potential return from investment in R&D of energy- and
power-conversion devices for use in future tactical vehicles. The Army de-
sires to develop conversion devices and supporting components that will not
be developed commercially owing to their restricted military use. This study
seeks to establish a basis from which priorities can be determined and, since
funds are limited, duplication of expense and effert can be avoided.

Data on present energy- and power-conversion devices and related sys-
tems were obtained from Government agencies, industry, universities, and
nonprofit organizations to supplement the authors’ knowledge of design and ap-
plication of components for military vehicles. These data were analyzed to
assess the status of present technology and R&D programs as well as that of
new concepts or anticipated programs.

Although analysis and discussion of the components and sy stems may
encompass a broad time frame, their availability is scheduled for use in tac-
tical vehicles fielded in the 1975-1980 and 1980-1985 time frames. The vehi-
cles—wheeled, tracked, specizl-purpose, and amphibious—are grouped into
specific classes by horsepower and weight as shown in the accompanying tab-
ulation.

Horsepower Vehicle weight, tons
<120 <5
120~250 5-15
250~500 15-35
500—1000 35-50
21000 250

Although some mention is made of conversion devices suitable for use in
aircraft and stationary equipment, these are not considered in detail in this study.
The study is based on the premise that superior tactical vehicles can be

developed through technological advancement of energy- and power-conversion
devices. Ten criteria considered in determining techrological advancement are:
(a) Reduction in size

(b) Reduction in weight

RAC-R-26 21
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(c) Increased performance

(d) Increased reliability and decreased maintenz 1ce

(e) Reduced initial cost

(f) Reduced operating cost

(g) Compatibility with US Army fuel policy

(h) Flexibility of vehicle design

(i) Industry’s mobilization capacity

(j) Reduction of proprietary components

This repori is divided into four parts. Part I discusses energy-con-
version devices and Part Il treats of power-conversion devices. The compati-
bility of specific energy-conversion devices with specific power-conversion
devices is considered in Part ITII. Part IV discusses the use of various sys-
tems in specific classes of tactical vehicles. From analysis of findings and
consideration of various tradeoffs, conclusions are drawn and recommendations
are presented.
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Chapter 2

INTRODUCTION TO PART I

An energy-conversion device converts stored or potential energy into
mechanical, thermal, chemical, or electrical energy for useful work. For i
practical application in vehicles these devices must have physical character- |
istics that can be accepted by the vehicle and be able to produce power at a 1
rate that can be controlled by the operator. In this study these devices include
engines, batteries, fuel cells, reactors, and unique energy-conversion devices.

Steadily increasing vehicle performance requirements have continued to place )
higher demands on energy-conversion devices, which has resulted in the de-
{ velopment of new or improved devices.

From 1943 to 1965 significant improvements were made in tactical vehi- . j

cles. Some of the more significant improvements are listed in the accompany-

ing tabulation. ,

TR TN Y PR A R

Tmprovement area Change, ¢

Fuel economy, miles/gal +180
Hours per battlefield day +350
Cruising range, miles 3 +250 ]
Power-to-weight ratio, hp/ton GVW +225

Vehicle weight, Ib - 35 i
Reliability and dursbility + 50 .

4Gross vehicle weight.

To obtain supericr tactical vehicles the military are continually upgrad-
ing the physical and periormance requirements for new vehicles. Many types
of tactical wheeled vehicles must now be capable of swimming in inland waters.
Some amphibians have water speeds two or three times those of their prede-
cessors. Most new tactical vehicles are lighter and exert lower ground pres-
sures (which increases their mobility) and are more easily transported by air.
They are also capable of greater speeds and faster acceleration, which improve
i their agility. Figures I-1 to I-4illustrate the steadily increasing power-to-weight |
ratio of several classes of tactical vehicles since WWII. To meet increased ;
vehicle operating-ringe requirements and probable scarcity of some fuels dur-
ing wartime, greater fuel economy and multifuel operation are required. These
improvements have affected both initial and operating costs. Such requirements 3
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could not have been met. without the development of components that thus be-

came available to the vehicle designer.

To meet these requirements a large number of energy-conversion devices
must be analyzed to determine which ones have the greatest potential for de-

velopment.

Vehicle improvements cannot be accomplished without the continued de-
velopment of energy-conversion devices well in advance of the development of
vehicles. Past experience has shown that on the average 5 years are required
to develop a new energy-conversion device and that an additional 5§ years are
required to develop a new vehicle. Therefore no new conceptual device can be
fielded prior to 10 years from the time of its initial development, since to de-

velop a vehicle without assurance that the device intended for it will prove

acceptable would involve too great a risk. Predictions foy the development of
energy-conversion devices in this report are for the time frame in which they

will be available for the designer to consider for use when a vehicle-develop-

ment prcgram is initiated.
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Chapter 3

RECIPROCATING-PISTON ENGINES

The reciprocating-piston engine has been used exclusively for many years
as a power sour: e for tactical-vehicle propulsion. Until the last decade the
spark-ignition gasoline engine has been used almost exc)-:sively for tactical
vehicles. These engines were modified passenger-car engines (sometimes
used in multiples of two to five units in tanks and tracked vehicles) or adapted
or modified aircraft engines. However, the fuel consumpti~n of spark-ignition
gasoline engines is high, particularly during idling and low-1load conditions,
which make up a large part of the operating time of military vehicles in coin-
bat areas. Because the diesel engine demonstrated greater fuel economy than
the gasoline engine, at the onset of WWII the Armored Force Board decided
to pursue development of the diesel engine for use in tanks to ease the fuel-
supply burden.

Several diesel engines developed by industry were considered. Two com-
mercial six-cylinder in-line engines connected to a common gearbox were used
in the M4A2 tank. The others were radial-type engines, of which one was a
dieselized versijon of an aircraft engine, and the other was a ne¢«v design based
on what was known about radial aircraft engines. The former was in limited
production. However, just prior to production of the radial engines, the As-
sistant Chief of Staff, G4, and the Armored Force Board in February 1942 re-
versed their position on the atilization of diese] engines aund ruled that gasoline
fuel would be used universzlly. The reason for this reversal was that, although
adequate supplies of diesel fuel existed in the US, there was an insufficient
amount of this fuel in the theaters of war. Another major factor that influenced
their decision was that maintenance and supply problems would be greatly in-
creased where both diesel fuel and gasoline were required for combai vehicles.
As a result of this decision the use and development of diesel engines were
minimal.

During the years beiween WWII and the Korean War, militarized heavy-
dutv commercial spark-ignition gasoline engines were used in wheeled vehi-
cles. A new s.:ries of air-cooled spark-ignition gasoline engines, whose de-
velopméent was initiated in WWII (1943}, was incorporated into tanks and nther
tracked and special-purpose vehicles. Tlese new engines were based on sev-
eral cylinder-bore sizes to nffer “family” capabilities with complete power
coverage to 1000 hp and with maximum interchangeability of parts and com-
ponents. These new engines were lightweight and compact and were produced
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in both air-cooled opyosed (AO series) and air-cooled V (AV series) config-
urations.

During the Korean War, ~~mbat operations indicated that increased vehi-
cle cruising range was desired. The achievement of range increase dictated
that greater fuel economy must be obtained from vehicle power plants. Realiz-
ing the diesel engine’s superior fuel economy and potential multifuel capabilities
and the fact that very little could be done to improve the spark-igniticn gasoline
engine, the Ordnance Corps investigated the compression-ignition engine. This
investigation resulted in a decision tu adopt the compression-ignition engine
as the main power source that would replace all spark-ignition gasoline engines
in new vehicles requiring 100 to 175 hp (depending on the type of vehicle) or
more. The Ordnance Corps solicited proposals from the engine industries in
1951 for a suitable compression-ignitiot: tank engine, and contracts were awarded
to two companies in 1953-1954 to develop an X-configuration and an B-config-
uration compression-ignition engine. However, these programs were termi-
nated owing to the probability of greater success in attempting to convert 2n
Ordnance Corps AV-1790 series, 12-cylinder 90-deg-V 4-stroke-cycle air-
cooled spark-ignition engine tu the diesel-cycle. This program, initiated in
1954, resulted in the successful development and production of the AVDS-1790-2
engine for the M60 105-m .-gun main battle tank.

In making the decision to adapt the compression-ignition engine fo> all
but the smallest high-density vehicles, the military also realized that a short-
age in the supply of high-cetane iniddle-distillate diesel oils during any future
wa: was probable. This is due to the large increase in the use of diesel oil in
the past few years by aircraft, naval vessels, merchant ships, small craft,
locomotives, tractors, and highway trucks. Because of this the Department of
the Army required all compression-ignition engines to be able to operate on
CITE (compression-ignition-turbine-engine) fuel, which is a JP-4-type (jet-
propulsion) fuel, in addition to diesel fuel, with the ultimate goal that all com-

pression-ignition engines would have multifue! capabilities. The reasoning is
that the JP-4-type fuel, with a potential of 40 to 50 percent of the yield from a
barrel of average crude petroleum, is more widely available than diesel fuel.
The range of properties of JP-4-type fuel is wide. The referee-grade fuel
(MIL-F-45121) selected by the Army for compression-ignition engines is de-
scribed as a hydrocarbon fuel oil having 40 to 60 percent (by volume) catalytic-
cracked components and the remainder straight-run petroleum components,
with a «_stillation end point between that of gusoline and diesel fuel and a maxi-
maum cetane number of 35 (in contrast to the cetane rating of approximately 40
.0 45 for diesel fuel). It is also characterized by low vapor pressure to reduce
evaporation losses and the likelihood of vapor lock. Its potential availability

is much higher than that of diesel fuel since it constitutes 40 to 50 percent of
the average barrel of crude petroleum. The relation between octane ratings
and cetane ratings is illustrated in Fig. I-5.

Four types of hydrocarbon fuels can be expected to be generally available
for use in tactical ground vehicles: 86/95 (supersedes 83/91) octane combat
gascline, diesel-grade DF-A fuel, CITE fuel, and JP-4 fuel. Fuel logistic
hurdens could be reduced considerably if military compression-ignition en-
gines had multifuel capabilities and could operate on a wide range of fuels from
combat gasoline to the heavy fuel oils. However, the problems in developing a
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multifuel ¢ngine arise from the difficulty of obtaining satisfactory performance
when gperating on military-grade combat gasoline, which has an octane rating
ot 86/95 (86 by the motor method and 95 by the research method) and a very
low cetane rating of approximately 28. Because of the low cetane rating of
this fuel, it is very difficult to ignite by diesel-cycle compression heat. The
proble:ns are generally uncontrolled combustion, a faster rise in pressure,
and poorer conversion of the energy in the fuel into work than with a fuel of
higher cetane rating.

100 I I T I T

90 (- -

80'— —

70 = -

60 A

50 - =

MOTOR-METHOD OCTANME NUMBER

40 J

30 L 1 | 1 |

10 20 30 40 50 60 70
APPROXIMATE CETANE NUMBER

Fig. I-5—Relation betweer. Octane
ond Cetone Rotings
50 percent blends of diese! and isooctane fuels.

The US Army, pursuing the goal of achieving a multifuel capability in
compression-ignition engines, initiated a program in 1955 to develop a multi-
fuel eng:ine based on the MAN, or “hypercycle,” combustion system. The suc-
cessful deveiopment of this multifuel engine resulted in production and incor-
poration of a naturally aspirated version in the 2'%4-ton cargo truck, and «
turbocharged version of the same basic engine in the 5-ton cargo truck. In the
late fifties and early sixties the US Army pursued the development of several
advanced engine-combustion concepts in keeping with its new p~licy to attain
multifuel capabilities in reciprocating piston engines above 100 hp for future
tactical vehicles. Although each of these engine concepts contains certain
unique features, the ultimate technological goals of all are the same, i.e., high
power output, low weight, compactness, low fuel consumption, bigh reliability,
and durability—all at a minimum cost. Present development projects include
the following engines:

(a) Variable compression ratio (VCR)

(b) Very high output (VHO)
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(c) Extremely high output (EHO)

(d) AVM series

(e) Hybrid

Until the successful development and availability of one or more of these
advanced engines the military is utilizing proved heavy-duty commercial
compression-ignition engines and spark-ignition gasoline engines (in sinall
vehicles up to 160 hp), in addition to the military-designed engines, in tactical-
vehicle applicatious.

The reciprocating-piston compression-ignition engine, more commonly
known as the “diesel” engine, has become the primary source of power for
tactical vehicles. The principal reasons for this choice are its favorable per-
formance characteristics, reliability and durability, and ecosomy of operation.
Also of major importance is its multifuel potential. The majority of leading
compression-ignition engines today have at least a limited multifuel capability
and a potential fo: development of full multifuel capabilities, including the
efficient burning of combat gasoline. One series of military-designed engine,
the LD-465 and LDS-465, which is currently in production for use in the 2%-
and 5-ton cargo trucks, has a complete multifuel capability. In its simplest
interpretation the term “multifuel” designates an engine with the capability
of burning more than one fuel. In a serse, then, most of the leading compres-
sion-ignition engines today are multifuel engines because they burn a range
of fuels from No. 2 diesel o Army compression-ignition-engine fuel (CIE)
without modification. IIcwever, it is considered that the military desire in re-
. gard to multifuel engines is ‘hat the engine be capable of burning No. 2 diesel-

grade DF-A fuel (MIL-VV-F-800), CITE (MIL-7-46005), grade JP-4 jet fuel
(MIL-J-5624), and 86/95 combat gasoline (MIL-G-3058). It is also desired that
the engines be capable of burning any and all mixtures of these and other inter-
mediate fuels such as kerosene, No. 1 diesel, and the JP series without engine
modification or adjustment.

Development work on compression-ignition engines has shnown that the
problems of burning and handling fuels increase as the specific gravity of the
fuels decreases. The real problem has been one of extending the range of fuels
the engine will handle. The ability of the engine to burn a wide range of fuels
is primarily a matter of (a) handling the lighter fuels and controlling their in-
troduction into the engine combustion chamber, and (b) obtaining full performance
(equal to diesei fuel) with combat gasoline when both types of fuel are used.
This problem can be solved through the incorporation of properly designed fuel-
injection systems, increased compression ratio, direct-injection toroidal com-
bustion chambers in the piston crown, and the use of an automatic fuel-density
compensator.

Diesel fuel has a higher energy content per gallon than gasoline, although
when measured by the pound it is slightly less. Since the amount of work ac-
complished by an engine depends on the heat value available in the fuel, more
work can be accomplished by burning diesel fuels. The principal <haracter-
istics of the commmon mililary fuels are shown in Table I-1. Engines operat-
ing on the lighter fuels, such as combat gasoline or CITE, experience a signifi-
cant loss of power output. The use of an automatic fuel-density compensator
will increase the flow-rate of the lighter fuels to overcome the loss in power
output and will enable the engine to produce its design power output while op-
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TABLE [-1

Chorocteristics of Various Militory Fuels

(Approximote values)

Type of fuel

! Charocteri stic . Cembat I
f Arctfc gosaline CITE JP-4 Kerosene N‘O' 1 JP-5 N‘o. A
! gosoline (86/95) Diesel Diesel
¥
i Specific
§ gravity 0.720 0.730 0.767 0.775 0.805 0.812 0.826 0.849
i API gravity 65 62 53 Sl 44 43 40 35
I Heat content,

Btu/lb 19,000 19,750 18,400 18,600 18.420 19,330 18,450 19,500

Heat content,

Btu/gal 115,000 120,300 117,800 120,300 123.900 131,000 127,200 136,000

500 | 1 I

TORQUE,
LB-FT

0.45

0.40

BSFC,
LB/BAP-HR

0.35
1200 1600 2000 2400
ENGINE SPEED. RPN

o. Full-load Perfermonce Che- -teristics
with Conston® Fuel Fl -
for At F

7300 1200 1600 200U 2400 2800
ENGINE SPEED, RPM

5. F.ll-load Pciformonce Characteristics
with Fuel-Density Compensation
for All Fuels

Fig. 1-6 —Cor- *  af P2 form- ..ce Characteristics of a 210-hp Turbosupercharged
.arpression-tgmiticn Engine with and without
Fuei-Beasity Compensation

Bsfc, broke specific fuel consumption.

== w= Diese! No. 2
----- = Diesel No. 1

CIE fuel

o« == Gosoline

erating on the lighter fuels. Figure I-6 illustrates a comparison of engine per-
formance for an engine with a constant {uel {low-rate and with the {uel flow-
rate varied with density. This sensing device can pe of either mechanical or
electrical design, or a combination of the two. The compression-ignition en-
gine is safer to operat> because of the low volatility of diesel fuels and the
virtual absence of ¢~ -bon monoxide in the exhaust.
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Fig. I-7—Performance and Characteristics Comperison of a Modern Compression-
Ignition Engine with o Modern Gasoline Engine

e === Modern gascline engine
e Modern compression-ignition engine

Compression-
Charov*aristic Gasoline engine® ignition engine®
Horsepower 210 210
Weight, Ib 630 1150
Valume envelope, 13 15.5 18.5
Specilic weight, Ib/hp 30 55
Specific output, hp,h3 13.6 11.6

®Licyid cooled ond woturally ospirated.

RAC-R-26

33

i i e i L A il ol L e

bl

T Ty s A e




b R

A R T N S S

The performance characteristics of the compression-ignition engine for
vehicular application are superior to those of the spark-ignition gasoline en-
gine. The compression-ignition engine develops peak horsepower and torque
at lower engine speeds and demonstrates greater fuel economy than the gaso-
line engine. Figure I-7 illustrates a comparison of the periormance character-
istics of a compression-ignition engine with those of a spark-ignition gasoline
engine of the same power rating. The curves illustrate that the compression-
ignition engine has a superiority of approximately 23 percent in torque output,
and approximately 26 percent in fuel economy.

Because the compression-ignition engine delivers greater output at lower
speed-power ranges, it is more suitably matched for vehicular power and per-
formance than the spark-ignition engine. Because of greater power at lower
speed ranges for the compression-ignition engine. less overall gear reduction
from engine to wheels or track sprocket is requirced, and a lower number of
intermediate gear ratios is possible.

Exhaust gas
from engine tt Fresh air

to engine

Fresh
. air
& e inlet

Exhaust
outlet

Fig. 1-8—~Phantom View of o Typical Modera Turbosupercharger

The use of supercharging or turbosupercharging in compression-ignition
engines has increased considerably in the past few years. The truck and con-
struction equipment manufacturers have found that their use is an easy and
ecconomical method of obtaining higher power outputs. The military has also
employed turbosupercharging in both spark-ignition and compression-ignition
engines. Supercharging is used t¢ boost the intake pressure of the engine to

several times atmospheric pressure, thereby resulting in greater power output.

Superchargers used in the past have generally been of the Rootes type or the
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Fig. 1-9—Comparison of Compression-Ignition Engine Performance Characteristics
Shawing Pawer Increase Due to Turbosupercharging

st Turbasupercharged we weme Naturally aspirated

centrifugal-blower type, both being mechanically driven by the engine. How-
ever, the trend has recently been to use turbochargers. A turbocharger differs
from a supercharger in that a supercharger is mechanically driven by the en-
gine, whereas a turhocharger is driven by the engine exhaust gases. A turbo-
charger is in essence a small unfired gas turbine. A typical unit is shown in
Fig. I-8. The exhaust gases from the engine drive a radial turbine that is
rigia.y connected to a shaft and blower. The spent gases, after driving the
turbine wheel, are directed out through an exhaust pipe. The blower wheel
collects fresh air from the atmosphere and increases its pressure. during the
charging cycle, into the engine intake manifold. These units are proved in
durability and performance and are readily available commerciallv. A 25- to
50-percent increase in power output can be realized in some engines, but a 20
to 3C percent increase is considered as a geneval conservative gain in per-
formance. A comparison of the performance characteristics of a naturally
anpirated engine with those of a turbosupercharged engine is shown in Fig. I-9.

~
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Compression-ignition engines are more reliable and rugged and operate
at a higher efficiency than spark-ignition gasoline engines. A modern com-
pression-ignition engine operates at a thermal efficiency approaching 40 per-
cent, whereas the better gasoline engines operate at thermal efficiencies of
28 to 32 percent.

The major disadvantages of the compression-ignition engine are that their
weight, volume, and cost are greater than those of a spark-ignition gasoline
engine. However, owing to approximately 25 percent better fuel economy the
reduced weight and volume of the fuel required in a vehicle with a compres-
sion-ignition engine enable it to compete with the spark-ignition engine. With
the incorporation of aluminum and the advent of advanced combustion-system
technology, the compression-ignition engine will surpas: the spark-ignition
engine in specific output. Reliability for a combat vehicle iz paramount. The
compression-ignition engine offers a much wider margin of adaptability than
the gasoline engine. And at this point of development the compression-ignition
engine is a much more reliable and adaptable power plant than the gas-turbine
engine.

SPARK-IGNITION GASOLINE ENGINES

The spurk-ignition gasoline engine has been the prime power source for
tactical-vehicle propulsion for many years and is still being used today. How-
ever, due to the recent military fuel policy, its application has been io small
vehicles requiring less than 160 hp. The engines used in tactical vehicles be-
fore and during the early part of WWII were modified passenger-car engines
that had demonstrated gocd durability and fuel economy. These engines were
used singly in small vehicles and in banks of two or more units for larger
tracked vehicles. The liquid-cooler 500-hp V-8 Ford GAA engine was pro-
duced in quantity and used as a tank-propulsion unit. This engine was rugged
and reliable. The developmen: of a new series of military engines was initiated
in 1943. These new engines wire based on three cylinder-bore sizes to offer
complete family capabilities witi: 2 maximum interchangeability of parts and
components. These engines were bu!lt in 4-cylinder versions of the small-
bore size and up to i2-cylinder versions of the large-bore size. Complete
power ranges from 127 to 1000 hp were available. The engines were air-cooled
and were produced in both opposed-type (AO) series and V-type (AV) series.
Some of the engines were fitted with centrifugal-type superchargers for greater
power output to fill the power gaps within the series. These engines were
lightweight and compact 2nd provided the military with the power-range char-
acteristics they desired. Several of the engines from this family are shown
in Figs. 1-10 to 1-12.

The weight of these engines varied from 4.5 lb/bhp for the smaller en-
gines to 3.0 to 3.5 lb/bhp for the larger tank engines. The specific power out-
put of these engines was 10 to 14 bhp/ft® of volume. The fuel consumption of
this series was considered good by commercial standards. Figure I-13 com-
pares the performance characteristics of one of the engine series in beth na-
turally aspirated and supercharged versions. The fuel curve shows a minimum,
or best-point, specific fuel consumption of avproximately 0.48 1b/bhp-hr
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AV1.1790-8: 825 hp
AVS1-1790-8: 1000 hp, supercharged

Fig. 1-10—Militory 12-Cylinder Air-Cooled Spork-lgnition Gosaline Engine

A01.895-6: 450 hp
AQSI-895-5- 525 hp, supercharged

Fig. 1-11—Militury 6.Cyiinder Air-Cooied Spork-Ignition Gosoline Engine
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Fig. I-12—Military 4.Cylinder Air-Cooled Spork-lgnition Gosoline Engine
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Fig. I-13—Perfor:nonce Comporison of AOI-895 ond
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for the naturally aspirated engine and (.58 lb/bhp-hr for the supercharged
version, which is generally representative of all engines in this series.

More recently the Army has developed a small air-cooled gasoline engine
to replace the AQ-53 engine in the M274-type vehicle. This engine, the AO-42
shown in Fig. I-i4, is based (as was the AO-53 engine) on one of a series of
small industrial engines developed for the Army. The AO-42 is a 14-hp 4-
stroke-cycle 2-cylinder opposed-piston air-cooled spark-ignition gasoline en-
gine. This unit weighs 152 1b dry and has a volume of 6.6 ft>. The specific
weight is 10.7 1b/bhp and the specific power output is 2.22 bhp/ft®, which is
considered poor. The fuel consumption of the AO-42 is approximately 0.65
1b/bhp-hr, which i= considered very good ior an engine in this power class.

Fig. 1.14—A0-42 Engine

Som.e recent work on improving small engines of this type has been con-
ducted by the Southwest Research Institute. They investigated the possibility
of achieving higher power outputs from the 4A032 engine and reducing its fuel
consumption. This is a small air-cooled spark-ignition gasoline engine that
produces a maximum of 9.75 bhp. The minimum fuel consumption of the stan-
dardengine was0.82 1b,bhp-hr. Their investigation' showed that by modifying
the breathing and combustion characteristics an increase in power ou!put of 77
percent and a decrease in fuel consumption of 19 percent was achieved. The
corresponding volumetric efficiency increase was 41 percent. The higher

power output was partly accomplished by accepting a reduction of engine life
from 1500 to 1000 hr.
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The L-141 engine was designed specifically for and used in the M151 ‘;-ton
utility truck. This unit is a 4-cycle 4-cylinder in-line liquid-cooled spark-
ignition gasoline engine that delivers 71 hp. It is a rugged and well-constructed
unit. The performance characteristics of this engine are shown in Fig. I-15.
The fuel curve shows a gross specific fuel consumption of 0.46 lb/bhp-hr, which
is excellent for an engine of this power size. It is considered representative

of the best technology relating to fuel economy for spark-ignition gasoline engines.

To provide power for the smaller tracked and si*-. cial-purpose vehicles
the Army has utilized several well-known rugged and reliable commercial
spark-ignition passenger-car and truck engines. The major advantage of adapt-
ing proved commercial engines is that of economy and availability. The mili-
tary does not have the burden of developing, perfecting, or tooling the engine
for mass production. Rather elaborate commercial facilities exist, which are
necessary to manufacture large quantities of engines. Because these facilities
exist, the delay usually associated with the mass production of certain high-
density engines during full mobilization is minimized.

Commercial engines must be modified to adapt them to military use. The
engines must be derated from the commercial rating practice to provide the
durability and life required for military engines. Military engines operate in
poor environments at high power loadings, as compared to the family passenger
car or light truck. As an example, a typical modern passenger-car gasoline
engine rated at 220 to 240 hp must be derated to between 160 and 180 hp for
military-vehicle application. In addition, it is necessary to:

(a) Incorporate an electrically shielded and waterproof ignition system.

(b) Incorporate a 24-volt high-output generating and starting system.

(c) Use a deep oil-sump pan for slope operation.

{d) Waterproof the engine.

(e) Incorporate necessary accessory power takeoffs.

(f) Incorporate a carburetor to meet military operating characteristics,
which include siope operations.

A typical commercial engine adapted for use in military vehicles is the
Chevrolet 283 engine. The 283 is a 4-stroke-cycle V-8-cylinder spark-ignition
liquid-cooled uaturally aspirated gasoline engine. It has a bore of 3.875 in. and
a stroke of 3.000 in., with a total piston displacement of 283 in.® It is mili-
tarily rated from 160 to 175 gross bhp ot 4400 rpm. The engine has a dry
weight of 531 1b and is approximately 28 in. long, 25 in. wide, and 32 in. high,
for a wlume envelope of approximately 13.5 ft*. The specific weight of the
283 engine (at 160 bhp) is 3.3 1b/bhp and the specific power output is 12 bhp/ft®
of volume. The performance characteristics of the 283 engine are shown in

Fig. I-16. The minimum, or “best-point,” fuel rate is 0.52 to 0.53 1b/bhp-hz.

Recently the United States Army Tank-Automotive Center (USATAC) has
proposed to bu 1d a 100-hp gasoline engine based on the cyiinder assemblies
from the AO-53 engine. This engine is intended to fill what is considered a gap
in this power range, for application to vehicles such as the XM561 and XM571.
The proposed AQ-198 unit is a 4-cycle naturally aspirated 8-cylinder opposed-
piston spark-ignition gasoline engine. It would develop 100 bhp at 4600 rpm.
The total weight is estimated at approximately 350 1b and the envelope volume
is approximately 15.5 ft.> The specific weight of this unit is approximately 3.5
lb/bhp and the specific pcwer output is approximately 6.5 bhp/ft" of volume. The
specific fuel consumption of the AO-198 engine will be in the region of 0.6 1b/
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Fig. I-17—AVDS-1790-2 Compression-Ignition Tank Engine

SPECIFICATIONS
Displocement, TS I ard Teniyt & gcsd HEhd s .... 1790
Number of cylinders . .. .. ... ... ... .. .. .... 12
Cylinder orrongement. . . .. ......... 90-deg upright V
Bore; nt PEE L s EAE BB =t e ol o s 5.750
Streke, in. . ... e 5.750
Roted speed, rpm . . . .. .. ... ... ... .. ..., 2400
Idiespeed . ........... ... ... .. .. ..... 750
Ratedbhp . ............... ... ..., 750
Rated BMEP, psi .. ... ................... 139
Compressionratio. . . .. .................. 16:1
Supetchorging . ... ....... ... ..., Turbo
Cycle. oot e e e e 4
Coollng: - /2% 458 < 5 BE : LB - 45 bre o lome o ioel e men s Air
Length, in. . ... ... ... ... ... ... 70.6
Width, in, ... ... 75.2
Height, in. . ....... ... .. ... ......... 443
T e e Pl ma B B ol 2o S Bt = L N8 13
Waisht (IR) dry (with accessories). .. ... .. .... 4527
Vo|une,hp5'3..........................5.5
Specificweight, Ibhp . .. ... ... ... ........ 6.0
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bhp-hr, which is considered poor. A turbosupercharged version of the AC-198
engine would have an output of 125 {0 130 hp. The specific weight for the turbo-
supercharged vercion would be approximately 2.8 to 3.0 1b/bhp, and the specific
power output would be apprdximately 12.5 bhp/ft’® of volume.

COMPRESSION-IGNITION ENGINES

Conventional Compression-Ignition Engines

Conventional compression-ignition engines are those that do not incorpo-
rate any radical design departure from that commonly known as the “diesel
engine.” The incorporation of supercharging or turbosupercharging, precom-
bustion chambers, recessed-cup piston crewns, high compression ratios,
2-cycle or 4-cycle concepts, air or liquid cooling, or the ability to operate on
more than one type of fuel does not classify the power source as other than
conventional. This applics to both military developed engines and commercially
available engines.

Military Compression-Ignition Engines

The AVD3-1790 engine was the first fully successful military-sponsored
compression-ignition engine. This engine resulted from an attempt to convert
an Ordnance Corps AV-1790 series V-12-cylinder spark-ignition gasoline €n-
gine to the diesel cycle. This program. initiatec in 1954, resulted in the suc-
cessful development and production of the AVDS-1790-2 compression-ignition
engine, shown in Fig. I-17. It was incorporated into the M60 105-mm-gun main
battle tank. The performance characteristics of the AVDS-1790-2 engine are
shown in Fig. I-1&. The AVDS-1790-2 engine can operate or diesel fuel or,

‘g 1830 T 1 1 T I I T I
o
2% 1600 F J 800
-
8 ol i
& 1400 | 750
= =
5 4700 «
w
L - =
(=]
= H65¢ &
. [+ 4
i i .-
3
0 g
- «55{]0
- 500
: / i
e 0.40 e 450
3 0.38 il
ﬂ; 0.36 1 1 1 1 " 1 1 1
< 1500 1600 1800 2000 2200 2400

ENGINE SFEED, RPM

Fig. |-18—Performance Charocteristics of o 750-hp AVDS-1790-2
Compression-!gnition Tank Engine
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with limitations, on CITE fuel. The engine has a specific weight of 6.0 lJb/hp
and a specific output of 5.5 hp/ft® of volume. These specifications could be
improved by today s technology. The minirnum fuel consumption of {he AVDS-
1790-2 engine is 0.385 to 0.390 1b/bhp-hr, which is considered good.

A prigram was initiated with the Continental Motors Corporation in 1855
for the development of a multifuel engine for use in cargo trucks and small
tracked and special-purpose vehicles. The design of this engine was based on
the patented MAN or hypercycle combustion principle. A cutaway view of the
hypercycle system design is shown in Fig. I-19. This system differs from the

Fig. I-19—Hypercycle Combustion System Design

more common direct-injection compression-ignition engine combhustion system
in that each cylinder incerporates a hemispherical combustion chamber in the
crown of its piston. A fuel injector protrudes from the cylinder head into the
recessed combustion chamber in the piston. A spiral intake port imparts a
vigorous swirl to the intake air. The principle of operation of the hypercycle
multifuel combustion system is illustrated in Fig. 1-20. The iguition »of gaso-
line by the heat of compression in a coenventional diesel-cycle engine causes
excessively rapid increases in pressure. This is avoided in the hyperi:ycle
system by depositing all but a small portion of the injected fuel as a thin film
on the walls of the combustion chamiber. The fuel burns slowly as the rapidly

44 RAC-R-26
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LD-4£5-1:
140 hp

LDS-465-1:
2% hp

Fig. I-21—Hypercycle Multifuel Engine

SPECIFICATIONS

Model LD-455.1 LDS-465.1
Type E————— T O
Cycle 4.stcoke
Coolont e Liquid
Fuel ————— Diesel, cite, gosoline
Cylinders 6.in. line
Bore and stroke — 45 in ~ 487 1n. ————
Dispiocement 478 cv. in~
Compression rotio 22:1

Rated power (oll fuels)

Reoted torque

BMEP

Aspirotion

Dimensions L « W - H

Yolume

Weignt, dry (w oll nccessories)
Specific output

Specific weight

140 bhp 2600 rpm
330 Ib-f+ 1800 rpm
90 ps1 2600 rpm

Naturol

210 bhp 28U rpm
450 Ib-fr 2000 rpm
125 psi 2800 rpm
Turbosupercliarger
48 in. - 29 in. - 40 n.

——22cu ft

1500 Ib 1561 1b
4.4bhp #13 ¢ Sbhp h?
10.7 Its bhp 7 41bs bhp
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swirling air removes it from the hemispherical combustion cl:amber and thor-
oughly mixes with it. This combustion system, by contro:ling the rapid pres-
sure rise, enables these engines to operate on many grades ot fuel.

500 I ! I 1

450

400

TORQUE,
LB-FT
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300 —220 {
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£ — 180 E
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— 60 3
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£ U_E C.45 lg\ - —
& -~
¢ o 0.40 | i .
-]
-
0.35 | | 1 | 1 | 1 ] L
1000 1400 1800 2200 2600 3000
} ENGINE SPEED, RPM
Fig. 1-22—Performonce Characteristics of
i Hypercycle Multifuel Engines
i = e | DS-465-1, turbosupercharged
i smme e | D-465-1, noturolly ospiroted
f Successful development by the US Army resulted in the production of the
i hypercycle engine in two sizes for the 2'%%- and 5-ton cargo truck. The basic
F engine is the 140 hp naturally aspirated LD-465-1, for use in the 2'4-ton truck.
i A turbosupercharged version of this cngine is the 210 hp LDS-465-1, for use
§ in the 5-ton truck. These engines are illustrzted in Fig. 1-21, and their per-
{ formance characteristics are shown in Fig. 1-22. The LD-465-1 engine has a
E specific weight of 10.7 1b/hp and a specific output of 4.4 hp/ft’ of volume. The
b turbocharged LDS-465-1 has a specific weight of 7.4 1b/hp and a specific out-

put of 6.5 hp/ft® of volume. These specifications are poor by today’s tech-
nology. However, the use of aluminum construction in place of cast iron would

T P R W
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reduce the weight by approximately 20 percent. The minimum fuel consump-

tion of both engines is 0.38 1b/bhp-hr, which is considered good. The hyper-

cycle engines have a potential of increasing power by 20 to 25 percent through
further development.

Comrmercial Compression-Ignition Engines

The military has in the past utilized commercial compression-ignition
engines where military-designed engines in required power ranges were not

available. These engines have been supplied by several proniinen‘ e¢ngine manu-

facturers and have demonstrated good durability. They have seen -verld-wide
dependable service in industrial, automotive, and marine applications. One
such power piant is the V8-300, manufactured by the Cummins Engine Com-
pany, which is used in the LARC-V and LARC-XV amphibious vehicles. The
V8-300 is a 4-cycle V-8-cylinder liquid-cooled compression-ignition engine.

Fig. 1.23—V8.300, 8-Cylinder, 4.Cycle, 300-hp Compression-
Igniticn Engine Used in Mililary Vehicles

The V8-300, shown in Fig. 1-23, develops 300 hp at 3000 rpm with natural
aspiration iand 380 to 400 hp if turbosuperchavged. The complete unit weighs
approximitely 1800 Ib complete. This weight could be reduced to 1450 Ib by
the use of aluminum instead of cast iron. The volume of this engine is 31 ft*,
The specific weights and power outputs of the V8-300 are shown in Table 1-2.
The minimum fuel consumption of the V8-300 engine is 9.380 1b/bhp-hr, which
is comparable to other modern engines of its power rating. Other engines
manufactured by this company also possess similar size, weight, and operat-
ing characteristics.

The most nrominent commercial compression-ignition engines used in
military vehicles are those manufiactured by the Detroit Diesel Division of

48 RAC-R-26
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GMC. These engines are representative of the best commercially developed
units offering light weight, high performance, rugged dependability, and rea-
sonable cost. The basic models 53, 71, and 149 series engines (the figures
denote piston displacement in cubic inches per cylinder) are available in vari-
ous power ratings and in 2-, 3-, 4-, and 6-cylinder in-line versions and 6-,
8-, 12-, and 16-cylinder Vee-type versions.

TABLE 1.2

Primary Specificotions of Commercial V8.300 Compression-lgnition Engine

ltem Naturally aspirated Turbosupercharged
Brake horsepower 300 300 400 100
Construction Cast iron Aluminum Cast iron Aluminum
Weight, b 1800 1450 1850 1500
Volume, N3 1 k) % 32
Specific weight, 1b/bhp 5.0 +8 4.6 18
Specific weight, bhp/ft? 9.7 9.7 12.5 12.5

Within each series, all engines, regardless of horsepower or number of cylin-
ders, contain the same hasic design and construction, the same internal work-
ing and moving parts (with the exception of crankshaft and camshaft), and the
same external components. The interchangeability of parts considerably re-
duces logistic support requirements. These engines are liquid-cooled, operate
on the 2-stroke cycle, and incorporate an open-type combustion chamber with
uniflow scaverg:ng supplied by a mechanically driven Rootes-type blower. The
engines use air-inlet porting and conventional poppet-type exhaust valves. Fig-
ure I-24 illustrates a cutaway view of the GMC engine-cylinder design. These
engines have a1 compression ratio of 17 to 1.

In 1961 new developments were introduced that could adapt these engines
for multifuel operation with only minor modifications to the standard produc-
tion models. The modifications include a new piston design with a modified
bow! in its crown to increase the compression ratio from 17:1 to 23:1 in order
to ignite fuels with a lower specific gravity, such as ¢combat gasoline. A new
needie-valve fusl injector and a higher-capacity fuel-transfer pump are 1.0
used. Existing standard engines can be converted in the field to multifu:t +n-
gines by incorporation of these parts. Since a higher compression ratio is re-
quired for multifuel capabilities the life of some standard components is re-
duced. However, severai test enxines incorporating the above modifications
were tested and found to have excellent durability.

The GMC series compression-ignition engines are available for military
use from approximately 60 to 1200 hp in either cast-iron or aluminum con-
struction. All these engines are adaptable to turbosupercharging. A typical
GMC engine, the 6V-53 rated at 210 hp, is shown in Fig. I-25. This unit is
usrd fa tie M113A1 armored personnel carrier.

The primary specifications of the GMC series engles are shown in
Table 1-3. The specific weight of the 6V-53 turbocharge ¢ngine in aluminum
construction is 3.6 1b/bhp, and the specific output ts 10.7 bhp/ft’ of volume.

RAC-R-26 49




Fig. |-2d—Cutaway View of 53, 71, ond 149 Series
Engine Cylinder .

. O T R s it o et et

Fig. 1.25—6Y.53 6-Cylinder 2.Cycle 210-hp Compression-
Ignition Engine Used in Kilitory Vehicles
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The specific weights of these engines are the highest available commercially
and are equal to or better in some power classes than current military-devel-
oped engines. The volume of these engines compares with the best commer-
cially available engines, but when compared to current military-developed
engines the specific power output per cubic feet of volume is low. The mini-

i mum fuel consumption of the GMC series engines varies from 0.37 to 0.42
1b/bhp-hr, depending on engine horsepower size, which is comparable to other
modern comnpression-ignition engines. These engines are representative of the
| best commercial-engine technology available today.

TABLE 13 {

Primary Specifications of Severol GMC Series Engines® !

|
| Engine model :
ltem —- I
} 3.53 6V.53 8v.-n 12v-7h 8V.149 E
Brake horsepower i
; Naturally aspirated 103 220 350 525 —_ i _
Turbosupercharged — 3c0 1o 530 to 800 to 960 ! .
. Construction Aluminum Aluminum Alun.inum Aluminum Alu .inum ¢
Weight {diy}, 1o i
t Naturally aspirated 750 150 1540 2100 — 3
i Turhosupercharged =i 1690 1710 2300 3300 |
: Volume, ft® {approx.) 18 28 37 52 58 i
i o Specilic weight, ll/bhp i
Naturally aspirated 7.3 5.0 1.4 1.0 - !
! Turbosupercharged - 3.6 - 2.9 3.45
§ Specific output, bhp/ft?
Naturally aspirated 5.7 78 9.5 10.1 —
! Turbosupereharged - 10.7 14.4 15.4 16.5
{ Meight, volume, and power vnlues may vary. depending on application und duty eycle. Values shown |
are maximom.

Perkins Engine Inc. is currently developing a differentially surercharged
compression-ignition engine-transmission in an effort to provide desirable low- 5
speed performance characteristics with a minimum of complexity. The differ- 1
! entially supercharged diesel eng:ne is a complete engine-transmission unit.
i This system consists of a compression-ignition engire, a mechanically driven
! supercharger, and a torque converter with either a manual or automatic shift
i transmission. A schematic diagram of this concept is illustrated in Figs. 1-26
and I-27. The engine is supercharged by a positive-displacen:ent blower that
i is mecharically (znd differentially) driven in such a way that the charge density ‘
l (and therefore the output torque) increases with decrzzsing engine speed. The f 1
{

gy oy

engine-transmission system must be properly matched to obtain optimum per-
formance characteristics. Figure I-28 illustrates a truck-performance com-
parison’between a differentially supercharged diesel engine with a 2-spoed trans-
missica and a conventional supercharged diesel engine with a 5-speed trane-

i mission in a 16-ton gross-vehicle-weight (GVW) vehicle. The traciive-effort

| curves illustrate the superior performance of the differentially supercharged
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Engine -
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Fig. 1-27—Combined Differentiol ond Torque-Converter Arrongement
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engine in all speed ranges and particularly at lower speeds. This system has
better low-speed performance characteristics and a much simpler transmis-
sion and requires less effort and skill by the operatcr. The differential-super-
charged concept can be applied to any reciprocating eagine and to most trans-
missions for both commercial and military use.

12 T T 5
10 -
Low gear
g
$ | -
)
wi
>
2 1in 5 (20 porcent)
= gradient resistance
, i
E First gear
- t ﬂ
2 w Hiﬁ'l geur r
>
i £
2 4 4
. x / Secand gear
H Third
2 l’ geor = -
; Four‘lh/—- - : : — —
I gear - -
I Top gear
0 I L
] 0 20 40 60

| ROAD SPEED, MILE/HR

Fig. |.28—Perfarmance-Characteristic Comparison between
Differenticlly Supercharged Dicsel Engine with 2-Speed
Transmission and Conventianally Supercharged
Diesel Engine with 5-Speed Transmission,
': in a 16-ton GYW Truck?

wsmmsmen Diftorential engine
«= == Conventional engine and tronsmission

AVM-Series Engines

In 1952 the Ordnance Tank-Autor . jve Command (OTAC; now ATAC),
investigated the possibilities of de -:.° .ung a lightweight and compact wir-cooled
{ compression-ignition engine based on the 2-gtroke-cycle loop-scavenged prin-
| ciple. After analyzing concept studies subinitted by industry, OTAC initiated
l a research and development program in 1954, which was contracted to the Ly-

! coming Division of AVCO Corporation. Initial development and testing "vere on
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1- and 2-cylinder test engines. Development and test work were conducted on a
limited scale until 1961, when work was started on the 4-cylinder full-sized en-
gine. In 1963 a requirement for multifuel capabilities was incorporated in.~ the
development of the AVM engine.

The AVM series air-cooled Vee-type multifuel engines are designed
around the basic cylinder assembly shown in Fig. I-29. These engincs operate
on the 2-stroke-cycle principle and employ loop scavenging. The AVM engine
operates at an effective compression ratio of 18.7 to 1. It incorporates an
open-type combustion chamber, direct fuel injection, an omega-cup configura-
tion in the top of the piston, and automatic throttling of intake air at part load,
as shown in Fig. I-30.

The multifuel capability of the engine is good owing to the compact heat-
concerving combustion chamber, the lack of chilling valves in the head, throttling
of the air intake at part loads, and an effective compression ratio. The original
cylinder assembly was made of aluminum alloy and constructed with an integral
head that eliminates the need for gaskets and bolts. This cylinder was hard
chrome plated and eliminated the need for a separate liner. However, the later
engines utilize a nitride steel liner that can be pressed into the cylinder or
inserted during the cylinder-casting process to form an integral unit. The
pistons rotate to carry heat from the hot exhaust-port region to the cool intake-
port region. In addition, the pistons are oil-cooled by stationary oil jets that
direct cooling o0il to the piston crown. Rotation of the piston is accomplished
by a unique design—upper connecting rod, barrel-type wrist pin, and two-piece
piston assembly. The engines are valveless and have a total of 24 moving parts
per cylinder. Ease of accessibility of all parts facilitates their servicing or
replacement. A cylinder assembly complete with piston and connecting rod can
be removed and replaced in approximately 45 min without removal of engine
from the vehicle. Scavenging of the cylinders is accomplished by a gear-driven
centrifugal blower located at the front of the engine.

The AVM engine has good cold-starting characteristics. Starting is aided
by a glow plug so located in the cylinder head that the fuel spray impinges on
its tip.

The major components, such as the crankcase, cylinder, and piston as-
semblies, are constructed of aluminum to achieve low weight.

Approximately 35 AVM-310 prototype engines have bren built to date.
These engin=s have completed several thousand hours of dynamometer test-
ing, and several engines have been installed in small developmental wheeled
vehicles for operational and durability testing. Three prototype AVM-625 en-
gines have been constructed and are currently undergoing dynamometer test-
ing. The first prototype AVM-470 engine is being constructed and dynamometer
testing was anticipated to begin in the late fall of 1966.

The AVM series family of engines is intended for use in light tracked and
wheeled vehicles. These engines could have application in the newly developing
2'%- and 5-ton cargo trucks.

Discussion. The AVM series engines are »f Vee-type configuration. Front
and rear views of the AVM-310 engine are shown in Fig. I-31. The AVM-310
engine is one member of a possible family of engines built around the same
bore size by varying the number of cylinders. The family capabilities and char-
zcteristics of AVM series engines are shown in Table 1-4.
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Fig. 1-29—Crass Section of AVM
Cylinder and Piston Assemblies
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Fig. 1.30—Autamatic Thrattling
of Intake Air by Linkage
to Furl Rack
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o Front View

b. Flywheel View

Fig. 1-31 —AVM-310 Engine Assembly
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The AVM engines are air-cooled. A suction-type cooling blower located
on top of the engine draws air past the cylinders and oil cooler. The cylinders
are finned and are effectively shrouded to direct the air flow with minimum
pressure drop and leakage loss. A maximum use of common parts and com-
ponents is made for all engines of the family. The AVM engines can be manu-
factured by use of present automotive engine tooling since the power-producing
components are similar to the reciprocating components of more conventional
compression-ignition engines.

TABLE I-4
Characteristics of AVM Series Engines
Model
!tem

AVM-310 AVM-470 AVM.-625
I'ype ind no. of cylinders V-4 V-6 V-8
Bore and stroke, in. 4.25<5.5 4.25x 5.5 4.25» 5.5
Displacement, in.3 312 168 624
Campression rtio 18.7:1 18.7:1 18.7:1
Brake horsepower., gross. at 260 rpm 135 215 280
Brake horsepnwer, net, at 2600 rpm 120 180 250
Mininmen fuel cnnsumption, grass, 1b/bhp-hr 0.425 0.425 0.425
Fucl consumption at rated power, gross,

Ib /bhp-hr 0.440 0.440 0.440
Dimenxions. in. 1, > W - H 2930~ 29 37x30~ 29 4530 29
Volume, fi* 14.4 18.6 22,6
Weight, 1b (dry complete unii-conled

engine) 690 890 1120
Specific output, gross, bhp N3 9.4 1.5 i2.5
Specific weight, gross, (b hhp 5.10 415 4.00

The specific weight of the AVM series varies from 5.1 (AVM-310) to 4.0
1b/bhp (AVM-625), with specific power outputs of 9.4 to 12.5 bhp/ft* of volume.
The weight and volume of the AVM serjes engines are high when compared to
other high output compression-ignition engines, but they are considerably

Fig. 1-32—~Physical Comparison of AVM-310 Engine
with Modern Truck Diesel Engine

AVM-310, 170 net bhp 670 Ib,

14443
[///] Moden truck diesel, 112 net bhp,
1100 1b, 20 h?

lighter and more compact than conventional truck diesels, as shown by the
comparison in Fig. I-32. It must be realized that wher. a comparison is made
for specific outputs of a liquid-cooled engine with those o an air-cooled engine,
the weight and volume allowance of the cooling system must be considered. Air-
cooled engines with integral cooling systems are lighter and less bulky than
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Fig. |-33—Performance Chorocteristics of AVA-310
Multi‘vel Engine with CITE Fuel

liqutd-cooled engines with a cooling system. The AVM eng‘ne operate= ~t an
average brake mean efiective pressurz (bmep) of 60 psi at fuil speed-power.
This is approximately half the bmep of conventional 4-cy:12 compression-
ignition engines. This indicates that the bmep can be increased in the future
as development progresses for higher power outputs. Turbosupercharging or
supercharging can be incorporated for a further increase of approximateir 25
to 30 percent in pcwer output.

Fuel consumption for the AVM-310 seri¢s engine is shown in Fig. 1-33.
The fuel-rate curve shows a minimum or “pest-pcint™ gross brake specific
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fuel consumption (bsfc) of 0.425 1b/hp-hr and 0.435 lb/hp-hr at full power on
CITE fuel. This fuel ra.e is slightly higher than that of either 4-cycle or 2-cycle
uniflow scavenged engines in th’s power range, which operate at specific fuel
rates of 0.39 to 0.41 1b/bhp-hr. However, th: AVM iuel rate is considered good
for a 2-cycle loop-scavenged engine in this power cless. Further development
work should reduce the fuel consumption to that approaching other compres-
sion-ignition engines.

Variable-Compression-Ratio Fiston Engines

An R&D program was initiated in early 1960 to study the feasibility of in-
creasing the power output of compression-ignition engines by the incorporation
of a variable-compression-ratio (VCR) piston system coupled with an improved
combustion-chamber design compatible with the VCR piston. The bas!z con-
cept of the VCR piston system dates back to 1952, when the British Internal
Combustion Engine Research Association (BICERA) initiated the design and de-
velopment of a hydraulically actuated piston that varied compression ratio.

The objective was to develop an automatic peak-pressure-control device that
would increase power outputs without a corresponding increase in maximum
combustion pressures. Peak pressure is oae of the most critical limitations
on diesel engine cutput. The subsequent successful develupment of a piston
that varied the compression ratio from 15:1 to 8:1 allowed the output of the
engine to be doubled without any increase in peak cylinder pressures.

Based on the successful development of the VCR piston system, the Con-
tinental Aviation and Engineering Corpc ration (CAE) obtained patent rights
from BICERA for development and manufacturing rights in the US. Because
of the obvious advantages of this system, ATAC has contracted with CAFE to
develop engines incorporating the VCR system for use in tactical vehicles.

The automatic hydraulically actuated VCR piston assembly operates some-
what like a hydraulic valve lifter and responds to peak cylinder pressures in
much the same way that a hydraulic lifter responds tovalve push-rod pressure.
The VCR piston assembly consists of two main parts (see Fig. 1-34): the
piston shell or outer member A that carries the piston rings, and the pistor-
pin carrier or inner member B. The piston-pin carrier B, being linked to the
crankshaft by the connecting rod and piston pin, always moves between fixed
upper and lower limits, whereas the shell A is free to move withiu certain
limits relative to the carrier B. The relative movement provides a variable
height from the center of the piston pin to the top of the piston crown, thus
effecting a variation in corapression ratio through a change in the clearance
volume without any change in engine displacement. The movement of the piston
shell A is restrained hydraulically by the upper chamber C and an annular lower
chamber D. The position of the two members A and B with respect to each
other is determined by the control of the quantity of oil in the upper and lower
chambers. Chambers C and D are {illed with lubricating oil supplied through
the nonreturn inlet valves H and J. Oil from the lubricating system is fed to
the two valves via the passage E in the connecting rod (including a groove
around both the wrist pin and connecting rod bearings), a spring-loaded slipper
collector F, and the passages G in the carrier.

The upper chamber C is provided with a preset spring-loaded relief valve
L. During compression and firing, this relief valve limits the maximum allow-
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able pressure in chamber C and, in turn, the engine peak firing pressure. The
relation between the pressures depends on the respective areas exposed to the
two pressures.

The lower chamber D is provided with a fixed orifice K that controls the
amount of movement between the two main members on the exhaust and intake
stroke. Oil discharged from control orifice K and relief valve L returns di-
rectly to the crankcase. Note that as oil is bled from orifice K, decreasing
volume D, volume C increases and is filled with oil through inlet valve H.
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Fig. 1-34—VCR Piston Assembly

The amount of oil discharged from the upper chamber in any single com-
pressjon-power stroke depends on the margin by which the cylinder gas pres-
sure exceeds that necessary to cause the discharge vaive L to open and the
duration of this excess pressure. The valve setting and the magnitude and
duraticn of the excese. gas pressure determine the rate of downward movement
of the shell relative to the carrier. The upward relative movement, on the
other hand, is the same on each exhaust induction stroke, being determined by
the size of the fixed orifice K. If the upward and downward relative movements
are equal, as is the case when the engine load pressure-time diagram remains
constant, the effective compression ratio will remain unchanged. X the load
is increased the downward movements will exceed the upward movemer:ts,
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lowering the compression ratio until an equilibrium is again established. Con-
versely, if the load is reduced, the compression ratio will be increased to a
new point of equilibrium.

Changes in engitie speed have virtually no effect on the amount of upward
movement of the sheil relative to the carrier, because the pressure in the
lower chamber is created by an inertia force that varies as the square of the
speed, while the rate of discharge from the fixed orifice varies with the square
root of the pressure and thus directly with engine speed. Since cycle time is
inversely proportional to speed the amount of oil discharged (rate x time) is
independent of speed. This primary effect is only slightly modified by tempera-
ture variations and the viscosity of the oil.

During the initial assembly of an engine the relative position between the
piston and the piston-pin carrier is not established. However, when the engine
is operated initially and nil pressure is built up at the piston-pin bearing, the
piston is automatically pumped up to the high limit of compression ratio, which
facilitates starting. The piston shell remains at the extreme upper position
as load is applied to the eagine until the peak firing pressure exceeds the pre-
determined control pressure (about one-third to one-half full-load range). With
a further increase in load the compression ratio adjusts automatically so that
the peak firing pressure remains constant until the lower limit of compression
ratio is reached. Once the lower limit is reached, the peak cylinder {iring
pressure will again increase, as illustrated in Fig. 1-35. Conversely, as the
load is reduced on the engine, the piston automatically increases the compres-
sion ratio to maintain the predetermined peak cylinder firing pressure. Thus
when the engine is stopped, all pistons are at their maximum compression-
ratio position.

The automatic operation of the VCR piston, as previously stated, is es-
seritially the same as that of a hydraulic-valve-lifter tappet. The mechanism
adjusts the height from the piston-pin center to the piston crown to a balanced
conditicn and hence controls the compression ratio in accordance with ihe de-
mands of the maximum allowable cylinder pressure.

The hydraulic operation of the VCR piston consists of the following sequenc:
of events (see the schematic diagrams in Figs. I-34 and 1-35). During the latter
part of each upward stroke of the piston and the early part of each downward
stroke, the inertia of the oil in the connecting rod, acting upward, creates a
pressure in passages G. This pressure tends to open the inlet valves H and J
and pump oil into the upper and lower chambers. At the same time the inertia
of the piston shell, also aciing upward, tends to raise the shell relative to the
carrier. During the compression and power strokes the tendency is less than
the tendency for opposite motion caused by the gas pressure on the piston crown,
but not during the exhaust and induction strokes. Consequently during the latter
part of each exhaust stroke and the early part of each induction stroke the shell
moves upward relative to the carrier and oil enters upper chamber C through
valve H. Simultaneously lower ch.mber D diminishes involume,and oil is forced
out of it via fixed orifice K. The lower chamber acts as a dashpot xnd restrains
the tendency of the shell to seek the upper limit of its travel. Fixed orifice K
is designed to ensure that the shell will not move upward relative to the carrier
more than a small amount on each exhaust stroke.
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During the compression and power strokes the gas pressure on the piston
crown is transmitted to the carrier through the oil in the upper chamber, creat-
ing a high oil pressure in this chamber. Whenever the gas pressure exceeds
the selected upper limit, sufficient oil pressure is built up in the upper chamber
to open the discharge valve L and release some of the oil, allowing the shell to
move downward relative to the carrier, thus decreasing the comprission ratio
of the engine. The downward movement of the shell enlarges the lower cham-
ber D when the oil pressure in passage G is high; valve J opens as a result,
and oil enters the lower chamber to keep it fully chargea. There is no tendency
for the piston to leak down while the engine is stopped since there is no pres-
sure differential across any of the sealed joints.*

The illustration in Fig. I-36 shows an exploded view of the components
that make up the VCR piston assembly.

o "'eO _
Z - 00Q

@

Fig. 1-36—Exploded View of VCR Piston Assembly

The compression ratio of the VCR piston system can be varied to meet
fuel requirements. Currently the VCR piston operates at a high compression
ratio of 22 to 1 down to a low compression ratio of 12 to 1 or 10 to 1, depend-
ing vir engine requirements. Figure 1-37 illustrates a plot of compression
temperature generated in the cylinder against compression ratio for various
operating conditions {rom cold starting to full load. A plot of the required igni-
tion temperature for gasoline and diesel fuel is superimposed on the graph.

The curves are based on actual engine data and are from a compression-ignition
engine having a bore of appro:imately 5 in., with direct fuel injection. The
curve shows that a compression ratio of approximately 16 to 1 is required to

*Thig description of the operation of the VCR piston system is based on iuturma-
tion furaished by the CAE.}
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start the engine without starting aids when operating on diesel fuel, whereas
at —z5°F a compression ratio of 19 to 1 is required. The engine will idle satis-
factorily with a compression ratio of 12 to 1 after starting. When gasoline is
uzad as a fuel, starting aids are required even with a compression ratio of 24
to 1. However, the engine can be idled with a compression ratio of 18 to 1 and
run at full power with a compression ratio of less thaa 12 to 1.

The major advantages of the VCR piston system are:

(a) Increases engine horsepower through peak-pressure control.

(b) Improves cold-weather starting characteristics.

(c) Enables the engine to operate with complete multifuel characteristics.
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Several thousand hours on singla-cylinder and 1aulticylinder ensines have
bcen successfully ~empleted to substantiate the theory and design of the VCR
piston system. The VCR fpiston system was first applied to the conventional
AVDS-1100 V-12 engine, which was originally rated at 550 bhp at 2800 rpm.
With the VCR pisior system this engine developed 825 bhp without any change
in engine st:ucture. This represents an increase of 50 percent in horsepower.
Further development and testing have increased this output over 100 perccat
above that of the engine i its _onventional configuration.
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The VCR piston system can be applied to any 4-stroke-cycle engine, and
possibly to 2-stroke-cycle engines as well.

Discussion. The VCR piston system can be applied to any cylinder ar-
rangement and configuration, such as Vee, opposed, or in-line. The family
capabilities are unlimited depending on bore size, the smaller-bore cylinders
kaving better family capabilities than the large-bore sizes.

Engines incorporating the VCR piston system can be either liquid-cooled
or air-cooled with equal success. The VCR piston engines can be manufactured
using present automotive-engine tooling, since the power-producing components
arc similar to the power-producing components of more conventional reciprocat-
ing-piston compression-ignition engines.

As a result of the successful research, development, and test work that
is being carried on, the present technical status and projected advancement
levels of the VCR engine program can be summarized thus: Rasic design pa-
rameters and limitations, such as bore, stroke, bmep, rpm, turbosupercharg-
ing, efficiencies, flow characteristics, pressure ratios, compression ratios,
combustion limits, heat transfer and heat-load limits, injection limits, piston
design and control, bearing capacities, structural limits, etc., have been estab-
lished to verify that the VCR piston-engine concept at a power output of 250
bmep at 2800 rpm is a practical development today. A VCR engine system
with an output of 260 to 280 bmep could be developed with a good probability
of success.

Present applications of the VCR piston system that are under development
are to the liquid-cooled hypercycle engine and to the US/FRG (Federal Republic
of Germany) main battle tank engine. The hypercycle engines (the naturally
aspirated 120 bhp LD-465-1 and the turbosupercharged 210 bhp LDG-465-1)
have been adapted to incorporate the VCR piston. This new engine, designated
the LVCR-465 by the commercial sponsoi (CAE), is shown in Figs. I-38 and
I-39. The LVCR-465 specifications are shown in Table I-5. The hypercycle
465 in.® displacement engine is rated at 140 bhp naturally aspirated and 210 bhp
turbosupercharged. By application of the VCR piston the rating has been in-
creased to 350 to 450 bhp. This represents a power increase of several times
that of the basic engine. Figure I1-40 illustrates a performance comparison be-
tween the naturally aspirated LD-465-1 engine, the turbosupercharged LDS-
465-1 engine, and the same engine with VCR pistons—the LVCR-465 engine.

The horsepower curve indicates a 220 percent increase with VCR pistons and
turbosupercharging over the basic 140-bhp engine.

The AVCR-1100-2 engine is currently being developed for the US/FRG
main battle tank. This engine is the outcome of several lower-powered engines
that were abandoned when the power requirements for the main battle tank were
increased. The AVCR-1100-2, illustrated in Fig. I-41, is a 4-stroke-cycle air-
cooled V-12-cylinder compression-ignition engine incorporating the VCR
piston system.

The engine is constructed of aluminum for minimum possible weight
while retaining heavy-duty structueral integrity through the use of advanced de-
sign techniques. The engine is designed to operate at much higher temperatures
by the incorporation of a unisteel cylinder-head assembly. It features a finely
spaced deep-finned aluminum outer head asse mbly, which is aluminum-bonded
to a one-piece steel inner head assembly, thus providing a one-piece head as-
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Fig. 1.39—Cutaway of LVCR-445 E~gine
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TA3LE I.5
Principal Specifications of the LYCR-465 Engine

ltem

Value or description

Model
Type

Induction system

Bore and stroke, in.
Displacement, in.?
Conwpression ratio

llorscpower, gross, at rated rpm

ldle peed, rpm
Maximum torque, Ib-ft
At 450-hp rating
At 400-hp rating
At 350-hp rating
- Valves

Cooling system

Overall dimensions (complete engine)

I.x Wx H, in.
Volume, fi3

Engine weight (complete engine,
drys, th

Specific power output (at 450 bhp
rating), bhp/ft?

Specific weight (at 450 bhp rating),

Ib/bhp

LVCR 465

6-cylinder, in-line, liquid-cooled, multifuel compression
ignition engine with variable-compression-raiio
pistons

Supercharged by an exhaust-driven wnstegate turbo-
charger

4.56 x 4.88

478

22.0:1 (high) to 12.0:1 (low)

450 hp 2t 2800 rpr; 266 bmep (psi)

400 hp st 2800 rpm; 236 bmep (pai)

359 bp at 2800 rpm; 206 bmep (psi)

600 to 700

900 at 2000 rpm

800 at 2000 rpra

750 at 2000 rpm

Overhead type, two per cylinder, actuated by a single
camshaft

Thermostatically controlled, puinp-circulated, !iquid-
cooled, with a balanced rotor manifold. Soiid or
viacous-clutch mounted fan for radiator air
circulation

44.0 x 28.9 x 39.5

29

Cast iron, 1725; aluminum, 1355
15.5

Cast iron, 3.8; aluminum, 3.0

sembly. This single-piece unit-structure cylinder head was developed to pro-
vide the structural strength and the high temperature capabilities necessary
to support the high horsepower output produced by the VCR piston. The VCR
piston itseif provides built-in »iston-0il cooling, thus providing the engine with
higher output capabilities. An open-modified-swirl combustion-chamber de-
sign is used in the engine, and fuel is sprayed directly juio the comhustion
chamber through a multiple-orifice fuel-injection nar:le

The specifications of the AVCR-1100-2 engine #+< +.ovm in Table I-6.

RAC-R-26

The engine is tentatively rated at 1200 bhp (100 Yup/cyi. der) owing to the un-
availabilily of adequate turbosupercharger and fue!-injectica units. Fabrica-
tion of the 1475-bhp (123 buip/cylinder) unit is anticipated to begin late in 1966.
Indications are that the AVCR-110C engine will ultimately be limited in top
power output at approximately 1700 to 1800 hp owing to structural limitations
of the engine. It is also believed that oil will be a limiting factor due to coking
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Fig. 1-41—1475-hp AVCR-1100-2 Engine

TABLE I-6

Principol Specifications of the AVCR-1100-2 Engine

ltem

Volue or description

Configuration
Displacement, in.?

Rore and stroke, in.
Compression ratio

Gross horsepower

Rpm rating

Minimunt fuel consumption, b bhp-hr
Gross maximum torque, Ib-ft
Cooling

Cooliag-fan power,” hp

Cooling air flow, ¢fm

Induction air flow, cfm

Overall dimensions (compiete engine) Lx W<, in.

Favelope volume, fi?
IBare-cngine envelope volume, ft?
Bae-engine weight,” ib
Installed weight. drv. Ib
Specific pawer output, bhp fi?
Complete engine
Hare engine
Speaific weight, Ih bhp
Complete eagine
e engine

120-deg V-12

1120

1875 x 5

Variable: 22:1 to i0:1
1475: 370 bmep (pei)
2800

0.39

2750 at 2200 rpm

Air cooled

152

31,000 wt 60°F
3,500 at 60°F

69.0 « 60.6 « 35.0
85

~ 58

3.200

3.7

200
-y

St

Tncludes all eylinder, engine oil, aftercouling, and transmission (11,000 btu min)

uil cooling.

"Bare engine is lens coolers, fanx, or startcer,
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between the inner and outer piston shell caused by the severe pressures and
temperatures generated in this area. However, syathetic oil such as that used
in turbine engines could eliminate coking if it becomes a problem.

The power increase due to the VCR piston has a marked effect on the
specific engine weight and volume. The liquid-cooled VCR engines, such as
the 400- to 450-hp LVCR-465, have a specific weight of 3.0 to 3.4 1b/bhp and
a specific power output of 15.5 bhp/ft® of volume. When specific outputs of a
liquid-cooled engine are compared with those of an air-cooled engine, the
weight and volume of the cooling system must be considered for a true com-
parison. It generally follows that for military power plants the air-cooled en-
gines, complete with integral cooling systems, are somewhat lighter and less
bulky than liquid-cooled engines when compared as a completely installed

power package.

3000
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P__.a
1500 1200 o
w
=
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1000 1000 E
(=]
I
800 w
3
&
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0.55 400
£ 045 200
gx
3
a 0.40
-
0.35 | 1 1
1200 1600 2000 2400 2800

ENGINE SPEED, RPM

Fig. |-42—E timated Ful! Rock Performance of AVCR-1100 Engine
with CITE Fuel

The air-cooled 1475-hp AVCR-1100 engine has a specific weight of 2.56
b/bhp and a specific-power output of 17.35 bhp/It® for the complete unit-cooled
engine assembly. When the “base” engine minus the cooling-system compo-
nents is considered for comparison with a liquid-cooled engine, the specific
weight is 2.17 1b/bhp and the specific power ouiput is 25.5 bhp/ft* of votlume.
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Fig. I-43—Fuel Map for 1475-bhp AVCR-1100-2 Engine
CIE fuel, series supercherging

The fuel-consumption performance of engines incorporating the VCR
piston is comparable to that of high-performance commercial compression-
ignition engines. As shown in Fig. 1-40, the best-point fuel rate for the LVCR-
465 engine is 0.38 lb/bhp-hr at part load and 0.44 to 0.45 1b/bhp-hr at full
pcwers. The performance characterizii~s of the AVCR-1100-2 engine are shown
in Figs. 1-42 and 1-43. T"2 fuel-rate map (¥'ig. 1-43) indicates 2 minimum
part-load fuel rate of 0.36 15/bhp-hr and 0.46 to 0.47 1b/bhp-hr at full power.

Engines incorpurating the VCR piston systerns have demonstrated good multi-
fue]l performance capabjlities.
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The combination of an advanced combustion system, such as the very-
high-cutput (VHO) system, with the VCR piston system can eventually further
reduce fuel consumption and increase power output.

Very-High-Output Engines

An R&D program was initiated in 1960 to provide the armed services
with a lightweight, compact, reliable, very-high-output multifuel power source
for military vehicles. To accomplish the above objectives it was necessary
to advance the present state of the art by refining and improving existing sys-
tems and components. A new fuel-injection valve, precombustion chamber,
and main combustion chamber design were developed to improve the combus-
tion process necessary to achieve the desired multifuel characteristics. low
fuel consumption, and high power output. The development of the VHO « _ine
was contracted to the Caterpillar Tractor Company.

|

L

Fig. 1.44—VHO Combustion System

The VHO engine is u turbosupercharged 4-cycle, uniflcw compression-
ignition engine. The research program objectives were to develop a single-
cylinder test engine that would be capable of producing acceptable performance
outputs up to 400 psi bmep at engine speeds of 2800 rpm. The data obtained
could then be used to determine whether these high outputs could result in a
compict, lightweight multifuel multicylinder engine. Several thousand hours
of operation on single-cylinder and multicylinder test engines were successfully
completed to substantiate the theory and design of the engine and its component
systems. The VHO engine employs high-pressure-ratio turbosupercharging
with air-to-air combustion-air aftercooling and a precup turbulent-chamber
combustion system. A schematic diagram of this system is shown in Fig. I-44.
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Fuel is injected through a fuel-injection valve into the precombustion chamber.
Since the amount of air i» the chamber is limited, only part of the fuel burns.
The resulting heat and pressure expe’ the remaining fuel-air mixture into the
main combustion charober. An air swirl is created by holes located at the
entrance of the prechamber. The air is then directed up the side of the throat
of the chamber, creating a partial vacuum in the center of the throat into which
fuel is sprayed. The result of injecting fue* into the vacuum is that only the
fine fringes of the fuel spray are stripped off by the inrushir.g air. The fine
fuel droplets in the fringe quickly vaporize and ignite, serving to trigger the
burning of the remainder of the fuel charge for smooth, even combustion. The
basic concept of the VHO combustion system has evolved from a commercial
engine of similar type, size, and configuration that has a proved history of ex-
cellent durakility and reliability at relatively high power output.

The VHO engine program has benefited greatly from the Army develop
ment of the LVDS-1100 and LDS-750 series engine programs, which became
outdated during development and were subsequently terminated owing to a re-
quirement for greater horsepower for tank propulsion. However, these engines
had produced power outputs approximately 15 percent over their design goals.
Much design knowledge and experience were gained from this program on the
use of aluminum material, structural design, bearing capacities, fuel sensi-
tivity, and aftercooling all of which have been very useful to the VHO and other
engine programs.

Fig. 1.45—Unique Barrei-Type Crankshoft for VHO Enyine

The VHO engine is constructed of aluminum to achieve low weight while
retaining structural integrity for heavy-duly operations. The engine features
a four-valve head for increased volumetric efficiency and a unique barrel-type
crankshaft, shown in Fig. 1-45, which elimin»tes separate crank-cheeks and
results in a compact design. The large circular disks serve as both main bear-
ing journals and crank thrcws. The VHO engine is designed to operate at high
coolant temperatures, thus requiring a smaller and more efficient cooling sys-
tem. A unique design feature of this power plant is the provision for alterna-
ive locations for such components as the turbosuperchargers, induction and
intake, hydraulic pump, water pump, generator, starter, and other accessories,
without modification of the basic engine. This feature provides the vehicle de-
signer with the flexibility to select the nptimum engine configuration for a given
vehicle application. Based on the outcome of performance and durability test-
ing, a 12-cylinder engine design has been rompleted and fabricated, and is cur-
rently urdergoing testing and further developinent.

RAC-R-26 i

»

o SRR

e e e 1 et e =

i




Discussion. The VHO engine is of Vee-type configuration. The present
full-sized development engine, shown in Fig. I-46, is a 12-cy linder unit that
develops 1000 bhp. It is one of a possible family of engines that can. be built
around the same bore size by varying the number of cylinders. Because of its
relatively small (4.5 in.) bore size, the engine design lends itself particularly
well to the family concept. The family capabilities of the VHO engine are shown
in Table I-7.

The VHO engines are designed around liquid- coonng principles. How-~
ever, air-cooling of these units should be as practical as with other air-cooled
compression-ignition engines. A maximum commonality of parts and compo-
rents characterizes all engines of the family. These engines can be manu-
factured using present automotive-engine tooling since the power-producing
components are similar to the reciprocating components of more conventional
compression-ignition engines.

Basic design parameters and limitations, such as bore, stroke, bmep,
rpm, turbosupercharging, efficiencies, flow characteristics, pressure ratios,
intercooling temperatures and capacity, combustion limits, heat-transfer and
heat-load limits, injection limits, bearing capacities, structural limits, etc.,
ha'e been established tc verify that the VHO engine concept, at an output of
240 to 260 bmen and at 2800 rpm, can be developed with a high probability of
success. Indications are that with continued development effort the VHO engine
system can produce outputs of 260 to 300 bmep at 2800+ rpm with a good prob-
ability of success.

The 12-cylinder VHO engine has a specific weight of 2.5 th/bhp and a
specific power output of 31 bhp/ft® of volume. The smaller engines of the pro-
posed family (see Table I-7) have specific weights of 3.8 to 2.9 1b/%hp and
specific power outputs of 19 to 27 bho/ft® of volume.

The fuel consumption of the VHG engine is 0.38 lb/bhp-hr minimum or
best-point opeiration. This fuel rate compares with conventional high-per-
formance commercial compression-ignition engines. The peak cylinder pres-
sures obtained when using gasoline are about the same as when diesel fuel is
used.' The power of this engine when running on gasoline was 88.2 percent o'
its power with CIE fuel.® The engine has demonstrated multifuel capabilities
and can operate satisfactorily on a fuel range from military gasoline to diesel
fuel, as well as some crudes.®

The VHO combustion principle can be applied to other engires, both large
and small. It appears likely that the VHO system can result in much greater
power outputs when applied to the VCR piston concept, which was discussed"
previsusly in this chapter.

Extremely-High-OQutput (Kamm) Engine

The development of very-high-pressure compression-ignition engines was
investisuted in Germany in the late thirties and early forties. where test engines
were c.nstructed and operated. Although these early units were plagued with
many protlems, priniarily involving metals, the results appeared very promis-
ing. In the early fifties several US organizations continued the investigation of
the high-pressure compression-ignition engine.

The US Army recently initiated an R&D progrim with the Sievens institute
of Technolugy to determine the feasibility and practicality of obtaining extremely
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Fig. 1-46—Three-Quorters-Front View of 12-Cylinder 1000-hp VHO Engine

TABLE 1-7
Characteristics of VHO Engine
Model
Item I
L MS-350 L.MS-525 | LVMS-700 LYMS-1050

Type and no. of cylinders In-line, } In-line, 6 60-deg V-8 60-deg V-12
Bore and stroke, in. 1.5+ 5.5 1.5 > 3.5 1.5 % 5.5 1.5 % 5.5
Displacement, in.? 350 525 700 1050
Horsepower, may,at 2800 rpm 330 500 065 1000
Minimum fuel consumption.

Ib /bhp-hr 38 8 38 8
Length, in. 35.2 1.0 46.9 18.6
Width, in. 21.6 216 B 321
Height, in. 5.6 15.6 339 35.9
Volume, 13 dae 0.3 215 32.5
Dry weight, Ib (less fun,

radiator. generator) 1250 1625 1900 2500
Specific output, bhp /ft* 19.0 215 270 3.0
Specific weight, Ih/bhp 38 3.3 2.0 25
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high powe: vurput from a lightweight compact reciprocating compression-ignition
engine.

The extremely-high-output (EHO) engine is a highly turbosupercharged
2-cycle loop-scavenged compression-ignition engine with a combustion system
that provides precise combustion control. Optimum combustion enables opera-
tion at very high bmeps. A schematic diagram of this system is shown in Fig.

Fuel injector

Combustion
chamber

F

=

Piston

L L LA
U |B]
|_‘J

A A

Fig. 1-47—EHQ Combustion System

I-47, and a cross section of the cylinder assembly of the experimental test en-
gine is shown in Fig. 1-48. This control is acc mplished by keeping air and
fuel separated in the combustion chamter except for a small portion of air that
is allowed to mix with fuel at a controlled rate to enter into corabustion. This
system is capable of operating at higher thermal loads by confinement of high
temperatures to a simall area in the combustion chamber. The piston design,
shown in Fig. 1-49, insulates critical parts from high temperatures. The EHO
combustion system has demonstrated a high degree of :1sensitivity to fuel char-
acteristics. Experimental work is continuing tc establish the limitations and
capabilities nf the syste:n and to obtain better understanding of the concepts
and principles on which the engine design is based.

Discussion. The EHO engine is in the research stage, and only experi-
wental test engine< have been produced. If successfully developed, the EHO
engine can be constructed in either Vee, in-line, or opposed-cylinder configura-
tions and would incorporate family capabilities similar to those of a conven-
tional piston engine. The present single-cylinder test engine is air-cooled but
either air cooling or liquid cooling of these engines is practical. The EHO en-
gine would be more difficult io produce than present compression-ignition en-
gines owing to the greater complexity of its combustion chamber and cylinder
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Fig. 1-49—Cross Section of EHO Piston Assembly,
Showing Heot-Protective Crown with Fire Rings
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and piston assemblies. However, the engines can be manufactured using most
of the present automotive-engine tooling since the power-producing components
are similar to the components of conventional engines.

Test results have been very encouraging; outputs of 350 psi bmep’ (equiva-
lent to an output of 700 psi in a 4-cycle engine) have been achieved. A signifi-
cant accomplishment has been the operation of this e Tire at a bmep of 360 psi,
which corresponds to 450 psi imep (indicated mean eftective pressure) for
%2 hr under steady-state conditions. However, emphasis has been shifted from
high performance to durability operation at a bmep of 250 psi. Well over
1500 hr of operation have been accumulated with bmep outputs to 250 psi and
well over 200 hr at bmep outputs of from 250 to 300 psi.

Exhaust turbine

Compressor

Auxiliary combys-
tion chambers

Fig. 1-50—Proposed EHO 12-Cylinder Engine

It is estimated that a 12-cylinder EHO engine, with a 2.75 in. bore and a
4.5 in. stroke, operating at a bmep of 250 psi at 3000 rpm would produce 590
hp for a specific output of 29 hp/ft® and a specific weight of 2.02 1b/hp. Higher
bmep and torque over a wide speed range can be achieved by increasing the
boost pressure independent of engine speed. One methdd of achieving this is
by incorporating an exhaust-driven gas turbine, whereby the reciprocating en-
gine delivers all the torque and the mechanically independent turbocharger
supplies the necessary boost. Additional gas energy can be supplied to the
turbine section by rieans of an external bypass combustion chamber located
between a compressor and the gas turbine, as shown in Fig. I-50. This sec-
tion will supply additional gas energy, which cannot be supplied by the energy
available in the compression-ignition engine exhaust, under certain power-
demand conditions. However, this fuel could not be used as efficiently as it
would be if it were added to the diesel section of the engine. Consequently fuel
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consumption would be very high when this section is operating. (A similar sys-
tem is discussed in the section on compound engines.) It is, however, a means
of attaining high power outputs for short periods of time. Another method would
be to utilize a differentially driven Rootes-t:7pe supercharger to supply the extra
boost. This system would provide better util.zation of fuel energy but probably
would not yield the high power outputs that the burner-augmented system would
provide. The weight of the total engine package would also increase appreciably.
The specific fuel consumption of test engires is between 0.30 and 0.40 1b/
indicated horsepower (ihp)-hr at outputs up to 250 psi bmep and 0.50 1b/ihp-hr
at top output of 450 pai imep. These are indicated fuel rates,and the bsic would
actually be about 20 percent higher.
Estimated performance and physical characteristics of possikle 6-, 8-,

and 12-cylinder EHO engines are shown in Table I-8.

TABLE I-8

Estimoted Charocteristics of EHO Engines

item Model
Type and no. of cylindera V-6 V-8 V-12
Bore and atroke, in. 2.75 % 4.5 2.75x 4.5 2.75 % 4.5
Displacement, in.? 156 208 312
Cruise Maximum Cruise Maximum Cruise Maximum

Horsepower:

At 2400 rpm 210 310 300 410 460 660

At 3000 rpm 270 390 380 540 590 830
Bmep,pai 250 350 250 350 250 350
Torque, ft-1b at 2400 rpm 460 680 655 920 1035 1450
Length, in. 30 36 46
Width, in. 25 25 25
Height, in. 30 30 30
Volume, ft? 13 16 20
Weight (dry), Ib 680 920 1200
Specific weight, Ib/hp:

Cruise hp at 2400 rpm 3.24 3.07 2.61

Cruise hp at 3000 rpm 2.52 2.42 2.02

Max. hp at 2400 rpm 2.20 2.1¢ 1.82

Max. hp at 3000 rpm 1.75 1.70 1.45
Specific output, hp/ht¥:

Cruise hp at 2400 rpm 16 19 23

Cruise hp at 3000 rpm 21 24 29

Max. hp at 2400 rpm 24 26 33

Max. hp at 3000 rpm 30 34 41

HYBRID ENGINES

In the past few years considerable research work has been carried on by
the military, research organizations, major oil companies, and other private
commercial concerns to develop an advanced high-efficiency high-output com-
bustion process for application to both spark- and compression-ignition en-
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gines. The primary chjectives of these programs are to develop an ideal com-
bustion process that would yield the maximum possible output and performance
charscteristics per cubic inch of engine displacement with a very high degree
of fuel ecoromy from varied low-grade fuels—all contained within 2 lightweight,
compact package.

To accomplish these objectives a great deal of R&D effort by both industry
and the military has been expended on the hybrid combustion system, or “hybrid
engine.” The hybrid eng.ne is simply defined as “an enginy that is a cress be-
tween a spark-ignition engine and a compression-ignition engine.” The hybrid
angine operates on a lean fuel mixture to eliminate throttlinglosses,like a com~
pression-ignirion engine, and uses electrical energy to initiate combustion, like
a spark-ignition engine. This combustion system enabies the hybrid engine to
approach the fuel economy of the compression-ignition engine. The hybrid sys-
tem offers increased fuel economy while retaining the weight, size. structure,
and cold-starting ability of the spark-ignition engine.

There are many different types of hybrid combustion systems. Some op-
erate almost as compression-ignition engines, and some operate almost as pure
spark-ignition engines with external fuel mix. The conventional spark-ignition
engine functions with external fuel and air mixing and directs a homogeneous
charge into the combustion chamber. A fixed-point electric spark is used to
initiate combustion, which then propagates a flame front throughout the fuel-
air mix in the chamber. Air and fuel regulation (throttling) is necessary to
control engine speed and power output within the narrow range of ignitable air-
fuel ratios. The conventional compression-ignition engine functions with inter-
nal fuel and air mixing, which creates a heterogeneous mixture withia the com-
bustion chamber. thus providing a variety of air-fuel ratios. Combustion of
the fuel is by the heat of compression and is vniform through the combustion
chamber because a variety of localized air-fuel ratios ensures initiation of
burning. A wide range of fuel distillates can be ignited in this manner. Only
the fuel is regulated to control engine speed and power output. eliminating the
losses associated with the throttling of air. The major difference between the
Otto cycle and the diesel cycle, apart from their ignition principles, is their
air-fuel ratio operating range. The diesel engine cannot be operated richer
than stoichiometric, and the spark-ignition gasoline engine cannot be operated
much leaner than stoichiometric, both being controiled by smoke limits.

The majority of the well-known hybrid combustion systems operate on the
so called “stratified-charge” concept, where a small amount of the (otal in-
jected fuel is directed in a rich mixture near the point of ignition. The major
portion of the fuel charge in an excessively lean mixture is injected toward the
periphery of the combustion chamber. The small rich mixture is electrically
ignited and propagates a flame to ignite the lean fvel mixture.

Hybrid engines operate on a stoichiometric air-fuel mixture at full-load
operation and on excessively lean (60 to 1 and higher) air-fuel mixtures at part-
load operation. High thermal efficiency and fuel economy are attained by those
engines through their ability to burn lean air-fuel mixtures and a wide range
of fuels that would not require any specific octane and cetane rating. Because
the maximum cylinder cc mbustion pressures as well as the rate of pressure
rise is less in the hybrid combustion process than i1 the diesel cycle, engine
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construction could be considerably lighter. The hybrid engine could be built
around the conventional spark-ignition engine structure, resulting in a light-
weight compact low-cost engine for military vehicles.

Ricardo Stratified-Charge System

The Picardo stratified-charge system, shown in Fig. I-51, was developed
in the 1920’s. This approach to stratification consisted of a precombustion
chamber (or ignition cell) with a spark plug located in the cell. A rich mixture
was ignited in the cell by the spark plug. The burned mixture then rushed
through a narrow neck into the main combtustion chamber to ignite a leaner
mixture. Good power output and fuel economy were achieved,

2

\‘\\\\\\\\\\\\\{‘
N

~

Fig. I.51—Ricordo Strotified-Charge System
with Precombustion Chomber

Injector

Fig. I-52—Hesseimon Combustion System

Hesselman System

The Hesselman “low-pressure diesel engine” was an attempt to ccmbire
the Otto and diesel cycles. This system, shown in Fig. I-52, utilized a shrouded
intake valve to induce an air swirl. A fuel nozzle at the periphery of the com-
bustion chamber, which was located in the top of the piston, injected fuel toward
the center of the combustion chamber during the compression stroke. A spark
plug located diametrically opposite the fuel nozzle ignited the fuel charge. The
ergine operated at a compression ratio of 8 to 1. The air was throttled at idle
and low speeds only. with fuel input controlling tt.e higher speed-power loads.
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Dysart-Freeman System

The Dysart-Freeman combustion system, shown in Fig. I-53, is a strati-
fied-charge concept that utilizes a prechamber containing a spark plug and fuel-
injection nozzle. The ignited charge is rushed from the prechamber into the
main combustion chamber to ignite the main mixture suoplied by a fuel-injection
nozzle.

Fig. 1-53—Dysart-Freeman Combustion System

Injector

Fig. 1-54—Heintz Rom-Straticharge System

Baudry-Stuempfig System

The Baudry-Stuempfig system utilizes a small bent tube that carries a
rich fuel mixture close to the intake valve. The tube directs the rich mixture
toward a spark plug located at the periphery of the combustion chamber.

Heintz Ram-Straticharge System

The Heintz ram-straticharge combustion system utilizes a divided com-
bustion chamber for charge stratification. Figure I-54 shows the precombus-
tion chamber attached to the main combustion chamber. The prechamber con-
tains a small air valve, a fuei-metering tube, and a spark plug. During idling
and low-load operati- 1, fuel is fed into the vertical air intake. During the suc-
tion stroke the small valve opens and admits air in . swirling motion to mix
with the fuel. The mixture rotates adjacent to the spark plug and on ignition
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a turbulent flame is discharged into the main combustion chamber. At higher
power demands, fuel is added to the unthrottled air entering through the normal
air-intake valve. The Heintz system has been applied to a 4-stroke-cycle en-
gine. The developers contend that this system will (a) reduce exhaust hydro-
carbons, (b) achieve fuel economy 10 to 15 percent greater than the conventiona!
spark-ignition engine, and (c) provide multifuel capability.

Schlamann Stratified-Charge System

The Schlamann stratified-charge system, illustrated in Fig. 1-55, utilizes
an auxiliary chamber for charge stratification. The auxiliary chamber con-
tains a fuel injector and a spark plug. The main combustion chamber is con-
tained within the piston crown, where fuel is injected by the mair fuel nozzle.
The charge, ignited in the auxiliary chamber, rushes through a small orifice
to ignite the fuel in the main combustion chamber. The Schlamann system has
demonstrated operation that was insensitive to fuel octane number, but part-
load thermal efficicncy was only slightly better than with the conventional com-
bustion system, and full-load efficiency was less ilian that of a conventional
engine. The engine operating on this system experienced severe combustion
roughness.

IFP-Renaull System

The IFP-Renault system, shown in Fig. I-56, employs heterogeneous
carburetion. A lean mixture is fed into the combustion chamber by a carbu-
retor. A timed rich mixture is fed through a tube into the intake port. This
system is said to induce stratification to ensure ignition of the entire fuel sup-
plizd. Below 50 percent load, output is controlled by throttling as in a conven-
tional engine. Above 50 percent load, regulation of the engine is obtained by
controlling the fuel flow. Approximately 5 percent lower fuel consumption, at
mid-power range, was achieved with this system. The power output was equiva-
lent to that of a conventional engine.

Nilov Hybrid System

The Nilov hybrid engine, shown in Fig. I-57, is a Russian development
that utilizes a precombustion chamber with a spark plug. A rich throttled car-
bureted fuel mixture is ignited in the prechamber and is directed into the main
combustion chamber, which is supplied with a throttled lean mixture. The mix-
ture in the main chamber can vary from air alone t0 a homogeneous air-fuel
mixture. The precombustion chamber contains a stoichiometric or leaner mix-
ture at the time of ignition.

Walker Stratofire System

The Walker Stratofire system was an attempt to develop a hybrid system
tnat would be adapted with a minimum of modification to conventional spark-
ignition gasoline engines. The system, shown in Figs. 1-58 and 1-59, could be
inserted into the spark-plug opening in the engine. The system consists of a
prechamber unit with a spark plug located in the upper end of the assembly and
an automatic inlet valve located near the spark plug. The secondary carburetor
is used in addition to the existing primary carburetor.
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Fig. I-55—Schlamann Stratified-Charge Combusiion System




Intake rich mixture

Fig. 1-56—IFP Renoult Com-
bustion System

(Spark location at Pasition 1 1
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s Fig. I-57—Nilov Hybrid System
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Fig. 1-57—Cross Section of Wulker Strotofire Unit
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A relatively rich fuel mixture is introduced from 4 small secondary carbu-
retor through an automatic inlet valve into the stiatofire unit and then into the
engine cylinder. A lean mixture is introduced by the primary carburetor and
through the engine cylinder. The stratification would then take place in the fol-
lowing manner: During the compression stroke the relatively rich mixture would
be compressed up to and around the spark plug in the stratofire unit, sc that
when the spark igniied the adjacent mixture a flame front would progress through
the small volume of the richer mixture, through the small antechamber, rais-
ing its pressure, and eject the burning mixture violently intc tire main combus-
tion chamber of the engine, supplyiag a multipoint ignition system to ignite the
relatively lean mixture in the cylinder. The engine would continue to be con-
trolled by the sain carburetor throttle.® Very little stratification was achieved
by this system and it is not considered a straiified charge system.

The stratofire system did improve fuel consumption by several percent
over the conventional engire. However, the primary objectives of this project
were to eliminate smog-forming constituents and carbon monoxide. This proj-

ect has since aroused very little interest.

feintz 2-Cycle Stratified-Charge System

The Heintz 2-cycle stratified-charge system is similar to the Dysart-
Freeman system (Fig. 1-53). This system operates by controlling air and
metering fuel into a prechamber. Controlled air-scavenging is also employed.

Air-Cutoff System

The air-cutoff system is an attempt to combine electric ignition in an en-
gine system with low pumping losses. This is accomplished by using a rotary
inlet valve, as shown in Fig. I-60, upstream of the conventional poppet-type

/ .
—

-— Combustion
= chomber

Roloty volve

Piston

Fig. 1.60—Air.Cutoff Induction
System

inlet valve. A rotary valve is located at each cylinder and eliminates the cor.-
ventional butterfly valve in the induction system. The rotary valve is either
wide open or completely closed, and the amount of air drawn into the cylinder
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is controlled by the time the rotary valve is open rather than by the degree the
butterfly valve is open as in a conventional system. The efficiency losses as-
sociated with pumping air through a partly closed or partly open valve are
eliminated because the rotary valve is always wide open when air is being in-
ducted into the cylinder. The air-cutoff system is expected to offer an improve-
ment of 15 to 30 percent in overall fuel economy due to the elimination of engine
pumping losses. This system is presently being investigated by ATAC.

Borg-Warner Combustion System

The Borg-Warner combustion system utilizes electric ignition, fuel-
injection, and a piston with a pocket in its head that acts as a combustion cham-
ber. This system is an attempt to achieve lean overall combustion. Fuel is
injected into the combustion chamber pocket and swirl-forms a combustible
mixture, irrespective of load condition. A spark plug projects into the pocket
at top-dead-center igniting the mixture, which then propagates through the re-
mainder of the lean charge causing it to burn evenly. This system is similar
to the hypercycle combustion system used in the LD-465 compression-ignition
military engines except that initial ignition is by electrical spark rather than
by the heat of compression. This system is currently being investigated by ATAC.

Broderson Combustion System

The Broderson system utilizes a precombustion chamber with the air-
intake valve and spark plug located within it. A schematic diagram of this sys-
tem is shown in Fig. I-61, and a detail of the precihamber is shown in Fig. 1-62.
Stratification is accomplished by the change in direction of air flow as the piston
passes through bottom-dead-center (bdc). The fuel charge, injected before this
point, is car:ied into the main combustion chamber by the inducted air and is
mixed with the air in the main chamber. Fuel injection continues to occur as
the piston passes through bdc. The fuel injected after the piston has passed
through bdc is retain~d in the prechamber by the air-flow reversal caused by
the upward strcxe of the piston, forms a combustible mixture in the region of
the electric spark, ard is ignited. The lean mixture in the main combustion
chamber is burned by the blast of flame and hot combustion products from
the prechamber.

By varying the beginning and duration of fuel injection it is possible to
produce any desired mixture ratio in each chamber. This system operates at
very lean mixtures of 40 to 1 (and higher) at part-load operation. Some throt-
tling may be necessary at low power loads to avoid an excessively lean unlgni-
table mixture in the prechamber.

Test results obtained by the University of Rochester have indicated lower
fue!l consumption and higher thermal efficiencies than those for a conventional

spark-ignition gasoline engine. This system is currently being investigated
by ATAC.

Variable-Compression-Ratio Hybrid Systerh

This system is basically any praciical hybrid combustion system incorpo-
rating the VCR piston system. An optimum compression ratio can be main-
tained from full load to part load with the VCR piston system, which reduces
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Fig. 1-62—Detoil of Broderson Prechomber
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the volum:z of the combustion chamber space at part-load operation. The hy-
brid VCR system is shown in Fig. 1-63. (The VCR piston system was discussed
earlier in this section.) A gignificant improvement (20 to 30 percent) in part-
load fuel economy can be achieved since efficiency is directly proportional to
the effective compression ratio in this cycle. ATAC is presently investigating
this system in conjunction with a torch combustion system. The torch system
utilizes a precombustion chamber to initiate combustion by electric spark. The
burning gases are discharged from this chamber like a torch to ignite a lean
mixture in the main combustion chamber.

Fuel injector

Cambustian
chamber

fmee Piston

a. Full Load b. Port Load ¢. Part Lood
- Conventional engine Conventionol engine Hybrid VCR engine
and hybrid engine ond hybrid engine

Fig. 1-63—VCR Piston System Arpi:ed to Hykrid Engine

Fuel
injector

Fig. 1-64—Texaco Combustion Process

@ Fuel spray @ Flome front

@ Fuel air zone @ Combustion products

Texaco Combustion Process

The Texaco combustion process (TCP) is a well-known approach to hybrid
operation combining electric ignition, fuel-injection, and very lean air-fuel mix-
tures. The TCP, illustrated in Fig. I-64, is a stratified-charge concept where
the air swir) is indured by either a shrouded intake valve or swirl port. Fuel
is injected tangentially in the direction of the air swirl. Ignition occurs down-
stream of the injector and close to the cylinder wall. The combustion chamber
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is a centrally located cylindrical piston-head cavity (as in Fig. I-52). The
TCP operates on a stoichiometric air-fuel mixture at full-load operation and
on an excessively lean (approximately 60 to 1) air-fuel mixture at part-load
operation. This system has demonstrated multifuel capabilities and better fuel
economy than a conventional spark-ignition gasoline engine. Engine output is
regulated by the amount of injected fuel, thereby eliminating throttling losses.
The power output of engines incorporating the TCP is somewhat lower than that
of a conventional spark-ignition gasoline engine. This system is currently be-
ing investigated by ATAC.

Witzky Swirl-Stratified Combustion Process

The Witzky swirl-stratified combustion process (WSP) is a well-known
approach to hybrid operation. This system combines electric ignition and fuel
injection and creates a violent swirl to enable operation on excessively lean
air-fuel mixtures. The air swirl is created by either a shrouded intake valve,
as shown in Fig. I-65, or by a swirl-deflector vane, as shown in Fig. I-66. The
WSP is basically an unthrottled Otto-cycle process that utilizes direct fuel in-
jection into the cylinder during the compression stroke and/or the final portion
of the intake stroke. The fuel is injected against the air swirl within the cyl-
inder. A small rich fuel-air cloud is produced near the spark plug by the inter-
action of the swirling air charge and the injected fuel droplets. This interac-
tion causes the fuel droplets to spiral into the center of the combustion chamber
to form the cloud, as shown in Fig. I-67. Figure I-68 illustrates the vector
forces on the individual fuel droplet injected against the swirl air-stream where®

d = individual droplet at time ¢,
o = the angle between the axis of the injection spray and a radial
line drawn to the point of injection

V, = instantaneous velocity of injected droplet at time t,

V. = air-swirl velocity at location of droplet d at time t,

V, = vector sumof V, and V, equal to the instantaneous velocity of
droplet d with respect to the air swirl

D, = dragforce on droplet as a result of air-velocity vector sum V,

D; = drag force opposing instantaneous velocity path of droplet

D, = acceleration force normal to instantaneous velocity path of

droplet

Engine power is controlled by varying the amount of fuel injected into the
cylinder. There is no attempt to control the overall air-fuel ratio within the
cylinder. The only adjustment required to change power output is the rack
setting of the injection pump.

The small rich cloud is electrically ignited and propagates a flame front
to ignite the lean mixture in the combustion chamber. Operation is possible on
extremely lean stoichiometric air-fuel mixtures of 60:1 to 100:1 with a fuel
economy approaching that of the diesel engine. Figure 169 illustrates a com-
parison of a homogeneous and a stratified-charge system. 7The stratified-
charge engine operates at a higher volumetric efficiency than a conventional
spark-ignition engine. Figur2 I-70 illustrates a volu:metric ¢ fficiency increase
of 13 to 14 percent over that of the conventional engine. A performance com-
parison of a stratified-charge, a carbureted, and a diesel engine is shown in

90 RAC-R-26




Fuel

injector

’ \
5 / v Air swirl
“ 4 \
4 I 2T
; = A
-
L/ - \ A H
N (X
L — \ e
\ edpl— 4
/ \ \v
= = \\.
Intake -
port o Spark plug
-
— — .
7 s
’ A4 ’
A0
A |
21y
Fual /‘ ‘AR
injector 25 v
f)’
Bt | H!
." N %%,
i A3 % % Combustion
chomber
|
+ N R
e e TN A
et
ER X ORI DOIOBX N
'y ’0 N4t
DO o
0 ]
% .
e )
-‘\ .’1
e o
[ (]
I.q ".
] %
v '
. ’
'
» Pi ston :
L ]
Fig. 1-65—Swirl.Strotification System Using Shrouded Intoke Volve
RAC-R-26 91




s e R AN TR SR

92

I Intoke volve
P Spark plug
Intake swirl part
D le— Injection nozzle

Intoke valve Swir] deflecior

injection nozzle

Spark plug

Fig. 1.46—Swirl-Stratification System Using Swirl-Deflector Vane

RAC-R-26

gy

P

SRS

M e s bt i




— Spark plug

Fig. 1.67—Pulsed Fuel Injection
at High Pawer Output

Vapar being tarn

\ fram each injectian
by air swirl

Air swirl entering \

between separate

injectians

Injectar

MR SWIRL

Fig. I-68—Vectar Forces on Injected Fuel Droplet
in Swirl-Strotified System

i
Air and fuei Air anly \, D,

Fig. 1-69—Comporison of Homogeneous
and Strotified-Chorge Sysiems

Carbureted Stratified
lean leon

RAC-R-26 93

=

o

T L e S R

S oo abeo




Fig. I-71. The stratified-charge engine has a peak power increase of approxi-

mately 30 percent above that of the same engine carbureted. The fuel consump-

tion approaches that of the diesel engine. The swirl-stratified engine operates
equally well on gasoline, CITE, JP-4, and diesel fuel, and engine response is
quicker than that of ceaventional spark-ignition and diesel engines. The swirl-
stratification hybric system is presently being investigated by ATAC.
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TECHNOLOGICAL FORECAST

The trend-forecast charis illustrate the estimated level of technological
achievement (through 1980) of the spark-ignition gasoline engine (Figs. 1-72
to 1-74), the compression-ignition engine (Figs. 1-75 to I-77), and the hybrid

engine (Figs. 1-78 to 1-80).

CONCLUSIONS

Spark-ignition gasoline engines have been and will continue to be developed

by industry for commercial applications. These engines must be modified be-
fore their acceptance for use in tactical vehicles. Past improvcments in fuel
economy, weight and size, and reliability have been substaniial. Although the
rate of future improvements will diminish in magnitude, these engines will
continue to have application in both commercial and tactical vehicles for many

years in the future.

Compression-ignition engines have been and will continue to be developed
by industry for commercial applications in power ranges to 600 hp. These en-
gines must be modified before their acceptance for use in tactical vehicles.
Although the military has selected these engines for use in tactical vehicles,
improvement of the physical and performance characteristics in power levels
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currently commercially available and in the higher power levels not available
l is needed. To meet this need the mijlitary has sponsored the development of
[ such engines 1s the hypercycle, AVM, VCR, V.0, and EHO.

The hybrid engine attempts to incorporate the best features of the spark-
ignition and compression-ignition engines. Although prototype-engine test re-
sults have been encouraging, no successful hybrid engine has been developed
to date. With further development, the hybrid engine promises to evolve into
2 multifuel power source that is highly efficient, lightweight, and compact.
Although industry his incentive to develop a hybrid engine, their development
efforts are limited and insufficient for successful development within the 1980
time frame. Therefore, it is concluded that Government support of an R&D
program could produce a hybrid engine that would improve the physical and
performance characteristics of many future tactical vehicles.
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Chapter 4

AMMONIA ENGINES

The ammonia engine, an energy-conversion device, can furnish a means
for the production of mechanical work by converting potential energy from
anhydrous ammonia fuel. Such an engine can operate on the principle of a
turbine or a reciprocating engine and in either case can be spark- or com-
pression-ignited. A new engine may be designed for the specific purpose of
using au anhydrous ammonia fuel or available gasoline and diesel engines
can be modified for the purpose.

Increased logistics problems attending the supply of petroleum products
for military use during WWII created an interest in ammonia engines. Petro-
leum products comprised approximately 50 percent of US Army overseas ship-
ping in WWIL. The proportion of such shipping increased to about 70 percent
during the Korean action.! Consideration of these factors led to military-
initiated R&D programs for engines that could use a fuel manufactured in the
field. Numerous concepts involving the use of chemicals now available were
evaluated. The evaluation revealed that the best approach *o attaining the goai
would be the manufacture of ammonia fuel through use of a nuclear-powered
energy-depot system."

EXPERIMENTAL DEVELOPMENTS

Frem 1964 to 1966 the US Army Ergineering Research and Development
Laboratories (USAERDL), Ft Belvoir, Va., had an ammonia-fueled engine
under test. The engine, a Chevrolet gasoline engine modified to use ammonia
fuel of commercial maaufscture, is installed in a pickup truck in place of the
standard engine. This pickup truck is the only known vehicle in operation at
present having an ammonia-fueled engine. All other engines, whether modi-
fied or designed to use ammonia fuel, are laboratory mounted and undergoing
dynamometer tests.

Studies of ammonia as an engine fuel have been, and are being, conducted
by the US Army and US Navy as well as by various industrial and academic
research crganizations. In these studies emphasis has been placed on the con-
version of existing compression-ignition and spark-ignition reciprocating en-
gines to ammonia-burning engines through use of an adaption kit. Success in
engine conversion has been achieved by USAERDL, GMC, and the Continental
Motors Corporation. The studies have centcred about logistic vehicles.
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The adaption kit, produced by the Continental Motors Corporation for the
purpose of converting a standard engine to an ammonia engine, contains the
following items:

(a) A new ignition system to increase spark temperature.

(b) A dissociator to isolate a small amount of hydrogen from the in-
take manifold. This hydrogen then serves as a combustion promoter accelera-
ting the burning of ammonia.

(c) An ammonia pump to replace the carburetor.

(d) New heads to increase the engine compression ratio.

The incorporation of the kit items in a standard engine does not appre-
ciably increase the size and weight of the engine.

In addition to installation of the adaption-kit items, several other modifica-
tions are required to convert an existing hydrocarbon-fueled engine to an
ammonia-fueled device. Parts made of copper, brass, bronze, zinc, and gal-
vanized metal corrode on contact with ammonia. These parts, i.e., fuel lines,
fittings, and related parts, must be replaced with homogeneous iron or steel
components on which the corrosive effects of ammonia are negligible. Also
engine timing must be changed and the fuel tank must be modified. The modifica-
tions cited are not too difficult to perform nor are the mandatory fuel-tank
changes difficult.

1t is to be noted that converted engines, or engires designed to use am-

monia fuel, do not have a multifuel capability but rather are restrictecd to the
use of ainmonia fuel.

DISCUSSION

At present the installation of an ammonia engine, converted from a gaso-
line or diesel engine, reduces the operating capability of a vehicle and limits
the use of such a vehicle to areas where full power is not required. Figures
submitted by USAERDL indicate that gasoline engines, when converted to use
ammonia fuel, suffer a horsepower loss of approximately 20 percent. A power
loss of this magnitude degrades the operational capability of an engine when
full power is required. The Continental Motors Corporation is cttempting to
reduce this loss without supercharging the converted engines.

To achieve equal driving distance in a vehicle having a converted gaso-
line engine the amount of ammonia fuel required will be at ieast 2.8 times by
volume and 2.35 times by weight greater than the amount of gasoline required.
Thus it is necessary to increase the size of, and pressurize, the vehicle’s fuel
taule to achieve the mileage range obtainable with a gasoline-powered engine.?

In theory the startup time for an ammonia-fueled engine is identical with
that of a hydrocarbon-fueled engine, except in Arctic conditions where an elec-
tric heater is needed to ensure responsive starting by heating the dissociator.

A comparison of the potential energy available from ammonia fuel with
that available from certain other fuels is shown in Table I-9.}

Ammonia Leaks

Ammonia gas emauating {rom an ammonia fuel tank or engine in small
concenirations is not expected to result in extensive physical damage to
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personnel. The effects of ammonia gas in large concentrations are not unlike
those produced by tear gas. The pungent odor of ammonia gas gives adequate
warning of its presence, and it is unlikely that anyone would remain in the
vicinity of an ammonia-gas leak unmasked unless he were trapped.

TABLE 1.9

Comparison of Ammonia Fuel with Certain Other Fuels

Heoting value, Specific density,

Fuel Btu/Ib Ib/f®
Ammonia liquid® (70°F, 125 psia) 7,492 42.6
Diesel fuel 18,558 52.01
Gasoline 18,700 48.6
Hydrogen gas (70°F, 2000 pasia) 51,593 0.0065
Hydrogen liquid (- 423°F, 15 psia) 49,150 4.4
Hydrazine liquid (70°F, 15 psia) 6,723 62.8

8L.iquid ammonia (fuel) must be stored in pressurized, cylindrical fuel tanks that
cannot be filled to capacity because the expansion of ammonia produces hydrostatic
pressures that may burst the tank.?

TABLE 1.10

Gaseous Ammania Safety Levels®

Ammonio concentrotion,

Effect ppm of air, (by volume)

Minimum detectable odor 33
Maximum concentration tolerable for prolonged

exposure (8 hr) 100
Maximum concentration tolerable for short-time

exposure (% to 1 hr) 300 to 500
Minimum smount to cause immediate eye irritation 698
Minimum amount to cauae coughing 1720
Dangerous for short-time exposure (4 hr) 2500 to 4500
Fatsl for short-time exposure (rapid action) 5000 to 10,000

The2 extent of damage to living subjects that can be expected from the
concentration of ammonia gas in air is a function cf the density of the con-
centration and the duration of the subject’s exposure. The maximum tolerable
concentration of gaseous ammonia in air to which living persons or animals
may be exposed for ai: 8-hr period is 100 ppm (see Table I-10%). Under iden-
tical conditions the maximum permissible concentration of gasoline is from
500 to 1000 ppm.* The danger of an explosion from ammonia in the air is not
as great as tlic explosive potential presented by gasoline. The explosive limits
for ammonia are from 16 to 25 percent ammonia per 84 to 75 percent (by
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volume) of air, and the explosive limits for gasoline are from 1.3 percent to
6 percent gasoline (by volume) per 28.7 to 94 percent of air.*

The maintenance of an engine converted to use ammonia fuel should not
differ from that of a standard internal-combustion engine, but regular overall
maintenance is essential owing to the potential hazards to persnnnel inherent
in ammonia-fuel leaks. Strict adherence to safety precautions is required of
persons operating or servicing a vehicle having an ammonia-fueled engine.
However, total compliance with safety requirements cannot compensate for

leaks resulting from system exposure and vulnerability during combat conditions.

Ammonia Exhaust

The hazardous content of ammonia-engine exhaust gases is nitric oxide.
The concentration of nitric oxide accumulating during ammonia-engine operation
is substantially less than that of the detrimental exhaust gases produced by

hydrocarbon-fueled engines under similar conditions and has a lesser adverse
effect on personnel.

Nuclear-Powered Energy Depot

A study of the nuclear-powered energy depot concept is in progress at
the Aliison Division of GMC and at the Allis-Chalmers Manufacturing Company.
These studies are being conducted under the sponsorship of the US Army.

A nuclear-powered energy depot, situated in a strategic location, could
be sustained by a single energy unit and produce approximately 120 gal of
ammonia fuel each hour. This rate of productivity at a field depot could relieve
logistic supply lines of vast petroleum shipments.

The location and operation of a nuclear-powered energy depot for ammonia
production depends on an abundant supply of fresh or salt water. After desig-
nation of an appropriate location, a single energy unit (a nuclear reactor) could
be transported by air to the site and an energy depot established close to water.
At this depot the nuclear reactor would dissociate hydrogen from water and
fractionate nitrogen from air. The two elements then would be combined through
a chemical process to make ammonia fuel.

Use of ammonia engines presupposes the adoption of the nuclear-powered
depot concept. To relieve logistic supply lines of the shipment of hydrocarbon
fuels the installaticn of an energy depot might well be warranted. A specific
example of a place where an application of the nuclear-powered energy cepot
concept could prove most advantageous, not in the province of US military
activity, is Rhodesia. If the Rhodesians, deprived of hydrocarbon fuels during
the 1966 hoycott, had had an energy depot for ammonia-fuel production situated
adjacent to the required water supply, existing engines could have beer. modi-
fied to permit utilization of the fuel produced. This action then would have pre-
cluded the possibility of Rhodesian vehicle immobilization. The example grants
the Rhodesians the technological capability and the components necessary for
the modification of available engines.

To give an example in the military sphere, application of the energy-depot
concept could offer definite advantages in Arctic operations where supply-line
transpertation is all but impossible for most of the year.
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EVALUATION

Limitations and Advantages

Ammonia engines possess jniierent drawbacks that at this time prevent
full utilization of this vehicular pcwer source and the development of its ap-
parent potentials. The most significant drawbacks deterring immediate atten-
tion to this engine include hazards to personnel, engine power loss, and the
presentation of logistics problem.s now existent. A major advantage is that any
standard engine in use today in wheeled, tracked, or special-purpose vehicles
can be successfully modified to :se ammonia fuel.

The ammonia engine’s lack of a muitifuel capability is offset inasmuch
as use of this engine {in conjunction with a nuclear-powered erergy depot)
could <ffect a great reduction in the transportation requirements for hydro-
carbon fuels. However, hydrocarbon fuels would be available for issue tc those
areas where use of an energy depot would not be practical.

Ammonija-E ngine Costs

Ammonia-engine costs have not as yet been ascertained peading a firm
engine design. However, it is anticipated that the costs of a: ammonia-fueled
engine, once designed and in production, will vary little frora known, standard
engine costs.

Energv-Depot and Fuel Costs

USAERDL is compiling cost figures on an ammonia-producing nuclear-
powered energy depot. These cost figures will include the initial cost of the
depot facility and the production costs of ammonia. A comparison then can be
made of the ammonia-fuel production costs wil» hydrocarbon-fuel costs.

Manufacturers producing ammonia for commercial use have stated that
anhydrous ammonia, at present, is produced in limited quantities. The belief
was expressed thac if the demanded quantities of this item were large enough
to warrant geariug the processing effort to mass production, conceivably the
price of this fuel ~ould be brought down to « figure as low as $15 per ton.
Ammonia fuel costs ilien would be approximately 4 cents per gallon or 12 cents
for an energy source equivalent to a gallon of gasoline.

Hydrocarbon fuels can be purchased by the military at most depots
throughout the world for about 13 cents per gallon. However, in areas where
logistics problems are extreme the cost of hydrocarbon fuels to the user may
soar to a figure as great as $5 per gallon owing to transportation and handling
costs incurred before receipt of the fuel by the user.

CONCLUSIONS

Situations conducive to the installation of a nuclear-powered energy depot
are those where:
(a) Sustaining a scheduled gupply line of all fuels is practically impos-
sible. (In certain areas, climatic conditions are such that fuel can be delivered
only during specific seasons or during limited perinds of each year.)
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(b) A very high price is paid for fuel.

Two new logistics problems become apparent with the introduction of
ammonia engines for tactical vehicles.

(a) Despite the fact that the logistics burden of hydrocarbon fuel trans-
portation would be decreased, the number of vehicles needed would increase
because ammonia-fueled vehicles cannot be used under combat conditions.
Therefore two types of vehicle for the same horsepower class would be re-
quired, one for combat use and one for logistics purposes.

(b) An entire new line of some spare parts would be required. The
military would have to incorporate many new parts in the logistics system,
supply depots would have to accommodate and implement issue of the new
ammonia-fueled engines, and maintenance depots would have to gear for
their repair.

At the selected installation sites ammonia-producing ensrgy depots could
provide heat and electrical power for the facility. Ammonia produced could
also be used as fuel for special-purpose vehicles including fork-lift trucks,
cranes, and other depot and engineering-type vehicles.

It is predicted that after a period of sustained functioning, the operation
oi several ammonia-producing energy depots will aid i furthering technological
advances. These advances will include:

(a) A great reduction in ammonia-engine vehicle hazarss.

(b) Increased ammonia-engine efficiency.

(c) The possible development of a successtul variable-compression-
ratio engine that will burn various hydrocarbon fuels as well as ammonia.

Based on the foregoing unalysis it is apparent that R&D on the nuclear-
powered energy depot concapt for ammonia-fuel production should be con-
tinued. At the onset this effort should be directed toward establishing energy
depots at large military installations that have a r«<lative security from aitack
by hostile forces, have an available water supply, and are located, in general,
at what might be termed “strategic sites.” The successful use of the initial
ammonia-producing energy depots arnd the progressive technological advance-
ments may result in the use of ammonia fuel for many types of military vehi-
cles. However, it is concluded that R&D programs for ammonia-fueled engines
for use in tactical vehicles are not warranted at this time.

REFERENCES

1. A. B. Rosenthal, “Energy Depot—A Concept {or Reducing the Military Supply Burden,”
in “Energy Depot Concept.” SAE Paper SP-263, S-ciety of Automotive Engineers,
Inc., New York, Nov 64.

2. Walter Cornelius, L. William Huellmantel, and Harry R. Mitchell, *Ammonia as an
Engine Fuel.” in “Energy Depot Concept.” SAE Paper SP-263, Society of Automotive
Engineers, Inc., New York, Nov 64.

3. Armour Industrial Nitrogen Div., “Anhydrous Ammonia Cylinder Installations,” Bull.
TS~41, Atlanta, Ga.

4. N. Irving Sax, Handbook of Dangerous Materials., Reinhold Publishing Corp., New
York, 1951.

RAC-R-26 107




e St A i R A TN Pl R ST

Chapter 5

ROTARY-PISTON ENGINES

TSRy o

INTRODUCTION

The rotary-piston engine, or rotating combustion engine, is a recent de-
velopment of an old unconventional engine-design concept. In past years many
internal-combustion rotary-engine designs were conceived and patented. The
objectives of the early inventors were to develop an engine with power-pro-
ducing components rotating about a central axis, thereby eliminating the re-
ciprocating elements and the undesirable reciprocating forces inherent in
conventional reciprocating engines. However, none of the rotary engines dis-
played any lasting prominence owing to their failure to achieve performance
characteristics equal to those of the conventional reciprocating-piston engine.
In 1951 a German engineer, Felix Wankel, conducted an investigation of all
known rotary engines. His study concluded' that the major problem areas that
prevented the rotary engine from achieving success were:

(a) Multiplicity of cycles and arrangements.

(b) Sealing of the combustion-chamber walls and the power-producing
rotating piston.

(c) Development of a proper thermodynamic and gas cycle with ade-
quate port areas and timing of cycle events.

|
|
|
i

WANKEL-TYPE ROTARY-PISTON ENGINE

Through experimentation on test engines, Wankel was able to reduce most
of the problems to what he considered an acceptable level. At this time the
rotary-piston engine showed enough promise to be worthy of further development.

World patent rights to the Wankel-type rotary-piston engine are held by
two West German concerns, NSU Motorenwerke, A. G., and Wankel, G.M.B.H.
Intensive R&D work has centered about this engine concept because these two
concerns have negotiated license agreements with some 15 well-known com-
panies throughout the world. The Curtiss-Wright C: “poration holds exclusive
rights for this power source on the North American continent.

The rotary-piston engine concept is simple, lightweigh?, and compact and
has the possibility of being mass-produced at a lower cost than conventional
reciprocating gasoline engines. The engine concept can be adapted to spark-ignition,
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compressicn-ignition, and hybrid combustion principles. It can be d2signed
and built to be either air- or liquid-cooled.

Basic Desig_n_

The basic design concept consists of two main components, 25 shown in
Fig. 1-81. One member (3) is an outer, station=2r; cuter housing with two
attached parallel side housings. The inner sucface of the center housing has
the configuration of a two-lobe epitrochoid. The other member (1) is a tro-
choidal inner rotor that rotates relative to the outer member. The inner rotor
is placed eccentrically on a shaft centered within the outer housing. During
rotatior. the inner rotor ccrners approximate the epitrochoidal shape of the
outer Lousing, as shown in Fig. I-82. The rotor is inner-planetary-geared to
a stationary gear affixed to the end housing and is contoured so that all three
apex points are in contact with the cuter honsing at all times. The output shaft,
centrally located in the epitrochoid, is driven by the inner rotor through the
eccentric lobe of the output shaft. The contained volume between each rotor
side and the rotor housing varies sinusoidally, giving a difference between
minimum and maximum chamber volume according to the position of the rotor
(Fig. 1-82). The minimum and maximum positions are equivalent to top-dead-
center and bdc and the volume swept out by the rotor in going from one to the
other is defined as the “sweep volume” or displacement. The inner rotor pro-
vides three powcr strokes per revolution, and the engine output shaft rotates
three times for each rotor revolution. Figure 1-83 illustrates the combustion
cycle of a gasoline rotary-piston engine that operates on the standard 4-stroke
Otto-cycle principle using spark ignition and carbureted fuel induction.

The Curtiss-Wright rotary-piston engine contains no conventional pistons,
connecting rods, valves, or valve mechanisms. The ergine aspirates and ex-
hausts through porting located in either the outer periphery of the rotor hous-

ing or in the side plates. Present engines have side intake porting and peripheral

exhaust porting. The rotary-piston engine, unhampered by piston or valve-
gear inertja, dynamic forces, and couples due to unbalance or breathing re-
strictions, has an inherently high speed capability.” Because of the absence of

TABLE [-11

Comporison of Number of Ports in Rotory-Piston Engine with
Those of o Conventionol Automotive V-8 Engine

Cenventional
RC2.60.US automotive
Cotegory engine V-8 engine
llarsepower 185 195
Total number of parts 613 1029
Number of moving pariz in power section

and drive line 151 388

these parts (see Table I-11), a typica. rotary-piston engine contains approxi-
mateiy 38 percent fewer total parts and 60 percent fewer moving parts than a
comparable reciprocating automotive V-8 engine. Approximately 90 percent
of the total parts would be common to a family of multirotor engines.?
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Fig. 1-81—Cross Section of Rotory-Piston Engina Fig. 1-82—Rotary-Piston Engine Geometry

1. Rotor with internal 5. Spark plug -
rotor gear 6. Side housing

2. Stationary geor 7. Intoke port

3. Rotor housing 8. Main bearing

4. Exhoust port

Fig. 1.82—Combustion Cycle of Rotary-Piston Engine
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Discussion

The Curtiss-Wright Corporation has developed and built a number of en-
gines in 1-, 2-, and 4-rotor configurations (see Figs. 1-84 and 1-85). These
engines incorporate a rotor of 60-in.? displacement and burn gasoline, utiliz-
ing spark ignition and carbureted fuel induction. Engines can be ccustructed
with 1, 2, 3, 4, or 6 rotors. However, it appears that st:icking of more than
6 rotors would be impractical owing to the long crankshaft required, and that
a 5-rotor engine would suffer from serious imbalance conditions,

Rotors may also be constructed to meet any displacement or power re-
quirement, such as 150- or 308-in.® displacement, but the advantage of family
capabilities would be lost. Table I-12 illustrates the family capabilities of

TABLE I-12

Family Capobilities of Rotary-Piston Engines,
Spork-lgnition, Gosoline Fuel

(Bosed on present outomotive roting of
two-rotor engine RC2-60-U5)

No. ot rotors (60-in.3 Rot g, hp
displocement rotor) Automotived Militoryb
One rotor 92 80
One rotor, turbocharged® 115 100
Two rotors 185 160
Two rotors, turbocharged® 230 200
Three rotors 277 240
Three rotors, turbocharged® 345 300
Four rotors 370 320
Four rotors, turbocharged® 460 400
Six rotors 555 480
Six rotors, turbocharged® 690 600

8Curtiss-Kright antomotive-industry rating.
Estimated military durability rating.
CEstimated; (hcrsepawer based on assumption of 25 percent
increase from turliosupercharging).

rotary-piston engines v ith rotor displacements of 80 and 90 in.%. The table
lists both automotive-industry ratings and estimated military durability rat-
ings for comparisor purposes and is based on present-day technology. Although
the rotary-piston engine is an inherently higher-rpm engine thzn the conven-
tional reciprocating engine, it is believed that it too must be derated in horse-
power output for military usage, much the same as a conventional piston engine
is derated from automotive-industry ratings. The severity of military vehicle
operations dictates that the engine must operate at high-power loadings (as
compareq to automobiles, whose engines operate at low to moderate loadings)
for sustained periods of time. Therefore rotary-piston engines must be more
conservatively rated for military use than for automotive use to assure their
durability. Figure 1-88 illustrates the family capabilities of the rotary-piston
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engine with rotors of 60-, 90-, and 150-in.? displacement. These capabilities
are based on present-day technology. Supercharging or turbocharging has not
yet been applied to the rotary-piston engine, but there appears to be no reason
why it cannot be applied to these engines. Application of turbosuperchargirg
should boost the output of the rotary-piston engine by approximately 20 to 30
percent. This is of the same order of increase as application to conventional
reciprocating-piston engines.

1200 T T T i I

150 T, CITE

1000 -

150 N, CITE
90N,

800 - CITE

90 T, CITE 60T, sl,

combot _|
gosoline

400

GPROSS HORSEPOWER
o
8
T

200 b= 60 N, combot gosoline i

ROTORS

Fig. I-86—Fomily Copabilities of Rotory-Piston Engines

All rotings ore estimoted durebility military ratings, present technology. CITE-fuel engines
ore stratif ed-chorge (hybrid) with spark ignition and fuel injection.
150, 150-in.3.disploce.nent rotor; 9€, 90.in.3.displocement rotor; 60, 60-in.3.displocement
rotor; N, naturolly ospiroted; T, turbochorged; 51, spork ignition.

Present automotive rotary-piston engines are liquid-cooled. However,
Curtiss-Wright has corducted feasibility and design studies on air-cooling of
this engine. Based on these studies they have huilt and tested an air-cooled
single-rotor test engine that demonstrated air-cooling to be as practical as
with conventional reciprocating-piston engines. Curtiss-Wright Corporation
has developed a twin-rotor air-cooled rotary-piston aircraft engine that in-
corporates two rotors of 90-in.? displacement. This engine, designated RC2-
90-Y, is shown in Figs. 1-87 and 1-88. Burning JP fuel, it develops 310 gross
bhp at 6000 rpm and 270 net bhp at 6000 rpm. Minimum specific fuel consump-
tion of this unit is 0.53 1b/hp-hr, utilizing natural aspiratio: or fuel irjection.

Many problems were encountered during developmert of the rotary-piston
engine. Most of these have been solved to an acceptable level, but some still
exist. In spark-ignition carbureted induction engines the usual problems of
detonation, preignition, rumble, flame quenching, and end-zone knock still exist
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Oil filter

Oil pumps
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Starter pad

26.00" ——e=

38.70"

Magneto

Fuel boost pump

Fuel-injection pump

Fig. 1-87—Qutline Dimensions of RC2.90Y Rotory-Piston Aircroft Engine

BH?2 gross, 310 ot 6000 rpm Dry weight, 27,816 Ib
BHP net, 270 ot 6000 rpm Installed weight, 33,516 Ib
Minimum specific fuel consumption, 0.53 1b/hp-hr

Fig. 1.88—RC2.90 Engine, Three-Quarter Reor View
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as with conventional engines. The inner- rotor apex and side seals posed many
problems during early development of this engine. Figure I-89 illustrates the
evolutionary development stages of apex seals and side seals. Early versions
of the apex seals (Part a of Fig. 1-89) contained many parts and were fragile. #
The side seals were inserted in grooves in the rotor and on a separate sealing
plate. The second-generation apex seals (Part b of Fig. 1-89) were single solid
bars that exhibited good durability but poor sealing properties at the corners.

Face ; = ;
U, plate ‘g’y \
o v _ Retainer pin I\ | Retainer pin
y 4 'f."-:l,.._.‘:._.-‘-_:‘r':‘:’:',:'t'-:: ] Spring
P ; /
i 4 * ¥

Side szol

Siﬁle seal

A\ N

\‘q:'r_'

hi

Spring

i

a. First-Generation b. Second.Generation c. Present-Generation

Sealing Configuration Seoling Configuration Sealing Configuration
(1959) (1963) (1966)

Fig. 1.8%—Apcx and Side Seal Development of Ratary-Piston Engine

The side seals were contain+d in grooves machined in the rotor itself. The
final sealing configuratior. (Part c of Fig. 1-89) consists of a two-piece bar-
type apex seal with a ii0ating triangular section at one end of the element to
seal the corners more effectively. This seal design has demonstrated good
sealing characteristics and durability. Euarly rciary-piston engines experienced
extreme chatter of the apex seals, which resulted in chatter marks on the
epitrochoidal track of the rotor housing. The apex seals are forced against
the track by gas pressure, but during gas-pressure reversals the seals tilt in
their slots. The seals are also subjected to slight radial movement as the
rotor revolves in its trochoidal path. Chopping of the apex seals against the
housing track is similar (o piston-ring flutter during extreme piston accelera-
tion in conventionzl rec' v~ ~ating engines. Curtiss-Wright claims to have
eliminated the chatter of the rotor apex seal by coating the housing track with
a flame-spray tungsten-carbide metal. A rotor housing from a RC2-60-U5S
engine that had been installed in a standard passenger automobile and operated
for 15,000 miles at speeds of 60 to 90 mph continuovsly showed no gigns of
chatter. The metal-spray coating was checked and 0.90004 in. of wear was
measured. Chrome plating may also be used as a cozting, although it is less
effective than the tungsten-carbide coating. Improvement of the seals is st!ll
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necessary to minimize combustion-gas and lubricating--oil leakage. Oil con-
sumption of present rotary-piston engines is somewhat greater than that of
conventional engines. Oil consumption of the RC2-60--U5 engine installed in a
passenger automobile is approximately 1 qt/1000 miles compared with approxi-
mately 1 qt/1300 miles for a conventional piston engine.

Cooling of the rotary-piston engine has been i problem in the past. Com-
bustion is confined to the same area of the inner rotor for each combustion
cycle, causing a hot spot. This problem has evidently been solved through re-
design of passages for proper coolant distribution. Total heat transfer to the
water jacket and oil of the rotary-piston engiiie is comparable to that of cur-
rent reciprocating engines, indicating that s cocling system of the same size
and weight will be required.

Fuel consumption of rotary-pistor spark-ignition engines is comparable
to that of reciprocating-piston spark-ignition engines. The RC2-60-U5 rotary-
piston engine (with spark ignition aud carbureted fuel induction) has demon-
strated a best-point minimum spzcific fuel consumption of 0.53 Ib/hp-hr at
part-throttle and 0.59 1b/hp-hr at full throttle. This performance is com-
parable to that of a conventicnal reciprocating-piston engine of similar power
output. Figure ]1-90 illustrates the automotive performance characteristics of
the RC2-60-U5 engine. Tigure 1-91 shows a comparison of the performance
characteristics of a rotary-piston engine with those of a conventional recipro-
cating eugine of similar power output.

Toe achieve lower fuel consumption the rotary-piston engine would have to
. operate on the diesel cycle or incurporate a hybrid combustion system.

It does not appear that the rotary-piston engine could be successfully
adapted to tiie diesel cycle for high-output engines owing to the high compres-
sion pressures required. The rotor-sealing problems would be compounded.
Some Furopean licensees are pursuing the adaptation of the rotary-piston en-
gine to the diesel cycle with low-output engines that would be much heavier
anrd bulkier than spark-ignition units. The Curtiss-Wright Corporation believes
that a hybrid combustion system incorporating spark ignition and a stratified-
charge fuel-injection system is a better approach than the diesel cycle for re-
duced fuel consumption. The hybrid combustion system would c1so have the
advantage of a multifuel capability. Curtiss-Wright is curiently engaged in
limited development work on this combustion svstem.* Figure 1-92 illustrates
the achievements to date on a fuel-injected single 60-in.*-displacement rotary-
piston engine.

The Curtiss-Wright rotary-piston spark-ignition gasoline engines, unier :
moderate loading, are producing 0.77 hp/1b (1.3 1b/hp) of engine weight, 33
hp/it> of engine volume at automotive power ratings. Based on an estimz'cd
military durability rating, the power output is 0.66 hp/1b (1.5 Ib/hp) of engine
weight and 29 hp/ft® of engine volume. This compares favorably with a con-
ventional spark-ignition gasoline engine whose specific weight at military rat-
ing is 3.4 1b/hp and whose specific outpu:t is 15.7 hp/ft” of volume. Figure
I-83 illustrates a size and weight comparison of the rotary-piston engine and
a contemporary V-8 automotive engine currently in use in military tactical
vehicles. The rotary-piston engine is 56 percent lighter and 56 percent smaller
than the V-8 piston engine. Figure 1-94 illustrates the general arrangement
of the RC2-60-US engine.
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The rotary-piston engine is exceedingly interesting in that it is com-
prised of so few simple parts that it appears to adapt itself to a throw-away
concept. The rotary engine could be designed so that on malfunction or failure
«{ the basic engine assembly containing the power-producing components it
could be discarded rather than repaired or overhauvied. The accessory com-
ponents (such as carburetor, distributor, fuel pumy, starter, generator, etc.)
could be salvaged from the damaged unit and placed on a new basic-engine

assembly. This concept could result in yreatly reduced maintenance require-
ments.

1.0 T T T T T T T
Injectar  Spark
09} \/\ , plug -
& 08 N ] .
§ i f [/\\ -+ $
A -1 . 0
-
U 07 =
w
a
061 JPS
(improved)
05 L | | 1 1 1 1
0 40 80 120 160

BMEP, PSI

Fig. 1-92—Fuel-Injection Performonce of Rotury-Piston Engine

{Single rotor, 60-in.3 displacement)
5000 rpm except os noted, 8.5: 1 CR, RC1.60.

Manufacture of the rotary-piston engine would require special tooling for
machining and grinding of the rotor, rotor housing, and side housings. The re-
mainder of the engine could be produced with little or no modification of exist-
ing automotive tooling.

Development work by the Curtiss-Wright Corporation on the rotary-pistor.
engine has at time of writing been accomplished with only corporate funds.

Conclusions

Projected development programs of the Curtiss-Wright Corporation to
improve and increase the potential of the rotary-piston engine are:

(a) A multifuel capability

(b) An improved combustion system

(c) A hybrid combustion system

(d) An improved fuel-injection system

(e) Turbosupercharging

(f) Increased bmep

(g) Air cooling

(h) Improved durability

RAC-R-26 119

'ﬁ

o

i s mtn st

it sssct




Contemporary
V.8

Fig. 1-95—Comparisen of Rotory-Piston Engine
with Contemporary V-8 Engine

Ratary-pistan Contemporary
Characteristics engine V-89 engire
Horsepowsr 1600 160
Weight, Ib 242 550
LxWxH,in 18.0 x 22.1 x 21.5 26.1 x 26.2x 31.5
Valume, 13 55 12.5

IMilitarized cainmercial engine.
Estimated military durobility rating.

Scavenge oil out

Fig. 1.94—General Arrongement of RC2-60-US Rotory-Piston Engine
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Fig. 1-95—Trend Forecost of Fuel Consumption for
Rotory-Piston Engines

*Engines incarparoting fuel injection ond hybrid combustion system,
operoting on heavy fuels {dicsel, CITE, JPS, etc.).
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Fig. 1-96—Trend Forecost of Specific Weight for Rotory-Piston Engines

All (except sperk-ignition gosoline) engines incorporate fuel injection, ond future
capabilities ore bosed on eventuol incorporation of turbocharging ond a hybrid
combustion system. Forecast for spork-ignition gasaline engines
is bosed on eventuol incorporation of turbocharging.

The application of sorr¢ of the desired improvements (such as items a,
¢, d, e, and f) would be primarily for military use. Military funding would be
required to ensure achievement of the stated improvements within a reason-
able time. The successful completion of the projected programs would pro-
vide the military with engine improvements such as:

(a) Reduced fuel consumption

(b) Multifvel capability

(c) Increased power output 2t reduced weight

(d) Increased power oatput for engine size (volume)

(e) Reduced maintenance requirements

(f) Lower production costs than present power sources
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The trend-forecast charts (Figs. I-95 to 1-97) illustrate the estimated
level of technological achievement with regard to the rotary-niston engine
through 1980.

Cooperative Government support of the Curtiss-Wright Corporation’s
R&D programs could produce a rotary-piston engine that could improve the
physical and performance characteristics of many future tactical vehicles.

60 I T T
Fuel-injected

B multifuel engines
[
w
o
T 40F
o
= Harsepower
o
=
=)
(=}
E 2} i
0 Spark-ignitian
. gosaline engines

0 I 1 ] !

1960 1965 1970 1975 1980

YEAR

Fig. 1-97—Trend Forecost of Specific Output for Rotory-Piston Engines

All (except spark-ignition gasaline) engines incorporate fuel injection, and future
copabilities ore bosed on eventual incarparatian of turbacharging and a hybrid
combustion system. Forecast far spark-ignition gascline engines
is bosed an eventual inccrparatian of turhecharging.

RENAULT-RAMBLER ROTARY-PISTON ENGINE

There have been many other attempts throughout the world to develop a
rotary-piston engine. The majority of rotary-engiae designs are impractical
for one reason or another. Some are too costly to manufacture, some have
poor combustion-chamber shapes, and some are kinematically as complex as
the reciprecating engine.

Probiiry the most notable attempt to develop a rotary-piston engine on
other than the Wankel or Curtiss-Wright Corporation principle is the Renault
(French automaker) and American Motors Corporation (Ramber) concept. The
Renault-Rambler rotary-piston engine concept is shown in Fig. 1-98. 1t differs
from the Wankel concept in that the combustion chambers are stationary, and
one lobe of the rotor acts as a piston much like that in a reciprocating-piston
engine.® The gases are not transported or transferred within the outer hous-
ing. The Renault-Rambler rotary-pision engine is comprised of five combus-
tion chambers arranged radially about a central crankshaft and contained in a
single-unit housing. The rotor has four lobes supported by a set of internal
and external gears that coordinates rotor rotation and crank rotation so that
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the rotor does not touch tie outer housing, and clearance is always maintained
between the rotor and the housing. The circulating motion of the rotor has the
same effect . the conventiona® engine’s reciprocating piston. Conventional
poppet valves actuated by valve mechanisms are utilized for intake and exhaust
functions. The rotor seals are supported in the outer housing and are stationary.
The seals are water-cooled from the water j:icket in the outer housing. (This

is in contrast to the Wankel engine, in that the seals are mounted in the rotor
and rotate with it, and are oil-cooled.) The Renault-Rambler engine utilizes
spark ignition and carbureted fuel induction and operates on the 4-stroke Otto-
cycle principle. The Renault Company estimates that this engine will eventually
develop 3 hp/lb of engine weight.® They are experimenting with lightweight mate-
rials, including high-temperature plastics, to reduce engine weight and costs.

Fig. 1-98—Crass Section af Renault-Rambler
Ratary-Pistan Engine

Although the Renault-Rambler rotary-piston engine offers much the same
simplicity of power-producing components as the Wankel engine, it has disad-
vantages in design arrangement that conflict with the initial purpose. The valve
arrangement requires complex valve-train mechanism and intake and exhaust 1
manifolding.

The Renault-Rambler rotary-piston engire does not appear to offer any
advantages over other power sources and therefore does not warrant develop-
ment by the Government.

BALVE ROTARY ENGINE

The Balve engine, whose patent rights are assigned tc Etudes et Recherches
Techniques “Bafelux,” Luxembourg, is the result of an a tempt to develop a
rotary engine whose rotor aud housing are simpler to manwfacture than the
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Fig. 1-99—Cross Section of Bolve Rotory Eiigine
rotary-piston engines previously discussed. The Balve engine operates on the i
conventional 4-stroke Otio-cycle principle, utilizing spark ignition and either
carbureted fuel induction or a fuel-injection system. The engine uses ported
intake and exhaust openings and thereiore contains no valves or mechanisms
associated with them. The basic concept of the Balve engire is a drum with
reciprocating vanes attached to a crankshaft that operates within an elliptical a
track in the outer housing. This is in contrast to the Wankel-engine concept i
of a trochoidal rotcr operating eccentrically within an epitrochoidal track. :
i Figure 1-99 illustrates the transverse and axial cross sections of a Balve 3
f = I
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engine and reveals how the conventional 4-stroke combustion process results
from the cyclic variation of the working space.” The air-fuel mixture is aspi-
rated atl the inlet port and compressed, ignited, burned, expanded, and ex-
hausted. Each of the four working spaces between vanes exerts one power
stroke for each rotor revolution. All cycles occur within the same section of
the engine, which results in a hot spot. This can be controlled by effective

Fig. [-100—Comparisan of Wankel and Bclve Engine Geametry

Minimum spocing Rotor surfoce

Cronk circle (rototing clockwise)

(counterclockwise)

Moximum
spocing

Ellipticol running \

surfoce {stotionory) Vane

Fig. 1-101—Basic Kinematics of Balve Engine

coolant flow and coolant passage design. The cross section of the engine illus-
trates the arrangement of the outer housing, rotor assembly. vane crankshaft,
reciprocating vanes, seals, and cylindrical vane guides. T:.e rotor is supported
by antifriction bearings set in the outer housings, and the vane crankshaft is
supported within the rotor (and attached to the rotor) by antifriction bearings.
The vanes are journaled to the crankshaft eccentrics, which are in four sepa-
rate transverse planes. The vane ends carry the small seal strips that sepa-
rate the four working spaces. Annular rings (similar tc piston rings) seal the
rotor and housing both axially and radially. These rings are cooled and lubri-
cated by the internal recirculating oil.

Figure I-100 compares the geometry of the Wankel and Balve engines.

The basic kinematics of the Balve engine are shown in Fig. 1-101. As the
rotor drum rotates clockwise, the crankshaft turns counterclockwise. The
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crank and rotor have identical rotating speeds. The vane, hinged at the lower
end to a crank arm, is free to slide and pivot within its guide. The vane tip
therefore describes an approximately elliptical path, shown by a single vane
in the successive positions 1-2-3-4. The volume enclosed between two suc-
cessive vane ends, the circular rotor, and the elliptical running surface of the
housing, therefore, varies cyclically in magnitude. These variations reach
maxima and minima twice per revolution.

The basic theory of this engine concept is that an elliptical track and
circular rotor (as compared to the epitrochoidal track and trochoidal rotor
of the Wankel unit) would be less difficult to manufacture and would therefore
be less costly. Also, service life of sealing strips would be greater due to the
simpler geometry of the track. Although the above advantages of the Balve en-
gine may be generally correct, the concept has not eliminated the complexity
of reciprocating parts and assemblizs, guides, and other elements common to
the conven?onal reciprocating- piston engine. These disadvantages conflict
with the initial purpose of developing a simple power source.

It does not appear that the Balve rotary engine offers any advantages
over conventional engines or other rotary-piston engines that warrant devel-
opment by the military.
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Chapter 6

STEAM ENGINES

The first source of mechanical power used in vehicular applications was
the steam engine. The heat energy utilized to produce steam was obtained
from burning wood, coal, or hydrocarbons.

The basic types of steam engine are the reciprocating, the turbine, and
the combination of these two. Each of these three types can be operated as a
noncondensing system (which expends exhaust steam into the atmosphere) or
as a vapor cycle (which condenses exhaust steam and reuses it in the system).
The noncondensing system requires the constant addition of purified water to
replace the water expended. The vapor-cycle engine requires a heat exchanger
and a cooling fan to condense the steam after it passes through the exhaust
ports. Although replenishment of water is not required, the heat exchanger
and cooling fan make the vapor-cycle system larger and heavier than the non-
condensing engine (see Figs. 1-102 and 1-103)."

When internal-combustion engines and hydrocarbon fuels became readily
available at a reasonable cost, th? steam engine was replacad by the recipro-
cating internal-combustion engine. The railroad locomoiive was the last hold-
out for steam-powered engines. However, these steam engines were eventually
replaced with internal-combustion diesel engines after industry developed the
diescl] engine to meet the horsepower, size, speed, and torque requirements
of the railroad incomotive.

DISCUSSION

Interest in vehicles utilizing the steam engine is revived every few years,
in particular with regard to those vehicles incorporating the vapor-cycle sys-
tem. In 1949 the Yuba Manufacturing Company of Benicia, California, announced
the development of a prototype steam tractor, for the civilian commercial
market, that incorporated four reciprocating steam e¢ngines, one jor each wheel.
The power plant, a vapor-cycle system, had a common steam generatcr for the
four engines. Each engine had four cylinders, horizontally opposed, and pro-
ducea 50 hp. The engines were mounted vertically to an angle drive thal drove
the planetary axle end. A heat exchanger and a cooling fan were incorporated
to condense the exhaust vapors. The system was operated for approximately
10 years. Although firm records do not exist to show the frequency or exteat
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of maintenance required for this system, miscellaneous information received
indicated minimum maintenance re-juirements.

Personnel at the Yuba Manufacturing Company stated that the steam power
system is heavier and bulkier than an internal-combustion reciprocating engine
offering comparable performance features. The inference was made that it
would be difficult to reduce the size and weight of the steam power system.
However, the fact that Yuba was not concerned about the additional weight and
size of the steam tractor was made evident during the discussion. Statements
were made that the tractor was large enough to handle the engine size and that
the system did provide additional traction for increasing tractor drawbar pull.
The system could generate sufficient pressure in 30 to 40 sec to propel the
tractor. A market survey made by Yuba marketing personnel resulted in the
decision to discontinue the steam-tractor program.

1. 1957 the Operations Research Office of Johns Hopkins University and
the Chrysler Corporation prepared a joint mobility study report that presented
the advantages of a vapor-cycle power system for a 10-wheeled vehicle.? (The
concept was similar to that employed in the development of the proiotype steam
tractor produced by the Yuba Manufacturing Company.) The estimate that the
engine would produce 25 hp per wheel was made, yielding a 1otal of 250 hp for
the 25-ton vehicle envisicned. A weight of 4540 1b was estimated for the com-
plete system.

The vehicle, as proposed, was expected to operate for 2000 miles before
breakdown. The routine maintenance of the system would be less than that re-
quired by present-day internal-combustion systems because the vapor-cycle
systemn has fewer moving parts. An analysis of the system indicated that by
current standards the vehicle appears to be underpowered, too large, and too
heavy, considering the total horsepower output (see Fig. 1-104). Specific rea-
sons why this vehicle was not Jdeveloped were not determined by the study group,
but from the data obtained it can be assumed that the proposed steam-powered
system did not provide sufficient advantages over comparable and available
internal-combustion systems to justify further development.

In July 1962 the Convair Division of General Dynamics Corporation com-
pleted a study® made to determine the feasibility of applying principles of a
vapor-cycle steam-turbine system to any tactical vehicle of the US Army. The
results of the study indicated that it was feasible to design and develop a 500-
to 600-hp steam-turbine power system for a battle tank. The results of the
study were presented to the Army, and a design for the battle tank proposed.

Two turbines, e¢ach rated at 250 to 300 hp and driving independently, were
proposed for the battle tank to eliminate the need and complexity of a steering-
transmission unit. The overload capability of the turbines allowed for an emer-
gency power output of from 50 to 100 percent above rated capacity. This power
system was designed to have a multifuel capability, low noise level, and high
reliability. Calculations indicated that this steam-power system would have
an overall efficiency of 27 percent and that the turbines would furnish 880 1b-ft
of torque at stall. Sufficient steam pressure to propei the vehicle could be ob-
tained in 30 to 40 sec. At maximum battle-tank speed 440 lb-ft of torque would
be furnished.

An estimate of 4000 hr of tank operation before major engine overhaul
was given. The maintenance requirements of the power system would be less
than those of an internal-combustion syst2m owing to fewer moving parts.
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A favorable feature of the steam-turbine engine is its excellent torque
output at low c¢ngine speeds when compared with that of an internal-combustion
engine operatea a! the same speed (see Fig. 1-105). Although the steam-engine
power system would be improved with the development of better and lighter
materials, and the overall weight and size would decrease, these improvements
are predicted to be marginal.

CONCLUSIONS

One advantageous characteristic of the steam engine, unsurpassed by most
other types of engine, is its quiet operation. This characteristic assumes major
importance in those situations where vehicles must operate in silence. In addi-
tion, steam-power systems may be operated with various types of fuel and
therefore can comply with the present fuel policy of the military.?>*"

The disadvantages of a steam engine for a tactical vehicle, as compared

to an internal-combustion engine, are given in the following paragraphs.

Weight. Steam engines are heavier than gasoline or diesel engines of
equivalent horsepower. Coucepts have not been proposed that would reduce

the weight of steam-power systems in the foreseeable future.

Size. The steam engine is considerably larger than a present iniernal-
combustion engine. A noncondensing system would require a large water res-
ervoir. A closed vapor-cycie system would require a heat ex~hanger and a
cooling fan,

Efficiency. The fuel efficiency of a steam engine, at optimum three-
quarter throttle, is approximately 27 percent. The fuel efficiency of an inter-
nal-combustion gasoline engine is approximately 35 percent, and that of an
internal-combustion diesel engine is approximately 38 percent.

Warm-Up Time. Tactical vehicles that use steam engines i;equire start-up
time to generate a head of steam sufficiant to permit any high-iesel power out-
put in excess of that required to propel the vehicle at a limited speed.
Maintenance. Steam-engine maintenance time may be regarded as minimal
when compared with present system requirements. A strong disadvantage is
that personnel would have to be indoctrinated to maintain the vapor-cycle sys-
tem, thereby necessitating an increase in maintenance training.

Spare Parts. Additional spare parts would be required in the military
supply system for vehicles having a steam engine since the spare parts for
these engines are not common t~ internal-combustion engines.

The RAC analysis of varivus steam-engine concepts and prototype installa-
tions indicated that steam engines for tactical vehicles do not offer any sig-
nificant advantages over present internal-combustion engines. Therefore R&D
programs for stean enginys applicable to tactical vehicles are not warranted
unless the deve'opment of vehicles offering silent operation is considered more
important than overall vclume and weight limitations.
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Chapter 7 t

DYNASTAR ENGINF.S i i

{ The Dynastar engine is an unconventional 2-stroke-cycle engine designed
to provide uniflow scavenging and charging with unsymmetrical port timing*

by means of dual-piston U-shaped cylinders interconnected in & unique arrange-
ment. The Dynastar engine is neither a radial nor an X-configuration engine
but can be considered a folded-up version of an cpposed-piston engine in a

i Tighter and more compact package. The engine concept is based on the theory

that two pistons are lighter than one geomeirically similar unit of the same
tuial piston area, and two small crankshafts are lighter than one geometrically
siimilar crankshaft having the same operating parameters. The folded-up de-
sign configuration permits better utilization of space and results in the lighter
and more compact engine package. This arrangement also permits a reduc-
tion i: crankcase size and weight. Either spark ignition or compression igni-
tion and air or liquid cooling are applicable to the Dynastar engine.

Design and development work on the Dynastar ¢ngine concept was initiated
in 1958 by the Thiokol Chemical Corporation, which obtained exclusive license
rights from the holder of the Dynastar patents.

The basic Dynastar design,' shown in Fig. I-106, consists of four U-shaped i
paired cylinders positioned in a common plane. The paired cylinders are 1
oriented to each other at an angle selected to give a desirable geometrically

| phasedt lead to exhaust-port opening in relation to inlet-port opening.

The paired pistons of each U-shaped cylinder pair are connected to a true-
motion octagonal plate or frame by individual connecting rods. The frame links
the crankshafts so that they rotate in phase. Any point on the frame inscribes
a true circle having a radius equal to the crank throw. The connecting rods
are linked to the frame with conventional kuuckle pins. Each knuckle pin is

I journaled in the frame and travels in a true circle of crank-throw radius. This
action imparts identical motion tc all pistons when the connecting rods are
the same length ana the orbital center of each knuckle p:a is on the center line
of its respective cylinder.

Perfect dynamic balance® can be achieved by counterweighting the crank-
shafts. The two crankshafts are connected by gearing, as shown in Fig. 1-107.

**Unsymmetrical port timing” means that exhaust ports open in advance of inlev
ports but also closc before inlet ports.

t“Geometrically-phased” is Jefined as *the phase relation of events established
by the geometry of the engii.e, exclusive of valve-port size or location.”
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This gearing provides a synchronous motion to the frame when the crank throws
are in exactly the same plane. The synchronizing gear also provides a single
comimon output shaft and has the additional capability of providing a wide selec-
tion of output-shaft speeds and positions.

DISCUSSION

The configuration of present Dynastar spark-ignition and compression-
ignition developmental engines consists of four cylinder blocks symmetrically
disposed in one plane about a common central axis. This configuration is
shown in Parts a and b of Fig. ]I-108. However, the engine may also be con-
structed as a two-row (see Part ¢ of Fig. I-108), three-row, or four-row unit.
The family capabilities of the Dynastar engine are shown in Table 1-13. The
stacking of more than three or four rows of cylinders appears impractical
owing to the long crankshaft required.

TABLE 1-13

Family Capabilities of Dynastar Campressian-lgnition Engines

Contigurotion

Configurotion

(3-in.-bore cylinders) Horsepower (5.25-in.-bore cylinders) Horsepower
Single row 100 Single row 350
Singl; row, turbocharged 135 Single row, turbocharged 450
Double row 200 Double row 700
Double row, turbocharged 27 Double row, turbocharged 1000
Triple row 300 Triple row 1050
Triple row, turbocharged 105 Triple row. turbocharged 1500

Present Dynastar engines are liquid-cooled. However, design studies
conducted by the engine developer have shown air cocling of these units to be
as practical as the air cooling of present conventional reciprocating-piston
engines. Both spark- and compression-ignition Dynastar engines use a centri-
fugal blower for cylinder scavenging and charging. These engines can be de-
signed with cylinder banks and output shaft positioned either horizontally or
vertically (see Fig. 1-109). The engines can be manufactured using present
automotive-engine tooling, for the most part, since the power-producing com-
ponents are similar to the reciprocating components of a standard automotive
engine.

A meeting with Thiokol Chemical Corporation representatives disclosed
that the Dynastar power plant is considered as being in the early stages of de-
velopment. The fuel consumption of the present develcpmental engines is
higher than that of present conventional and competitive compression-ignition
engines. Cu:rent Dynastar compression-ignition engines incorporate a pre-
chamber combustion system. However, the manufacturer expressed the belief
that development of both an open-chamber combustion system and an improved
fuel-injection system will reduce Dynastar fuel consumption and increase
power output.
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b. Harizontal Cylinder Bank~Harizontel Output Shaft

Fig. 1-109—Dynostor Engine Configurotions
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Dynastar spark-ignition engines under moderate loading are producing 1
hp/1b of engine weight, 41 hp/ft’® of engine volume, and at aircraft power load-
ing 2 hp/1b of engine weight.® The present Dynastar compression-ignition en-
gines are producing 0.25 hp/Ib of engine weight and 12.2 hp/ft® of engine volume
at moderate loading. A 100-hp compression-ignition engine is at present under-
going US Coast Guard tests in a 19-ft PICWAN-type boat. To date this engine
has demonstrated satisfactory performance.
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. 1-110—Performance Characteristics of the Dynastar Compression-Ignitian Engine

(100 hp, 8 cylinders, 3.in. bore, 3.5-in. stroke)
(60°F, 29.92.in. hg)
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Figure 1-110 illustrates the performance characteristics of the 100-hp
8-cylinder Dynastar comnpression-ignition engine. The fuel consumption curve
shows a best-point specific fuel consumption of 0.44 1b/bhp-hr. Many conven-
tional compression-ignition engines in this horsepower range have demonstrated
a best-point specific fuel consumption of 0.39 to 0.41 1b/bhp-hr. Larger Dyna-
star compression-ignition engines would have a lower specific fuel consump-
tion in the range of 0.40 to 0.42 lb/bhp-hr.

Development work by the Thiokol Chemical Corporation on Dynastar en-
gines has to date been accomplished with corporate funds.

CONCLUSIONS

Projected development programs of the Thiokol Chemical Corporation to
improve and increase the potential of the Dynastar engine include the follow-
ing items:
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level of technological achievement with regard to the Dynastar engine through 1980.
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(a)
(b)
(c)
(d)
(e)
(1)
(g)

A multifuel capability

An improved combustion system

A hybrid combustion system
Turbosupercharging and turbocompounding
Increased engine speeds

Increased bmep

Air cooling

The primary application of some of the desired improvements (such as
items a and f above, and, to a lesser extent, items c, d, and g) would be for
military use and would require funding by the military to ensure achievement
of the stated objectives within a reasonable i.me.
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Fig. 1.114—Trend Forecost of Specific Output

for the Dynastar Engine
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The successful development of the Dynastar engine will provide the mili-
tary with the following engine improvements:

(2) Reduced fuel consumption

(b) Increased power output at reduced weight

(c) Increased power output for engine size (volume)

(d) Multifuel capability
The trend-forecast charts (Figs. 1-111 to 1-114) illustrate the estimated

Cooperative Government support of Thiokol Chemical Corporation R&D
could produce a spark-ignition or comprexsion-ignition Dynastar engine that
could improve the physical and performance characteristics of most future

tactical vehicles.
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Chapter 8

STIRLING-CYCLE ENGINES

The Stirling-cycle engine is a reciprocating external-combustion engine
invented by Robert Stirling in Scotland in 181€. A schematic diagram of the
Stirling-cycle engine is shown in Fig. I-115."

The Stirling-cycle engine is unique in that the fuel is ignited in a combus-
tion chamber outside a cylinder to provide the heat to expand gas within the
cylinder. The expansion of the gas within the cylinder reciprocates the dis-
placement piston. The engine differs from modern reciprocating engines in
that fuel burning is continuous and the products of combustion never enter the
cylinder cavity. Heat from the combustion chamber heats the working medium,
usually helium or hydrogen within heater tubes, and expands the gas to produce
pressure in the cylinder. To continue the cycle the working medium is cooled
by water that absorbs the heat dissipated at the radiator. A regenerator stores
the heat removed, which would otherwise be lost from the working medium dur-
ing the constant-volume cooling processes, and returns the heat to the working
medium during the constant-volume heating processes. The power piston com-
presses and expands the working medium at the proper time and the force is
transmitted from the power piston to a drive mechanism by means of a power-
piston rod.

The major components of the Stirling-cycle engine, the requirements of
the working medium, and the specific function or action of the major ccmpo-
nents are listed in Table 1-14. Most hydrocarbon fuels can be used in the
Stirling-cycle engine.

Material used for analysis 2f the Stirling-cycle engine was obtained through
a literature search that included publications of the Society of Automotive Engi-
neers (SAE) and various reports and periodicals. Further, personal interviews
were conducted with personnel of USAERDL, Ft Belvoir; Va.; ATAC, Warren,
Mich.; and the General Motors Research Laboratories, Warren, Mich.

Development of the modern Stirling-cycle engine was pioneered by Philips
Laboratories, Eindhoven, Holland. A version of the Stirling-cycle engine was
produced by Philips Laboratories in 1837 to serve as a source of power for
small electrical generators. This type of engine was chosen because it was
relatively free of noise and vibration. The generators then provided power for
radios in remote areas.’

In 1958 GMC entered into a joint agreement with Philips Laboratories to
conduct further research in development of the Stirling-cycle engine.®
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Fig. 1.115—Schemotic Diogrom of Stirling The:mol Engine '

Subsequently various 1-, 2-, and 4-cylinder engines. runging from 6 to 360 hp,

were produced.

These experimentia! models were designed to improve engine

fuel efficiency; efforts were not made to reduce engine weight and bulk., The

results of tests'

made on two of the Philips experimental engines are presented

in Table 1-15, where the weight and fuel eifficiency of the Stirling-cycle engine
are compared with that of present comparable spurk- and compression-ignition

engines.
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_ Although GMC was reluctant to disclose recent findings regarded as pro-
prietary information, certain information was obtained from USAERDL.

A MECRNDCE ' AR

TABLE I-14
Operating Principles of the Stirling-Cycle Engine

Mgjor component Specific function of component

Heater Heats the working medium; fuel burning in the external combustion sys-
tem keeps the heater hot; any heat source having a high temperature
will cause the heater to operate

Regenerator Siares heat removed from the working medium (fluid) during the con-
stsnt-volume cooling process; returns hest to the working medium
doring the constant-voiume heating process

! Cooler Keeps working nedium cool by circulating water in ancular tubes
around it
Displscement piston Removes snd siores enery; from regenerstor; controls movement of
working medium through hester, regenerstor, and cooler
Power-piston rod Fffects compression snd expansion of the warking medium at the
proper time
TABLE I.15

GMC Tests on Two Stirling Engines, 1959

Moximum economy Full-lood doto
Fuel heating  dota (mini.sum (BSFC, b/  Specific weight,

Engine category Fuel type value, Bru/lb BSFC, Ib/bhp-hr) bhp-hr) Ib/hp
Smaoli.Engine Comparises

Stirling Dicsel no. | 18,200 0.47 0.528 14.7

Avt.motive, 4-cyl. Gasoline 19,160 0.458 0.51 4.68
Lorge-Engine Comparisen

Suurling Diesel wvo. 1 18,204 0.358 0.418 11.0

D .cel, 6-cyl. Diesel no. 1 18,200 0.40 0.41 10.4

Avtomotive, V-8 Gasoliee 18,900 0.415 0.468 2.80

DISCUSSION

Additional information released by USAERDL personnel disclosed that
USAERDL, beginning in 1959, entered into contracts with GMC for the design
: and construction of three small Stirling-cycle motor-generator sets.® The
i sets were built and tested at the contractor’s plant. One set was operated for
{ about 14 hr, when tests wcre Jdiscontinued because of fuel-combustion difficul-
' ties. The second set was operated for 40 hr with only minor adjustmeut, cthen
! delivered to USAERDL for endurance tests. This set was operated for an addi-
1 tional 500 hr at USAERDL, where progressive engine deterioration and loss
of power and fuel efficiency were evidenced. This engine weighed approxi-
mately 154 1b and produced a net 5.2 hp. The complete engine assembly, with
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accessories, occupied approximately 15 ft® of space. Fuel consuingtion after
a break-in period averaged 0.60 Ib/bhp-hr.

The third Stirling-cycle motor-generator set was retained by GMC for
future corporate development and evaluation. Recently two new Stirling-cycle
motor-generator sets were produced by GMC and delivered to USAERDL for
test. To date the tests have nct been perfcrmed, and hence test results are
not available.

An important concept—the Dineen process—was introduced by the Fair-
child Hiller Corporation in a modified version of the Stirling-cycle engine.
This process simplifies the method of heat tranz‘er between the combustion
chamber and the working medium. The concept, »s discussed by ATAC per-
sonnel, will result in a simplified design that should be less costly to produce
than the Philips-GMC units that have been built. At present ATAC has a con-
tract with Fairchild Hiller for one Dineen-process 6-hp engine that will be
tested and evalnated. This modified engine will be air-conoled, weigh approxi-
mately 35 Ib, and occupy approximately 1 ft* of space. The Fairchild Hiller
engine will be capable of operation with various hydrocarbon fuels. The work-
ing medium will be air rather than hydrogen or helium.

Interest has been shown in the Stirling-cycle engine as a means of provid-
ing a vehicle with the power and fuel efficiency of comparable gasoline or diesel
engines at a reduced noise and vibration le¥vel.

CONCLUSIONS

The objectives—low noise level and relative freedom from vibration—are
considered feasible since fuel in the Stirling engine is burned at a steady rate
rather than being expended in a series of explosions, and dynamic balance of
the drive mechanism may be readily achieved.

The successiul development of the Stirling-cycle engine could produce a
power source having a particular use in small vehicles where quiet operation
is essential. Therefore it appears that the Government should continue R&D
of Stirling engines until the successful development of these models for tactical
vehicles has been achieved, unless it is concluded during future engine devel-
opment that deficiencies encountered cannot be resolved with a reasonable
amount of time and effort.
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Chapter 9

BATTERIES
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DISCUSSION

Batteries are energy-conversion devices that convert stored energy into
electrical energy by a chemical pracess. They were sometimes used to propel
vehicles in the past and are even now used in certain special-purpose vehicles.
Some of the advantages of batteries are their silent operation, reasonable cost
of operation, good reliability, and relatively easy maintenance.

The basic battery types are nonrechargeable and rechargeable. Nonre-
chargeable batteries are classified as primary and rechargeable batteries
as secondary. 5

Primary batteries are applicable when low power levels are required,
since their weight-to-power ratio is low. These batteries normally have a
very short life under high power loads because they cannot be recharged.
Therefore they are not considerad practical as a power source for tactical
vehicles.

Secondary batteries are applicable as a power source for tactical vehicles
since their power levels are higher than those of primary batteries and they
are rechargeable. Most of today’s more promising secondary batteries are
shown in Table 1-16."* This table lists both conventional and electrochemical-
couple types of batteries. The former is self-containe: in a unit package; the
latter requires an external scurce of fuel and accessories tc make up a system.
The table compares the present capabilities of the batteries with what should
be their future potential (in 10 to 15 vears) if ful! effort for their development
is continued.

—

Electrochemical Couples

The most promising of the secondary batteries are the electrochemical
couple:s. The best of these are described here.

Lithium-Nonaqueous-Electrolyte Ambient-Temperature System. If fully
developed, this system appears to have the best chance of achieving the high-
est energy density and highest efficiency of all the electrochemizal couples.
Power is available immediately and the system self-discharge rate is low.

Air-Zinc System. The air-zinc gsystem. now under active development,
uses an air oxidant that is readily available. It does not need to operate at
elevated temperatures.

146 RAC-R-26




TABLE 1-16!-2

Types of Secondory Batteries

Energy density
3 Operating Operating
Battery type Whr/1b Whr/ft life, months Cycles fomz: Taie
Oper. | Future | Theor.® | Oper. | Future '
‘ Conventiona® Batteries
Lead-acid 15 25 115 1728 2,868 120 400 -40to 140°F
Nickel-iron 10 12 138 1728 2,073 120 2000 -10to 115°F
Nickel-cadmium 15 25 107 1728 2,868 96 2000  -40to 140°F
Silver-zinc 50 100 208 6048 12,096 18 200 0to 140°F
Silver-lead 17 20 550 4147 4,851 36 . 500 -10to 140°F
Electrochemical Couples
Lithium anodc
Secondary
Lithium-siiver %0 120 230 3801 5,066 18 50.-200 Up to 165°F
Secondary® - - - = — = - =
Lithium-copper 100 200 746 - 9,434 18 506-200 Up to 165°F
Air-zinc . 55 100 435 5184 9,434 18 200—400 0 to 165°F
Air-cadmium 30 6C 290 - - 24 .- 0 to 160°F
Lithium-chlorine 215 225 700 - — 24 50-100 650°C

(molten elec-
trolytc)

®Active materials only.

Lithium-eilver chloride with lithinm chloride—aluminum chloride salte dissolved in propylene

carhonate system.

®Lithinm-copper fluoride with sodium hexaflnorophosphatc in propylene carbonate system.

TABLE 117

Comporison of Batteries ond Spork-Ignition Engine,
including Fuel and Accessorles

Estimated Estimated
Type weight,? Ib volume,® #3
Present Future Present Future
Lesd-ecid 40,000 24,000 347 209
Silver-zinc 12,000 6,006 97 49.6
Air~zinc 10,909 6,000 115 42.5
Lithium-chlorine® 8,360 5,006 ad® ad®
Military epark-ignitios ongimd 5,160 4,644 97 87

*Weight sad volume based on 10 hr of operation at 600 kw.
bBaged on 100 whe/Ib; future at 225 whe/lb.

Not determined.

dEagine, inclnding fuel and cooling for 600 hp, estimsted at 3.6 Ib/bp, 15 hp/h?, end

0.5 Ib/hp-hr BSFC.
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Air-Cadmium System. This is ancther system currently under develop-
ment. Like the air-zinc system, it uses an air oxidant that is readily available
and does not need to operate at elevated temperatures. In addition it has a good
recharging rate.

Molten-Electrolyie System. The molten-elecirolyte system, also being
developed now, has the potential to achieve a very high energy density. It also
has an excellent recharging rate.

Comparison with Spark-Ignition Engine

A weight and volume ccmparison is made in Table 1-17 between the most =
promising conventional and electrochemical-couple batteries and the military
spark-ignition engine. Anticipated improvements are given also. On the basis
of this comparison, batterie: do not appear to ofier any advantage over spark-
ignition engines for the present or the near future.®

CONCLUSION

Batteries are unable to operate at high current levels for extended periods,
have low energy output for their weight and volume, and are expensive for the
limited number of operating cycles. They offer only one means of improving
the operating capability of tactical vehicles: their silent operation. Therefore
R&D effort should be expended by the Government on batteries as a source of
power for tactical vehicles only if silent operation is ' yrime requisite. A
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Chapter 10

FUEL CELLS

DISCUSSION

The principal feature of a fuel cell is its ability to convert the potential
energy in liquid or gaseous fuels to electrical energy through a chemical
reaction.

The primary reason for interest in the extensive R&D of fuel cells is that
theoretically 90 percent of available heat energy can be obtained by converting
the energy in fuel to electrical energy, as compared to 60 percent from fuels
employed in an internal-combustion engine.

If this theoretical efficiency could be attained, or even nearly approached,
the use of hydrocarbon-fueled fuel cells would notably reduce the logistic prob-
lems now associated with hydrocarbon-fueled internal-combustion engines.

Common forms of fuel are hydrogen, methanol, ammonia, and hydrocarbons.

On the basis of weight, hydrocarbons have more than twice the obtainable
energy than any other fuel actively considered except hydrogen, which is 2%
times better than hydrocarbon fuels. This advantage is lost sincc hydrogen in
this application must be stored in heavy pressure containers.

On the basis of volume, hydrogen has a lower energy content than any of
the other fuels. Therefore, on the basis of fuel efficiencies theoretically ob-
tainable, development of fuel cells using hydrocarbons to replace internal-
combustion engines appears encouraging.

Hydrocarbon fuels produce electrical power by chemically combining the
hydrogen in hydrocarbons with oxygen. Although fuel cells’ efficiencies and
power densities are higher with oxygen than with air, it is assumed that air is
the only practical source of oxidant for fuel cells. When air is used as an
oxidant large amounts of nitrogen are produced that must be rejected from
the cell.

Development effort through 1965 had been limited to laboratory models,
vehicle prototypes, and spacecraft application. Laboratory models have used
exotic fuels and materials without limitations of cost, space, or weight, in
order to produce the best efficiencies. The best hydrocarbon-air fuel-cell
efficiencies under laboratory conditions are at present only equivalent to the
efficiency of an average compression-ignition reciprocating engine. How=aver,
fuel cells employing ammonia or hydrogen obtain considerably better efficien-
cies than average compression-ignition reciprocating engines (see Fig. 1-116).
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A prototype hydrocarbon-air fuel cell installed in a tractor proved larger
and heavier than a reciprocating engine for the same vehicle would have been.
In addition, fuel efficiencies achieved by the fuel cell were lower than could
have been achieved by a reciprocating engine. USAERDL at Ft Belvoir are
currently incorporating a fuel cell into a %-ton-truck test bed. Indications

are that this fuel cell will occupy more space than the reciprocating engine it
i will replace and will increase the vehicle’s weight.
Thearetical thermal efficiency
of fuel cell
E’ Fuel cell =hydragen-axygen -
‘ Fuel cell—ammania-air
Campressian-ignitian
f engine—turbacharged
4 Gas turbine—regenerative -
i Compressian-ignition engine —
] naturally aspirated
{ Fuel cell —hydracarbon-air 30-35% )
¢
Spark-ignition engine—military 30-32%
Ges turbine—unregererative %
i i 1 1
0 20 40 60 80 100
i EFFICIENCY, %
i Fig. I-116—Efficiency Comparison of Selected Engines .
! Fuel-cell installations in spacecraft have been acceptable since cost has -
not been a primary consideration. The fuel has consisted of purified hydrogen
; and oxygen that produced water, a by-product essential to the crew in flight.
Platinum has been the only catalyst emploved to produce the required chemi-
cal reaction.
f Many other types of fuel cells have been installed in special-purpose vehi-
! cles such as forklift trucks for the purpose of obtaining research data that

could be used by the development engineer. Oxygen would produce a more
efficient and more compact fuel cell than air, but at present no compact and
efficient method has been devised to separate oxygen from air. To separate
oxygen from air it is found that the cost is exceedingly high, the oxygen must
be contained in pressurized tanks that are heavy and buiky, and the oxygen-
separating system is relatively complex.
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Present hydrocarbon fuels contain impurities such as sulfur compounds
that greatly reduce the useful life of most caialysts. This problem is reduced
if a noble metal such as platinum is used. However, the world supply of plati-
num is limited, and its cost is prohibitive. Even if cost were not a considera-
tion, the available supply of platinum would not equal the amount required to
replace present reciprocating engines with fuel cells. Thus the problem of
finding an efficient, less expensive, and more abundant catalyst remains to
be solved.

The development of fuel cells for application in tactical vehicles could
provide the following advantages over presently available engines.

(a) They need not be localized and therefore could be installed at optimum
locations.
(b) They require very little maintenance since there are no moving parts.
(c) They operate silently, thus lessening the likelihood of enermy detection.
(d) They generate little heat, thereby lessening enemy infrared detection.
(e) They can withstand 100-percent nverload for briel periods of time.

Snop thermaelectric 1

Fuel cell—hydracarbon-air,
average —without accessoaries

Best fuel cell without motar
or accessaries

9.5

Military spork-ignition engiac

9.2-12.5

Campression-ignitian engine —

naturally aspirated L

Compressian-ignitian engine —
turbachorged

Gas turbine—regenerative

Gos turbine —unregenerative

85-120

] i 1 1
0 20 40 60 80 100
SPECIFIC OUTPUT, HP/ET3

i
120 140

Fig. 1-117—Specific Output Comporison of Selected Engines

Analysis of all available data indicates that the volume (see Fig. 1-117)
and weight (see Fig. 1-118) of a hydrocarbon fuel cell are considerably greater
than those of present comparable spark-ignition and compression-ignition re-
ciprocating engines. No feasible approach or concept has been proposed that
would overcome this disadvantage. Also, as indicated previously, readily avail-
able fuels do not produce the required power in fuel cells at efficiencies greater
than those of currently available internal-combustion reciprocating engines.
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Fig. 1-118—Specific Weight Comparison of Selected Engines

CONCLUSIONS

It appears feasible that hydrocarbon fuel cells will find acceptance for
application in stationary equipment where increased weight and size are not
prime factors of importance. However, fuel cells will continue to be too heavy,
bulky, and inefficient within the foreseeable future for use in tactical vehicles.
Therefore R&D should be held in abeyance until acceptable fuel cells are de-
veloped for stationary equipment.

If fuel cells in the future do become practical for stationary equipment
and if many of the present problems are resolved, R&D for tactical-vehicle
applications should then be reconsidered.
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Chapter 11

UNIQUE ENERGY-CONVERSION DEVICES

Unique eneirgy-conversion devices were evaluated with respect to their
suiiability for propulsion of tactical vehicles. These energy-conversion de-
vices can convert either thermal, chemical, or mechanical energy directly

into electrical energy. The advantages they may offer are:
(a) Relatively silent operation
(b) Ease of operation
(c) Simple construction and few moving parts

(d) Adaptability to use potential energyv from waste heat as in total-

energy systems
The energy-conversion devices that were considered are:
(a) Thermoelectric generators
(b) Thermionic generators
(c) Electrostatic generators
(d) Photovoltaic generators
(e) Thermophotovoltaic generators
(f) Magnetostriction generators
(g) Pulse-power sources
(h) Hall-effect devices
(i) Magnetohydrodynamic generators

DISCUSSION

Substantial R&D effort has been and still is being made by both industry 1
and government to develop unique energy-conversion devices, mainly for space
applications. In 1947 a complete survey of all known power sources was made
by Armour Research Corporation.' At that time it was determined that all
unique energy-conversion devices had very low operating efiiciencies. The
power-output levels were found to be too low fer their weights and sizes for

practical application in vehicles.

An effort was made to update these findings by contacting various indus-

tries and Government agencies. The updated findings follow.

Thermoelectric Generators

The thermoelectric generator operates on the principle that a current
will flow in a circuit consisting of two different materials and two junctions
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maintained at different temperatures. Thermal energy is ccuverted directly
into electrical energy.

Many generators have been built incorporating this principle and today
are finding widespread uvse in control and safety applications. In the past,
thermoelectric generators were characterized by their large weight and volume
per watt of output. Efficiency ranged from a low of 0.2 to 8.2 percent and a
1-kw machine would weigh about 1 ton.! With the development of semicon-
duciors, these devices began to show more promise, aad efficiencies of 3 to 7
p=rcent are easily attained. Typical power-density valuas for a 10-kw sysiem
burning liquid fuel are 0.0133 kw/Ib and 9.593 kw/ft® and an energy-coaversioa
efficiency of 7.13 percent.

Laboratory models have attzined an efficiency of 13 percent and weight
and volume have been reduced. The problem areas are heat shunting, thermal
stress, high electrical resistivity, and low efficiency, but improvements are
expected in the future. However, this means of producing electrical energy is
not expected to be used for propulsion because its cost is high, its efficiency
is low, and its weight and volume are much too high for its output.

Thermionic Generators

Thermionic generators are basically emission devices that convert heat
energy into electrical energy. One plate or cathode is heated, forcing electrons
to be emitted. A cooler collector or plate collects the electrons. If this plate
is connected to an external electrical circuit, electrical power is obtained.

Power outputs of 5 w/cm?® with an efficiency of 10 percent are common.
Higher power outputs have been demonstrated in the laboratory, and the over-
all efficiency can be expected to reach 15 to 18 percent.

These devices have poor efficiency, low power levels, and high weight and
volume. They will find increased application in stationary equipment in con-
junction with nuclear reactors.

Electrostatic Generators

Electrostatic generators take advantage of phenomena that are due to the
attraction or repulsion ¢t electric charges but are not dependent on their mo-
tion. These devices are capable of delivering a few kilowatts at a few mega-
volts. Since they are primarily high-voltage—low-current dovices, applications
for vehicle propulsion are no: practical.

Photovoltaic Generators

The photovoltaic and thermophotovoltaic generators both operate on the
same principle: if one of two similar electrodes imme-sed in a suitable elec-
trolyte or other substance is treated with a sensitive material and illuminated
by a light snurce, a voltage is generated. If an external load circuit is added,
a smail current will flow.

The photovoltaic generator is normally associated with the conversion of
solar energy whose spectral intensity peaks at about 0.55u. The theoretical
area requirement is 10 ft*/kw, but, for a 10 percent conversion efficiency, 100
ft’/kw is required. The power density is approximately 10 w/ft* and 2 w/lb.
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Solar energy is a free inexhaustibie source, but it i3 not available at all
times, and for this reason photovoltaic generators cannot be used for propul-
sion of land vehicles. The high volume requirements, low power levels, and
low efficiencies are other major reasons why photovoltaic generators are not
practical for vehicle application. E

Thermophntovoltaic Generators

"'ne thermophotovoltaic generator converts energy from near-infrared
radiant energy at a wavelength of approximately 2.5u. A practical converter o
burns liquid fuel in an inner cylindes, thus producing radiant energy that strikes
the surrounding cooled, thin-filin photovoltaic cell. A reflector veturns un-
absorbed radiant energy to the heat source. ' .

A power output of 0.4 w/cm’ of cell area is now being achieved, and it
may be possible to achieve 1.0 w/cm’.

Research is now being conducted on a 500-watt backpack unit in which ef-
ficiencies of 3 percent for air-cooled units and 5 percent for water-cooled units
have been achieved and efficiencies of 8 percent and 15 percent respectively
are anticipated. The weight is estimated® to be 40 1b with a volume of 1'% ft’,
The power density will be 12.5 w/1b and 333 w/ft®.

The low efficiencies, low power levels, and high weight and volume re-
quirements of thermophotovoltaic generators do not lend themselves to pro-
pulsion of vehicles.

Magnetostriction Generators

Magnetostriction generators take advantage of the phenomenon that occurs
when certain magnetized materials are either stretched vr compressed: the
materials modify their magnetic fields in such a way that a coil placed in the
magnetic field will produce electrical energy. Since the amount of power that
can be generated by magnetostriction is very low, no further consideration need

|
be given this device for application in vehicles. i
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Pulse- Power Sources

Pulse power by definition means a series of timed pulses of energy usually
converted from another form of energy. For example, potential energy can be
activated to controlled explosive forces as a means of propulsion. Pulse dura-
tion can vary from a submicrosecond to many milliseconds.

Short bursts of power from controlled nuclear explosions are being in-
vestigated for space missions. Although these devices have found applir:ations
in missiles, they are not suitable for use in tactical vehicies.

e Soer—

Hail-Effect Devices

The Hall effect is a difference of potential observed between the edges of
a strip of metal carrying current in a longitudinal direction when placed in a
magnetic field perpendicula: to the plane of the strip. It occurs in bismuth,
germanium, and to a lesser extent in other metals.
! Devices relying on this effect have been used in conjunction with other
devices to obtain small amounts of power, but they are not applicable to pro-
pulsion of vehicles.
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Magnetohydrodynamic Generators

The magnetohydrodynamic (MHD) generator, also known as a magnetc-
plasmadynamic generaior, produces electricity by moving a hot ionized gas
stream through a magnetic field, cutting the lines of force. Electrodes located
in the gas duct pick up the generated power and conduct electricity to an exter-
nal load circuit.

One of the basic problems of the MHD generator is that high gas tempera-
tures and good conductivity are required to obtain ionization. Several methods
are available to increase conductivity and reduce the operating temperatures.
One method to increase conductivity is the use of a strong magnetic field to
induce nonequilibrium ionization. Other mechods to ircrease conductivity are
p:<ionization by an electron beam or photoionization. In the former method,
two electron-beam runs located on each side of the duct shoot electrons into
the partly ionized gas to increase ionization. In the latter, light from an ultra-
violet lamp is shot into a generator duct through quertz ports to augment
ionization.?

The results of a study® indicate that the efficiency of a fossil-fueled power
plant may be raised from 40 to 55 percent by passing the hot furnace gases
through an MHD generator grior to entering the boilers.

An early prototype MHD generator’ has produced 2.8 Mw. The design
goal is 35 Mw for 3 min.

Experiments with new superconducting magnets have resulted in a weight
reduction in a specific application from 5 tons to 600 1b°. The Government is
conducting active R&D on these devices, and they are intended for operation in
conjunction with large nuclear reactcrs. A 350-kw SNAP 50 reacior is now
under d=2lopment. Another 20 years of research is expected before the MHD
nuclear reactor will become operationat®. Because a nuclear reactor is re-
quired to provide a continuous source of ei.ergy, these generators are not
suitable for propulsion of tactical vehicles.

SUMMARY

Table I-18 presents a compilation of data on the various unique energy-
conversion devices, including their power sources, power densities, and power
levels. The values in the table represent figures based on optimum conditions.
An examination of the table reveals that the thermophotovoltaic generator has
the highest power density in watts per pound.

A weight and volume comparison of this device with a conventional mili-
tary spark-ignition eugine is shown ir Fig. I-119. The thermophotovoltaic gen-
erator produces considerably less horsepower per cubic foot than the military
spark-ignition engine, and its weight per horsepower is considerably higher.
Projected increases in efficiency will not appreciably ircrease the specific out-
put or reduce the specific weight of this device to a degree where it can com-
pete with the present military spark-ignition engine.
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TABLE 1-18
Unique Energy-Conversion Devices
Power density Efficiency, %
Device Power source Power leve) 3
Watts/Ib | Wons/p3 | F'eld | Loborotory
conditions | conditions
Thermoelectric .Liquid fuel 13.3 503 .13 15 10 kw
generator Solid fuel 0.346 5.79 0.4 8w
Sun 4 1 kw E
Nuclear fission 102 2072 4-4.5 1 kw=3 mw"
Thermionic Liquid fuel 2-3 4645 10 15-18
generator
Electrostatic Mechanical 12.5 332 5 15 2-3 kw at 2-3 megavolts s
generator devices §
Photovoltaic Light 2 10 10 ;
generator ]
Thermophotovoltaic Liquid fuel 125 333 3-5 8-15 ]
generator Nuclear fission ]
Magnetostriction Mechanical nab na na nn Very low
generator devices ;
Pulse-power source Chemicals na na na na intermittent .
p 5= . S 1
4 Nuclear fission na na na na Intermittent b
Hall-effect device Magnetic field na na na na Very low {
3 Magnetohydrodynamic  Argon gas nd® nd nd nd 11.2 mw for n few i
r generator Nuclear fission nd nd nd nd seconds i
Fstimated. i
Not available. a
€Not determined. i
g
] J !
] Spork-ignition engine E
{
Thermophotovoltoic generotor iy }
] i
0 2 4 6 8 10 12 14 s
- 1
Spork-ignition engine 1
3
L Thermophotovoltoic generator 6.25
7
SPECIFIC WEIGHT, LB/HP
Fig. I-119—Comparison of Thermophotovoltaic Generotor with
Military Spark-Ignition Engine
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CONCLIUSIONS

All unique energy-conversion devices considered are much too heavy,
require too much space, and are too inefficient for application in taclical vehi-
cles. Development within the foreseeable future would not result in an energy-
conversion device that would improve the capabilities of tactical vehicles.
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Chapter 12 5

NUCLEAR PROPULSION

DISCUSSION

Nuclear reactors were considered for application in tactical vehicles
since they could greatly reduce the requirements for refueling. If nuclear
reactors in vehicles were practical, they would substantially reduce petroleum,
oil, and lubricant logistics. .

Heat, the primary product of a nuclear reactor, can be converted to me-
chanical energy by two methods: One method is to heat a medium such as water
to operate a steam engine; the other is to convert heat to electrical energy by
means of a suitable energy-conversion device.

A study completed in 1960 by the Operations Research Office of Johns
Hopkins University (ORO), now RAC, evaluated the possibilities of nuclear
reactors for use in combat vehicles.’

A complementary study was completed in 1961 by ORO to determine the
operational feasibility of powering combat vehicles with nuclear reactors.’

A study completed in 1662 by RAC analyzed the possible application of
nuclear reactors to vehicles by the use of direct-conversion devices.®

Evaluation of our findings was based on the cited reports, which are clas-
sified Secret. To preclude such a classification of this report, an oral presenta-
tion of pertinent details was made to the Project Advisory Group, and conse- &
quent'y they are not included in this document. The conclusions presented

below are unclassified.

CONCLUSIONS

Although it may be technically feasible to develop nuclear reactors for
application to tactical vehicles, their extremely high cost and large size and
weight for their output, combined with the possibility of personnel being ex-
posed to radiation hazards, would preclude their use as power sources. There-
fore R&D effort for nuclear reactors in tactical vehicles is not warranted until
more efficient shielding materials become available and the cost of the reactors

is substantially reduced.
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Chapter 13

GAS-TURBINE ENGINES

INTRODUCTION

The basic concept of the gas-turbine engine dates back many years, but
it was just before WWII that the first practical aircrafi gas turbines were de-
veloped in Europe. The US military establishment rezalized the future potential
of the gas-turbine engine and began energetic development programs to produce
gas-turbine engines for aircraft propulsion. Because of their success in air-
craft propulsion, gas turbines have found application in other fields such as
industrial plants, electrical generating plants, total-energy systems, ship pro-
pulsion, locomotive propulsion, and just about every other application requir-
ing shaft power with the exception of automotive-vehicle propulsion.

Much interest has been shown in the past 10 years by both industry and
the military in the gas-turbine engine as a power source for automotive vehi-
cles. The automotive industry has developed several generations of experi-
mental gas-turbine engines for truck and automobile applications. The mili-
tary has installed some of these engines in tactical vehicles on an experimental
basis. Some earlier experimental vehicle applications of the gas-turbine en-
gine by the military utilized modified aircraft engines. The modified aircraft
engines did not demonstrate satisfactory operation in surface vehicles. These
installations, which are listed in Table I-19, did, however, provide engine and
vehicle designers with valuable information that could be used in designing a
gas-turbine engine specifically for the propulsion of surface vehicles.

In 1960 the military contracted with industry for the development of gas-
turbine engines for possible use in tank and marine application. The first prro-
gram was a joint Army-Navy program for the development of a 600-hp turbine
engine. The scheduled portion of the program was completed, and Orenda En-
gines, Ltd., was selected to produce several prototypes. More recently (1966)
ATAC contracted with the Lycoming Division of AVCO Corporaduon to design,
develop, and fabricate an advanced-technology 1500-hp gas-turbine engine for
application in future main battle tanks. The program is proceeding at time of
writing, and major design problems have not been encountered.
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TABLE 1-19

Experimental Gas-Turbine Power Plants in Military Vehicles

Power plont Vehicle Horsepower
USA

GMC GT-305 LARC V <35
Pratt & Whitney PT-6 LARC V 350
Williams WR-8 M151 72
GMC GT-305 M56 225
GMC GT-305 5-ton track 225
GMC GT-305 M113 225
Boeing 502-9A T55 175
Solar 1000MV T95 MBT 600 (downrated)
Solar 1000MC (3) Land train (turboelectric) 1050 (each)
Solar 1000MV (2) LCA 1140 (each)
Iycoming TF 1460 LVHX1 1200
Lycoming TF 20 LVW 1600
Solar 1000MV LVIIX2 1040
GMC G1-305 DW-15 tractor 225
Lycoming T53 Flying DUKW 700
Boeing 502-2E (2) T42 300 (each)
GMC GT-305 M41 225
Orenda OT4 M48 600
Boeing , 502-2F Ta2 L300

6V53 200

Foreign

Boeing 502MA Swedish S-tank 330
Rolls Royce * Keo (production) 240

PRINCIPLES OF OPERATIONS

The gas-turbine engine, essentially a hot-gas-producing machine that re-
ceives energy from expanded gases, consists of several major components.
Collectively the components perform a cycie of events similar to those that
occur in the cylinder of the conventional reciprocating-piston engine. Gas-
turbine engines operate on the Brayton or Joule cycle. Atmospheric air is
compressed adiabatically, the combustion process adds heat at a constant gas
pressure, and the gases are expanded adiabatically through a turbine wheel to
provide shaft power. The gas-turbine engine differs from the standard jet-
cycle trrbine engine, which ejects hot gases through a tailpipe to produce
thrust. The jet-cycle turbine engine is shown in Fig. 1-120.

Open-Cycle Turbines

The basic simple open-cycle gas turbine, shown schematically in Fig.
1-.121, is essentially a single-shaft gasifier or gas producer. The gas pro-
ducer consists of three major components: a compressor, a burner, and a
gas producer (compressor drive turbine). The compressor and gas-producer
turbine are fixed to a common shaft and are considered to be a single rotating
assembly. The simple two-ghaft open-cycle gas turbine, also referred to as
the “split-shaft” (or “free-spool”) turbine, is shown schematically in Fig. 1-122.
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It consists of two major sections: the gas-producer section, which is identical
to that in the single-shaft turbine, and the power section. The gas-producer
section consists of three major components, i.e., a compressor, a burner, and
compressor turbine. The compressor and gas-producer turbine are fixed to
the same shaft and rotate as a single assembly. The power section contains a
power-turbine wheel assembly and output reduction gearing.

Compressor |-—Burnef
Toilpipe
: e L Fig. 1-120—Schematic Diagram of Stordard

=

Thrust Jet-Cycle Turbine Engine

Gos-producer turbine

Burner

—

Compressor\_‘h 1,/ Power output

Fig. 1-121—Schematic Diagram af Simple
Open-Cycle Gos-Turbine Engine

A

Gos-producer turbine

Compressor

- Burner

S _\ Power output

/ eH
ﬁo Fig. |-122—Schematic Diagrom of Open-Cycle
/ Gas-Turbine Engine with Split Turbine
Gos-producer turbine Power turbine

In a typical simple open-cycle split-shaft gas-turbine engine (shown dia-
gramatically in Fig. I-123 and pictorially in Fig. I-124), the cycle of events in
the gasifier section is similar to that of a 4-stroke-cycle reciprocating engine.
Air is drawn into the unit by a single- or multistage compressor rotating at
speeds up to 50,000 rpm. Engine pressure and temperature arz increased be-
cause of the work performed. The compressed air is directed through ducting
into the combustion chamber, where fuel is injected in the form of a spray,
ignited, and expanded in a continuous combustion process. The temperature
of the burned gases ranges from 1600 to 2100°F. The hot gases pass from the
combustion chamber through nozzles to and through the gasifier turbine wheel
driving the compressor. Approximately half to two-thirds of the total gas
energy is used to drive the compressor. The still expanding gases are then
directed to the power-turbine wheel, rotating it and its reduction-gear set and
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Gas-producer turbine [

Free power turbine

Fig. 1-123—0perational Diagram of Simple Open-Cycle
Split-Shaft Gas-Turbine Engine

Fig. 1-124—Cross Section of Typical Simple Open-Cycle Split-Shaft
Gos-Turbine Eagine (Boeing)
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output shaft. The gases are then exhausted to the atmosphere through ducting.
The cycle of cperation of each component stage in a gas turbine is continuous,
not intermittent as in the cylinder of a reciprocating engine. Nonfluctuating
continuous rotary motion results.

Because the power-turbine wheel and shaft are not connected mechanically
to the gasifier components, the 2ssembly performs in a manner similar to that
of a torque converter. As speed decreases, torque increases, and at stall or
near stall speed the output torque is equal to approximately three times the
torque at maximum speed. The output characteristics of split-shaft gas-turbine
engines are ideally suited to the power requirements of automotive-type vehi-
cles. Figure I-125 illustrates a comparison of the to rque characteristics of
turbine and piston engines. The curves indicate that the turbine engine delivers
an increased torque with decreasing engine speed (down to turbine stall speed).

Turbine engine

TORQUE

Piston engine

ENGINE SPEED, RPM

Fig. 1-125-—Comporison of Torque Charocteristics of
Turbine Engine ond Piston Engine

This is in contrast to the piston engine, which delivers maximum torque at 40
to 60 percent of its maximum speed and power. The ability to provide high
torque at stall and near-stall speeds with a completely free power-turbine wheel
eliminates the need for a clutch or torque converter. This factor reduces the
size and weight of the transmission unit when consideration i# given to the com-
plete vehicle power train.

The singie-shaft turbine operates in the same manner as the split-shaft
turbine, except that the gases are exhausted after passing through the gasifier-
turbine wheel. The single-shaft turbine does not have a power-turbine wheel
that can rotate at speeds independent of the gas-producer section and hence
must be coupled to an infinitely variable transmission system, such as an
electric-drive or hydrostatic system.
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The fuel consumption of the simple open-cycle gas turbine is :nuch higher
than that of the spark-ignition gasoline engine or the comjirngsion-ignition en-
gine. The specific fuel rate of the unregenerated gas-turbine engiue in the
middle speed-power ranges is approximately 50 percent higher than that of the
conventional spark-ignition engine and approximately 100 percent higher than
that of the compression-ignition engine.

Regenerative-Cycle Turbines

The most effective means of reducing the fuel consumption of the turbine
engine is to incorporate a heat exchaisger. The heat exchanger recovers some
of the exhaust heat by raising the temperature of the air between the compres-
sor and burner sections, as shown schematically in Fig. I-126. Turbines in-
corporating heat exchangers are referred to as “regenerative-cycle turbines.”
The heat exchanger may be either stationary or rotating. Stationary heat ex-
changers are called “recuperators,” and the rotary types are called “regenerators.”

Fig. |-126—Schematic Diogrom of Regenerative-Cycle
Gas-Turbine Engine

W AR

= N\

Fig. 1-127--Schematic Disgrom of Regenerative-Cycle Engine with
Two-Stoge Compression ond !ntercooling

To reduce fuel consumption in the part-load power ranges, turbire enginss
have been designed using various other cycle concepts. S:iematic diagrams
of these concepts are shown in Figs. [-127 to 1-129. These concepts incorporate
interconling or reheat systems, or a combination of the two. However, these
cycle concepts tend to become overly complex and costly. Figure I-130 illus-
trates a comparison of the fuel-consumption characteri~tics of a typical non-
regenerative and regenerative turbine engine. A reductu = in fuel consumption
of spproximately 35 percent is achieved by regeneration. Figure I-131 illus-
trates fuel-consumption characteristics as a function of percentage of power
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output for varying recuperator effectiveness in a typical turhine engine. Heat
exchangers with high effectiveness have a significant effect on fuel consump-
tion. However, the more efficient heat exchangers are bulkier, heavier, and

more costly. ¢

WA

Fig. 1-128—Schematic Diagrom of Regenerotive-Cycle Engine
with Reheat Combuster

.-wj—

Fig. |-15—Schematic Diogrom of Regenerative-Cycle Engine with Reheat
Combustor cnd Two-Stage Irtercooled Compression
(Turbocharged Cycle)

HEAT EXCRANGERS

There are many different 1 :at-exchanger designs and concepts. The
GMT- 305 gas-turbine engine, shown in Fig. I-132, incorporates two vertically

mounted rotating-drum heat exchargers. The heat exchangers were constructed

of a very thin matrix of alternating sheet and corrugated metal. The heat ex-

changer rotates at approximately 30 rpm.

Figure [-138 illustrates the Chrysler Corporation’s Model A-831 experi-
mental automotive regenerative-turbine engine. This unit incorporates two
verilcally mounted rotary disk-type heat exchangers utilizing a meta; matrix
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Fig. |-131—Fuel Consumption os o Function of Percentuge of Power with

85FC, LB/HP-HR
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Fig. 1-130—Comparison of Fuel Consumption of Nonregenerative
and Regererative Turbine Engines
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Fig. I-132—Cutawoy View of Early GMT-305 Turbine Engine, Shawing Twin
Verticol Rototing-Drum Metal-Matrix Heat Exchonger

1. Atmaspheric air enters the air inlet.

2, The air is campressed by the campressar ta
abave 3 atmaspheres af pressure.

3. Ratating regeneratars heat the campressed
air as it passes thraugh.

4, The hected campressed air enters the cam-
tustars.

5. Nazzles inject fuel inta the cambustars.

é. Gases resulting fram the cambustian of fuel
and air pass thraugh turbine vanes.

7. These gases first drive the gasifier turbine,
which pawers the air campressar (item 2).

8.

10.

The gases then drive the pawer turbine.

(Nate that the gasifier turbine and the pawer
turbine are nat cannected mechanicelly.)

The hat gas exhausted fram the pawer turbine
is caaled by the ratating regeneratars (item 3).
Exhaust gas at 300 ta 500°F is directed aut
af the exhaoust parts.

. The pawer-autput shaft is driven fram the

pawer turbine thraugh a single-stage reductian
gear.

The accessary-drive shaft is driven by the
gasifier turbine thraugh a set af reductian
gears.

construction. The schematic in Fig. I-134 illustrates the air-flow paths and
thermodynamic heat-transfer qualities of this heat exchanger.

GMC’s GT-309 turbine engine, designed as an experimental unit for truck
application, utilizes a hurizontally mounted rotary drum-type heat exchanger.
This unit, shown in Fig. I-135, is constructed of : metal matrix.

Figure I-136 illustrates the Pratt & Whitney rotary toroidal regenerator.
This unit consists of a series of 24-mesh screen packs assembled into an
annulus. Unit sealing is accorplished by a combination of bulkheads between
the screen-pack sections and a sealing tunnel that separates the flow of cold

and hot gas.
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Fig. 1-133—Cutaway View of Chrysler Corporotion Model A-831 Turbine Engine,
Showing Twin Vertical Rotating-Disk Metol-Motrix Heat Exchonger

“AIR
INTAXE

AR COMPREISSOR

- .
REGENERATOR H g TUREIN

{NEAT IXCHANGOLE)

Fow TRANAURY

A BEAD WHEFLS

Fig. 1-134—Schematic Flow Diagram of Chrysler Corporatior
Model A-831 Turbine Engine
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Fig. 1.135—Cutowoy View of GMC GT-309 Turbine Engine, Showing
Horizontol Rototing-Drum Metol-Motrix Heat Exchonger

HGH PRESSURE AIR FROM CUMPRESSOR

Sealing tunne!

LOW-PRESSURE GAS FROM T¥RBIME

Fig. i-136—Prott & Whitney Hotary Toraidal Regenerotor,
Composed of o Series of Matrix Pockages

192 RAC-R-26

s Ha R R R

5

A

3




A recent development in heat-exchanger material has been made bv the
Corning Glass Works. The material is a thin-walled cellular glass-ceramic
matrix. A cross section of a typical configuration is shown in Fig. I-137. A
number of unique properties are combined in this structure, making it partic-
ularly suitable for use in rotary heat exchingers for regenerative gas-turbine
engines. The material, trademarked “Cercor,” has high temperature resistance,
a neally zero coefficient of expansion, extreme thermal-shock resistance,
chemical durability, high specific-heat capability, and high strength at elevated
temperatures. This material can be fabricated to a wide range of sizes in
either the disk-type heat exchanger shown in Fig. I-138, or the drum-type heat
exchanger shown in Fig. 1-139,

Sa

Fig. 1-137—Typicol Configurotion (Enlorged View) of
Corning Cercor Heot-Exchanger Structure

The Rover Company (England) was one of the first to utilize heat exchang-
ers made of Cercor. Figure I-140 illustrates a utaway view of the recent
Rover 25/150R regenerative experimental automotive gas-turbine engine. The
illustra'ion shows the heat-exchanger mounting, drive sclieme, and engine air-
flow patiis. The ceramic heat exchanger is lightweight and compact, has great-
est efficiency, and can be manufactured at a much lower cost ttin metal-matrix
heat exchangers. Manufacturers of gas-turbine engines in tiie US are seriously
pursving the use of ceramic heat cxchangers. The US automotive industries
are designing the latest experimental automotive turbine engines to incorporate
a ceramic heat exchanger. The Chrysler Corporation is vrnsidering modifica-
tion of the Model A-831 turbine engine to incorporaie a ceramic heat exchanger,
and the Ford Motor Company has developed two new simple-cycle regenerative
gas-turbine engines that utilize the ceramic heat exchanger. The new Ford en-
gines are the 706, which develops approximately 180 to 200 hp, and the 707,
which develops approximately 400 hp. Ceramic-core heat exchangers have
demonstrated durabiiity in automotive turbine-engine applications. However,

a ceramic core may prove tc be too brittle for ipplication in military tactical-
vehicle engines.
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Fig. 1-138—Cercmic Disk-Type Rotary
Heat Exchanger

Fig. 1-139—Ceramic Drum-Type Rotary
Heat Exchanger
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Stationary heat exchangers, commonly referred to as “recuperators,”
have been used in gas-turbine :ngines as heat-recovery devices. The station-
ary heat-exchanger designs are as varied as those of the rotary type. The main
advantage of the stationary heat ¢xchanger is the resultant elimination of moun-
tingand drive hardware. Figure I-141 is a cutaway view of the Ford Model 705
turbocharged-cycle gas~turbine engine, which incorporates stationary metal-
matrix intercoolers and recuperators. The Orenda OT-4 turbine engine, shown
isometrically in Fig. I- 142, utilizes twin stationary metal counterflow-type
heat exchangers to reccver exhaust-gas heat.

Fig. 1-141—Cutawoy View of Ford Model 705 Turbochorged-Cycle
Turbine Engine, Showing Intercooler ond
Stotionory Heot Exchonger

The Boeing Company developed a heat exchanger that was comprised of
many metal tubes assembled into modules to form a stationary core. The con-
cept of this heat exchanger is shown in Fig. I-143. One of the most common
types of stationary heat exchangers used in gas-turbiue engines is the direct-
transfer tube type. This type of recuperator uses many thin-walled metal tubes
assembled intn a bundle and welded to end bulkheads. Figure I-144 illustrates
a turbine engine incorporating a tube-type recuperator. The metal-tube recu-
perator is generally the least costly to build, although compared with the metal-
plate or metal-matrix units, its efficiency is low. Heat exchangers that use
liquid metals as the heat-transfer miedium are generally constructed of tubes.

The AGT-1500 gas-turbine engine, under development by the Lycoming
Division of AVCO Corporation for the new US Army main battle tank, utilizes
a stationary heat exchanger. This unit is a stationary direct all-primary-sur-
face convoluted-metal-plate heat exchanger. The design concept and air-flow
paths are shown in Fig. I-145. For the most piart the air and gas flow counter-
currently to each other. Crossflow occurs only at the short air-entrance and
exit regions. The convolutions on the plates are directed at right angles to
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@ :=e Heoted ond compressed air to combusior
Metal Counterflow-Type Heat Exchanger

@ ==——e Combustion

® — airar atmospheric pressure
@ === Exhous. gas

@ == Corpressed air

Fig. 1-142—{isometric View of Orenda OT-4 Turbine Engine, Showing Stationary

r Flow te end from
@Air Flow in Compressar Bay
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Fig. 1-143—Bosing Stationory-Core Heat Exchanger,
Shawing Individual Tube Madules

Fig. 1-144—Schemotic Diogrom of Gos-Turbine Engine
Incorporating o Direct-Tronsfer T Le-Bundle
Heot Exchonger
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each other on alternate plates. In tests this type of regenerater has demon-
strated a high degree of effectiveness.

Rotary heat exchangers are more efficient than stationary units. Existing

rotary units have demonstrated an effectiveness of from 88 to 92 percent, whereas
existing stationary units operate at an effectiveness of from 79 to 83 percent.
The rotary heat exchanger can maintain a leakage rate over a longer period
of time than a stationary heat exchanger but is more complex in that a drive
mechanism and mounting system are required to allow rotation. Stationary
heat exchangers are simpler in construction, easier {o mount to the engine,
and present le:s sealing problems. However, they are less effective.

AIR PASSAGE AIR PASSAGE
GAS PASSAGE

Edhaust yos ————p

Fig. I-145—Conce>t ond Flow Diogrom of Lycoming Stotionory Direct Al! Primory-Surface
Convoluted-Metol-Plote Heot Exchonger

Heat exchangers are susceptible to fouling during engine operation on
leaded {uels. To date a successful method of eliminating this problem (other
than not using leaded fuels) has not been achieved. Heat exchangers are also
susceptible to dust and dirt fouling. The rotary heat exchanger has a much
greater self-cleaning capability than the stationary heat exchanger. The im-
provement forecast of heat-exchanger effectiveness is shown in Fig. 1-146.
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Fig. |-146—Improvement Farecast of Gas- Turbine
Heat-Exchanger Effectiveness

ROTATING COMPONENTS

Significant progress has been achieved in the past few years in the design
and efficiency of the rotating components in the gas-turbine engine. These
components, i.e., compressors, gas-producer turbines, and power turbines,
have not only become more efficient and rugged but are less costly to produce
owing to advances in design technology and manufacturing techniques.

COMBUSTOR
AR INLET __< HOUSING
CAsiNG B

Fig. 1-147—Small Single-Shoft Turbine Engine with Centrifugal Compressor
ond Rodiol-Inflow Gos-Producer Turbine

Gas-turbine compressors are of either centrifugal or axial design, or a
combination of the two. Gas-producer turbines and power turbines are of either
axial or radial-inflow design. Generally the smaller single-shaft turbine uses
a single centrifugal ccmpressor and a radial-inflow gas-producer turbine, as
shown in Fig. 1-147. The larger single-shaft engines ir:corporate multinle axial
compressor stages (with possibly a centrifugal final stage) and axial gas-pro-
ducer turbines. The smaller split-shaft turbire engines generally utilize a
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centrifugal compressor, axial gas-producer. and axial power-turbine wheels
as do the engines shown in Figs. [-132, I-133, and I-135. Other combinations
of compressors, gas-producer turbines, and power-turbine systems for turbine
engines up to approximately 600 hp are shown in Figs. I-148 to I-150.

Fig. |-148—Single-Stoge Dauble-Sided Centrifugal Campressar (foregraund)
and Radial-Inflaw Gas-Producer Turbine (right)

This high-performance compressar delivers air at 6.. atmospheres.

Fig. 1-149—Gas-Praducer Sectian of 600-hp Turbine Engine with Two Centrifugol
Compressor Stoges and Three Axial Gas-Producer-
Turbine Stages

Large gas-turbine engines, like the one shown in Fig. I-151, utilize a
multistage axial compressor with a final centrifugal stage, a single-stage axial
gas-producer turbine, and a two-stage axial power turbine. The US Army AGT-
1500 gas-turbine engine, shown in Fig. [-152, uses a low-pressure and high-
pressure multistage axial compressor, i high- and low-pressure axial gas-
producer turbine, and a two-stage axial power turbine. Figure 1-153 illustrates
a high-efficiency (84 to 85.5 percent) first-stage supersonic compressor that
is being developed by several companies under an Army contract for the de-
velopment of advanced-technology components for small gas-turlbine engines.
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Fig. 1-150—Gas-Producer ond Power Section af 400-hp Turbine Engine with
Axiol-Centrifugol Compressor (left), ond Axiol
Gas-Praducer Turbine and Pawer Turbine

Fig. 1-151—Cross Section af 1500-hp Unregenerated Morine Turbine Engine
(Lycaming TF-20) with Axial-Centrifugal Compressor,
Single-Stoge Axial Gos-Producer Turbine,
and Two-Stoge Power Turbine
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Reduction gear

High-pressure
compressor

Low-pressure
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compressor fuebine

Fig. 1-152—Schematic Cross Section of US Army AGT-1500 (Lycoming PLT 25) Future Moin
Bottle Tonk Turbine Engine, wi:h Multistage Compressor, Gas-Producer
Turbire, and Power Turbine

This engine wzarporctes variable inlet-guide vanes
and variable turbine stotors.

Fig. 1-153—First-Srage Supersenic Compressor

Goals
Characteristic

Mod 1 Mod 2
Pressure rotio 2,0 2.8
Airflow, |1b/sec 4.0 4.0
Efficiency, % 84.3 85.5
Tip speed, f1/s0c 1395 1395
Rotor-inlet Moch No. 1.5 1.5
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PERFORMANCE CHARACTERISTICS 2

T T N T I e N

The fundamental factors that determine the performance of gas-turbine
engines are the type of cycle, engine aerodynamic efficiency, and turbine tem- |
perature. The {uel-consumption characieristics as a function of pressurs ratio |
of various regenerative cycles are shown in Fig. I-154. As shown, the optimum
shaft specific fuel consumption {(SSFC) of the regenerative cycle is only some
7 percent less than that of a Brayton cycle with a pressure ratio of 12 to 1 for :
the assumed conditions. It is generally true that this SSFC difference is not _' 4
very high at the design condiiions shown. Butimprovements of the order of ]
30 to 40 percent can be obtained at low power settings. Aiso, as shown, the
regenerative cyc'e with intercooling achieves SSFC some 8 perceat lower than

T T Ty 5 Sad
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! z 0.6 Regenerative i
T with reheat
§ [
| :
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; g o5 with intercaaling
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]

0.4

0.3

Regenerative with reheot
ond intercooling
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-

8 12 i6 20
PRESSURE RATIO

i

Fig. 1-154-—Comparison of SSFC of Regenerative Cycles

Torline temswotuce TOOO° 5,
Reheat temperature 1400°F,
Intercooler effectiveness 70%,
Regenerator effectiveness 80%.

the simple regenerative cycle and a specific power that is 20 percent higher.

Reheat causes the SSFC of the regenerative cycle to increase through the range

of present pressure ratios but also causcs sn important increase in specific

power that can conceivably be used for intermittent in.-reases in power. Reheat

and intercooiing, as incorporated in several industrial and one sutcnoluve gas
turbine, cause some improvement in the SSFC of the regenerative cycle, but,
most imporianily, ~use the specific power to increase 40 percent.‘
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Figure I-155 illustrates the performance goals of advanced-design com-
pressors being developed by the US Army. The curves illustrate that a small
gain in pressure ratio and efficiency results in a significant increase in power
and a decrease in {uel consumption. Figures I-156 and I-157 illustrate specific
power and SSFC as a function of pressure ratio with varying turbine-inlet
temperatures. The graph illustrates the performance cf current engines and

0.56 [} i I} 1
e
0.5 | PR-8X 0 -
A-dvanced rodiol
0.48 I compressor i

SSFC, LB/HP-HR

Advonced-design
0.44 - single-stoge
compressor

0.42 1
170 180 190 200 210 220
SPECIFIC HORSEPOWER, HP/W,_

Fig. 1-155—Effect of Compressar Chorocteristics
on Engine Performance
Turbine-inlet temperoture — 2300° F
”gon turbine 89%
"pressure turbine 89.5%
Mpoee 5%
Mg, Tfi. pressure turbine - $8%
BLEED - 5%

the objectives for future engines, based on the advanced-component-technology
program of the Army. Figure 1156 indicates a significant increase in power
due to increased pressure ratio and turbine-inlet temperature. Figure I-157
indicates that gas-turbine engines operating witn pressure ratios of 12 to 1 and
turbine-inlet temperatures of 2600°F will have significantly greater fuel econ-
omy than today’s engines. Present simple-cycle gas-turtine engines operate
at pressure ratios of 3.5 to 6:1. The Ford experimental model 705 turbocharged-
cycle engine operates at z. pressurc ratio of 16 to 1. Advanced-technology
simple-cycle turbine engines now under development will operate at pressure
ratios of 10:1 to 12:1 and have an ultimate goal of 16 to 1. Engine operation at
high pressure ratios is necessary to reduce the amount of intake air required
by the turbine, thereby reducing the air-cleaner and heat-exchanger size re-
quirements.
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The improvement forecasts of compressor, gas-producer-turbine, and
power-turbine effectiveness ar: shown in Figs. I-158 to I1-160.

Gas-turbine engines have a very high level of combustion efficiency.
Combustion efficiencies of 98 to 99 percent have been achieved. Because of
the nearly complete combustion, the exhaust of the gas-turbine engine contaius
only a negligible amount of toxic carbon monoxide. Gas-turbine engines incor-
porate a combustor, or burner, design that is either annular or can-shaped.

EFFICIENCY, %

60 1 | Il 1 | 1

1950 1955 1960 1965 1970 1975 1980 1985
YEAR

Fig. 1-158—Improvement Forecost of Compressor Effectiveness

Both designs have attained similar high efficiencies. The engine shown in

Fig. I-151 incorporates an annular combustor. Improved combustor metals
and proper cooling design will be necessary for engine operation at high tem-
peratures. Before turbine-inlet temperatures can increase, combustor operat-
ing temperatures must increase. Proper combustor design must have good
dirt-swallowing capability and a minimum surface for a given heat release to
easure proper cooling of the combustor walls. Atomizing can combustors have
been operated at approximately 3100°F, and annular atomizing combustors have
operated at approximately 2500°7" under laboratory conditions. Present com-
bustors operate at 1800 to 2100°F. The improvement forecast of combustor
effectiveness is shown in Fig. I-161.

To achieve high performance improvements for increased power output
and to reduce fuel consumption, turbine operating temperature must be in-
creased. The effect of turbine-inlet temperature and pressure ratio on fuel
consumption and power output Lhas been shown. The performance gains due to
increased turbine-inlet temperature are significant. Figure I-1€2 {llustrates
the decrease in fuel consumption due to increased turbine-iniet temperature.
The increase in power ouipiit per pound of air due to increased turbine-inlet
temperature is shown in Fig. I-163.
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Fig. 1-159—Improvement Forecast of Gas-Producer-
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Fig. |-160—Improvement Forecast of Power-Turbine Effectiveness
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Fig. I-162—SSFC Performonce Gains Fig. 1-163.—Power-Output Performance Gains
with Increased Turbine-Inlet with Increased Turbine-Inlet
Temperature Temperature

COOLING METHODS

At gas temperatures above 1700 to 1800°F, blade cooling is necessary to
keep metal temperatures within limits of current technology. Improvements
in turbine-blade-metal creep strength (expressed as the iucrease in tempera-
ture above a datum value at which the material can be operated to give the
same creep life at the same stress level) due to metallurgical improvements
have increased an average of 18 to 20°F per year since 1951.7 Turbine engines
of a few years past incorporated uncooled turbine blades of either solid or
hollow construction. Much research work has been concentrated on the cooling
of turbine blades to achieve high-performance operation. Blade cooling in large
aircraft turbines has advanced rapidly in the pasti5 years. The cooling of tur-
bine blades in aircraft engines, however, is easily accomplished because of
the comparatively large blading and air-channeling components compared to
the small size of these components in surface-vehicle engines. The advent of
of the integral cast turbine blade-wheel assembly has made cooling much more
difficult in engines designed for surface vehicles.

The performance characteristics of the various turbine blade-cooling con-
cepts are shown in Fig. 1-164, which gives the relition of percentage of cooling
airflow requirements to turbine-inlet temperature. Increased cooling airflow,
as a percentage of total engine air requirements, results in decreased fuel
efficiency and a reduction of powei output. Of the four blade-cooling concepts—
convection, impingement, film, and transpiration—the latter three concepts
offer the greatest potential for increased operating temperatures with minimum
cooling-air requirements. Figure I-165 {llustrates the evolution of various
air-cooled turbine-blade configurations in order of increasing effrctiveness.

Convection-cooled cast turbine blades have demonstrated reliable opera-
tion at 2000 to 2300°F. Figure I-166 illustrates the principle of convection
cooling of turbine blades. Relatively cool turbine bleed air passes through an

RAC-R-26 189

WY




5 T T T T T | 7
Ccnvec?ien\ Impingement / Film
4 - L]
/7
W J , /7
E 3
23 i
o
<
o
z 2} i
o
o
8
1 - <
0 ! L
1600 2000 2400 2800 3200

TURBINE-INLET TEMPERATURE, °F

Fig. |-164—Comporative Cooling-Air Requirements for Rotor Blodes,

by Type of Cooling Concept
Camparative cooling requirement for rator blade, Re =4: 1;
leading edge metcl temperature = 1800°F,
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o. Hollow (1945) t. Film-cooled leading and
trailing edges {1951)
b. Insert (1945) 9. Copper-clod shell (1951)
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X Iy v
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Fig. 1-165—Evelution of Cest Internelly Cooled Turbine Airdeils
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interval passage or passages in the blade. Advanced-design convection-cooled
blades, such as those shown in Fig. I-167, have demonstrated operation in ex-
cess of 2700°F in laboratory test rigs. Figure I-168 illustrates cross sections
of typical single-, double-, aad triple-pass convection-air-cooled turbine blades
used in Rolls-Royce aircraft engines. These blade designs operate at turbine-
inlet temperatures of 1900 to 2100°F and have service lives of 5000 to 10,000
hr of operation at these temperatures. One manufacturer has recently devel-
opeid a technique for casting a monolithic wheel and blading ior small turbine
engines that has an internal air plenum and internally finned and passaged
blades. This monolithic wheel requires a minimum of machining. The total
cost of this wheel-and-blade assembly has been reduced to $800 from $2400
for a wheel approximately 8 in. ip diameter.

Fig. I-166—Conve ..ion-Cooled Turbine Blode Fig. 1-167—Advonced-Design Convection-Cooled
Cooling air passes thraugh internal passages in blade. Turbine Blode with Intemol Fins

Impingement cooling involves the use of a fabricated tube inserted into a
hollow vane. The cooling air is jetted at the inner wall ¢f the blade leading-
edge surface and is exhausted chordwise through holes in the vane wall ahead
of the pressure side of the blade. This system, shown in Fig. I-169, is best
applied to the cooling of first-stage stator vanes.

Film cooling of turbine and stator blades is another effective means of
attaining high turbine-inlet temperatures. Film-cooled turbine blades, as
shown in Figs. I-170 and I-171, have been operated in excess of 2600°F. All-
film-cooled turbine blades, as shcwn in Fig. 1-172, offer advanced cooling con-
cepts with a potential of operating at turbine-inlet temperatures of 2800 to
3000°F.

Transpiration cooling appears to offer a means of obtaining maximum
cooling effectiveness. The principle of transpiration cooling is shown in Fig.
I-173. Cooling air passes through a porous wall in the airfoil, cooling the blade
metal. The air then forms a film of relatively cecol air that insulzies the outer
surface of the airfoil from the stream of hot gas. The transpiration fabric is
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Fig. 1-169—Impingement-Cooled First-Stoge
Stotor-Vone Assembly (Allison)

Fig. 1-170—Leoding-Edge Film-Cooled Blode  Fig. 1-171—Film-Convect'on-Cooled Blode with

Leading
ond Troiling Edge Film-Cooled
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TRANSPIRATION _

Fig. |-173—Tronspiration-Cooled Turbina Blade
Cooling oir passes through pores in cirfoil, cocling the blade metal,
ond then forms o film of relotively cool air thot insulates the
outside of the blade surfoce from the streom of hot gas.
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Fig. 1-174—Cast Support Strut and Fsraus Shell Prior to Joining Assembly
(Allison) :
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Fig. I-175—Tronspiration-Cooled Turbine-Blade Assembly
Incorporating Lomilloy Airfoil
(Allison)
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made from thin sheets of sintered and/or pressed-wire-type laminates, stacked
and diffusion-bonded. These materials have poor structural integrity and must
be supported by a rigid strut. The Allison Wivision of the GMC has developed
transpiration materials called Porolloy, Lamilloy, and Rigimesh that have dem-
onstrated excellent cooling characteristics. Turbine blades using this material,
strut supported, are illustrated in Figs. I-174 to I-176. Figure I-177 illustrates

Electron beom weld
skin to spor

Porous skin (porolloy
or rigimesh)

Cost cooling holes
%o skin chonnels

|
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|
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ground fir tree attachment
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Fig. 1-176—Strut-Supported Tronspiration-Cooled Turbine Blade

a tranapiration-cooled stator blade designed to operate at 2500°F. One manu-
facturer has developed an aivanced-design transpiration-cocled variable-
permeability self-supporting blade that has demonstrated high-temperature
operation. The feature of tlis blade material, aside from high-temperature-
operation capabilities, is that turbine blades can be manufactured from it at
low cost. Transpiration cooling of turbine blades offers the potential of operat-
ing at turbine-inlet temperatures of 2800 to 3200°F with cooling-air flows of

4 percent of total engine air flow. Transpiration-cooled airfoils have demon-
strated cooling capabilities of 2500 to 2700°F in laboratory test rigs. Liquid
cooling of turbine blades by either water or fuel looks promising, and much
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Fig. |-177—Enlarged Sectian of Transpiration-Coaled Statar-Biade
Assembly Designed Ta Operate at Gas
Temperatures of 2500° F

(Curtiss-Wright)
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Fig. 1-178 —Improvement Farecast for Turbine-Inlet Temperature

work is being done in this area. ‘The inaprovement forecast of increased tur-
bine-inlet operating temperatuse for unccoled. cooled, and cooled-optimistic
goals, is shown in Fig. 1-178. Figure I-179 illustrates engine cycle perform-
ance for SSFC as a function of specific horsepower, as afiected by increased
pressure ratio, regenerator effectiveness, and turbine-~inlet temperature.
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