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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 or 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 to 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 thorough 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 evaluation was made with respect to 
engineering characteristics and production feasibf   '. 

The study was conducted at RAC in 1966 by a &roup of vehicle engineering 
specialists wit a 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&D programs 
using terms of reference that should be formulated from operational and force 
planning considerations. 

Clivt G. Whitftnbury 

Head, Science and Engineering Department 
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SUMMARY 

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 üelded in the 1975-1980 and 1980-1985 time frames, 
thus providing a base from which priorities for energy- and power-conversion- 
device development can be established. 

Facts 

Th?.s study was performed for, and at the request of, the Chief of Research 
and Development, 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 wiihin a broad time 
frame, only devices available for application in vehicles to be fielded in the 
1975-'980 and 1980-1985 time frames 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 guidelines in order to establish priori- 
ties for energy- and power-conversion devices required for tactical vehicles 
for the 1975-1980 and the 1980-1985 time frames. 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 improvement cannot be accomplished without the continued de- 
velopment of energy- and power-conversion r.eviceswell in advance of vehicle 
development. Past experience has shown that on the average 5 years are re- 
quired to develop a new energy- or power-conversion device and that an addi- 
tional 5 years are then req-iired 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 enei gy- and power- 
conversion devices. The criteria considered as contributing most to the tech- 
nical advancement of thete 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 
(l) Reduced operating cost 
(g) Compatibility with US Army fuel policy 
(h) Vehicle design flexibility 
(i) 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 industry will be accepted only if supported by test data 
or if the concepts are deemed feasible. 

Data Sources 

Up-to-date information on energy- 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 sources 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. 

Approach 

From the sources given, data on present energy- and power-conversion 
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 weight 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 50 

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

Part I: Energy-Conversion Devices. The 14 major types of energy- 
conversion devices are named, analyzed, evaluated, 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, Compatibility, and Potential Contributions '■> 
Tactical Vehicles.  The areas covered in this part are indicated by the title. 

Part IV: Tradeoff Analysis and Recommended Programs. The study 
findings are summarized and the results of a full evaluation of accumulated 
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 foreseeable future. The engines 
studied are discussed in the following paragraphs, first those (the first nine) 
that are contenders for consideration or that offer specif ic 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 to be developed by industry in power ranges to 600 hp for 
commercial application,but these engines must be modified for use in tactical 
vehicles. Industry hasMm.ted application for such lightweight 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 involved in the development of compression-ignition eigines at moderate 
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 best potential for 
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improving the capabilities of many future vehicles and when fully 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 of fer excellent power- 
to-weight and power-to-size ratios for tactical vehicles when fully developed. 
Both the development and unit cost of gas turbines will be relatively high, but 
for vehicles that require an exceedingly high 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 
an element of risk. However, when successfully developed, gas-turbine engines 
will replace compression-ignition engines for use in high power ranges. 

Rotary-Piston Fnglnes. The power output of rotary-piston engines is 
high when contrasted with th-ii light weight and compactness. Their simple 
construction contributes to low unit production cost. This type of engine, more 
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 most promising engines hold proprietary 
rights to them. The capability of industry to produce rotary-piston engines at 
a competitive cost will depend in large measure on the success of Government 
negotiations with these companies. 

Dynastar Engines. 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 will be the same as the cost of developing the compression-ignition recip- 
rocating engine. The capability of industry to produce the Dynastar during full 
mobilization would be limited because production tooling is not available. 

Compound Engines. Compound engines are basically compression-ignition 
reciprocating engines that incorporate a power turbine driven by the engine's 
exhaust gases. These engines have a lower fuel-consumption rate for power 
output than any other engines cons'dered. However, compound-engine devel- 
opment and unit cost would be relatively high since the design of this engine is 
somewhat complex. If maximum fuel economy is of prime interest, develop- 
ment 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-Piaton 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 w**ight-to-output and 
size-to-output ratios. A i datively long lead time would be required to produce 
these engines in production quantities since considerable research is needed 
to yield an acceptable design. Further, production facilities and tooling are 
not available at present. 
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lrling-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 is low. Only limited quantities of this engine could be pro- 
duced during a period of full mobilization since production facilities and tool- 
ing are not available. However, the engine does offer silent operations feature 
nut available in any other engine that has been found acceptable in other respects. 

Ammonia-Fueled Engines. Because of the corrosive effect of ammonia 
fuel 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 ammonia engines are the need for increased mainte- 
nance 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 
shculd be held in abeyance until successful application is attained in stationary 
equipme.it. 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 applications 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 would improve the capa- 
bility of tactical vehicles. 

Nuclear Reactors. Nuclear reactors will remain too bulky ami too heavy 
lor application in tactical vehicles. Further, materials to provide efficient 
shielding must be developed and a concept devised to overcome personnel and 
vehicle vulnerability to radiation hazards. In addition the cost of such devices 
must be substantially reduced. 
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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 operating 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 Kuhns 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 3hould 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 trie 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 pow^r-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 tactics 1-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. BeU-ürive 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 successful ap- 
plication in some types of small tactical vehicles with power ranges up to 50 hp. 

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

»"Hydramatic'' and "Torqmatic* are trade names of General Motors Corporation 
(GMC) transmissions. 
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SUMMARY 

devices of earlier design. They are available in all 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 more 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 been developed promise to exceed the capabilities of present hydrokinetic 
power-conversion devices. 

Since a hydromechanical 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 vehi- 
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 of 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 
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TABLE S-l 

Energy- and Power-Conversion Devices ond Their Potential 

Contributions to Tactical Vehicles 

Type of device 
Contribution to physical 
improvement of vehicle 

Contribution to operational 
improvement of vehicle 

Energy-Conversion Devices 

Rotary spark-ignition 
engine 

Dynastar compression- 
ignition engine 

Variable-compression- 
ratio (VCR) engine 

Very-high-output(VHO) 
engine 

Extremely-high-output 
(EHO) engine 

Hybrid engine 

Stirling-cycle engine 
Gas-turbine engine 

Piston-turbine com- 
pound engine 

Free-piston turbine 
engine 

'i orque-converter 
planetary gear, TX 

Torque-converter 
planetary gear, X 

»eh driv r 

Reduces vehicle weight; provides 
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 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 
I.-.-re space for cargo and per- 
sonnel 

Decreases operational cost; decreases 
vehicle maintenance requirements; 
reduces logistic requirements 

Decreases operational cost; complies 
with fuel policy 

Decreases operational cost; complies 
with fuel policy 

Decreases operational cost; complies 
with fuel policy 

Decreases operational cost; complies 
with fuel policy 

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

Offers silent operation 
Decreases operational cost; complies 

with fuel policy 

Improves mobility; decreases opera- 
tional cost; complies with fuel policy 

Decreases operational cost; complies 
with fuel policy 

Power-Conversion Devices 

Reduces vehicle weight 

Reduces vehicle weight; offers 
more sp,ue for cargo and per- 
sonnel 

Provide« better loud distribution on 
axles; increases vehicle ground 
clearance; rendil) adaptable to 
various »mail engine» 

Improves mobility: improves controlla- 
bility; decreases logistic require- 
ments; decreases vehicle mainte- 
nance requirements; increases 
vehicle reliability; decreases 
operational cori 

Improves mobilitv: improves controlla- 
bility, decreases logistic require- 
ments; decreases vehicle maintenance 
requirements; increase» vehicle 
reliability: decreases operational 
cost 

De':eases logistic requirements 
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TABLE. S-l    (continued) 

Type of device 
Contribution to physical 
improvement of vehicle 

Contribution to operational 
improvement of vehicle 

Hydrostatic drive 

Hydromechanical drive 

Electric drive 

Offers flexibility of design; pro- 
vides better load distribution on 
axles and increased ground 
clearance for wheeled vehicles; 
provides more space for cargo 
and personnel; readily adaptable 
to various engines 

Reduces vehicle weight; offers 
more space for cargo and per- 
sonnel; readily adaptable to 
various engines 

Offers flexibility of design; pro- 
vides better axle-loading ratios 
and increased ground clearance; 
provides more space for cargo 
and personnel; readily adaptable 
to various engines 

Improves mobility and ease of operation; 
improves controllability; reduces vehi- 
cle maintenance requirements; de- 
creases logistic requirements; 
reduces operational cost 

Improves mobility and ease of operation; 
improves controllability;reduces vehi- 
cle maintenance requirements; de- 
creases logistic requirements; re- 
duces operational cost 

Improves mobility and ease of operation; 
provides better vehicle control; re- 
duces vehicle maintenance; decreases 
logistic requirements; reduces opera- 
tional enst 

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- 
tems 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 first 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 summary of the potential contributions of energy- and power-conversion 
devices to the improvement of tactical vehicles is given in Table S-l. 
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SUMMARY 

Conclusions 

Energy-Conversion Devices—First Priority 

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

Horsepower 
class 

Development costs, 
dollars 

Estimated unit 
costs, dollars Density 

«120 
120-250 

2,500,000 
2,500,000 

900 
1,400 

315,350 
241,100 

Lead time required for full production:  4 years 
Probability of successful development:   Excellent 
Mobilization capacity:  Excellent 
Remarks:  Relatively compact, reasonable cost, proved reliability. 

2. Compression-Ignition Engines: US Army development of commercially 
available engines in power rangas under 500 hp and of new engines in power 
ranges over 500 hp consolidated into a new R&D program is warranted. 

Horsepower 
class 

Developmant costs, 
dollars 

Estimated unit 
costs, dollars Density 

250-500 
500-100Ü 

*1000 

5,000,000 
12,000,000 
17,000,000 

8,000 
19,000 
24,000 

77,900 
34,450 
17,000 

Lead time required for full production:   7 years 
Probability of successful development:   Excellent 
Mobilization capacity:  Good 
Remarks:  Reliable, lower fuel-consumption rate than spark-lgnltlon 

engine, multlfuel capability. 

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

Horsepower 
class 

Development costs, 
dollars 

Estimated unit 
costs, dollars Density 

£120 
120-250 
250-500 
500-1000 

7,000,000 
9,000,000 

14,000,000 
17,000,000 

2,100 
4,000 
8,000 

16,000 

315,350 
341,100 

77,900 
34,450 

Lead time required for full production:   10 years 
Probability of successful development:  Good 
Mobilization capacity:   Excellent 
Remark«: Combines best features of spark-ignition and compression- 

Ignition reciprocating engines; good specific fuel consump- 
tion; multlfuel capabilities. 
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SUMMARY 

4.   Gas-Turbine Engines:  US Army development in power ranges over 
1000 hp is warranted. 

Horsepower 
class 

Development costs, 
dollars 

Estimated unit 
costs, dollars Density 

500-1000 
siooo 

17,000,000 
25,000,000 

19,000 
23,000 

34,450 
17,000 

Lead time required for full production:  12 years 
Probability of successful development:   Good 
Mobilization capacity:   Fair 
Remarks:   Excellent power-to-werght and power-to-size ratios, 

excellent torque characteristics, multifuel capabilities. 

5. The precedingf our 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 

7. Rotary-Piston Engines: US Army development in power ranges to 2b0 
hp is warranted. 

Horspnnwer 
class 

Development costs, 
dollars 

Estimated unit 
costs, dollars Density 

120 
120-250 

2,000,000 
3,500,000 

450 
750 

315,350 
241,100 

Lead time required for full production:  9 years 
Probability of successful development:  Good 
Mobilization capacity:  Good 
Remarks:  Low unit cost, best potential for throw-away concept, 

good maintainability, multifuel capabilities. 

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

Horsepower               Development costs, 
class                               dollars 

Estimated unit 
costs, dollars Density 

120-250 
250-500 
500-1000 

4,000.000 
6,000,000 

11,000,000 

5,000 
10,500 
23,000 

241,100 
77,900 
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. 
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SUMMARY 

9.  Compound Engines:  US Army development in power ranges from 250 
to 1000 hp is warranted. 

Horsepower 
class 

Development costs, 
dollars 

Estimated unit 
costs, dollars Density 

120-250 
250-500 
500-1000 

12,000,000 
16,000,000 
18,000,000 

6,500 
10,000 
20,000 

241,000 
77,900 
34,450 

Lead time required for full production:  9 years 
Probability of successful development:  Good 
Mobilization capacity:   Fair 
Remarks:  Best engine fa* maximum fuel economy, multifuel capabilities. 

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

Horsepower 
class 

Development costs, 
dollars 

Estimated unit 
costs, dollars Density 

120-250 
250-500 
500-1000 

12,000,000 
16,000,000 
18,000,000 

6,500 
10,000 
20,000 

241,100 
77,900 
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 
class 

Development costs, 
dollars 

Estimated unit 
costs, dollars Density 

'-120 6,000,000 1,400 88,600 

Lead time required for full production:  9 years 
Probability of successful development:  Poor 
Mobilization capacity:  Poor 
Remarks:  Offers silent operation. 
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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 
class 

Development costs,               Estimated unit 
dollars                         costs, dollars Density 

500-1000 
M000 

7,000,000 
9,000,000 

9,500 
14,500 

34,100 
17,000 

Lead time required for full production:  6 years 
Probability 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 
class 

Development costs, 
dollars 

Estimated unit 
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 speed-torque change, 

readily maintained. 

•Not in order of priority. 
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16.  Hydromechanical Power Trains:  US Army development in all power 
ranges is warranted. 

Horsepower 
class 

Development costs, 
dollars 

Estimated unit 
costs, dollars Density 

S120 
120-250 
250-500 
500-1000 

saooo 

2,500,000 
3,500,000 
4,500,000 
6,000,000 
9,500,000 

4,000 
4,500 
5,000 
6,500 
8,200 

24,500 
34,500 
76,900 
34,100 
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.  Hydrostatic (Narrow-Range) Systems: L3 Army development in power 
ranges under 25C hp is warranted. 

Horsepower 
class 

Development costs, 
dollars 

Estimated unit 
costs, dollars Density 

£120 
120-250 

640,000 
630,000 

2,200 
3,500 

94,600 
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 

economical power range; continuous variable-controlled 
vehicle speed; ease of control. 

18.  Hydrostatic (Medium-Range) Systems: US Army development in power 
ranges to 1000 hp is warranted. 

Horsepower 
class 

Development costs, 
dollars 

Estimated unit 
costs, dollars Density 

*120 
120-250 
250-500 
500-1000 

>1000 

1.000,000 
2,200,000 
2,320,000 
2,920,000 
3,430,000 

9,800 
11,100 
14,760 
18,700 
15,800 

184,650 
68,400 

1,000 
350 

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. 
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SUMMARY 

19.  Electric-Drive (Direct-Current) Systems: 
power ranges to 250 hp is warranted. 

US Army development in 

Horsepower 
class 

Development costs, 
dollars 

Estimated unit 
costs, dollars Density 

£120 
120-250 

1,250,000 
2,000,000 

4,800 
0,600 

141,600 
64,000 

Lead time required for full production:  8 years 
Probability of successful 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. 

20.  Electric-Drive (Alternating-Current)Systems: US Army development 
in all power ranges is warranted. 

Horsepower 
class 

Development costs, 
dollars 

Estimated unit 
costs, dollars Density 

S120 3,700,000 8,000 
120-250 3,900,000 15,000 
250-500 4,200,000 35,000 
500-1000 4,400,500 50,000 

21000 5,600,000 60,500 

90,050 
66,000 

1,000 
850 

17,000 

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 variable-controlled 
vehicle speed; provides auxiliary power source; ease 
of operation. 

Availability Times 

21. The four energy-conversion devices for which tlie estimated avail- 
ability times are shown in Fig. S-l make the greatest across-the-board con- 
tribution toward satisfying the requirements of most military tactical vehicles 
in all power ranges. The five energy-conversion devices in Fig.S-2 each have 
a specific and predominant feature that is net offered by the four treated In 
Fig. S-l but that may be required to meet specific requirements of vehicles 
of a special type. Estimated availability times shown in Figs. S-l and S-2 are 
based on the assumption that full development effort is continued or initiated 
by the next fiscal year after publication of this report. Any additional elapsed 
time before initiation of development would most likely be additive to the esti- 
mated time frames. 

RAC-R-26 15 



SUMMARY 

I   t 

8 
VI 

... 

II 
l_l 

8 
VI 

16 

M a a. a u 

8 a 
I u 

i 
I 
i 
E 
3 | 
5 
I 

ft 
5 

x 
UJ 

8§ gl       si 
M3MOd3SäOH 

I: 

i 

8 & i«     41 
«3»0<J3«IOH 

8 
i 

00 o 

O» UJ 

1 1 
f 1511 
S • * * s 
§ JS • • • 
u a 3 3 3 
fe^ :? -? ■? 

g — < < < 
III   o 

3*30 

VI 

1 s 

•Ml "1 
I T » * * 
C   o • • • 

KJ 'f. -o -o _c ■   u o o o 
fc « a — — 

P r- o o e 
S _ > > > 

I 

riJDD 

RAC-R-26 



o o 
I-   *■ 
4)    (A 

5"8 u — 

Vj   4> 

Of) Of) 
£ -o '•£ -a 0 *. ° «- 
,y o .a o 
— c — c 
o. c a c as a. a 
o  u o  u 
O    I» };    «1 

- .ü H .y 
E  > o  > 
- V i   « 

03 -13 

o  E 

u o 
5 _r 

"5 o S 8 

c — 

11 ? 
O- 11    S 

I 

o 
8 
VI 

o 
o 
5 

E 
»  c 
e  >> o -a 

H - 9 

1»I 
II «I * 
> «i 0 c o a 

8 * ir 

III - 

5 a * .a 
w Of 
82    £ P 
« 

Q i - * 
a: 

£ >•      £  «,   J: 
U ~    -2 

■£ •£ 
*   * 

o o 
8 
V| 

< < < 

31 GIG 

M3MOd3S8iOH 

-14 

J 
I 

-I 

I 

VI 

n i 

in 

I I 
_Ll 

1 lO u) 

> 

e   a 
o   u 

II o  «. 
■*- s 

Q 

DC 
» a 
5 «* 

•* *   8 

J J   f 
> '5  * 
• _• _• 
3 .o   -o 

ooo > > > <   <   < 

3D 

8§ 
CM 

U3MOd3SHOH 

tf 
Al 

RAC-R-26 17 



.SUMMARY 

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 flexibility where conventional devices 
cannot 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. Any additional elapsed time before initia- 
tion of development would most likely be additive to the estimated time frames. 
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ABBREVIATIONS 

ac alternating current 
ATAC Army Tank-Automotive Center 
bdc bottom-dead-center 
BEST Ballastable Sectionalized Tractor 
bhp brake horsepower (only with arable numbers) 
BICERA British Internal Combustion Engine Research Association 
bmep brake mean effective pressure 
bsfc brake specific fuel consumption 
CAE Continental Aviation and Engineering Corporation 
CIE compression-ignition-engine 
CITE compression-ignition-turbine-engine (fuel) 
dc direct current 
EHO extremely high output 
FRG Federal Republic of Germany 
ghp gasoline horsepower (only with numbers) 
GMC General Motors Corporation 
GVW gross vehicle weight 
ihp indicated horsepower 
imep indicated mean effective pressure 
KGG cycle or "KHUNS" Gasifier 
MAN hypercycle combustion principle 
MHD magnetohydrodynamic 
OTAC Ordnance Tank-Automotive Command (now ATAC) 
PTC piston-turbine compound engine 
R&D research and development 
SIGMA acronym from name of French manufacturing company 
S.I. spark-ignition reciprocating engines 
SSFC shaft specific fuel consumption 
TCP Texaco combustion process 
UET Universal Engineering Tractor 
USAERDL       United States Army Engineering Research and Development Laboratory 
USATAC United States Army Tank-Automotive Center 
VCR variable compression ratio 
VHO very high output 
WSP Witzky swirl -stratify combustion process 
WWII 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 n.'turn 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 effort 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 systems 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, special-purpose, and amphibious—are grouped into 
specific classes by horsepower and weight as shown in the accompanying tab- 
ulation. 

Horsepower Vehicle weight, tons 

5120 s5 
120-250 5-15 
250-500 15-35 
500-1000 35-50 

>1000 ^50 

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 technological advancement are: 

(a) Reduction in size 
(b) Reduction in weight 
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(c) Increased performance 
(d) Increased reliability and decreased maintena vce 
(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 report is divided into four parts.   Part I discusses energy-con- 

version devices and Part II treats of power-conversion devices.  The compati- 
bility of specific energy-conversion devices with specific power-conversion 
devices is considered in Part ID.   Part TV" 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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PART I 

Energy-Conversion Devices 
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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 
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 
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- 
cles.  Some of the more significant improvements are listed in the accompany- 
ing tabulation. , 

Improvement area Change, $ 

Fuel economy, miles/gal 
Hours per battlefield day 
Cruising range, miles 
Power-to-weight ratio, hp/ton GVW 
Vehicle weight, lb 
Reliability and durability 

+180 
1-350 
+250 
+225 
- 35 
+ 50 

aGross vehicle weight. 

To obtain superior tactical vehicles the military are continually upgrad- 
ing the physical and pertormance 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 
theiragility. Figures 1-1 to 1-4 illustrate the steadily increasing power-to-weight 
ratio of several classes of tactical vehicles since WWII.  To meet increased 
vehicle operating-range 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 
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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 for 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 program 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 source for tactical-vehicle propulsion.  Until the last decade the 
spark-ignition gasoline engine has been used almost excl.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 consumption of spark-ignition 
gasoline engines is high, particularly during idling and low-load conditions, 
which make up a large part of the operating time of military vehicles in com- 
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 version of an aircraft engine, and the other was a new 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 utilization of diesel engines and ruled that gasoline 
fuel would be used universally.  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 combat vehicles. 
As a result of this decision the use and development of diesel engines were 
minimal. 

During the years between WWII and the Korean War, militarized heavy- 
duty commercial spark-ignition gasoline engines were used in wheeled vehi- 
cles.   A new s Ties of air-cooled spark-ignition gasoline engines, whose de- 
velopment was initiated in WWII (19435, was incorporated into tanks and other 
tracked and special-purpose vehicles.  These new engines were based on sev- 
eral cylinder-bore sizes to offer "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 opposed (AO series) and air-cooled V (AV series) config- 
urations. 

During the Korean War, r-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-ignition gasoline 
engine, the Ordnance Corps investigated the compression-ignition engine. This 
investigation resulted in a decision to 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-ignition tank engine, and contracts were awarded 
to two companies in 1953-1954 to develop an X-configuration and an H-config- 
uration compression-ignition engine.  However, these programs were termi- 
nated owing to the probability of greater success in attempting to convert an 
Ordnance Corps AV-1790 series, 12-cylinder 90-deg-V 4-stroke-cycle air- 
cooled spark-ignition engine tj 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-n   .-gun main battle tank. 

In making the decision to adapt the compression-ignition engine for all 
but the smallest high-density vehicles, the military also realized that a short- 
age in the supply of high-cetane rniddle-distillate diesel oils during any future 
war* 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 multifuel 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 c filiation end point between that of gasoline and diesel fuel and a maxi 
mum cetane number of 35 (in contrast to the cetane rating of approximately 40 
.o 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. 1-5. 

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 
gasoline, diesel-grade DF-A fuel, CITE fuel, and JP-4 fuel.  Fuel logistic 
burdens rould 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 engine arise from the difficulty of obtaining satisfactory performance 
when operating on military-grade combat gasoline, which has an octane rating 
of 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 
problems 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. 

I 

10 20 30 40 50 
APPROXIMATE CETANE NUMBER 

60 

Fig. 1-5—Relation between Octane 
and Cetane Ratings 

50 percent blends of diesel and isooctane fuels. 

The US Army, pursuing the goal of achieving a multituel capability in 
compression-ignition engines, initiated a program in 1955 to develop a multi- 
fuel engine based on the MAN, or "hypercycle," combustion system.  The suc- 
cessful development of this multifuel engine resulted in production and incor- 
poration of a naturally aspirated version in the 2V2-ton cargo truck, and a 
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 
multiiuel 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, nigh 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) 

30 RAC-R-26 

\ :  -;'■ 



M:BÜ>:'*:■ '■:..^:'S^I-nv.   :Tr^?fWr-v:*ft^!-»M-'^^v-;-i-r^TV*i»'Mi^i.. .= »jfiiisr.-snaa«.-.*»:** 

(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 small 
vehicles up to 160 hp), in addition to the military-designed engines, in tactical- 
vehicle applications. 

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 economy 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 2l/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 sense, then, most of the leading compres- 
sion-ignition engines today are multifuel engines because they burn a range 
of fuels from No. 2 diesel to Army compression-ignition-engine fuel (CIE) 
without modification.  However, 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-F-46005), grade JP-4 jet fuel 
(MIL-J-5624), and 86/95 combat gasoline (MIL-G-3056).  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 shown 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 <%) 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 character- 
istics of the common military fuels are shown in Table 1-1.  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 1-1 

Characteristics of Various Military Fuels 

(Approximate values) 

Characteristic 

Type of fuel 

Arctic 
gasoline 

Crmbat 
gasoline 
(86/95) 

CITE JP-4 Kerosene 
No. 1 
Diesel 

JP-5 
No. 2 
Diesel 

Specific 
gravity 0.720 0.730 0.767 0.775 0.805 0.812 0.826 0.849 

API gravity 65 62 53 51 44 43 40 35 
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 

1600 2000 2400 
ENGINE  SPEED   R!"« 

S00 1200 1600 2000 
ENGINE  SPEED, 

2400 
RPM 

2800 

a. Full-load Performance Che 
with Constan' Fuel Bl 

fer AH F 

teristies S. F ll-load Performance Characteristics 
with Fuel-Density Compensation 

for All Fuels 

Fig. 1-6 -Cor- of P?..'ornv .ice Dia;a<f«ri sties of a 210-hp Turbo supercharged 

.orpresiion-lgmticrs Engine with and without 

Fuei-Oensity Compensation 

Bsfc, brake specific fuel consumption. 

Diesel No. 2 

Diesel No. 1 

  CIE fuel 

~— • — Gosoline 

erating on the lighter fuels.  Figure 1-6 illustrates a comparison of engine per- 
formance for an engine with a constant fuel flow-rate and with the fuel flow- 
rate varied with density.   This sensing device can De of either mechanical or 
electrical design, or a combination of the two.  The compression-ignition en- 
gine is safer to operate because of the low volatility of diesel fuels and the 
virtual absence of c   bon monoxide in the exhaust. 
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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 1-7 illustrates a comparison of the performance 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 required, and a lower number of 
intermediate gear ratios is possible. 

Exhaust gas 
from engine Fresh air 

to engine 

Fresh 

Fig. 1-8—Phantom View of a Typical Modern Turbasupercharger 

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 
economical method of obtaining higher power outputs.   The military has also 
employed turbosupercharging in both spark-ignition and compression-ignition 
engines.  Supercharging is used to 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 
Showing Power Increase Due to Turbosupercharging 
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centrifugal-blower type, both being mechanically driven by the engine.  How- 
ever, the trend has recently been to use turbochargcrs.  A turbocharger differs 
from a supercharger in that a supercharger is mechanically driven by the en- 
gine, whereas a turbocharger 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. 1-8.  The exhaust gases from the engine drive a radial turbine that is 
rigidly 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 commercially.  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 general conservative gain in per- 
formance.   A comparison of the performance characteristics of a naturally 
aspirated engine with those of a turbosupercharged engine is shown in Fig. 1-9. 
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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 surpass the spark-ignition 
engine in specific output.  Reliability for a combat vehicle is 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 spark-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 to 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-cooled 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 development of a new scries of military engines was initiated 
in 1943.  These new engines wore based on three cylinder-bore sizes to offer 
complete family capabilities wit'n a 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 ?nd 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/fts of volume.  The fuel consumption of 
this series was considered good by commercial standards.  Figure 1-13 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 approximately 0.48 lb/bhp-hr 

1 

; 
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AVI.1790-8:    825 hp 
AVSI-1790-8:    1000 hp, supercharged 

Fig. 1-10—Military 12-CyIinder Air Cooled Spark-Ignition Gasoline Engine 

AOI-895-6    450 hp 
AOSI -895-5     525 hp, supercharged 

Fig. 1-11—Mililuiy u-Cyitndcr Air Cooicd Spark-Ignition Gasoline Engine 
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AOI-268-3:   127 hp 

Fig. 1-12—Military 4-Cylinder Air-Cooled Spark-Ignition Gasoline Engine 
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for the naturally aspirated engine and 0.58 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 AO-53 engine in the M274-type vehicle.   This engine, the AO-42 
shown in Fig. 1-14, 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 lb dry and has a volume of 6.6 ft3.   The specific 
weight is 10.71b/bhp and the specific power output is 2.22 bhp/ft3, which is 
considered poor.   The fuel consumption of the AO-42 is approximately 0.65 
lb/bhp-hr, which is considered very good ior an engine in this power class. 

Fig. 1-14—AO-42 Engine 

Sorr.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 f^el consumption of the stan- 
dard engine was 0.82 lb,bhp-hr. Their investigation1 showed that by modifying 
the breathing and combustion characteristics an increase in power output 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 74-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, 1-15. 
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 spsrk-ignition gasoline engines. 

To provide power for the smaller tracked and sr.oial-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 slope 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 naturally 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.3  It is mili- 
tarily rated from 160 to 175 gross bhp at 4400 rpm.  The engine has a dry 
weight of 531 lb and is approximately 28 in. long, 25 in. wide, and 32 in. high, 
for a volume envelope of approximately 13.5 fts.   The specific weight of the 
283 engine (at 160 bhp) is 3.3 lb/bhp and the specific power output is 12 bhp/ft3 

of volume. The performance characteristics of the 283 engine are shown in 
Fig, 1-16.  The minimum, or "best-point," fuel rate is 0.52 to 0.53 lb/bhp-hr. 

Recently the United States Army Tank-Automotive Center (USATAC) has 
proposed to bu Id a 100-hp gasoline engine based on the cylinder 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 AO-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 lb and the envelope volume 
is approximately 15.5 ft.1 The specific weight of this unit is approximately 3.5 
lb/bhp and the specific power output is approximately 6.5 bhp/ft' of volume. The 
specific fuel consumption of the AO-198 engine will be in the region o* 0.6 lb/ 
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Fig. i-17—AVDS-1790-2 Compression-Ignition Tank Engine 

SPECIFICATIONS 

Displacement, in.3     1790 
Number of cylinders 12 
Cylinder arrangement 90-deg upright V 
Bore, In      5.750 
Strike, in      5.750 
RoreJ speed, rpm  .         2400 
Idle speed    750 
Rated bhp    750 
Rated BMEP, psi    139 
Compression ratio      160 
Supet charging Turbo 
Cycle     4 
Cooling     Air 
Length, in     70.6 
Width, in     75.2 
Height, in     44.3 
V.1I1M1«, r'3           136 
Wei.ilit (lb) dry (with occessones)     4527 
Volune, hp ft3     5.5 
Specific weight, lb lip     6.0 
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bhp-hr, which is considered poor.  A turbosupercharged version of the AO-198 
engine would have an output of 125 to 130 hp.   The specific weight for the turbo- 
superchargea version u;ctfld be approximately 2.8 to 3.0 lb/bhp, and the specific 
power output would be approximately 12.5 bhp/ft3 oi 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.'1  The incorporation of supercharging or turbosupercharging, precom- 
bustion chambers, recessed-cup piston crowns, high compression ratios, 
2-cycle or 4-rycle 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 applies to both military developed engines and commercially 
available engines. 

Military Compression-Ignition Engines 

The AVDS-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 en- 
gine to the diesel cycle.  This program, initiated in 1954, resulted in the suc- 
cessful development and production of the AVDS-1790-2 compression-ignition 
engine, shown in Fig. 1-17.  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. 1-18.  The AVDS-1790-2 engine can operate on diesel fuel or, 

1800 

; 

m  0.36 
U0O   1600 1800 2000 

ENGINE  S&EED,  RPM 
2200 2400 

Fig. 1-18— Ptrfomionc« Choroct«ri*iic* oi a 750-hp AVDS-1790-2 
Compression-ignition Tank Engine 
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with limitations, on CITE fuel.  The engine has a specific weight of 6.0 lb/hp 
and a specific output of 5.5 hp/ft3 of volume.   These specifications could be 
improved by today's technology.  The minimum fuel consumption of the AVDS- 
1790-2 engine is 0.385 to 0.390 lb/bhp-hr, which is considered good. 

A program was initiated with the Continental Motors Corporation i" 1955 
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. 1-19.   This system differs from the 

Fig. 1-19 —Hypercycle Combustion System Design 

more common direct-injection compression-ignition engine combustion system 
in that each cylinder incorporates 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 »he hypercycle 
multifuel combustion system is illustrated in Fig. 1-20.   The ignition of gaso- 
line by the heat of compression in a conventional diesel-cycle engine causes 
excessively rapid increases in pressure.   This is avoided in the hypen-ycle 
system by depositing all but a small portion of the injected fuel as a thin film 
on the walls of the combustion chamber.   The fuel burns slowly as the rapidly 
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LDS-465-1: 
2'Ohp 

LD-445-1: 
140 hp 

Fig. 1-21—Hypercycle Multifuel Engine 

SPECIFICATIONS 

Model L.D-455-1 LDS-465-1 

Typt 

CyeU 
Coolont 

Fuel 
Cylinder« 
Bor* and stroke 
Displacement 

Compression ratio 
Rated power (all fuels) 
Rated torque 
BMEP 
Aspiration 
Dimensions L • W • H 
Volume 
Weight, dry (w oil accessories) 
Specific output 
Specific weight 

 Multifuel 
 4-stroke 
 Liquid l_ I qu I a  

Diesel, cite, gasoline 
6-in. line — 
4 56 in 
•478 cv. 
221 

' 4.87 m. 

140 bhp 2600 rpm 210 bhp 2800 rpn 
330 1b-f: 1800rpm 450 lb ft 2000 rpm 
90psi 2600 rpm 125 psi 2800 rpm 
Natural Turbosupercliarger 

-48 in   ■ 29 in.  ■ 40 in.  

— 22 cu. ft 
1500 1b 
4 4 bhp ft3 

10 7 Its bhp 

1561 lb 
c 5 bhp ft3 

• 4 lbs bhp 
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swirling air removes it from the hemispherical combustion chamber and thor- 
oughly mixes with it.  This combustion system, by controlling the rapid pres- 
sure rise, enables these engines to operate on many grades ot fuel. 

1800 2200 
ENGINE  SPEED.  RPM 

2600 

Fig. 1-22—Performance Characteristics of 
Hypercrcle Multifuel Engines 

*^mmmm LDS-465-1, turbo luporehorged' 

^™ •"■- LD-465-1, noturally aspirated 

Successful development by the US Army resulted in the production of the 
hypercycle engine in two sizes for the 2l/t- and 5-ton cargo truck.   The basic 
engine is t.'ie 140 hp naturally aspirated LD-465-1, for use in the 2'/2-ton truck. 
A turbosupercharged version of this engine is the 210 hp LDS-465-1, for use 
in the 5-ton truck.  These engines are illustrated in Fig. 1-21, and their per- 
formance characteristics are shown in Fig. 1-22.  The LD-465-1 engine has a 
specific weight of 10.7 Ib/hp and a specific output of 4.4 hp/ft3 of volume. The 
turbocharged LDS-465-1 has a specific weight of 7.4 lb/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 rast iron would 
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reduce the weight by approximately 20 percent.   The minimum fuel consump- 
tion of both engines is 0.38 lb/bhp-hr, which is considered good.   The hyper- 
cycle engines have a potential of increasing power by 20 to 25 percent through 
further development. 

Commercial 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 promineiv engine manu- 
facturers and have demonstrated good durability.   They have seen  vorld-wide 
dependable service in industrial, automotive, and marine applications.   One 
such power plant 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-Cy!inder, 4-Cycle, 300-rip Compression 
Ignition Engine Used in Military Vehicles 

The V8-300. shown in Fig. 1-23, develops 300 hp at 3000 rpm with natural 
aspiration and 380 to 400 hp if turbosupert-harged.   The complete unit weighs 
approximately 1800 lb complete.   This weight could be reduced to 1450 lb 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 arc shown in Table 1-2. 
The minimum fuel consumption of the V8-300 engine is 0.380 lb/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 characteristic s. 

The most prominent commercial compression-igmtion engines used in 
military vehicles are those manufactured by the Detroit Diesel Division of 
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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 Specifications of Commercial V3-300 Compression-Ignition Engine 

Item Natura My aspirated Turbosi perc barged 

Drake horsepower 300 300 400 400 
Construction Cast iron Aluminum Cast iron Aluminum 

Weight, ll> 1800 1450 1850 1500 
Volume, ft3 3! 31 ?>1 32 
Specific weight, lb/I hp 5.0 4.8 4.6 3.8 
Specific' weight, bhp f.:) 9." ').! 12,5 12.5 

Within each series, all engines, regardless of horsepower or number of cylin- 
ders, contain the same basic 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-strok'n cycle, and incorporate an open-type combustion chamber with 
uniflow scavenging supplied by a mechanically driven Rootes-type blower. The 
engines use air-inlet porting and conventional poppet-type exhaust valves. Fig- 
ure 1-24 illustrates a cutaway view of the GMC engine-cylinder design.   These 
engines have a 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 
bowl 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 ccmbat gasoline.   A m* u 
needle-valve fuel injector and a higher-capacity fuel-transfer pump are ;■•' \j 
used.  Existing standard engines can be converted in the field to mult if u.. '• en- 
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, several test engines incorporating the above modifications 
were tested and found to haw 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. 1-25.   This unit is 
us< d la the M113A1 armored personnel carrier. 

The primary specifications of the GMC series engines are shown in 
Table 1-3.  The specific weight of the 6V-53 turbocharged engine in aluminum 
construction is 3.6 lb/bhp, and the specific output is 10.7 bhp/ft3 of volume. 
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Fig. 1-24—Cutowoy View of 53, 71, and 149 Strits 

Engine Cylinder 

Pig. 1-25— 6V-53 6-Cylindcr 2-Cycle 210-iip Comprestion- 
Ignilion Engine Used in Military 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- 
mum fuel consumption of the GMC series engines varies from 0.37 to 0.42 
lb/bhp-hr, depending on engine horsepower size, which is comparable to other 
modern compression-ignition engines.  These engines are representative of the 
best commercial-engine technology available today. 

^»^ 

TABLE 1-3 

Primary Specifications of Several GMC Series Engines0 

Engine model 
Item 

3-53 6V-53 8V-71 12V-71 8V-149 

Brake horsepower 
Naturally aspirated 103 220 350 525 — 
Turb »supercharged — 300 to 530 to 800 to 960 

Construction Aluminum Aluminum Aluminum Aluminum Alu linum 
Weight (dry), \n 

Naturally aspirated 750 i J50 1540 2100 — 
Turbnsupcrcharged 

Volume, ft" (appro*.) 
— 1090 1710 2300 3300 
18 28 37 52 58 

Specific weight, Ib/bhp 
Naturally aspirated 7.3 5.0 1,4 4.0 — 
Turbosupcrcharged — 3.6 — 2.9 3.45 

Specific output, bhp/ft 
Naturally aspirated 5.7 7.8 9.5 10.1 — 
Turbosupcrcharged — 10.7 14.4 15.4 16.5 

"Weight, volume, and power values may vary, depending on application and duty cycle.   Values shown 
arc maximum. 

Perkins Engine Inc. is currently developing a differentially supercharged 
compression-ignition engine-transmission in an effort to provide desirable low- 
speed performance characteristics with a minimum of complexity.  The differ- 
entially supercharged diesel enc-ne is a complete engine-transmission unit. 
This system consists of a compression-ignition engine, a mechanically driven 
supercharger, and a torque converter with either a manual or automatic shift 
transmission.  A schematic diagram of this concept is illustrated in Figs. 1-26 
and 1-27.  The engine is supercharged by a positive-displacement blower that 
is mechanically fend differentially) driven in such a way that the charge density 
(and therefore the output torque) increases with decreasing engine speed. The 
engine-transmission system must be properly matched to obtain optimum per- 
formance characteristics.   Figure 1-28 illustrates a truck-performance com- 
parison'between a differentially supercharged diesel engine with a 2~&poed trans- 
mission and a conventional supercharged diesel engine with a 5-speed trans- 
mission in a 16-ton gross-vehicle-weight (GVW) vehicle.  The tractive-effort 
curves illustrate the superior performance of the differentially supercharged 

RAC-R-26 51 



M——M——MW*M '.ixni,isK,<&Mmm •;• 

S 

! 

Air in 

Fig. 1-26—Simple Differential-Supercharging Arrangement 

Engine 
output 
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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 operator.  The differential-super- 
charged concept can be applied to any reciprocating eagine and to most trans- 
missions for both commercial and military use. 

12 

1 in 5 (20 porcent) 
gradient resistance 

20 40 
ROAD SPEED, MILE/HR 

60 

Fig. ■•28—Performance-Characteristic Comparison between 
Differentially Supercharged Diesel Engine with 2-Speed 

Transmission and Conventional I y Supercharged 
Diesel Engine with S-Speed Transmission, 

in a 16-ton GVW Truck2 

•—™» Differential engine 
— — Conventional engine and transmission 

AVM-Series Engines 

In 1952  the Ordnance Tank-Autorv jve Command (OTAC; now ATAC), 
investigated the possibilities of dt ing a lightweight and compact kir-cooled 
compression-ignition engine based on the 2-stroke-cycle loop-scavenged prin- 
ciple.  After analyzing concept studies submitted by industry, OTAC initiated 
a research and development program in 1954, which was contracted to the Ly- 
coming Division of AVCO Corporation.  Initial development and testing were 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 inir 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. 1-29.  These engines 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. 1-30. 

The multifuel capability of the engine is good owing to the compact heat- 
conterving 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 oil 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 nave been built to date. 
These engines 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 of Vee-type configuration. Front 
and rear views of the AVM-310 engine are shown in Fig. 1-31.  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- 
acteristics of AVM series engines are shown in Table 1-4. 
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Fig. 1-29—Cross Section of AVM 
Cylinder and Piston Assemblies 

Fig. 1-30—Automatic Throttling 
of Intake Air by Linkage 

to Ff.«l Rack 
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o     Front View 

b.    Flywheel V.. 

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 1-4 

Characteristics of AVM Series Engines 

Item 
Model 

AVM-310 AVM-470 AVM-625 

Typ«' and no. of cylinders V-4 V-6 V-8 
Höre and stroke, in. 4.25 < 5.5 4.25x5.5 4.25x5.5 
Displacement, in. 312 468 624 
Compression ratio 18.7:1 18.7:1 18.7:1 
Drake horsepower, pass, at 260 rpm 135 215 280 
Drake horsepower, net. al 2600 rpm 120 180 250 
Minimum fuel consumption, gross, )b/bhp-hr 0.425 0.425 0.423 
I'uel consumption at rated power, gross. 

lb'hhp-hr 0.440 0.440 0.440 
Dimensions, in. 1. - R ■  II 29x30x29 37x30x29 45x30x29 
Volume, ft3 14.4 18.6 22.6 
Weight, lb (dry complete unir-cooled 

engine) 690 890 1120 
Specific output, gross, bhp  ft'1 9.4 11.5 12.5 
Specific weight, gross, lb bhp 5.10 4.15 4.00 

The specific weight of the AVM series varies from 5.1 (AVM-310) to 4.0 
lb/bhp (AVM-625), with specific power outputs of 9.4 to 12.5 bhp/fts of volume. 
The weight and volume of the AVM series 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, i/o net bfc?. 6701b, 
14.4 ft3 

Modern truck dieiel, 112 net bhp, 
11001b, 30 ft3 

lighter and more compact than conventional truck diese) s, as shown by the 
comparison in Fig. 1-32.  It must be realized that when 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. 1-33—Performance Characttri sties of AVM-310 
Molti'uel Engine with CITE Fuel 

liquid-cooled engines with a cooling system.  The AVM eng'ne operate» ">t an 
average brake mean effective pressure (bmep) of 60 psi at full speed-power. 
This is approximately half the bmep of conventional 4-cyete 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 approximately 25 
to 30 percent in power output. 

Fuel consumption for the AVM-310 series engine is shown in Fig. 1-33. 
The fuel-rate curve shows a minimum or "Dest-pctr*.:" gross brake specific 

58 RAC-R-26 

, 
j 

i 



fuel consumption (bsfc) of 0.425 lb/hp-hr and 0.435 lb/hp-hr at full power on 
CITE fuel.  This fuel rate 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 lb/bhp-hr.  However, th? AVM fuel rate is considered good 
for a 2-cycle loop-scavenged engine in this power class.  Further development 
work should reduce the fuel consumption to that approaching other compres- 
sion-ignition engines. 

Variable-Compression-Ratio Flston 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 varJable-compression- ratio (VCR) piston system coupled with an improved 
combustion-chamber design compatible with the VCR piston. The baric 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 one of the most critical limitations 
on diesel engine output.  The subsequent successful development 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 Corp« ration (CAE) obtained patent rights 
from BICERA for development and manufacturing rights in the US.  Because 
of the obvious advantages of this system, AT AC has contracted with CAE 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 to valve 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 piston- 
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 within 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 compression 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 filled 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. 

PISTON IN 
COMPRESSED 

POSITION 

Fig. 1-34-VCR Piston Assembly 

The amount of oil discharged from the upper chamber in any single com- 
pression-power stroke depends on the margin by which the cylinder gas pres- 
sure exceeds that necessary to cause the discharge valve L to open and the 
duration of this excess pressure. The valve setting and the magnitude and 
duraticn of the excess 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. If th« load 
is increased the downward movements will exceed the upward movements, 
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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 engine speed have virtually no effect on the amount of upward 
movement of the shell 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 oil 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 engine 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 firing 
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- 
sentially 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 
condition and hence controls the compression ratio in accordance with the de- 
mands o! the maximum allowable cylinder pressure. 

The hydraulic operation of the VCR piston consists of the following sequence 
of events (see the schematic diagrams in Figs. 1-34 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 ume time the inertia 
of the piston shell, also acting 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 chamber D diminishes in volume,and oil is forced 
out of it via fixed orifice K.  The lower chamber acts as a dashpot und 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. 

RAC-R-26 61 



Upper oil chomber 
volume decreases 

Discharge valve open 

Outer piston moves 
downward, reducing 
compression ratio 

Lower oil chamber 
volume increases 

Lower chamber 
admission valve open 

Oil supply 
valve open 

Oil supply 
valve open 

Upper chamber admis- 
sion valve open 

Discharge valve closed 

Outer piston moves 
upward to increose 
compression ratio 

Lower chamber volume 
decreases 

Rate of increose in 
compression ratio 
controlled by discharge 
of lower chamber oil 
through orifice 

Decreasing Compression Ratio 
Power Stroke 

Increasing Compression Ratio 
Inertia Stroke 

Preset limit on 
cylinder gas 
pressure 

Fill lo< 

Fill upper chumbei 

Compression 
BDC stroke TDC 

Lo-'er chomber 
c! pressure 

Oil supply pressure 

BDC 

Fig. 1-35—Opttation of VCR Piston System 
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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 compression 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 charged.  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. 1-36 shows an exploded view of the components 
that make up the VCR piston assembly. 

SNEU 

^ 

tff     .*• LC*««'" 

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 oi! engine requirements.   Figure 1-37 illustrates a plot of compression 
temperature generated in the cylinder against compression ratio for various 
operating conditions from 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 approximately 5 in., with direct fuel injection.  The 
curve shows that a compression ratio of approximately 16 to 1 is required to 

*This description of the operation of the VCR piston system is based on iiiiurma- 
tion furnished by the CAE.S 
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start the engine without starting aids when operating on diesel fuel, whereas 
at -<;5°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 
used 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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Fig. 1-37—Ignition Characteristics oi a Function of 
Compression Ratio (or Diesel Fuel and Gasoline 
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Several thousand hours on single-cylinder and multicylinder engines have 
been successfully completed to substantiate the theory and design of the VCR 
piston system.  The VCR piston 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 piston system this engine developed 825 bhp without any change 
in engine structure. This represents an increase of 50 percent in horsepower. 
Further development and testing have increased this output over 100 percent 
above that of the engine in its jonventional 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 
having 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:  Basic 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 sponsor (CAE), is shown in Figs. 1-38 and 
1-39.  The LVCR-465 specifications are shown in Table 1-5.  The hypercycle 
465 in.3 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 1-40 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 fGr 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. 1-41, 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 structural 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 assembly, which is aluminum-bonded 
to a one-piece steel inner head assembly, thus providing a one-piece head as- 
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Fig. 1-38 Right Front View of Model LVCR-465 Multifuel Engine 

Fig. l-39-Cutowoy of LVCR-465 E-^ne 
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TA3LE 1-5 

Principal Specifications of the LVCR-465 Engine 

Item Value or description 

Model 
Type 

Induction system 

Bore and stroke, in. 
Displacement, in. 
Compression ratio 
Horsepower, gross, at rated rpn 

Idle »peed, rpm 
Maximum torque, lb-It 

At 450-hp rating 
At 400-hp rating 
At 350-hp rating 

Valves 

Cooling system 

Overall dimensions (complete engine) 
1. x « x II, in. 
Volume, ft3 

Knginc weight (complete engine, 
dry/, lb 

Specific power output (at 450 bhp 
rating), bhp/fl3 

Specific weight (at 450 bhp rating), 
ib bhp 

LVCR 465 
6-cylinder, in-line, liquid-cooled, multifuel compression 

ignition engine with variable-compression-ratio 
pistons 

Supercharged by an exhaust-driven wastegate turbo- 
charger 

4.56 x 4.88 
478 
22.0:1 (high) to 12.0:1 (low) 
450 hp et 2800 rpm; 266 bmep (psi) 
400 hp at 2800 rpm; 236 bmep (psi) 
350 hp at 2800 rpm; 206 bmep (psi) 
600 to 700 

900 at 2000 rpm 
800 at 2000 rpm 
750 at 2000 rpm 
Overhead type, two per cylinder, actuated by a single 

camshaft 
Thermostatically controlled, putnp-circulated, liquid- 

cooled, with a balanced rotor manifold.   Solid or 
viscous-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 itself provides built-in jiston-oil 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 utto the combustion 
chamber through a multiple-orifice fuel-injection ttarxlt 

The specifications of the AVCR-llOü-2 engine «*>:   * >wn in Table 1-6. 
The engine is tentatively rated at 1200 bhp (lt>0 ">ui»/cyii; der) owing to the un- 
availability of adequate turbosupercharger and fue'-injecticn units.   Fabrica- 
tion of the 1475-bhp (123 blip/cylinder) unit is anticipated to begin late in 1966. 
Indications are that the AVCR-1100 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. 1-40—Comparison of Performance Characteristics of 465-in.3 

Displacement Engines:  Naturally Aspirated, Turbosuptrchargtd, 

and with a VCR Piston System 
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Fig. 1-41—1475-hp AVCR-1100-2 Engine 

TABLE 1-6 

Principal Specifications of the AVCR-1100-2 Engine 

Item Value or description 

(iunfigur.tt ion 

Displacement, in. 

[lore and stroke, in. 

Compression ratio 
(»ross horsepower 
Itpm rating 

Minimum fuel consumption, lb  bhp-hr 

(»ross maximum torque. Ib-ft 
Cooling 
Cooling-fun power,'* lip 
Cooling air flow, cfm 
Induction air flow, cfm 
0\erall dimensions  (complete engine) LvRxH, in. 
Knvelope volume, ft3 

Hare-engine envelope volume, ft3 

IWe-cngine weight,    lb 

Installed weight, dry. lb 

Specific power output, bhp  ft' 

Complete engine 
Hare engine 

Spe* ifit   weight. lb bhp 
Complete engine 
H.iti' engine 

120-deg V-12 
1120 
4.875 » 5 
Variable:   22:1 to iO: 1 
1475; 370bmep (pii) 
2800 
0.39 
2750 at 2200 rpm 
■\ir cooled 

172 

31.000 at 60° K 

3.500 at 603K 
69.0 •, 60.6 ■ 35.0 
85 
- 58 
3.200 
3.7W 

17.35 
25.5 

2.56 
2.17 

aIni ludes all c> Under, engine otl. afteriooling. and transmission (11,000 btu min) 

nil doling. 

'M.ire engine is leu?; coolers. rans, or starter. 
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between the inner and outer piston shell caused by the severe pressures and 
temperatures generated in this area.  However, synthetic 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 lb/bhp and 
a specific power output of 15.5 bhp/fts 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 roust 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. 

I   0.45 

*ä   0.40 

1200 1600 2000 2400 
ENGINE SPEED. RPM 

2800 

Fig. 1-42—Estimated Full Rock Ptcformonct of AVCR-1100 Engin« 
with CITE Fuel 

The air-cooled 1475-hp AVCR-1100 engine has a specific weight of 2.56 
;b/bhp and a speciftc-power output of 17.35 bhp/ft* 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 lb/bhp and the sperrt!c power output is 25.5 bhp/ft' of volume. 
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Fig. 1-43—Fuel Map for 1475-bhp A VCR-1100-2 Engint 
CIE fuel, series superchcrgifV) 

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 C.38 lb/bhp-hr at part load and 0.44 to 0.45 lb/bhp-hr at full 
power.  The performance charactei i&ti' s of the AVCR-1100-2 engine are shown 
in Figs. 1-42 and 1-43.  TV» fuel-rate map (Fig. 1-43) Indicates a minimum 
part-load fuel rate of 0.36 lb/bhp-hr and 0.46 to 0.47 lb/bhp-hr at full power. 
Engines incorporating the VCR piston system have demonstrated good multi- 
fuel performance capabilities. 
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The combination of an advanced combustion system, such as the vory- 
high-output (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. 

Piston 

Fig. 1-44—VHO Combustion System 

The VHO engine is a turbosupercharged 4-cycle, uniflow 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 tfc«m be used to determine whether these high outputs could result in a 
compact, lightweight multifuel multicylinder engine.  Several thousand hours 
of operation on single-cylinder and mul'icylinder test engines were successfully 
completed to substantiate the theory and design of the engine and its component 
systems.  Tie 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. 1-44. 
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Fuel is injected through a fuel-injection valve into the precombustion chamber. 
Since the amount of air in the chamber is limited, only part of the fuel burns. 
The resulting heat and pressure expel the remaining fuel-air mixture into the 
main combustion chamber.   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 durability 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. 

Pig. 1-45—Unique Bortei-Typ» Cronkshoft for VHO Engine 

The VHO engine is constructed of aluminum to achieve low weight while 
retaining structural integrity for heavy-duty operations.  The engine features 
a four-valve head for increased volumetric efficiency and a unique barrel-type 
crankshaft, shown in Fig. 1-45, which eliminates separate crank-cheeks and 
results in a compact design.  The large circular disks serve as both main bear- 
ing journals and crank throws.   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- 
tive 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 optimum engine configuration for a given 
vehicle application.   Based on the outcome ol performance and durability test- 
ing, a 12-cylinder engine design h?s been completed and fabricated, and is cur- 
rently undergoing testing and further development. 

I 
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Discussion.  The VHO engine is of Vee-type configuration.  The present 
full-sized development engine, shown in Fig. 1-46, is a 12-cylinder 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 1-7. 

The VHO engines are designed around liquid-cooling 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- 
nents 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 •.» been established to 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-cy linder VHO engine has a specific weight of 2.5 ib/bhp and a 
specific power output of 31 bhp/fts of volume.  The smaller engines of the pro- 
posed family (see Table 1-7) have specific weights of 3.8 to 2.9 lb/bhp and 
specific power outputs of 19 to 27 bhp/fts of volume. 

The fuel consumption of the VHO engine is 0.38 lb/bhp-hr minimum or 
best-point opeiation.  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.4 The power of this engine when running on gasoline was 88.2 percent o*. 
Its power with CIE fuel.5 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.9 

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

Extremely-High-Output (Kamm) Engine 

The development of very-high-pressure compression-ignition engines was 
investigated in Germany in the late thirties and early forties. where test engines 
were c instructed and operated.  Although these early units were plagued with 
many problems, primarily 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 program with the Steven:. Institute 
of TichnoJo^y to determine the feasibility and practicality of obtaining extremely 
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Fig. 1-46—Three-Quarters-Front View of 12-Cylinder l000-hp VHO Engine 

TABLE 1-7 

Characteristics of VHO Engine 

Item 
Model 

LMS-350 LMS-525 LVMS-700 LVMS-1050 

Type and no. of i ylinders In-line, I In-line, 6 60-deg \ -8 60-drg V-12 
Bore and stroke, in. 1.5 v 5.5 1.5 > 5.5 1.5 - 5.5 1.5 v 5.5 

Displacement, in.3 350 525 700 1050 

Horsepower, max;at 2800 rpm .530 500 665 1000 
Minimum fuel consumption. 

Ir-'bhp-hr .38 .38 .38 .38 

Length, in. 35.2 17.0 36.9 18.6 

Width, in. 21.6 216 Xl.\ 32.1 
Height, in. 35.6 35.6 35.» 35.9 

Volume, ft3 IT.t 23.3 21.5 32.5 

Dry weight, lb (less fun. 
radiator, generator) 1250 1625 1900 2500 

Specific output, bhp ft' 19.0 21.5 27.0 31.0 

Specific weight, Ib/bhp 3.H 3.3 2.') 2.5 
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high power output 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 

Piston 

Fig. 1-47—EHO Combustion System 

1-47, and a cross section of the cylinder assembly of the experimental test en- 
gine is shown in Fig. 1-48.  This control is act >mplished by keeping air and 
fuel separated in the combustion chamber except for a small portion of air that 
is allowed to mix with fuel at a controlled rate to enter into combustion.  This 
system is capable of operating at higher thermal loads by confinement of high 
temperatures to a small 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 • lsensitivity to fuel char- 
acteristics.  Experimental work is continuing to establish the limitations and 
capabilities of the system 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- 
mental t«»st 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 co produce than present compression-ignition en- 
gines owing to the greater complexity of its combustion chamber and cylinder 
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Fiy. 1-48—Cylinder Cross Section of EHO Experimental Engii 

Fig. 1-49—Cross Section of EHO Piston Assembly, 

Showing Heat-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 bmep7 (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 -■ Tine at a bmep of 360 psi, 
which corresponds to 450 psi imep (indicated mean effective pressure) for 
lA 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. 

Auxiliary combus 
tion chambers 

Com prat tor Exhaust turbine 

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/fts and a specific weight of 2.02 lb/hp.  Higher 
bmep and torque over a wide speed range can be achieved by increasing the 
boost pressure independent of engine speed. One method 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. 1-50.  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-type supercharger to supply the extra 
boost.  This system would provide better utilisation 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 engines is between 0.30 and 0.40 lb/ 
indicated horsepower (ihp)-hr at outputs up to 250 psi bmep and 0.50 lb/ihp-hr 
at top output of 450 psi imep.  These are indicated fuel rates,and the bsfc would 
actually be about 20 percent higher. 

Estimated performance and physical characteristics of possible 6-, 8-, 
and 12-cylinder EHO engines are shown in Table 1-8. 

TABLE 1-8 

Estimated Characteristics of EHO Engines 

Item Model 

Type and no. of cylinders V-6 V-8 V-12 
Bore and stroke, in. 2.75 > 4.5 2.75 > 4.5 2.75 x 4.5 
Displacement, in.3 156 208 312 

Cruise Maximum Cruise Maximum Cruise Maximum 

Horsepower: 
At 2400 mm 210 310 300 410 460 660 
At 3000 rpm 270 390 380 540 590 830 

Bmep,psi 250 350 250 350 250 350 
Torque, ft-lb 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), lb 680 K0 1200 
Specific weight, lb/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 2.19 1.82 
Max. hp a* 3000 rpm 1.75 1.70 1.45 

Specific output, hp/ft3: 
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 objectives of these programs are to develop an ideal com- 
bustion process that would yield the maximum possible output and performance 
characteristics per cubic inch of engine displacement with a very high degree 
of fuel economy from varied low-grade fuels-all contained within a 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 engine that is a cress be- 
tween a spark-ignition engine and a compression-ignition engine."  The hybrid 
engine operates on a lean fuel mixture to eliminate throttlinglosses,like a com- 
pression- ignition engine, and uses electrical energy to initiate combustion, like 
a spark-ignition engine.   This combustion system enables 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 within the com- 
bustion chamber, thus providing a variety of air-fuel ratios.  Combustion of 
the fuel is by the heat of compression and is uniform 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 controlled 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 total 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 fuel 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 combustion pressures as well as the rate of pressure 
rise is less in the hybrid combustion process than in 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 Ricardo stratified-charge system, shown in Fig. 1-51, 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 combustion chamber to ignite a leaner 
mixture.  Good power output and fuel economy were achieved. 

Fig. 1-51— Ricardo Stratified-Charge System 
with Precombustion Chamber 

Injector 

Fig. 1-52—Hesselman Combustion System 

Hesselman System 

The Hesselman "low-pressure diesel engine** was an attempt to combine 
the Otto and diesel cycles.  This system, shown in Fig. 1-52, 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 
engine operated at a compression ratio of 8 to 1.  The air was throttled at idle 
and low speeds only, with fuel input controlling the higher speed-power loads. 
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Dysart-Freeman Syatem 

The Dysart-Freeman combustion system, shown in Fig. 1-53, 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 supplied by a fuel-injection 
nozzle. 

Fig. 1-53—Dysart-Freemon Combustion System 

Fig. 1-54—Heintz Rcm-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 1-54 shows the precombus- 
tion chamber attached to the main combustion chamber.  The prechamber con- 
tains a small air valve, a fuex-metering tube, and a spark plug. During idling 
and low-load operate i, fuel is fed into the vertical air intake. During the suc- 
tion stroke the small valve opens and admits air in a 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 conventional 
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 main 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 efficiency was only slightly better than with the conventional com- 
bustion system, and full-load efficiency was less Ihan 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. 1-56, 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- 
plied.  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. 1-57, 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 to 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 
t.iat 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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.section A-A 

Stctien B-B 

Fig. 1-55—Schlomann Stratified-Chorge Comhustion System 
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Intake rich mixture 

Stratofire unit 

Secondary carburetor 

V 

Ignition system.. 

Fig. 1-56—IFP Renault Com- 

bustion System 

(Spark location at Position 1 
demonstrated best results.) 

Spark 

:ig. 1-58—Walker Stratofire System 

Automatic valve, 

Automatic 
(lopper valve 

Fig. 1-59—Cross Section of Walker Stratofire Unit 
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A relatively rich fuel mixture is introduced from a small secondary carbu- 
retor through an automatic inlet valve into the stratofire 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 ignited 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 into tue main combus- 
tion chamber of the engine, supplying a multipoint ignition system to ignite the 
relatively lean mixture in the cylinder.  The engine would continue to be con- 
trolled by the main carburetor throttle.8 Very little stratification was achieved 
by this system and it is not considered a stratified 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. 

lieintz 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. 1-60, upstream of the conventional poppet-type 

Fig. 1-60—Air-CutoH Induction 

Systtm 

Combustion 

chamber 

Pitlon 

inlet valve.  A rotary valve is located at each cylinder and eliminates the con- 
ventional butterfly vaive 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. 1-61, and a detail of the prechamber 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 lied 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 retained in the prechamber by the air-flow reversal caused by 
the upward stroke of the piston, forms a combustible mixture in the region of 
the electric spark, aiid 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 
fuel consumption and higher thermal efficiencies than those for a conventional 
spark-ignition gasoline engine.  This system is currently beinsc investigated 
by ATAC. 

Variable-Compression-Ratio Hybrid System 

This system is basically any practical 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, .vhich reduces 
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Fig. 1-61— Schematic Diagram of Broderson Combustion System 

Fig. 1-62—Detail of Broderson Prechomber 
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the voluir e 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 significant 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 

Combustion 
chamber 

a.   Full Load 

Conventional engine 

and hybrid engine 

Spark plug 

•Piston 

Part Load 

Conventional engine 
and hybrid engine 

c.   Part Load 

Hybrid VCR engine 

Fig. 1-63—VCR Piston System A,-piied to Hybrid Engine 

Fig, 1-64—Texaco Combustion Procest 

Qj Fuel spray Q) Flame front 

t2) Fuel oir zone (4j 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. 1-64. is a stratified-charge concept where 
the air swirl i» indired 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. 1-52).   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 AT AC. 

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. 1-65, or by a swirl-deflector vane, as shown in Fig. 1-66. 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. 1-67.  Figure 1-68 illustrates the vector 
forces on the individual fuel droplet injected against the swirl air-stream where9 

d  = individual droplet at time t, 
a = the angle between the axis of the injection spray and a radial 

line drawn to the point of injection 
\i   = instantaneous velocity of injected droplet at time t, 
Vs   = air-swirl velocity at location of droplet d at timet, 
Vfl   = vector sum of Vj and Vs, equal to the instantaneous velocity of 

droplet d with respect to the air swirl 
drag force on droplet as a result of air-velocity vector sum Va 

drag force opposing instantaneous velocity path of droplet 
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 T 69 illustrates a com- 
parison of a homogeneous and a stratified-charge system.  The stratified- 
charge engine operates at a higher volumetric efficiency than a conventional 
spark-ignition engine.   Figure 1-70 illustrates a volumetric »fficiency increase 
of 13 to 14 percent over that of the conventional engine.   A performance com- 
parison of a stratif ied-charge, a carbureted, and a diesel engine is shown in 

D, 
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Fig. 1-71.  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 conventional spark-ignition and diesel engines.  The swirl- 
stratification hybrid system is presently being investigated by AT AC. 
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Fig. 1-70—Comparison of Volumetric Efficiency of Carbureted 
and Stratified-Charge Engines 
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TECHNOLOGICAL FORECAST 

The trend-forecast charts 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 1-77), 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 improvements in fuel 
economy, weight and size, and reliability have been substantial.  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 performar.ee characteristics in power levels 
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currently commercially available and in the higher power levels not available 
is needed.  To meet this need the military has sponsored the development of 
such engines is the hypercycle, AVM, VCR, V'.O, 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 
a multifuel power source that is highly efficient, lightweight, and compact. 
Although industry h.is 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 an 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 WWII.  The proportion of such shipping increased to about 70 percent 
during the Korean action.1  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 fo attaining the goal 
would be the manufacture of ammonia fuel through use of a nuclear-powered 
energy-depot system.1 

EXPERIMENTAL DEVELOPMENTS 

From 1964 to 1966 the US Army Engineering 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 manufacture, 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 organizations.  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 centered 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. 

It is to be noted that converted engines, or engines designed to use am- 
monia fuel, do not have a multifuel capability but rather are restricted to the 
use of ammonia 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 attempting to 
i educe 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 least 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 
taiü:<5 to achieve the mileage range obtainable with a gasoline-powered engine.3 

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 1-9.' 

Ammonia Leaks 

Ammonia gas emanating from an ammonia fuel tank or engine in small 
concentrations 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 

Heating value, Spe cific density, 
Fuel Btu/lb lb/ft3 

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 paia) 51,593 0.0065 
Hydrogen liquid (-423°F, 15 psia) 49,150 4.44 
Hydrazine liquid (70°F, 15 psia) 6,723 62.8 

"Liquid 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 Ammonia Safety Levels 

Effect 
Ammonia concentration, 
ppm of air, (by volume) 

Minimum detectable odor 
Maximum concentration tolerable for prolonged 

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

exposure (% to 1 hr) 
Minimum amount to cause immediate eye irritation 
Minimum amount to cause coughing 
Dangerous for short-time exposure ('•» hr) 
Fatal for short-time exposure (rapid action) 

53 

100 

300 to 500 
698 

1720 
2500 to 4500 
5000 to 10,000 

The 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 at: 8-hr period is 100 ppm (see Table I-10s).  Under iden- 
tical conditions the maximum permissible concentration of gasoline is from 
500 to 1000 ppm.4 The danger of an explosion from ammonia in the air is not 
as great as the 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 98.7 to 94 percent of air.4 

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 personnel 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 Allison 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 installation of an energy depot might well be warranted.   A specific 
example of a place where an application of the nuclear-powered energy depot 
concept could prove most advantageous, not in the province of US military 
activity, is Rhodesia.  If the Rhodesians, deprived of hj'drocarbon fuels during 
the 1966 boycott, 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 
transportation is all but impossible for most of the year. 
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EVALUATION 

Limitations and Advantages 

Ammonia engines possess inherent drawbacks that at this time prevent 
full utilization of this vehicular power 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 probten» J 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 use 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 energy depot) 
could effect a great reduction in the transportation requirements for hydro- 
carbon fuels.   However, hydrocarbon fuels would be available for issue to those 
areas •;/here use of an energy depot would not be practical. 

Ammonia-Engine Costs 

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

Energy-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 wilS 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 that if the demanded quantities of this item were large enough 
to warrant gearing the processing effort to mass production, conceivably the 
price of this fuel "ould be brought down to u figure as low as $15 per ton. 
Ammonia fuel costs then 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 supply line of all fuels is practically impos- 
sible. (In certain areas, climatic conditions are sui-h that fuel can be delivered 
only during specific seasons or during limited periods 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 energy 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 in furthering technological 
advances.  These advances will include: 

(a) A great reduction in ammonia-engine vehicle hazards. 
(b) Increased ammonia-engine efficiency. 
(c) The possible development of a successful variable-compression- 

ratio engine that will burn various hydrocarbon fuels as well as ammonia. 
Based on the foregoing analysis it is apparent that R&D on the nuclear- 

powered energy depot concept 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 relative security from attack 
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 and 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. 
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Chapter 5 

ROTARY-PISTON ENGINES 

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 concluded1 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. 

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 O -poration holds exclusive 
rights for this power source on the North American continent. 

The rotary-piston engine concept is simple, lightweight, 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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compression-ignition, and hybrid combustion principles.  It can be designed 
and built to be either air- or liquid-cooled. 

Basic Design 

The basic design concept consists of two main components, as shown in 
Fig. 1-81.  One member (3) is an outer, station?"? Cciicer housing with two 
attached parallel side housings.   The inner surface 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 
rotation the inner rotor corners approximate the epitrochoidal shape of the 
outer housing, as shown in Fig. 1-82.   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 outer housing 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 power 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 engine 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 inertia, dynamic forces, nnd couples due to unbalance or breathing re- 
strictions, has an inherently high speed capability.2 Because of the absence of 

TABLE 1-11 

Comparison of Number of Ports in Rotary-Piston Engine with 
Those of a Conventional Automotive V-8 Engine 

Conventional 
RC260-U5 automotive 

Category engine V-8 engine 

Horsepower 185 195 
Total number .if pari» 633 1029 
Numbrr of moving pari.-, in power «ection 

awl drive line 1S4 388 

these parts (see Table I-11), a typica-s rotary-pision engine contains approxi- 
mately 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.3 
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Rotor housing 
t 

Fig. 1-81— Cross Section of Rotary-Piston Engine 

1. Rotor with internal 5.  Spark plug 
rotor gear 6. Sid« housing 

2. Stationary gaor 7. Intake port 
3. Rotor housing 8. Main bearing 
4. Exhaust port 

Fig. 1-82—Rotary-Piston Engine Geometry 

Ignition Expansion Exhaust 

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.3 displacement and burn gasoline, utiliz- 
ing spark ignition and carbureted fuel induction.  Engines can be constructed 
with 1,2,3, 4, or 6 rotors.  However, it appears that sticking 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.3 displacement, but the advantage of family 
capabilities would be lost.  Table 1-12 illustrates the family capabilities of 

TABLE 1-12 

Family Capabilities of Rotary-Piston Engines, 
Spark-Ignition, Gasoline Fuel 

(Based on present automotive rating of 
two-rotor engine RC2-60-U5) 

No. of rotors (60-in.3 Rof  g hp 

displacement rotor) 
Automotive" Militoryb 

One rotor 92 80 
One rotor, turbocharged0 115 100 
Two rotors 135 160 
Two rotors, turbocharged0 230 200 
Three rotors 277 240 
Three rotors, turbochargrd0 345 300 
Four rotors 370 320 
Four rotors, turbocharged0 460 400 
Six rotors 555 480 
Six rotors, turbocharged0 690 600 

xlurtiss-Rright automotive-industry rating. 
Estimated military durability rating. 

°Estimated; (horsepower based on assumption of 25 percent 
increase from tur';osupercharging). 

rotary-piston engines with rotor displacements of 60 and 90 in.'.  The table 
lists both automotive-industry ratings and estimated military durability rat- 
ings for comparison purposes and is based on present-day technology. Although 
the rotary-piston engine is an inherently higher- rpm engine th?n 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 
compared 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 1-86 illustrates the family capabilities of the rotary-piston 
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engine with rotors of 60-, 90-, and 150-in.3 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 turbosupercharging 
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 

1000 
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o 

K 
O 
I 

o a: 
o 

600 - 

400 - 

200 - 

150 T, CITE            yr 

150 N, CITE          S         ^S 
\    /           S^           90 N, 

- S\    S'       ^S     CITE" 
90 T, CITE     X          /^   ^T            /„ T c, 

\     /      S^   ^^              /60T, SI, 
_ \f      ^r     ^^           ^^/combot _ 

Jr\ ^^^   ^^r             .^^^«^^^   gasoline 
S        ^\        .^^              -4^^ ^^-f^^^. 

sS^S^^^^^***^^® T- 
y^/^\y^^^^S^^^      CIT* 

^^^L»^S^^p^^^"\                     60 N, combat gasoline 

III                   III 

ROTORS 

Fig. 1-86—Family Capabilities of Rotary-Piston Engines 

All ratings are estimated durability military ratings, present technology.   CITE-fuel engines 
are stratif ed-charge (hybrid) with spark ignition and fuel injection. 

150, 150-in.3-displacc.oent rotor; 9C, 90-in. -displacement rotor; 60, 60-in.    displacement 
rotor; N, naturally aspirated; T, turbocharged; SI, spark ignition. 

Present automotive rotary-piston engines are liquid-cooled.   However, 
Curtiss-Wright has conducted feasibility and design studies on air-cooling of 
this engine.  Based on these studies they have built 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.1 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 lb/hp-hr, utilizing natural aspiration or fuel injection. 

Many problems were encountered during development 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, pre ignition, rumble, flame quenching, and end-zone knock still exist 
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Oil filter 

Oil pumps 

24.00' 

Fuel boost pump 

-uel-injection pump 

Fig. 1-87—Outline Dimensions of RC2-90Y Rotary-Piston Aircraft Engine 

BH? gross, 310 at 6000 rpm Dry weight, 27,816 lb 
BHP net, 270 at 6000 rpm Installed weight, 33,516 lb 

Minimum specific fuel consumption, 0.53 lb/hp-hr 

Fig. 1-88—RC2-90 Engine, Three-Quarter Rear 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 1-89 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. 

...      Foce 

Re'ainer pin 

Spring 

<S||)        Side srol 

o.   First-Generation 
Sealing Configuration 

(1959) 

b.  Second-Generation 
Sealing Configuration 

(1963) 

c.   Present-Generation 
Sealing Configuration 

(1966) 

Fig. 1-89—Apex and Side Seal Development of Rotary-Piston Engine 

The side seals were contain**! in grooves machined in the rotor itself.  The 
final sealing configuration (Part c of Fig. 1-89) consists of a two-piece bar- 
type apex seal with a tioating triangular section at one end of the element to 
seal the corners more effectively.  This seal design has demonstrated good 
sealing characteristics and durability.  Early rctary-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 to piston-ring flutter during extreme piston accelera- 
tion in conventional reCprr».rating 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-U5 
engine that had been installed in a standard passenger automobile and operated 
for 15,000 miles at speeds of 60 to 90 mph continuously showed no signs of 
chatter.  The metal-spray coating was checked and 0.00004 in. of wear was 
measured.  Chrome plating may also be used as a coating, although it is less 
effective than the tungsten-carbide coating.  Improvement of the seals is still 
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f 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 i. qt/1300 miles for a conventional piston enr/ine. 

Cooling of the rotary-piston engine has been a 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 engine is comparable to that of cur- 
rent reciprocating engines, indicating that a cooling system of the same size 
and weight will be required. 

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

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

It does not appear that the rotary-piston engine could be successfully 
adapted to the diesel cycle for high-output engines owing to the high compres- 
sion prepsures required.   The rotor-sealing problems would be compounded. 
Some F;uropean licensees are pursuing the adaptation of the rotary-piston en- 
gine to the diesel cycle with low-output engines that would be much heavier 
and bulkier than spark-ignition units.  The Curtiss-Wright Corporation believes 
that a hybrid combustion system incorporating spark ignition and a stratif ied- 
charge fuel-inject ion system is a better approach than the diesel cycle for re- 
duced fuel consumption.  The hybrid combustion system would rlso have the 
advantage of a multifuel capability.   Curtiss-Wright is currently engaged in 
limited development work on this combustion rvstem.4  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, under 
moderate loading, are producing 0.77 hp/lb (1.3 lb/hp) of engine weight, 33 
hp/fts of engine volume at automotive power ratings.   Based on an estimz'fd 
military durability rating, the power output is 0.66 hp/ib (1.5 lb/hp) of engine 
weigh» and 29 hp/fts of engine volume.  This compares favorably with a con- 
ventional spark-ignition gasoline engine whose specific weight at military rat- 
ing is 3.4 lb/hp and whose specific output is 15.7 hp/ff"1 of volume.  Figure 
1-93 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-U5 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 
of the basic engine assembly containing the power-producing components it 
could be discarded rather than repaired or overhauled.  The accessory com- 
ponents (such as carburetor, distributor, fuel pump, starter, generator, etc.) 
could be salvaged from the damaged unit and placed on a new basic-engine 
assembly.  This concept could result in greatly reduced maintenance require- 
ments. 

1.0 

IX 
x 

i 

-1 

0.9 - 

u    0.7 

0.6 

0.5 

-p. , , ! , ! r 

Injector Spark 

Premium gasoline isoiine/ ^t«—»0\ 

\/ fc^)\)     - 

160 

Fig. 1-92—Fuel-Injection Performance of Rotary-Piston Engine 

(Single rotor, 60-in.   displacement) 
5000 rpm except as 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-piston 
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 
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Fig. 1-96—Trend Forecast of Specific Weight for Rotary-Piston Engines 

All (except spcrk-ignition gasoline) engines incorporate fuel injection, and future 
capabilities are based on eventual incorporation of turbocharging and a hybrid 

combustion system.   Forecast for spark-ignition gasoline engines 
is based on eventual incorporation of turbocharging. 

The application of son e of the desired improvements (such as items a, 
c, 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) Multifuei capability 
(c) Increased power output at reduced weight 
(d) Increased power output 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. 1-95 to 1-97) illustrate the estimated 
level of technological achievement with regard to the rotary-piston 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. 
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Fig. 1-97—Trend Forecast of Specific Output for Rotary-Piston Engines 

All (except spark-ignition gasoline) engines incorporate fuel injection, and future 
capabilities are based on eventual incorporation of turbocharging and a hybrid 

combustion system.   Forecast for spark-ignition gasoline engines 
is based on eventual incorporation of turbocharging. 

RENAULT-RAMBLER ROTARY-PISTON ENGINE 

There have been many other attempts throughout the world to develop a 
rotary-piston engine.  The majority of rotary-engine 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 reciprocating engine. 

Probity 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 (Rambler) concept. The 
Renault-Rambler rotary-piston engine concept is shown in Fig. 1-98.  It 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 reciproc ating-piston 
engine.9 The gases are not transported or transferred within the outer hous- 
ing.  The Renault-Rambler rotary-piston 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 conventional 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 jacket in the outer housing.   (This 
is in contrast to the Wankel engine, in that th« 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.6 They are experimenting with lightweight mate- 
rials, including high-temperature plastics, to reduce engine weight and costs. 

Fig. 1-98—Cross Section of Renault-Rambler 
Rotary-Piston 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-traiii mechanism and intake and exhaust 
manifolding. 

The Renault-Rambler rotary-piston engine 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 to Etudes et Recherches 
Techniques "Bafelux," Luxembourg, is the result of an a tempt to develop a 
rotary engine whose rotor and housing are simpler to manufacture than the 
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Fig. (-99—Cross Section of Bolve Rotor/ Engine 

rotary-piston engines previously discussed.   The Balve engine operates on the 
conventional 4-stroke Otto-cycle principle, utilizing spark ignition and either 
carbureted fuel induction or a fuel-injection system.  The engine uses ported 
intake and exhaust openings and therefore contains no valves or mechanisms 
associated with them.  The basic concept of the Balve engine is a drum with 
reciprocating vanes attached to a crankshaft that operates within an elliptical 
track in the outT housing.  This is in contrast to the Wankel-engine concept 
cf a trochoidal rotor operating eccentrically within an epitrochoidal track. 
Figure 1-99 illustrates the transverse and axial cross sections of a Balve 
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engine and reveals how the conventional 4-stroke combustion process results 
from the cyclic variation of the working space.7 The air-fuel mixture is aspi- 
rated at 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 

<3><3B> 
Fig. 1-100—Comparison of Wankel and Belve Engine Geometry 

Crank circle 
(counterclockwise) 

Minimum spacing Rotor surface 
(rotating clockwise) 
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spacing 

Guide 

Elliptical running 
surface (stationary) 

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.   The 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 to 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 assemblies, guides, and other elements common to 
the conventional 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 I-103).1 

When internal-combustion engines and hydrocarbon fuels became readily 
available at a reasonable cost, th* steam engine was replaced by the recipro- 
cating internal-combustion engine.  The railroad locomotive 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 locomotive. 

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 engines, one for each wheel. 
The power plant, a vapor-cycle system, had a common steam generator for the 
four engines.  Each engine had four cylinders, horizontally opposed, and pro- 
ducer 50 hp.  The engines were mounted vertically to an angle drive that 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 extent 
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of maintenance required for this system, miscellaneous information received 
indicated minimum maintenance requirements. 

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. 

It. 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.2  (The 
concept was similar to that employed in the development of the prototype steam 
tractor produced by the Yuba Manufacturing Company.) The estimate that the 
engine would produce 25 hp per wheel was made, yielding a lotal of 250 hp for 
the 25-ton vehicle envisioned.  A weight of 4540 lb 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 
system 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 developed 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 study3 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, each 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 lb-ft 
of torque at stall.   Sufficient steam pressure to propel 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 lir 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 system owing to fewer moving parts. 
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A favorable feature of the steam-turbine engine is its excellent torque 
output at low engine speeds when complied with that of an internal-combustion 
engine operated 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.2's'4 

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.  Concepts 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 internal- 
combustion engine.  A noncondensing system would require a large water res- 
ervoir.   A closed vapor-cycio system would require a heat exchanger 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 .require start-up 
time to generate a head of steam sufficient to permit any high-level 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 pirts 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 various 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> engint-s applicable to tactical vehicles are not warranted 
unless the development of vehicles offering silent operation is considered more 
important than overall vcHime and weight limitations. 
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Chapter 7 

DYNASTAR ENGINES 

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 a 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 opposed-piston engine in a 
lighter and more compact package.   The engine concept is based on the theory 
that two pistons are lighter than one geometrically similar unit of the same 
toial piston area, and two small crankshafts are lighter than one geometrically 
similar 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 arr^ngsment also permits a reduc- 
tion n 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 engine 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,1 shown in Fig. 1-106, consists of four U-shaped 
paired cylinders positioned in a common plane.   The paired cylinders are 
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 e?ch 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 knuckle pins.   Each knuckle pin is 
journaled in the frame and travels in a true circle of crank-throw radius. This 
action imparts identical motion to all pistons when the connecting rods are 
the same length ana the orbital center of each knuckle p:n is on the center line 
of its respective cylinder. 

Perfect dynamic balance2 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 inlei 
ports but also close before inlet ports. 

t"Geometrically-phased" is defined as "the phase relation of events established 
by the geometry of the engii-e, exclusive of val/e-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 
common 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. 1-108.   However, the engine may also be con- 
structed as a two-row (see Part c of Fig. 1-108), 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 Compression-Ignition Engines 

Configuration Configurotion 
(3-in.-bore cylinders) Horsepower (5.25-in.-bore cylinders) Horsepower 

Singlo row 100 Single row 350 
Sinn'-: row. turbocharged 135 Single row. turbocharged «0 
Double row 200 Double row 700 
Doublt* row. turbocharged '270 Double row. turbocharged 1000 

1 riplc row .100 Triple row lOnO 
Triple row, turbocharged wp> Triple row. turbocharged 1.500 

Present Dynastar engines are liquid-cooled.  However, design studies 
conducted by the engine developer have shown air cooling 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 developmental engines is 
higher than that of present conventional and competitive compression-ignition 
engines.  Cuvrent 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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a.   Vertical Cylinder Bank-Horizontal Output Shaft 

b.   Horizontal Cylinder Bank-Horiiontcl Output Shaft 

Fig. 1-109—Dynaiiar Engine Configurations 
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Dynastar spark-ignition engines under moderate loading are producing 1 
hp/lb of engine weight, 41 hp/ft3 of engine volume, and at aircraft power load- 
ing 2 hp/lb of engine weight.3 The present Dynastar compression-ignition en- 
gines are producing 0.25 hp/lb of engine weight and 12.2 hp/ft3 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. 

2000 2200 2400 
ENGINE SPEED, RPM 

Fig. 1-110—Performance Characteristics of the Dynastar Compression-Ignition Engine 

(100 hp, 8 cylinders, 3-in. bore, 3.5-in. stroke) 
(60°F, 29.92-in. hg) 

Figure I-110 illustrates the performance characteristics of the 100-hp 
8-cylinder Dynastar compression-ignition engine.  The fuel consumption curve 
shows a best-point specific fuel consumption of 0.44 lb/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 lb/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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(a) 
(b) 
(c) 
Cd) 
(e) 
(f) 
(g) 

A multif uel 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 ilme. 
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Compression ignition        \^^^^^^ 
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1                        1                        1 
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YEAR 

1975 1980 

Fig. 1-114—Trend Forecast of Specific Output 
for the Dynastar Engine 

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

(a) 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 

level of technological achievement with regard to the Dynastar engine through 1980. 
Cooperative Government support of Thiokol Chemical Corporation R&D 

could produce a spark-ignition or compression-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 1816.  A schematic diagram of the 
Stirling-cycle engine is shown in Fig. 1-115.l 

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 compo- 
nents are listed in Table 1-14.   Most hydrocarbon fuels can be used in the 
Stirling-cycle engine. 

Material used for analysis of 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 1937 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.2 

In 1958 GMC entered into a joint agreement with Philips Laboratories to 
conduct further research in development of the Stirling-cycle engine.s 
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Fig. 1-115—Schematic Diagram of Stirling The-mol Engine1 

Subsequently various 1-, 2-, and 4-c ylinder engines, ranging from 6 to 360 hp, 
were producfi.   These experimental models wire designed to improve engine 
fuel efficiency; efforts were not made to reduce engine .«eight 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 efficiency of the Stirling-cycle engine 
are compared with that of present comparable spark- 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. 

TABLE 1-14 

Operating Principles of the Stirling-Cycle Engine 

Major component 

Healer 

Regenerator 

Cooler 

Displacement piston 

Power-piston rod 

Specific function of component 

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 

Stores heat removed from the working medium (fluid) during the con- 
stant-volume cooling process; returns heat to the working medium 
d 'ring the constant-volume heating process 

Keeps working medium coo! by circulating water in annular tubes 
around it 

Removes and stores energy from regenerator; controls movement of 
working medium through heater, regenerator, and cooler 

Effects compression and expansion of the working medium at the 
proper time 

TABLE 1.15 

GMC Tests on Two Stirling Engines, 1959* 

Maximum economy Full-load data 
Fuel heating       data (minimum (BSFC, lb/ Specific weight, 

Engine category Fuel type value, Btu/lb     3SFC, lb/bhp-hr) bhp-hr) Ib/hp 

Smell-Engine Com pari »cr. 

Stirling Diesel no. 1 18.20u                  0.47 0.528 14.7 

Automotive, 4-cyi. Gasoline 19,16.)                  0.458 

Lar^T-Engine Comparison 

0.51 4.68 

St.rling Diesel no. 1 18,»'                     0.358 0.418 11.0 

D ,..'«1, 6-cyl. Diesel no. 1 18.200                  0.40 0.41 10.4 

Automotive, V-8 Gasoline 18.900                  0.415 0.468 2.80 

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.1 The 
sets were built and tested at the contractor's plant. One set was operated for 
about 14 hr, when tests were discontinued because of fuel-combustion difficul- 
ties. The second set was operated for 40 hr with only minor adjustment, then 
delivered to USAERDL for endurance tests. This set was operated for an addi- 
tional 500 hr at USAERDL, where progressive engine deterioration and loss 
of power and fuel efficiency were evidenced.  This engine weighed approxi- 
mately 154 lb and produced a net 5.2 hp. The complete engine assembly, with 
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accessories, occupied approximately 15 ft3 of space.   Fuel consumption after 
a break-in period averaged 0.60 lb/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 not been performed, 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 transfer 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 evaluated.  This modified engine will be air-cooled, weigh approxi- 
mately 35 lb, and occupy approximately 1 ft3 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 level. 

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 successful 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 

DISCUSSION 

Batteries are energy-conversion devices that convert stored energy into 
electrical energy by a chemical process.  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. 

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 considered 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 1-16.1'2 This table lists both conventional and electrochemical- 
couple types of batteries.  The former is self-containeJ in a unit package; the 
latter requires an external source of fuel and accessories to 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 full effort for their development 
is continued. 

Electrochemical Couples 

The most promising of the secondary batteries are the electrochemical 
couples.  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 electrochemical couples. 
Power is available immediately and the system self-discharge rate is low. 

Air-Zinc System.  The air-zinc sjystem. now under active development, 
uses an air oxidant that is readily available.  It dors not need to operate at 
elevated temperatures. 
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TABLE I-161-2 

Types of Secondary Batteries 

Battery type 

Energy density 

Whr/lb 

Oper. Future 

Whr/ft3 

Theor.a Oper. Future 

Operating 
life, months Cycles 

Operating 
temp, range 

Conventions' Batteries 

Lead-acid 15 25 115 1728 2,868 120 400 -40tol40°F 
Nickel-iron 10 12 138 1728 2,073 120 2000 -10toll5°F 
Nickel-cadmium 15 25 107 1728 2,868 96 2000 -40tol40°F 
Silver-zinc 50 100 208 6048 12,096 18 200 0 to 140°F 
Silver-lead 17 20 550 4147 4,851 36 500 -10tol40°F 

Electrochemical Couples • 

Lithium anode 
Secondary 

Lithium-si'ver 120 230 3801 5,066 18 5a -200 Up to 165°F 
Secondary0 — — — — — — — — 

Lithium-copper 100 200 746 — 9,434 18 50-200 Up to 165°F 
Air-zinc 55 100 435 5184 9,434 18 200-400 0 to 165°F 
Air-cadmium 30 60 290 — — 24   0tol60°F 
Lithium-chlorine 215 22S 700     24 50-100 650°C 

(molten elec- • 
trolyte) 

"Active materials only. 
Lithium-silver chloride with lithium chloride—aluminum chloride salts dissolved in propylene 

carbonate system. 
cLithium-copper fluoride with sodium hezailuorophoaphate in propylene carbonate eyetem. 

TABLE 1-17 

Comparison of Batteries and Spark-Ignition Engine, 
Including Fuol and Acctssorits 

Type 

Estimated 
weight,9 lb 

Estimated 
volume,0 ft3 

Present Future Present Future 

Lesd-acid 
Silver-ziac 
Aii-zinc 
Lithium-chlorine 
Military spark-ignition engine 

40,000 24,000 347 209 
12,000 6,00b 97 49.6 
10,909 6,000 115 42.5 
8,340 5,006 adc ndc 

5,160 4,644 97 87 

"Weight and volume baaed on 10 hr of operation at 600 kw. 
bBased on 100 whr/lb; future at 225 whr/lb. 
'Not determined. 
^Engine, inclndiag fiel and cooling for 600 hp, estimated at 3.6 lh/hp, 15 hp/ft8, and 

0.5 lb/hp-hr BSFC. 
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Air-Cadmium System.  This is another 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-Electrolyte System.   The molten-electrolyte 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 comparison 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, batteries, do not appear to offer any advantage over spark- 
ignition engines for the present or the near future.3 

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 ia v. prime requisite. 
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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 2x/2 

times better than hydrocarbon fuels.  This advantage is lost since 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.   However, 
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 3/4-ton-truck test bed.  Indications 
are that this fuel cell will occupy more space than the reciprocating engine it 
will replace and will increase the vehicle's weight. 
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Fig. 1-116—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. 

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 bulky, 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 enemy detection. 
(d) They generate little heat, thereby lessening enemy infrared detection. 
(e) They can withstand 100-percent overload for brief periods of time. 

Snap thermoelectric 

Fuel cell—hydrocarbon-air,     s!   3 
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Fig. 1-117—Specific Output Comparison 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-ignilion 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 energy-conversion devices were evaluated with respect to their 
suitability 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 energv 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 
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.1  At that time it was determined that all 
unique energy-conversion devices had very low operating efficiencies.  The 
power-output levels were found to be too low for 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 converted directly 
into electrical energy. 

Many generators have been built incorporating this principle and today 
are finding widespread use 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.1 With the development of semicon- 
ductor.-), these devices began to show more promise, and efficiencies of 3 to 7 
percent are easily attained.  Typical power-density values for a 10-kw system 
burning liquid fuel are 0.0133 kw/lb and 0.503 kw/fts and an energy -conversion 
efficiency of 7.13 percent. 

Laboratory models have attained 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/cm2 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 oi 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 devices, applications 
for vehicle propulsion are not 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 source, a voltage is generated. If an external load circuit is added, 
a small current will flow. 

The photovoltaic generator is normally associated with the conversion of 
solar energy whose spectral intensity peaks at about 0.55/i.  The theoretical 
area requirement is 10 ftVkw, but, for a 10 percent conversion efficiency, 100 
ftVkw is required.  The power density is approximately 10 w/fts and 2 w/lb. 
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Solar energy is a free inexhaustible source, but it i? 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 
prectical for vehicle application. 

Thermophofovoltaic Generators 
viie thermophotovoltaic generator converts energy from near-infrared 

radiant energy at a wavelength of approximately 2.5>i.  A practical converter 
burns liquid fuel in an inner cylinder, thus producing radiant energy that strikes 
the surrounding cooled, thin-film photovoltaic cell.  A reflector teturns 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/c:na. 

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 estimated2 to be 40 lb with a volume of ll/2 ft

3. 
The power density will be 12.5 w/lb 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. 

■ «a 

Magnetostriction Generators 

Magnetostriction generators take advantage of the phenomenon that occurs 
when certain magnetized materials are either stretched or 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. 

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 submicrosccond to many milliseconds. 

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

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 perpendicular 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 generator, produces electricity by moving a hot ionized gas 
stream through a magnetic field, cutting the lines of force.   Electrodes located 
jn 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 thüt 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 methods to increase conductivity are 
p. eionization by an electron beam or photoionization,   In the former method, 
two electron-beam puns 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 qu?"tz ports to augment 
ionization.3 

The results of a study4 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 prior to entering the boilers. 

An early prototype MI^D generator5 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 lb8.   The Government is 
conducting active R&D on these devices, and they are intended for operation in 
conjunction with large nuclear reactors.   A 350-kw SNAP 50 reactor is now 
under development.   Another 20 years of research is expected before the MHD 
nuclear reactor will become operational3.   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 1-18 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 engine is shown in Fig. 1-119.  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 increase 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 

Device Power source 

Power density Effici jncy, % 

Watts/lb Watts/ft3 Field 
conditions 

Laboratory 
conditions 

Power level 

Thermoelectric Liquid fuel 13.3 503 ; # 13 15 10 lew 
generator Solid fuel 0.346 5.79 0.4 8 w 

Sun 4 1 kw 
Nuclear fission I0a 207" 4-4.5 1 kw-3 mwa 

Thermionic Liquid fuel 2-3 4645 10 15-18 
generator 

Electrostatic Mechanical 12.5 333 5 15 2-3 kw at 2-3 megavolts 
generator devices 

Photovoltaic Light 2 10 10 
generator 

Thermophotovoltaic Liquid fuel 125 333 3-5 8-15 

generator Nuclear fission 1  j, Magnetostriction Mechanical na na na Very low 

generator devices 

Pulse-power source Chemicals na na na na intermittent 

Nuclear fission na na na na Inlermitle^'- 

Hall-effect device Magnetic field na na na na Very low 

Magnetohydrodynamic Argon gas ndc nd nd nd 11.2 mw for a few 

generator Nuclear fission nd nd nd nd seconds 

aEstimated. 
bNot available. 
cNol determined. 

Spark-ignition engine 

Thermophotovoltaic generator 0.44 

_L _L -L. 
4 6 8 10 
SPECIFIC OUTPUT, HP/FT3 

Spark-ignition engine 

Thermophotovoltaic generator 

2 3 4 5 
SPECIFIC WEIGHT. LB/HP 

Fig. Ml9—Comparison of Thermophotovoltaic Generator with 
Military Spark-Ignition Engine 
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CONCLUSIONS 

All unique energy-conversion devices considered are much too heavy, 
require too much space, and are too inefficient for application in taclcal 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 

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.1 

A complementary study was completed in 1961 by ORO to determine the 
operational feasibility of powering combat vehicles with nuclear reactors.2 

A study completed in 1962 by RAC analyzed the possible application of 
nuclear reactors to vehicles by the use of direct-conversion devices.3 

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 aircraft gas turbines were de- 
veloped in Europe.  The US military establishment realized 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 1-19, 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 pro- 
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) 
AT AC contracted with the Lycoming Division of AVCO Corporadon 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 plant Vehicle Horsepower 

USA 
CMC GT-305 LARC V 
Pratt & Whitney PT-6 LARC V 350 
Williams WR-8 M151 72 
CMC GT-305 M56 225 
CMC GT-305 5-ton track 225 
CMC 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) 
Incoming TF 1460 LVHX1 1200 
Lycoming TF 20 LVW 1600 
Solar 1000MV LVHX2 1040 
GMC GT-305 Df-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       502-2E T42 300 

4 6V53 +200 
Foreign 

Boeing             502MA Swedish S-tank 330 
Rolls Royce + K60 (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 cycle 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 adiabaücally, 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 turbine 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-shaft open-cycle gas turbine, also referred to as 
the "split-shaft" (or "free-spool") turbine, is shown pchemaücally 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. 

Comp Burner 

Tailpipe 

Thrust 

Fig. 1-120—Schematic Diagram of Standard 

Jet-Cycle Turbine Engine 

Gas-producer turbine 

Burner 

Compressor 

Fig. 1-121— Schematic Diagram of Simple 

Open-Cycle Gas-Turbine Engine Gas-producer turbine' 

Burner 
Compressor 

Power output 

Fig. 1-122—Schematic Diagram of Open-Cycle 

Gas-Turbine Engine with Split Turbine 

Gas-producer turbine Power turbine 

In a typical simple open-cycle split-shaft gas-turbine engine (shown dia- 
gramatically in Fig. 1-123 and pictorially in Fig. 1-124), 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 are 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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Fig. 1-123— Operational Diagram of Simple Open-Cycle 
Split-Shaft Gas-Turbine Engine 

Fig. 1-124—Cross Section of Typical Simple Open-Cycle Split-Shaft 
Gas-Turbine Engine (Boeing) 
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output shaft.  The gases are then exhausted to the atmosphere through ducting. 
The cycle of operation 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 assembly 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 1-125 illustrates a comparison of the torque 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). 

UJ 

§ 
a. 
p 

Turbine engine 

Piston engine 

ENGINE SPEED, RPM 

Fig. 1-125—Comparison of Torqut Characttristics of 
Turbino Engino and Piston Engint 

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 it? given to the com- 
plete vehicle power train. 

The single-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 much higher 
than that of the spark-ignition gasoline engine or the compression-ignition en- 
gine.  The specific fuel rate of the unregenerated gas-turbine engi.ie 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 exchanger.  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. 1-126.   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. 1-126—Schematic Diagram of Regenerative-Cycle 
Gas-Turbine Engine 

\ä «par 
Fig. 1-127—Schematic Diagram of Regenerative-Cycle Engine with 

Two-Stage Compression and "nttrcooling 

To reduce fuel consumption in the part-load power ranges, turbine engines 
have been designed using various other cycle concepts.  Schematic diagrams 
of these concepts are shown in Figs. 1-127 to 1-129. These concepts Incorporate 
inter cooling or reheat systems, or a combination of the two.  However., these 
cycle concepts tend to become overly complex and costly.  Figure 1-130 illus- 
trates a comparison of the fuel-consumption character>"tics of a typical non- 
regenerative and regenerative turbine engine.  A reducu i in fuel consumption 
of approximately 35 percent is achieved by regeneration.  Figure 1-131 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. 

Fig. 1-128—Schematic Diagram of Rtgtntrotivt-Cydt Engint 
with Rthtat Combustor 

Fig. 1-129—Schematic Diagram of Rtgcntrctirt-Cyclt Engine with Rthtat 
Combustor end Two-Stagt Itttrcooltd Compression 

(Turbochargtd Cycle) 

HEAT EXCHANGERS 

There are many different I *at-exchanger designs and concepts. The 
GMT- 305 gas-turuine engine, shown in Fig. 1-132, Incorporates two vertically 
mounted rotating-drum heat exchangers. 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 1-133 illustrates the Chrysler Corporation's Model A-831 experi- 
mental automotive regenerative-turbine engine. This unit incorporates two 
vertically mounted rotary disk-type heat exchangers utilizing a metai matrix 
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Fig. 1-130—Comparison of Fuel Consumption of Nonregenerative 
and Regenerative Turbine Engines 
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Fig. 1-131—Fuel Consumption as a Function of Percentage of Power with 
Varying Recuperator Effectiveness for a Typical Gas Turbine 

Bated on nominal cycle temperature 
of approximately 1800" F. 
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Fig. 1-132—Cutaway View of Early 

Vertical Rotating. Drum 

1. Atmospheric air enters the air inlet. 
2. The air is compressed by the compressor to 

above 3 atmospheres of pressure. 
3. Rotating regenerators heat the compressed 

air as it passes through. 
4. The heated compressed air enters the com- 

bustors. 
5. Nozzles inject fuel into the combustors. 
(■. Gases resulting from the combustion of fuel 

and air pass through turbine vanes. 
/. These gases first drive the gasifier turbine, 

which powers the air compressor (item 2). 

GMT-305 Turbine Engine, Showing Twin 

Metal-Matrix Heat Exchanger 

8. The gases then drive the power turbine. 
(Note that the gasifier turbine and the power 
turbine are not connected mechanically.) 

9. The hot gas exhausted from the power turbine 
is cooled by the rotating regenerators (item 3). 

10. Exhaust gas at 300 to 500° F is directed out 
of the exhaust ports. 

11. The power-output shaft is driven from the 
power turbine through J single-stage reduction 
gear. 

12. The accessory-drive shaft is driven by the 
gasifier turbine through a set of reduction 
gears. 

construction.  The schematic in Fig. 1-134 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 horizontally mounted rotary drum-type heat exchanger. 
This unit, shown in Fig. 1-135, is constructed of : metal matrix. 

Figure 1-136 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 accomplished 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 Corporation Model A-831 Turbine Engine, 
Showing Twin Vertical Rotating-D'sk Metal-Matrix Heat Exchanger 

AIR 
INTAKE 

AIR COMPRESSOR 

tURNER 

RIOENIRATOR 
(HIAf     IXCMANOII 

REGENERATOR 

WHfftS 

Fig. 1-134—Schematic Flow Diagram of Chrysler Corporation 
Model A-831 Turbine Engine 
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Fig. 1-135—Cutaway View of GMC GT-309 Turbine Engine, Showing 
Horizontal Rotating-Drum Metal-Matrix Heat Exchanger 

t 
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HIGH PKSSIIE Ml FI9N CIIPKSSH 
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Cold air 
I       t 

Sealing tunne! 

UI-NESSHE MS fill um« 

Fig. 1-136—Pratt & Whitney Rotiry Toroidal Regenerator, 
Composed of a Series of Matrix Packages 
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A recent development in heat-exchanger material has been made by 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. 1-137.   A 
number of unigue properties are combined in this structure, making it partic- 
ularly suitable for use in rotary heat exchangers for regenerative gas-turbine 
engines.   The material, trademarked "Cercor," has high temperature resistance, 
a neaily 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. 1-138, or the drum-type heat 
exchanger shown in Fig. 1-139. 

?R» 

Fig. 1-137—Typical Configuration (Enlarged View) of 
Corning Cercor Heat-Exchanger Structure 

The Rover Company (England) was one of the first to utilize heat exchang- 
ers made of Cercor.   Figure 1-140 illustrates a cutaway view of the recent 
Rover 25/150R regenerative experimental automotive gas-turbine engine. The 
illustration shows the heat-exchanger mounting, drive scheme, and engine air- 
flow patns.   The ceramic heat exchanger is lightweight and compact, has great- 
est efficiency, and can be manufactured at a much lower cost than metal-matrix 
heat exchangers.  Manufacturers of gas-turbine engines in the US are seriously 
pursuing the use of ceramic heat exchangers.  The US automotive industries 
are desijming the latest experimental automotive turbine engines to incorporate 
a ceramic heat exchanger.   The Chrysler Corporation is considering modifica- 
tion of the Model A-831 turbine engine to incorporate 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 durability in automotive turbine-engine applications.   However, 
a ceramic core may prove to be too brittle for ippliration in military tactical- 
vehicle engines. 
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Fig. l-138-Cerunic 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 exchanger is the resultant elimination of moun- 
tingand drive hardware.  Figure 1-141 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 recover exhaust-gas heat. 

Fig. 1-141— Cutaway View of Ford Model 70S Turbocharged-Cycle 
Tur'jine Engine, Showing Intercooler and 

Stationary Heat Exchanger 

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. 1-143.  One of the most common 
types of stationary heat exchangers used in gas-turbine engines is the direct- 
transfer tube type.  This type of recuperator uses many thin-walled metal tubes 
assembled into a bundle and welded to end bulkheads.   Figure 1-144 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 h^at-transfer medium 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. 1-145.   For the most part 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 

176 RAC-R-26 



I 
m!mmiim!mis!mimmm»vmimmmjmmmmmm!!m>)fmm»^^mii<KW^^ 

o 
e 
o 
'i 

«/> 
a» 
c 
> 
o 

II 
ui-g 

OH 
-s * 1* 
*1 

]j 

RAC-R-26 177 



L 

Fig. 1-143—Boeing Stotionar/-Core Heat Exchanger, 
Showing Individual Tube Modules 

Fig. 1-144—Schematic Diagram of Go»Turbine Engine 
Incorporating a Direct-Transfer T U-Bundle 

Heot Exchanger 
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each other on alternate plates. In tests this type of regenerator 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 to mount to the engine, 
and present less sealing problems.   However, they are less effective. 

Exhaust yas 

Hot air 

Cold air 

Fig. 1-145—Cone»?! and Flow Diagram of Lycoming Storfonory Direct Al! Primary-Surfac» 
Convolutad-Mttol-Plat» Htat Exchanger 

Heat exchangers are susceptible to fouling during engine operation on 
leaded fuels.  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. 1-146—improvement Forecast 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. 
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Fig- 1-147—Small Single-Shaft Turbine Engine with Centrifugal Compressor 
and Rodial-lnfiow Gas-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 compressor and a radial-inflow gas-producer turbine, as 
shown in Fig. 1-147.  The larger single-shaft engines ltscorporate multiple axial 
compressor stages (with possibly a centrifugal final sta^e) and axial gas-pro- 
ducer turbines. The smaller split-shaft turbine engines generally utilize a 

180 RAC-R-26 



centrifugal compressor, axial gas-producer, and axial power-turbine wheels 
as do the engines shown in Figs. 1-132, 1-133, and 1-135.   Other combinations 
of compressors, gas-producer turbines, and power-turbine systems for turbine 
engines up to approximately 600 lip are shown in Figs. 1-148 to 1-150. 

Fig. 1-148—Single-Stage Double-Sided Centrifugal Compressor (foreground) 
and Radial-Inflow Gas-Producer Turbine (right) 

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

Fig. 1-149—Gas-Producer Section of 600-hp Turbine Engine with Two Centrifugal 
Compressor Stages and Three Axial Gas-Producer- 

Turbine Stages 

Large gas-turbine engines, like the one shown in Fig. 1-151, 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. 1-152, uses a low-pressure and high- 
pressure multistage axial compressor, a 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-turUne engines. 
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:ig. 1-150—Gas-Producer and Power Section of 400-hp Turbine Engine with 
Axial-Centrifugal Compressor (left), and Axial 

Gas-Producer Turbine and Power Turbine 

Fig. 1-151—Cross Section of 1500-hp Unrtgenerated Marine Turbine Engine 
(Lycoming TF-20) with Axial-Centrifugal Compressor, 

Single-Stage Axial Gas-Producer Turbine, 
and Two-Stage Power Turbine 
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Fig. 1-152— Schemotie Cross Section of US Army AGT-1500 (Lycoming PLT 25) Futurt Main 
battle Tank Turbine Engine, wl«S Multistage Compressor, Gas-Producer 

Turbine, and Power Turbine 
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Fig. I-153—First-Sing* Supersonic Compressor 

Characteristic 
Goals 

Mod 1 Mod 2 

Pressure ratio 2.0 2.8 
Airflow, lb/iec 4.0 4.0 
Efficiency, X 84.3 85.5 
Tip «peed, ft/tec 1395 1395 
Rotor-inlet Mach No. 1J1 Ul 
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PERFORMANCE CHARACTERISTICS 

The fundamental factors that determine the performance of gas-turbine 
engines are the type of cycle, engine aerodynamic efficiency, and tnrbine tem- 
perature.  The fuel-consumption characteristics as a function of pressure ratio 
of various regenerative cycles are s^own in Fig. 1-154.  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 
very high at the design conditions shown.   But improvements of the order of 
30 to 40 percent can be obtained at low power settings.   Aiso, as shown, the 
regenerative cyc.e mth intercooling achieves SSFC some 8 percent lower than 
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Fig. 1-154—Comparison of SSFC of Regenerativ* Cycle» 
TjtL'fn» tew^HM'JtUf* IbCÜ" p, 
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 causes an important increase in specific 
power that can conceivably be used for intermittent increases in power. Reheat 
and intercooling, as incorporated in several industrial and one euton.ouvt- gas 
turbine, cause some improvement in the SSFC of the regenerative cycle, but, 
most importantly, • luse   th* specific power to increase 40 percent.1 
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Figure 1-155 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 fuel consumption.  Figures 1-156 and 1-157 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 
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the objectives for future engines, based on the advanced-component-technology 
program of the Army.  Figure 1-156 indicates a significant increase in power 
due to increased pressure ratio and turbine-inlet temperature.  Figure 1-157 
indicates that gas-turbine engines operating with 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-turt ine engines operate 
at pressure ratios of 3.5 to 6:1. The Ford experimental model 705 turbocharged- 
cycle engine operates at *. pressure 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 aro shown in Figs. 1-158 to 1-160. 

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 contains 
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. 

Fig. I-158—Improvement Forecast of Compressor Effectiveness 

Both designs have attained similar high efficiencies.  The engine shown in 
Fig. 1-151 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 
ensure proper cooling of the combustor walls.  Atomizing can combustors have 
been operated at approximately 3100°F, and annular atomizing combustors have 
operated at approximately 250G°F under laboratory conditions.   Present com- 
bustors operate at 1800 to 2100°F.  The improvement forecast of combustor 
effectiveness is shown in Fig. 1-161. 

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 has been shown.  The performance gains due to 
increased turbine-inlet temperature are significant.  Figure 1-162 illustrates 
the decrease in fuel consumption due to increased turbine-inlet temperature. 
The increase in power output per pound of air due to increased turbine-inlet 
temperature is shown in Fig. 1-163- 
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Fig. 1-162—SSFC Performance Gains 
with Increased Turbine-Inlet 
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Fig. 1-163—Power-Output Performance Gains 
with Increased Turbine-Inlet 

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 increase 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 1951.2 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 past 5 years. The cooling of tur- 
bine blades in aircraft engines, however, is easily accomplished because of 
the comparatively large Wading and air-channeling components compared to 
the small size of these components in surf ace-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 relation 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 power 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 1-165 illustrates the evolution of various 
air-cooled turbine-blade configurations in order of increasing effectiveness. 

Convection-cooled cast turbine blades have demonstrated reliable opera- 
tion at 2000 to 2300°F. Figure 1-166 illustrates the principle of convection 
cooling of turbine blades. Relatively cool turbine bleed air passes through an 
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interval passage or passages in the blade.  Advanced-design convection-cooled 
blades, such as those shown in Fig. 1-167, have demonstrated operation in ex- 
cess of 2700° F in laboratory test rigs.  Figure 1-168 illustrates cross sections 
of typical single-, double-, and 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- 
oped a technique for casting a monolithic wheel and blading for 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. in diameter. 

1 

Fig. 1-166—Conve. ion-Cooled Turbine Blade 
Cooling air passes through internal passages in blade. 

Fig. 1-167—Advanced-Design Convection-Cooled 
Turbine Blade with Internal Fins 

Impingement cooling involves the use of a fabricated tube inserted into a 
hollow vane.  The cooling air is jetted at the inner wall of 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, ahown in Fig. 1-169, 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 1-171, have been operated in excess of 2600°F. All- 
film-cooled turbine blades, as shewn 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. 
1-173.  Cooling air passes through a porous wall in the airfoil, cooling the blade 
metal.  The air then forms a film of relatively cool air that insulates 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 Firsr-Stoge 
Stotor-Vone Assembly (Allison) 

Fig. l-170-Leading-Edge Film-Cooled Blade 
Fig. 1-171— Film-Con veer on-Cooled Blade with Leading 

and Trailing Edge Fiim-Cooled 
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Fig. 1-172—Typical All-Film-Cooled Turbine Blade 

Fig. 1-173— Transpiration-Cooled Turbint Blade 
Cooling air pa»»»» through porei in airfoil, cooling the blade metjl, 

and then form« a film of relatively cool air that insulates the 
outside of the blod« surface from the stream of hot gas. 
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Fig. 1-174—Cast Support Strut and Pcous Shell Prior to Joining Assembly 
(Allison) 

Fig. 1-175—Transpiration-Cooled Turbine-Blode Assembly 
Incorporating Lamilloy Airfoil 

(Alliion) 
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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 division 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. 1-174 to 1-176.  Figure 1-177 illustrates 

Porous skin (porolloy 
or rigimesh) 

Cost cooling holes 
to skin channels 

Electron beam weld 
skin to spar 

Tip section 

Hub section 

■ Investment cast base 
and channel spar 

ground fir tree attachment Actual sixe 

Fig. 1-176—Strut-Supported Tronspirotlon-Cooltd Turbine Blade 

a tranapiration-cooled stator blade designed to operate at 2500°F. One manu- 
facturer has developed an advanced-design transpiration-cocled variable- 
permeability self-supporting blade that has demonstrated high-temperature 
operation. The feature of this 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. 1-177—Enlarged action of Transpiration-Cooled Stator-Bl ode 
Assembly Designed To Operate at Gas 

Temperatures of 2500° F 
(Curtiss-Wright) 
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Fig. 1-178—Improvement Forecast for Turbine-Inlet Temperature 

work is being done in this area.  The improvement forecast of increased tur- 
bine-inlet operating temperature for unccoled. cooled, and cooied-optimis*ic 
goals, is shown in Fig. 1-178.  Figure 1-179 illustrates engine   ycle perform- 
ance for SSFC as a function of specific horsepower, as afieetsd by increased 
pressure ratio, regenerator effectiveness, and turbine-inlet temperature. 

■a 

RAC-R-26 197 



MWHWMM1 :5«««S*««ft« »' 

ii 

« 
5 

! 
_• 
c 

"i 
i 

-8 

a. z 
of 
111 

" Si 

«« 

«* 
WdH/f I *3J«C 

198 

« 
o 

o 

< « K 
0 

1 
CO   |g 

SÜ m u 
1   •» K 
1    a. 

«S"  « 

*   * 
3 u. 

O 

u u. 

5 « 

ii 
s i 
Si 
M    C 

ii 
11 

IT) 

£ $ 
«   S 

»      E *    ° a.   u 

l 
u. 

8  I 81 i. 8 

a. 

u >» 

t 

0   • 

J! 
n 

K 
I 

i 
i 

I 
ca 

5    ? 
9     — 

I 
II 
a 

* 

8 

RAC-R-26 

i 

  -    - 

- ■. 

- 
' 



VARIABLE-GEOMETRY NOZZLES 

To achieve low SSFC and adequatf dynamic braking of the power turbine 
section of the engine at part loads, the use of variable-geometry nozzles is re- 
quired. The use of variable-geometry nozzles at the power-turbine inlet en- 
ables the engine to maintain a high turbine-inlet temperature at part loads. 
Maintaining a high cycle temperature at part-load conditions is necessary for 
low fui i consumption. The mechanically independent free turbine must incor- 
porate variable-geometry nozzles to provide maximum overall system perform- 
ance for all operating conditions. The Chrysler Corporation Model A-831 auto- 
motive gas-turbine engine incorporates a variable-nozzle system, as shown in 
Fig. 1-180.  The nozzles are varied automatically by speed- and power-demand- 
sensing units on the engine. The four nozzle positions are idle, modulating 
range, full power, and braking position (retardation). Automobile braking char- 
acteristics, with this system are comparable to those of a conventional piston 
engine with torque converter, as shown in Fig. 1-181. 

BRAKING POSITION 

NozzU 
actuator 

ECONOMY POSITION 

Transmission 
governor 
signal 

Oil 
pressure 
inlot 

Accelerator padal 

Fig. 1-180—ChrysUr Corporation Varioblt-Gtometry 
Powor-Turbint Nozxlo System 

The US Army AGT-1500 gas-turbine engine incorporates variable inlet 
guide vanes to the compressor.  These vanes are remotely controlled to pro- 
vide better part-load and transient performance. The use of reversing variable- 
geometry nozzles at the power   -rblne section has been proposed by several 
companies. This system would tüminate the use of reverse gearing in the 
transmission system and appears practical for large engines. This system 
may not be practical for smaller engines, where the complexity of the mechan- 
ical control systems required would be greater than the reverse gearing pres- 
ently envisioned. 
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Turbine economy position 

Dr iving 

Braking 

Turbin« braking position 
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Fig. 1-181—Engine Braking Characteristic* of Chrysler A-831 
Automotive Turbine Engine with Variable Turbint Noxzlo 

DIFFERENTIAL TURBINES 

To approach or achieve the desired constant horsepower characteristics 
in a power source for automotive vehicles, many variations of the basic gas- 
turbine engine have been pursued. The most promising concepts appear to be 
the differential turbine and the split-compressor differential turbine. A sche- 
matic diagram of the basic cycle of the split-compressor differential gas tur- 
bine is shown in Fig. 1-182. With this arrangement a simple gas-turbine en- 
gine consisting of one compressor (directly linked by a common shaft with the 
turbine) is supercharged, to an extent depending on working conditions. The 
addition of a device that maintains power when the power shaft is stalled per- 
mits the positive torque applied to this shaft to be increased. This is achieved 
by splitting the compressor in two aerodynamically coupled parts (instead of 
splitting the turbine). In other words a second (augmenting) compressor stage 
is added to the existing compressor stage, and a differential gear is introduced 
between the two compressor stages and the output shaft so that under normal 
conditions far more work is done by the compressor stage directly linked with 
the turbine than by the augmenting compressor stage.3 

The basic concept of the differential gas-turbine engine, as shown in Part 
d of Fig. 1-183, comprises a compressor and turbine mounted on separate shafts 
that are connected and then affixed to an output shaft through a differential gear. 
The planet centers are connected to the output shaft, the outer ring gear is con- 
nected to the turbine shaft, and the sun gear is connected to the compressor 
shaft. All are free to rotate. In the typical example shown (Part d of Fig. 1-183), 
when the output shaft is stationary, the planet centers are stationary and the 
respective gears act as idlers. Thus the turbine drives the compressor at 
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maximum speed while rotating at approximately half speed in the opposite di- 
rection. As the turbine speed increases to equal the compressor speed (still 
rotating in the opposite direction), the planet centers and low-speed output shaft 
begin to route in the direction of the turbine at about one-third the speed of the 
turbine sislt. Further, the differential gearing serves to exert half of the torque 
developed by the turbine on the compressor shaft, while the other half, increased 
by the torque multiplication of the gearing, affects the low-speed output shaft. 
The differential therefore ensures approximately equal distribution of turbine 
power between compressor and output shafts at maximum output speeds when 
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compressor and turbine speeds are equal.  As output speed reduces, a progres- 
sively larger portion of turbine power is transmitted to the compressor shaft 
until at zero output-shaft speed the compressor shaft receives all the turbine 
power.4 - 

Figure 1-184 illustrates typical full-load torque/speed cmiacteristics of 
various automotive power sources.  The curves indicate the superior torque 
characteristics of the split-compressor differential gas-turbine engine.  The 
favorable torque characteristics of the differentia! gas-turbine engine are ex- 
ceeded only by the free-spool gas turbine and the split-compressor differential 
gas turbine. 

The advantages of the differential turbine and the split-compressor dif- 
ferential turbine engine are: 

(a) Low SSFC at part-load and idle conditions 
(b) Quick response to load changes 
(c) Positive torque control 
(d) Available high braking torque 
Both systems, however, introduce some complexity in comparison to the 

conventional split-shaft turbine engine. This complexity is reduced somewhat 
with the elimination of some range gearing, and overall gear reduction is low- 
ered owing to the better torque characteristics of these turbine concept?. 

SINGLE-ROTOR TURBINE 

The Curtiss-Wright Corporation has recently developed a gas-turbine 
engine in which the compressor and turbine assemblies are combined in a 
single rotating member.  The single-rotor gas-turbine engine (see Fig. 1-185) 
comprises a single-stage supersonic axial-flow compressor with a radial- 
inflow-axial-exit turbine wheel interwoven through the compressor blading and 
disk.  Thus there is a unique combination of rotating elements within a single 
disk.  The complete gas generator consists of stationary inlet guide vanes, the 
rotor,compressor exit stators and diffuser, combustion chamber, turbine nozzle 
assembly, and a turbine-discharge diffuser. 

The experimental test engine, Model WTS-11 (shown in Fig. 1-186), is 
designed to develop 500 to 600 shaft hp. The major components of the WTS-11 
engine are shown in Figs. 1-187 to 1-189.  The compressor, occupying the 
annulus near the rotor tip, is a single-stage supersonic compressor of the 
shock-in-rotor variety, utilizing an inlet guide vane, the rotor cascade, and an 
exit radial diffuser and vanes. It differs from other compressors in that the 
rotor cascade is completely shrouded. In other words the compressor cascade 
consists of holes through a solid rotor with a flow-area distribution in each 
passage that diverges slightly from front to rear. The compressor is designed 
to induce 4.75 lb of flow per second while providing a pressure ratio across 
rotor and inlet guide vane of 3.7 to 1 at an efficiency of 83 percent.  The inlet 
guide vanes prerotate the inlet air opposite to the rotor direction. The trailing 
edges of the compressor blades are rather blunt.  Because hollowed-out por- 
tions of the compressor blades serve as turbine flow passages in the rotor, 
this compressor is unique since it absorbs heat within its passages. 
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Fig. 1-185—Schematic of Curtiss-Wright Single-Rotor Gas-Turbine Engine 
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Fig. 1-186—Curtiss-Wright Model WTS-11 Single-Rotor Gas-Turbine Engine 

(Test-Rig »ngirv») 

204 RAC-R-26 



Fig. 1-187—Exploded View of WTS-11 Single-Rotor Test-Engine Components 
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Fig. 1-188—Main Components of WTS-11 Single-Rotor Turbine Engine 
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The Model WTS-11 turbine has a radial inflow design utilizing a sonic 
nozzle and a fully shrouded rotor wH;i no exit stators.   A diffusion passage to 
accept, the exit flow is incorporated.   The convection cooling provided by the 
compressor permits a turbine-entry design temperature of 2800°R (2340°F). 
The flow is essentially that induced by the compressor, less minor leakage, 
with the addition of combustor fuel.   Although the compressor coiling permits 
the entry temperatures to exceed those of contemporary engines at the leading 
edges of the turbine rotor blades, Hie radially-inward portions of the turbine 
passages require cooling because turbine exit temperatures are still quite high. 

Fig. 1-189—View of Turbine-Discharge Side of WTS-11 Engine Rotor 

To provide this cooling it is necessary to design cooling flow passages through 
the rotor to permit convection cooling of the turbine walls.   This is accom- 
plished by a rotor-pumped air supply that flows through the rotor and is ex- 
trusted into the turbine exit flow.   A high degree of turbine cooling is achieved 
siiKe all the gas generator mass flow is available for convection cooling of the 
turbine portion of the rotor.   The operating cycle should permit turbine tem- 
peratures far in excess of those of contemporary engines. 
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Testing of components and of the complete Model WTS-11 engine is cur- 
rently being conducted.  The developers of the single-rotor turbine concept be- 
lieve a good understanding of the operating characteristics of the compressor, 
turbine, and combustion chamber exists.  Operation, at present, is at lower than 
design turbine-inlet temperature.  The developers also estimate that with ade- 
quate support funds, the single-rotor turbine engine could eventually be devel- 
oped to deliver 150 to 160 hp/lb air/sec and operate at turbine inlet tempera- 
tures of 2400 to 2500°F. 

Because of the close proximity of the compressor and turbine, and the 
complex flow paths of air and gas> attainment of adequate heat-transfer con- 
trol will require a large amount of development work.  Also because of the air- 
flow paths required by the configuration of this engine, thick, sturdy, nonopti- 
mum airfoil must be used, and consequently component efficiencies will be 
lower than those of conventional turbine engines.   Low SSFC will be difficult 
to attain, even with regeneration.  The major advantages of the single-rotor 
engine will be high power-to-weight and power-to-size ratios and low produc- 
tion cost.  The characteristics of this engine make it ideal as a power-boost 
or topping engine where extremely high power-to-weight ratios are required, 
as in large combat assault vehicles. 

SIAMESED-TURBINE CONCEPT 

A recent unique application of gas-turbine engine principles to an inte- 
grated engine-transmission system is shown in Fig. 1-190.  This system, pro- 
posed by the Southwest Research Institute, is referred to as the "siamesed 
turbine concept." In this system the compressor is split into two separate 
components: one component to supply air for the gas-generator section, and 
another to supply air for the power section of the engine.  The two separate 
systems are selectively coupled by an arrangement of hydromechanical and 
aerodynamic links.  The concept might also be thought of as a pneumatic trans- 
mission system, since the concept is analogous to the system used in the land 
train, with electricity being replaced by air.  A central turbine drives an air 
compressor (rs'Jier than a generator) and air (rather than electricity) is distrib- 
uted to individual power turbines (rather than electric motors) at each driving 
wheel. 

Two separate systems can be selectively coupled through a fluid coupling 
or hydromechanical clutch.  The central system consists of a single-spool 
recuperated (or regenerated) gas-turbine engine whose output shaft is joined 
to the input side of the fluid coupling.  The power system consists of a single 
compressor (driven by the central system through the fluid coupling) that sup- 
plies air to individual burner-turbine components at each drive sprocket or 
drive wheel of the vehicle.  The entire power system can be completely inopera- 
tive while the central system is operating at any desired speed.6 Reverse vehi- 
cle operation is accomplished by reversing the power turbines through the use 
of reversing nozzle rings or reversible variable-geometry nozzles. 

The advantages claimed for this power system are: 
(a) Reduced low-power and idle fuel consumption 
(b) Rapid engine response 

RAC-R-26 207 

• 



w» mwmmmmmm»tmtmw*wmiitkm 

pDwtf tvitgm ■! Po^-w-n.Tbine        i    . ,     _..   .. .. ,. rower eynem j «Jhoust-^ |-- Automotic h-onsm! tsion 

Power comprstsor 

Fluid coupling 

Control turbino exhaust 

rc4cHj p    f^f\ 
Air filter 

Intdco air 

Control compression 

Control turbino 

Fig. 1-190—Schematic Diagram of a Possible Siamese^ Turbino 

Shaft to drivo sprocket 

Aromatic transmission 

Powor »urbln» 

Powor burn« 

. Powor compressor 

_-——Hydraulic coupling 

 ■   -Control compressor 

__^_— Rec up orator 

 Central turbine 

" Central burner 

Central exhaust 

Air fIItoris) 

■ ■ i *       ! • i ■' 

Fig. 1-191—Possible Inilallatian X rcigtaiMf of Siamwo-Turbin» Systom 
in Light Full-Yrocked VttiieU 

208 RAC-R-26 

ft- 

-. äSuSS 

■  ■ 



(c) Engine reversing capability 
(d) Availability of individual power turbine for steering augmentation 
(e) Available high braking torque 
(f) Ease of maintenance and replacement 
A possible installation of a siamesed-turbine system in a light full-tracked 

vehicle is illustrated in Fis. 1-191. 

COMPOUND POWER-BOOST SYSTE' 

The compound power-boost system rnty well be the most feasible approach 
to meet increased power requirements within a limited space-weight package, 
such as would he required for future coT.bat assault vehicles.   The compound 
power-boost system is defined as any system in which the power outputs from 
two or more separate and independent power sources are coupled in a single 
output.  The power sources may be a compression-ignition engine coupled with 
an unregenerative gas-turbine engine, or a regenerative gas-turbine engine 
coupled with an unregenerative high-output gas turbine. 

A feasibility study program conducted in 1960 concluded that a high-output 
compression-ignition engine teamed with a simple-cycle free-shaft gas-turbine 
engine was the optimum combination.  The objectives of the project were to 
combine the fuel economy of the diesel engine with the advantageous weight, 
size, torque, and cold-starting characteristics of the gas-turbine engine.  In 
most military vehicular applications the operating duty-cycle is such that the 
engine is operated at a relatively low load factor most of the time.  Generally 
engines operate more efficiently at full-load output than at part-load output. 
By utilizing two engines, as in the turbine power boost, the main (diesel) engine 
can be operated at a more efficient higher load factor during normal vehicle 
operation.  The turbine can be used as a high-power topping engine in combina- 
tion with the diesel engine when vehicle operation demands peak power. 

A detailed analytical study was made to compare the performance char- 
acteristics of a compound system comprising a compression-ignition engine 
coupled with a free-wheeling gas-turbine engine with those of a large high- 
output compression-ignition engine.  Studies were also made to establish opti- 
mum drive-train design and methods of obtaining rapid response from the tur- 
bine engine.  (The slow response of the gas-turbine engine has been one of its 
drawbacks as a vehicular propulsion device.  However, recent developments 
have minimized this trait considerably.) Achieving complete control of both 
engines during tandem operation has presented some problems, and work is 
progressing in this area. 

Recent studies indicated that the most efficient system would be a com- 
bination of two types of engines rated at nearly equal horsepower.  The excep- 
tional reliability of this system is made possible by the fact that the turbine, 
which operates a small percentage of the time (approximately 10 percent), is 
«n effect a spare engine with dependable cold-starting characteristics.  Study 
results show that for a battlefield day, the turbine boost engine can be operated 
10 percent of the time in conjunction with the base diesel engine without ex- 
ceeding the fuel consumption of a single large high-output compression-igni- 
tion engine. 
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o. Main Component Arrongomont 

b,  Dotign Principle of Dual Powor Plant 

Fig. 1-192—Volvo Compound Diosol-Turbino Powtr Systtm 
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A twin-turbine installation was made in a T42 test-bed tracked vehicle. 
The engines were of the unregenerative, free-spool type, rated at approximately 
300 hp each.  After some testing, one turbine engine was removed and replaced 
by a commercial compression-ignition engine of similar power.  The primary 
purpose of this installation was to study the problems of combining two dis- 
tinctly different power sources with respect to power transmission and control 
of the engines. 

Several combinations of engines have been compared with respect to per- 
formance, fuel economy, multifuel capability, cold-start capability, range, de- 
pendability, durability, compactness, weight, simplicity, producibility, and cost. 
The studies show that the power boost rystem is advantageous in power ranges 
above 1000 hp.  A successful turbine power-boost system has been incorporated 
in a medium-c^ass assault-gun tank, now in limited production in Sweden.  This 
power package, shown in Fig. 1-192, couples a 240-hp compression-ignition 
multifuel engine with a 330-hp simple-cycle free-shaft gas-turbine engine. This 
compound system appears to have all the advantages listed above.  Figure 1-193 
illustrates the compound diesel-turbine power system installed in the Swedish 
S-tank. 

Fig. 1-193—Compound Ditstl-Turbint Powtr Systtm 
Installed in Swedish S-Tank 

The compound power-boost system, using advanced-technology compres 
sion-ignition and gas-turbine engines, could result in a very lightweight and 
compact power system. It is estimated that the power-boost system in the 
power range of 1500 to 2500 hp would have a specific weight of approximately 
1 lb/hp and a specific power output greater than 50 hp/ft3. However, the com 
pound system would be much more costly than either a single large compres- 
sion-ignition or turbine engine. 
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TWIN-TURBINE AND TWIN-GASIFIER ENGINES 

A unique application of the gas-turbine engine to achieve or approach de- 
sired constant-horsepower characteristics for the powering of automotive vehi- 
cles is shown in Fig. 1-194.  This system utilizes a gas-turbine engine as a 
gasifier unit to supply a low-speed turbine and a high-speed turbine. Gas flow 
is controlled by a large valve. A possible torque-speed output plot of this sys- 
tem is shown in Fig. 1-195.  Figure 1-196 illustrates a system that utilizes 
twin gasifiers to feed a single turbine.  Each gasifier unit is controlled by a 
valve. A possible torque-speed plot of this system used with either or both of 
the gasifiers operating is shown in Fig. 1-197.  The unique feature of these sys- 
tems is the elimination of the conventional torque converter and range-gear 
transmission. Only a reduction-gear unit is required.  Torque conversion is 
accomplished aerodynamically.  The aerodynamic torque converter (and the 
absence of the range-gear transmission) results in a much lighter power sys- 
tem. The volume of either system would be comparable to that of a conven- 
tional power system.  The twin-gasifier system (Fig. 1-196) would be much 
more costly than a single-engine unit, but its reliability would be much greater. 

A similar system was develo; _'d by the Allison Division of GMC in 1960, 
under contract to ATAC.  This concept, called the "Gasamatic" system, utilized 
three gas-turbine engines as a gasifier supplying twin free-wheeling power tur- 
bines. It was anticipated at the time that this system would eliminate the 
conventional torque converter and still maintain the necessary torque multiplica- 
tion. Tests of the prototype unit indicated that the stall torque and torque cov- 
erage ratio were mud» less than first estimated, and the program was terminated. 

MILITARY-SPONSORED ENGINES 

There are no fully developed gas-turbine engines, nor any sufficiently far 
along in development to be considered, available for use in an automotive-type 
military vehicle today.  There are several commercially developed unregen- 
erated engines in power ranges below 400 hp that have seen some application 
with a fair degree of success.  The experimental regenerative gas-turbine en- 
gines being developed by the automobile manufacturers have not been sufficiently 
successful to warrant application to military vehicles.  These engines have re- 
portedly demonstrated good performance in passenger cars and trucks but are 
far from being ready for production. 

The Army-Navy-sponsored development program for the 600-hp regen- 
erative turbine engine has resulted in units undoubtedly better suited for tacti- 
cal vehicle application, but they too require much more development.   Under 
this contract, the Solar Aircraft Division oC International Harvester Corpora- 
tion developed a free-spool simple regenerative-cycle engine with variable- 
geometry turbine nozzios and a rotary heat exchanger.  This engine, designated 
the Solar Model T-6C0, is shown in Fig. 1-198. Development of the Solar en- 
gine was terminated before an operable engine could be assembled.  However, 
design concentration on regenerator development continued for a period of time. 
The Solar Aircraft Division is continuing developme.u of the T-600 engine with- 
out Government sponsorship.  The application is intended for large transcon- 
tinental commercial trucks. 
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The Ford Motor Company has developed a complex, or turbocharged-cycle, 
free-spool engine that incorporates intercooling, reheat, and recuperation 
stages.  Tiiia engine, designated the Ford Mode) 705 (see Fig. 1-199), is based 
on an earlier Ford engine, Model 704, that developed 300 hp. 

The Ford Motor Company continued work, with corporate funding, by build- 
ing and testing several of these engines in large trucks. Development work on 

e Model 705 engine has since been discontinued because Ford believed that 
the advent of ceramic heat-exchanger materials made the complex-cycle engine 
concept obsolete. 

Orenda Engines, Ltd., of Canada, has developed a simple-cycle free-spool 
recuperated engine with variable-geometry turbine nozzles and a stationary 
heat exchanger.  This engine, shown in Figs. 1-142 and 1-200, is designated the 
Orenda Model QT-4. Several of these units were completed for test. Two en- 
gines were installed in M48 full-tracked test beds and are currently undergo- 
ing test.  Many problem areas have been encountered, bat overall the OT-4 en- 
gine appears to be performing satisfactorily.  Full development of the 600-hp 
turbine engines has been terminated owing to the increased power requirements 
of the main battle tank. 

A comparison of the characteristics of the Army-Navy-sponsored 600-hp 
gas-turbine engines is shown in Table 1-20.   Figure 1-201 illustrates a com- 
parison of estimated fuel consumption.  The Ford turbocharged-cycle engine 
has much better part-load fuel economy than the simple-cycle Solar and Orenda 
engines.  However, the Soiar and Orenda engines have better full-load fuel 
economy. 

The passenger-car gas-turbine engine developed by the Chrysler Corpora-- 
tion is a simple-cycle regenerative engine.  Figure 1-202 illustrates the road- 
load fuel economy of this engine installed in a passenger car weighing approxi- 
mately 4200 to 4400 lb.  The fuel curve indicates a fuel economy comparable 
with that of a conventional reciprocating-piston spark-ignition engine.  The 
Chrysler A-831 engine operates at a turbine inlet temperature of 1700°F and 
develops 130 shp.  A later version of this engine operates at a turbine-inlet 
temperature of approximately 1760° F and develops 160 shp.  The engine weighs 
approximately 410 lb and has a volume of approximately 17 ft3.  The specific 
power output of the 160-shp unit (which develops an estimated 180 gross hp) is 
10 to 11 hp/ft3, and its specific weight is approximately 2.3 lb/hp. 

The Ford Motor Company is currently developing two new low-pressure 
simple-cycle split-shaft regenerative gas-turbine engines.   These engines in- 
corporate twin ceramic rotary heat exchangers.  The smaller engine, desig- 
nated the Model 706, develops approximately 200 hp.  This engine is an experi- 
mental passenge;--car unit.  The large engine, the Model 707, is of the same 
basic design and develops approximately 375 hp.  The engines operate at tur- 
bine-inlet temperatures of approximately 1750°F, uncooled.  The Ford Motor 
Company stated that the Model 706 engine has bettered tho fuel economy of a 
comparable conventional spark-ignition engine.  The goal for the large engine 
is to better the fuel economy of a comparable diesel engine by approximately 
8 percent.  The engines are simple in design and should lend themselves to 
low-cost production, i.e., the small engine being comparable in cost to the con- 
ventional piston engine, and the large engine being comparable in cost to the 
conventional diesel engine, if either is produced in comparable quantities. Both 
engines appear to be bulky and heavy. I» is estimated that the specific output 
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TABLE 1-20 

Comparison of Characteristics of Army-Navy-Sponsored 600-hp Gas-Turbine Engines0 

Item Ford 705 Solar T-600 Orenda OT-4 

Air flow, lb/sec 4.4 8.5 6.5 
Pressure ratio 16 3.8 4.0 
Compressor stapes 2 centrifugal 6 axial 6 axial 

Effi' iency, % 80 87 86 
Outside air to intercooler, 

lb/sec 4.4 — — 
Heat exchanger Recuperator Regenerator Recuperator 

Effectiveness, % 80 89 82 
Leakage loss. % — 5.5 — 

Burner discharge tempera- 
ture, °F 1,750 1,600 1,735 

Gas-producer turbines 
Stages 1 radial, 2 axial 1 axial 1 axial 
Efficiency, % 87-88 89 89 

Gas producer, max. rpm 75,000 21.500 26,800 
Power-turbine stages 1 axial 1 itial 1 axial 

Efficiency, °i 88 89 89 
Variable power-turbine nozzles No Yes Yes 
Sum of cycle pressure 

losses, % 23 16 16 
Engine volume, ft 48 60 58 
Engine weight, lb 1,200 1,500 1.450 
Specific output, hp/ft 12.5 10.0 10.3 
Specific weight, Ib/hp 2.0 2.5 2.4 

"All efficiencies are total to total. 
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o! the 706 engine i» 8l/2 to 9 hp/ft3, and that of the larger 707 engine is 9 to 10 
hp/ft3.  The specific weight of these engines is approximately 4 to 4l/i lo/hp. 
This specific weight figure could be reduced somewhat if the t Aain engine cast- 
ings, now cast iron, were made of aluminum. 

The US Army development gas-turbine tank engine, under development by 
the Lycoming Division of Avco Corporation, is an integrated in-line free-tur- 
bint-shaft engine utilizing a two-spool axial compressor, a two-stage axial 
gas-producer turbine, and a two-btage axial power turbine.  The engine incor- 
porates a counterflow wave-plate regeneiator.  The engine is designated as the 
Army AGT-1500 and by Lycoming Division as PLT-25.  The engine is illustrated 
in Figs. 1-203 and I-2Ö4, and Fig. 1-205 shows a cross section of the same en- 
gine.   (A schematic cross section is shown in Fig. 1-152.) The principal char- 
acteristics of the AGT-1500 turbine are shown in Table 1-21, and the cycle per- 
formance characteristics are shown in Fig. 1-206.  The graph indicates that 
the AGT-1500 engine operates at a maximum turbine-inlet temperature of 
2180°F, a pressure ratio of 10.5 to 1, and delivers 172 shp/lb air/sec.  This 
performance is about 75 to 100 percent better than that of present automotive 
engines. 

* 

TABLE 1-21 

Characteristics of Army AGT-1500 (Lycoming PLT-25), 
1500-hp Gas-Turbine Tank Engine 

Item Value or description 

Horsepower 1500 
Output-shaft spe ed, rpm 3000 
Pressure ratio 10.5 
Air flow, lb/sec 8.84 
Compressor 2-spool axial with variable- 

geometry inlet guide vanes 
Gas-producer turbine 2-stage axial 
Power turbine 2-stage axial, free-spool, with 

variable-geometry Stators 
Heat exchanger Stationary 
SSFC, lb/bhp-hr 

100°f power 0.38 
80*J power G.J7 
40"? power 0.39 

idle OS iio) 1.14 
Overhaul interva 1. hr 1000 
Weight, lb 1600 
Dimensions, in. 

Lxlx 11 59.5 x 39.5 x 28.0 
Volume, ft3 38.3 
Specific weight, Ib/hp 1.07 
Specific output, hp/lb air 'sec 172 
Specific output, hp/ft3 39 

The performance characteristics of the AGT-1500 gas-turbine engine are 
shown in Figs. 1-207 to 1-209.  The fuel-consumption rate of 0.355 lb/hp-hr is 
at optimum output-speed.7 However, it is impractical to operate a vehicle at 
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Fig. 1-203—Right-Side View of Army AGT-1500, 1500-hp 
Recuperated Gas-Turbine Tank Engine 

Fig. i-204—LeftSide View of Army AGT-1500, 1500-hp 

Recuperated Gas-Turbine Tank Engine 
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these optimum speeds to achieve the low fuel rate.  The islands in the fuel map 
(shown in Figs. 1-207 and 1-208) that yield the low fuel rates are very small. 
A practical minimum fuel rate at part- load operation is in the region of 0.37 
to 0.38 lb/hp-hr.  This fuel rate is equal to that of the best compression-igni- 
tion engines. 

500 1000 

OUTPUT SHAFT HORSEPOWER 

1500 

Fig. 1-209—Performance Characteristics of A6T-1500 Gas-TurkTne Engine: 
SSFC at Optimum Output Speed (Stondard Conditions) 

The specific weight of the AGT-1500 turbine engine is 1.07 lb/hp.  This 
can be reduced somewhat as the turbine-inlet temperature increases to 2300 
to 2400°F with advanced cooling techniques.  The specific power output of this 
unit is 172 hp/lb air/sec and 39 hp/ft\ These outputs are excellent and rep- 
resent a 75 to 100 percent increase over present engines. 

As advanced technology in component design is applied to gas-turbine en- 
gines, specific power outputs will greatly increase and fuel consumption will 
be further reduced. 

DISCUSSION 

The advantages offered by a gas-turbine engine for automotive vehicular 
application are: 

(a) Excellent output-torque characteristics 
(b) Internal air cooling, thus no requirement for antifreeze fluids 
(c) Lightweight and compact 
(d) Nontoxic exhaust 
(e) Minimal burning, dilution, or contamination of oil 
(f) Excellent low-temperature starting characteristics 
(g) Multifuel capability 
(h) Reduced logistics demands 
The output-torque characteristics of the split-shaft engine are ideal for 

automotive applications. The two-shaft gas-turbine engine ' *s characteristics 
similar to those of a reciprocating engine with a hydr&ulic torque converter 
without the disadvantages of extra weight and bulk of the housing and fluid de- 
manded by the torque-converter element. 
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The gas-turbine engine has internal ■ ir cooling and does not require a 
separate cooling system with radiators, fans, air ducting, and other associated 
components (hoses, thermostats, belts, pulleys, shafts, etc.) as do both the air- 
cooled and liquid-cooled piston engines.  Maintenance is thereby simplified, 
since these components are usually high-maintenance items.  Also the gas- 
turbine engine does not require the use of antifreeze fluids, a feature- that 
further reduces the logistics burden. 

The gas-turbine engine is lighter and smaller than a comparable compres- 
sion-ignition engine.  Although the gas-turbine engine does require use of bulky 
air-filtraticn units and inlet and exhaust ducting, these items have a relatively 
lov weight. 

The g^is-turbine engine, owing to its complete combustion process, does 
not produce toxic carbon monoxide as a combustion by-product as does the 
gasoline engine and, to a much lesser extent, the diesel engine.  This is a de- 
sirable characteristic when the engine is installed in a vehicle where the op- 
erating personnel are restricted to a confined space.  The gas turbine emits a 
a clean exhaust not visible to the naked eye, whereas the compression-ignition 
engine emits a smoke signature when the engine is accelerated. 

Since the lubricating oil does not come in contact with the combustion 
products, the gas-turbine engine does not dilute, contaminate, or burn an appre- 
ciable amount of oil. 

The gas-turbine engine has excellent low-temperature starüng character- 
istics and requires a minimum of cold-starting aids.  The tur. ine engine can 
start almost equally as well at -60°F as at +80°F within a 30- second period. 
The engine is able to operate at peak load almost immediately without the cus- 
tomary warm-up period.  Although the engine itself will start in very low am- 
bients without preheat aid, a problem still exists in obtaining sufficient battery 
voltage from cold batteries to rotate the turbine up to minimum self-sustaining 
speed. Once a turbine-powered vehicle is started, a large volume of high- 
temperature air is available for use as a prestart warm-up aid.  Also, fuel 
that is not preheated must have a pour point below the existing ambient tem- 
perature. 

The gas-turbine engine has the inherent ability to successfully burn all 
fuels within the military range specified as "multifuel."  Fuel logistics are 
greatly simplified since it is not necessary to supply fuel with any specific 
octane or cetane number, but merely a hydrocarbon fuel whose characteristics 
satisfy, nonselectively, the characteristics of any of the fuels within the multi- 
fuel range. 

Although the gas-turbine engine offers many apparent advantages as a vehi- 
cular power source, it does present certain disadvantages such as: 

(a) The requirement for a large volume of air 
(b) The requirement for a complex electrical system 
(c) Poor overall fuel economy 
(d) The generation of a high-frequency high-energy sound 
(e) Heavy starting systems 
(f) Component complexity 
(g) Unproved reliability and life span 
(h) High production cost. 

226 RAC-R-26 



^^'^^$Si<t*m*»^&**a*s- ...jKi 

The gas-turbine requires a large volume of air for combustion, approxi- 
mately 3 to 4 times the quantity required by a compression-ignition engine. 
Higher pressure ratios and operating temperatures can reduce the air require- 
ment to about twice that of the compression-ignition engine. 

The internal components of the gas-turbine engine are vulnerable to parti- 
cle erosion caused by the high rotating speed of the components and the high 
air velocity through the turbine.  Thus efficient air filtration must be provided 
to protect the engine from the extremely dusty air that tracked vehicles gen- 
erate during off-the-road operation.  A filter that retains the separated dirt 
particles within the filter element cannot be used in a vehicle that encounters 
extremely heavy dust conditions because it soon would become clogged and in- 
effective.  A filter unit, or more correctly, a separator unit that mechanically 
removes the dust particles from the air by either centrifugal or inertial force 
and ejects them overboard must be used.   The gas-turbine engine is very sensi- 
tive to any depression of the absolute pressure of the intake air.  The required 
filter components introduce a pressure drop in the air system, causing a de- 
crease in output power. 

The gas-turbine engir-• requires a much more complex electriral system 
than a conventional diesel engine owing to the incorporation of additional and 
necessary operating safety controls. 

The gas-turbine engine has poorer overall fuel economy than a compres- 
sion-ignition engine.  Although the fuel economy of some present-technology 
regenerative-cycle gas-turbine engines, at rated speed and load, nearly equals 
the fuel economy of the compression-ignition engine, the low-load and idle- 
speed fuel consumption of the gas turbine is greater.  Because military vehi- 
cles operate at idling and low-load conditions for long periods of time, more 
fuel will be consumed if the vehicle has a gas-turbine engine than will be used 
should the vehicle have a comparable compression-ignition engine. 

The high-frequency high-energy sound generated by the gfjs-turbine en- 
gine, when unattenuated, can cause temporary and sometimes permanent dam- 
age to the hearing and sense of equilibrium of operating personnel.   However, 
this problem can be resolved with proper design of inlet and exhaust silencers. 
These devices, like the ah*-filtration unit, introduce some loss of engine power. 

The starting system of the smaller gas-turbine engine is heavy.   For ex- 
ample, the complete starting system, including batteries for a 300-hp unregen- 
erated turbine weighing 220 lb weighs 170 lb.  A small single-shaft gas turbine, 
a small pulse-jet turbine, or a small free-piston gasifier, all of which operate 
on the same fuel as «he main engine, could be used as a starting system. It is 
estimated that these starting units would weigh from 45 to 85 lb if designed to 
start a 300- to 500-hp gas-turbine engine.  Cartridge starters have the lightest 
weight but are expensive.  A standard Air Force cartridge designed to start a 
300-hp turbine engine costs $20. 

Simplicity, lower maintenance, and higher reliability have generally been 
considered to be advantages of the gas-turbine engine on the basis that it has 
fewer moving parts.  This statement is generally true.  However, this judgment 
is based on experience in aircraft and stationary installations, where the tur- 
bine is operating at near optimum conditions, i.e., constant speed, uniform 
loading, and installation in a high-rpm machine. 
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In a tracked or wheeled surface vehicle, the advantage of the smaller num- 
ber of moving parts in a regenerated gas-turbine engine is offset by the com- 
plexity of those components and the increased complexity of the total system 
installation.  In a wheeled or tracked vehicle, loads and speeds are constantly 
changing.  Shock loads from the driving wheels or tracks, along with accelera- 
tion and deceleration, and shifting and steering loads, all of which are trans- 
mitted back to the turbine, cause detrimental temperature instabilities within 
the gasifier and power-producing sections and result in high thermal stresses, 
fatigue, and burning away of the wheel blades. 

The gas-turbine engine has yet to demonstrate total superiority for any 
acceptable length of time over a comparable modern reciprocating compres- 
sion-ignition engine when installed in an automotive vehicle subjected to the 
rigors of military operation.   For most past applications the operating life of 
the turbine engine was less than 100 hr, owing to mechanical failures.   Conse- 
quently at this time there is no accurate basis for stating that the gas-turbine 
engine has the advantages of simplicity, lower maintenance requirements, and 
high reliability compared with a compression-ignition engine installed in a 
military surface vehicle. 

One must bear in mind that past and present installations of the gas *urbine 
engine as a prime mover have involved experimental engines installed in experi- 
mental vehicles.  At time of installation the common view has been held that if 
volume production were required, refinements and advancements could be in- 
troduced at the time of such production.  Further, the consensus has been that 
the total system would then in all probability prove equal or superior to pres- 
ent power-plant installations in surface vehicles. 

The gas-turbine engine is not adaptable to production by existing piston- 
engine machine tools.  Large-scale production tooling, necessary to reduce 
costs to a competitive level, will not be purchased by private industry until 
the turbine engine becomes commercially feasible.  However, to be realistic, 
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it should be pointed out that the aircraft turbine engine was in the same pre- 
dicament some years back. If the military had not funded production tooling, 
aircraft might net have the advantages of the aircraft gas turbine today. 

The trend forecasts shown in Figs. 1-210 to 1-212 illustrate the estimated 
level of technological achievement anticipated for the gas-turbine engine 
through 1980. 

CONCLUSIONS 

At present no p" -"«- Lux bine engines are applicable for use in tactical vM- 
dt.-*   Gas-turbine-engine technology is rapidly advancing, however, and indi- 
cations are that the gas-turbine engine has the potential to improve the capa- 
bilities of certain tactical vehicles within the next 10 to 12 years.  Vehicular 
application of the gaii-turbine engine will first be found in commercial trans- 
continental trucks. Industry wi3' pursue this development, since it is believed 
that there is a sufficient truck market to warrant producing these engines in 
production quantities.   However, the power requirements for this market will 
not exceed 500 to 600 hp. 

The operating environment for military tactical vehicles is much more 
severe than for commercial vehicles.  Many of the advantages of a gas-turbine 
engine for commercial vehicles are lost when applied to tactical vehicles.  How- 
ever, some large tactical vehicles, such as the main battle tank, require very 
high power outputs from engines of minimum size and weight, and only the gas- 
turbine engine has the potential of meeting this requirement.  Therefore, since 
industry has no incentive to develop gas-turbine engines in high power ranges, 
development of these engines must be sponsored by the Government.  Govern- 
ment support of an R&D program could produce gas-turbine engines that would 
improve the physical and performance characteristics of some future tactical 
vehicles. 
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Chapter 14 

COMPOUND ENGINES 

INTRODUCTION 

The compound, or turbocompound, engine is essentially a 2- or 4-stroke- 
cycle reciprocating-piston engine incorporating a gas turbine driven by the 
engine's exhaust gases.  The reciprocating engine and the gas turbine are ar- 
ranged to provide power independently.  The separate power outputs of each 
are transmitted through gearing to a common output shaft. 

The compound-engine power concept differs from pure turbosupercharg- 
ing where a turbine-compressor, driven by the engine exhaust gases, is used 
to boost charging pressure (manifold pressure charged to the engine cylinder 
above atmospheric pressure) in the engine. In the compound engine there are 
in essence two engines operating in series with the exhaust of the first engine 
boosting the horsepower ratio of the second engine.  The power output then 
represents the combined individual outputs of each engine, with an increase in 
the output of the second engine (over the rated horsepower) resulting from the 
boosting effect of the exhaust gases from the first engine on the second engine. 
In the case of turbosuper char ging, the power output represents only the boosted 
horsepower outpu*. of one engine. 

TYPES OF COMPOUND ENGINES 

Napier Nomad 

Tiie British Napier Nomad aircraft diesel engine, developed shortly after 
WWII, represented a significant advance in turbocompound engine development. 
This power plant was comprised of a 2-stroke-cycle loop-scavenged diesel en- 
gine,, a gas turbine, and an axial-flow compressor, all coupled to form a com- 
plete energy-conversion device (see Fig. 1-213). 

The Napier Nomad power system provided extreme flexibility in the se- 
lection of operating conditions for best performance over a wide speed range. 
The engine was very light and compact for its power output and demonstrated 
a low SSFC of 0.36 lb/shp-hr at full power and a part-throttle SSFC of 0.325 
lb/hp-hr. The performance characteristics of the Napier Nomad engine are 
presented in Fig. 1-214. 
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Curtiss-Wright and Allison Engines 

More recent power plants that combine a piston engine with a gas turbine 
(or turbines) are the Curtiss-Wright Corporation's TC 18 and the Allison Divi- 
sion of GMC's V-1710-E27 (-127).  The Curtiss-Wright TC 18, illustrated in 
Fig. 1-215, is an improved version of the R-3350 2-row  18-cylinder  4-cycle 
air-cooled radial aircraft engine.  The TC 18 incorporates three exhaust-driven 
gas turbines equally disposed around the engine.  The power recovered from 
the engine exhaust gases by the turbines is fed back to the engine crankshaft 
by means of a gear train operating in conjunction with three fluid couplings. 
A 20 percent boost in engine power is achieved by this turbocompound system. 

Allison's V-1710-E27 (-127), shown in Fig. 1-216, is an improved version 
of the V-1710-G6, an Allison 12-cylinder 4-cycle liquid-cooled Vee-type air- 
craft engine.  The V-1710-E27(-127) incorporates a single exhaust-driven gas 
turbine located at the rear of the engine.   The power recovered from the engine 
exhaust gases is fed back to the engine crankshaft by means of a gear-reduction 
box.  A 36 percent increase in power output and a 21 percent reduction in fuel 
consumption are achieved by this engine when operated at high altitude. 

Project ORION 

In 1950 the General Electric Company proposed a design concept to the 
military for an unusual compound engine and was subsequently awarded a con- 
tract for the development of a compound-cycle engine.  Development of this 
engine was designated Project ORION.  At the time this project was initiated 
it was anticipated that, if successful, the power plant would emerge as the ulti- 
mate engine for tracked-vehicle application, especially with respect to engine 
fuel economy and compactness. 

The initial ORION project consisted of developing three similar small 
experimental engines.  The compound-cycle engine of the ORION concept con- 
sisted of an air-cooled, reciprocating diesel-engine gas producer that drove a 
centrifugal compressor.  The gates generated by the diesel gas producer were 
expanded in a blowdown puff-energy turbine and then fed through a constant- 
pressure turbine to produce shaft power.   A schematic of this process is shown 
as Fig. 1-217.  Figure i-218 illustrates a cutaway view of an early experimental 
engine. 

The final efforts of Project ORION were concentrated or. developing a large 
tank engine called Pigel.  The Rigel engine consisted of a supercharged regen- 
erative air-cooled 2-stroke-cycle 6-cylinder opposed-piston diesel engine that 
drove two centrifugal compressors.  One compressor supplied air to the com- 
bustion process, and the second compressor supplied air to cool the cylinders. 
The hot gases from the diesel combustion and the cylinder-cooling air were 
directed to the power turbine.  A schematic diagram of this engine is shown 
as Fig. 1-219, and i cutaway view of the experimental Rigel engine is shown 
as Fig. 1-220. 

At the outset it had been hoped that Project ORION would result in the de- 
velopment of a multifuel power source having a specific output of less than 2 
lb/hp and greater than 10 hp/ft3 and an SSFC of from 0.34 to 0.36 lb/shp-hr. 
However, during tests the SSFC of the 600-hp engine varied from 0.57 lb/shp-hr 
at full speed of 2350 rpm to 0.95 lb/shp-hr at a speed of 1500 rpm.  At that 
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Fig. 1-217—Schemotic Diagram of Project ORION Experimental-Cycle Power Plant 
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time it became apparent that a major redesign would be necessary to achieve 
specified goals. Even then there was serious doubt that the Rigel engine could 
be developed to meet the goals in order to compete with other power sources, 
i.e., the air-cooled diesel engine and the gas-turbine engine. 

It is estimated that the Rigel compound engine, rated at 860 hp for con- 
tinuous operation and 1400 hp for emergency, would have an SSFC of 0.419 
lb/hp-hr and 0.446 lb/hp-hr respectively.  A turbocharged compression-igni- 
tion engine of the same displacement as the gas-producing engine would develop 
928 hp with an SSFC of 0.389 lb/hp-hr.   Project ORION was terminated in the 
latter part of 1955. 

Other Concepts 

A recent Society of Automotive Engineers paper1 discusses a unique com- 
bined-cycle engine arrangement.  A schematic diagram of this engine is shown 
as Fig. 1-221.  The power source proposed uses a conventional 4-cycle com- 
pression-ignition engine with a "free* power turbine and a bypass line from 

Aftercooler 

Compressor 

Fuel Turbine 

Fig. 1-221—Compound-Engine Turbine as a Power Generator 
with Engine Bypass 

the compressor to a burner and thence to the gas turbine.  The configuration 
permits equality between the reciprocating engine and the compressor and tur- 
bine, and the required balance between these components is maintained.  A 
small fraction of the aii passes through the engine and absorbs heat in the 
pi   cess.  The balance of the air required for the turbine is directed to the 
combustion chamber, where additional fuel can be injected as required.  These 
gases then flow to the turbine and mix with the exhaust gases from the recipro- 
cating engine. 

Figure 1-222 is a schematic diagram illustrating a simple compound en- 
gine in which the power from the turbine is fed back to the crankshaft. Figure 
1-223 is a schematic diagram illustrating a simple compound engine which 
utilizes the gas produced in the generator to power the free turbine. The Proj- 
ect ORION engines operated on this principle. 

Variable-geometry nozzles for the turbine of the compound engine that 
would improve engine acceleration have been evaluated.  A torque almost four 
times that of conventional engines is obtained.  Figure 1-224 compares the rela- 
tive torque curves of a conventional engine and a compound engine, each having 
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a variable-geometry-nozzle turbine.   The SAE paper1 points out that a turbine 
having a variable-geometry nozzle is ". . .thought to be a requirement in any 
case for any major advancements in turbocharging. . .[or turbocompounding 
capabilities], . . .and is even required for the simple compound engine at 
low speeds." 

Piston-Turbine Compound Engine 

The most recent attempt to develop a compound engine has been made by 
the Southwest Research Institute.   The engine, designated a piston-turbine com- 
pound engine (PTC), is shown schematically in Fig. 1-225.  The PTC engine is 
a uniflow 2-stroke-cycle opposed-piston piston-supercharged turbocompound 
diesel engine with VCR.  It obtains high efficiency by operating at a high tem- 
perature and pressure. 

Exhaust 

I     Turbine 

Diesel piston 

f(Vl 1       \ ULJ füJZrü)— Compressor 
"    "'    ' piston 

Crankshaft 

Fig. 1-225—Schematic Diagram of PTC Engine 

In 1961 the Southwest Research Institute initiated a study to investigate 
the PTC engine. The analysis indicated that the engine had great potential for 
military applications.  The study concluded that such an engine would be light 
and compact, with low fuel consumption and a true multifuel capability.2 

AT AC was interested in the PTC engine concept since it had the potential 
to provide tactical-vehicle engines with excellent physical and performance 
characteristics.  After a favorable evaluation of the design analysis, the mili- 
tary supported a computer study to optimize the basic PTC engine design and 
operating cycle.  At time of writing this phase is being completed. 

A cutaway view of the basic PTC engine design concept is shown in Fig. 
1-226.  A large reciprocating compressor piston attached directly to, or made 
an integral part of, the power piston accomplishes scavenging and supercharg- 
ing.  The reciprocating motion of the diesel power pistons is converted into 
circular motion by rocker arms. One end of each rocker arm is attached to, 
and oscillates with, a piston.  The opposite end of the arm is attached, through 
a connecting rod, to the crankshaft that holds a central position in the engine. 
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The rocker-arm fulcrum is eccentrically mounted on a fulcrum shaft, enabling 
the compression ratio of the diesel engine, or the pressure ratio of the com- 
pressor, to be varied by controlled rotation of the fulcrum shaft.  The mechanism 
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Fig. 1-226—Cross Section of PTC Engine 

by which VCR is achieved is shown in Fig. 1-227.  The ability to vary the com- 
pression ratio of the diesel and compressor cylinders is attained by mounting 
the rocker-arm bearings eccentrically on shafts that protrude through the side 
of the engine block.  Levers are mounted to the shafts through which the ec- 
centric shaft can be rotated while the engine is in operation.  The levers can 
be actuated during the engine-start cycle (by a remote start-mode switch) and 
scheduled automatically as a function of engine speed during the load-running 
cycle, thereby maintaining a constant compression pressure as engine speed 
varies.  This can be accomplished by means of a pneumatic, hydraulic, or elec- 
trical device, pressure-controlled from a source in the engine.  When the ec- 
centric shaft is rotated, the center of the rocker-arm bearing changes position, 
changing the inner and outer dead points of the piston stroke.  The linkage 
mechanism is designed so that the total stroke length remains essentially un- 
changed.  The piston inner and outer dead points move an equal distance in the 
same direction for a given rotation of the eccentric shaft. 

Similar VCR devices have been demonstrated with success.  A series of 
pressure-actuated reed valves on the compressor and diesel inlet ports is 
utilized. 

In PTC engine operation, the compressor pistons discharge compressed 
air into the combustion chamber of the diesel power cylinder through a series 
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of ports at one end of the cylinder. Combustion gases are exhausted through a 
similar series of ports at the opposite end of the cylinder.  A radial-inflow 
turbine is connected to the exhaust ports by ducting to utilize exhaust-gas 
blowdown energy.  The turbine is located in close proximity to the power cyl- 
inders.  The power generated by the gas turbine is transmitted to the engine 
crankshaft by means of gearing.  An overrunning clutch is positioned between 
the gear and crankshaft to avoid feedback from the diesel to the turbine dur- 
ing acceleration. 

Many conventional diesel engines are referred to as having a "multifuel" 
capability if another heavy fuel, in addition to No. 2 diesel fuel, can be used 
for successful engine operation.   However, a power source having true multi- 
fuel capability should burn a wide range of fuels, i.e., gasoline, diesel, CITE, 

I 

Piston body- 

^Piston connecting 
link 

Piston pin 

Rocker-arm —, 
bearing 

Connecting- 
rod bearing 

Connecting 
rod pin 

Connecting 
rod 

Crankshaft 
throw 

Fig. 1-227—Variable-Compression-Ratio Mechanism, PTC Engine 

JP-4, etc., under a wide range of climatic conditions.  To achieve this capa- 
bility, the engine should have a variable compression ratio to maintain a rea- 
sonable pressure level and long life.3 

A power source with a VCR offers versatility for noncritical fuel require- 
ments, cycle-pressure control, and short-duration high-power bursts.  Many 
diesel engines that are reported to have a multifuel capability operate at ex- 
tremely high ratios and pressures. 
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High compression ratios are required only to start and operate the PTC 
engine at low speeds. The pressure-volume diagrams of Fig= 1-228 illustrate 
the effects that can be obtained by the VCR system of the PTC engine. 

I 

COMPRESSOR V DIESEL     V 

Cose I.   Both pistons moved inward 

"  DIESEL-V COMPRESSOR V 

Case II.   Both pistons moved outward 

P -so 
I 

 öiESEL    V COMPRESSOR V 

Case III.  Both pistons mcveJ ,o right 

IK V 
DIESEL     V COMPRESSOR V 

Case V.   Left piston moved to left 
(outward) 

Ik. IK 
DIESEL    'I COMPRESSOR  V 

Cose VII.   Right piston moved to right 
(outward) 

^v 

DIESEL    V COMPRESSOR V 

Case IV.  Both pistons moved to left 

DIESEL    V COMPRESSOR V 

Case VI.   Left piston moved to right 
(inward) 

\ Si 
DIESEL    V COMPRESSOR V 

Case VIII.   Right piston moved to left 
(inward) 

Fig 
in. |.228-Pr.s»or.-VolUm. Diogrom. of PTC Engin.:  Effect of VCR 

The greatest changes in compression ratio of the diesel and compression 
cylinders are controlled by movement of the right piston only (as in directional 
change), as shown in cases VTA and VIII of the pressure-volume diagrams. This 
result indicates that the timing of the opening and closing of the intake ports is 
of considerable importance. It is therefore desirable to vary the compression 
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I 
ratio of only the right-hand piston assembly and leave the left-hand piston as- 
sembly mounted in conventional fashion without a control device.  The PTC en- 
gine has a wide-range multifuel capability in that it is possible to raise the 
compression pressure sufficiently to start and operate this engine on gasoline 
and to lower the compression pressure while the engine is burning diesel fuel. 
The proper control of pressure gives added life to the engine. 

DISCUSSION 

Compound engines are overly complex, and therefore no serious effort is 
being made in this country to develop compound engines, with the exception of 
the PTC-engine-development program now in progress at the Southwest Re- 
search Institute. 

The PTC engine is in the design-concept stage, and hardware has not 
been produced to date (1966).   However, the PTC concept appears to be feasi- 
ble and practical, with the desired characteristics for a tactical vehicle. 

The PTC engine has inherent flexibility in design configuration.   Although 
a minimum of two cylinders must be used for proper matching of ihe turbine 
to assure a continuous gas flow to the turbine, any number of cylinder banks, 
such as two, three, four, or six, may be stacked to form a complete unit. This 
feature enables the PTC engine to have good family capabilities.   Possible cyl- 
inder arrangements of the PTC engine are illustrated in Fig. 1-229.  Stacking 
more than six cylinders is impractical owing to the need of a long crankshaft. 

Figure 1-230 illustrates the general arrangement of a proposed 3-cylinder 
engine, 4-in. diesel bore size, with an estimated continuous rating of 500 hp. 

Table 1-22 illustrates the family capabilities of the PTC engine for small 
(3-in.) and large (4-in.) bore sizes.   The table lists both the continuous and 
intermittent power ratings,   For continuous power output the diesel air-fuel 
ratio is 28 to 1.  This can be lowered to 21 to 1 for intermittent duty, which 
increases the power output by approximately 50 percent.  Figure 1-231 illustrates 
the wide range of power obtainable from the family of engines with two bore sizes. 

PTC engine cooling is accomplished both by a liquid-cooling and an air- 
cooling system.  The diesel section is liquid-cooled.  The compressor section 
and manifold section are air-cooled by a fan integral to the engine.  The use of 
a radiator is required to reject heat in the liquid system.  It appears that cool- 
ing the diesel section by air will be difficult, although not impossible. 

For the most part the PTC engine can be manufactured using present 
automotive-engine tooling since the power-producing components are similar 
to the reciprocating components of a conventional automotive engine.  The tur- 
oine portion can also be manufactured without difficulty.  The turbine portion 
of the engine operates at a maximum inlet temperature of 1385°F.  This tem- 
perature is from 300 to 400° cooler than the tempßrature of a conventional 
gas-turbine engine.  Consequently the turbine can be manufactured from readily 
available low-cost alloys. 

Figure 1-232 illustrates the estimated fuel-power performance character- 
istics of a 4-in.-bore 2-cylinder PTC engine.  The normal continuous rating 
of this engine is 330 hp.  Additional PTC engine specifications are shown in 
Table 1-23.   Figure 1-233 shows the estimated maximum- and reduced-power 

RAC-R-26 245 



. 

*""} 

(^ — 39'in. "1 "" | 
4 cylinder 

3 cylinder 6 cylinder 

Fig. 1-229—Possible Cylinder Arrangements and Family Capabilities of PTC Engine 
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TABLE 1-22 

Family Capabilities of Piston-Turbine Compound Engine 

Power rating, hp 

No. of cylinders 
Small-bore c 

(3-in. bo 
iesel 

re) 
Large-bore diesel 

;4-in. bore) 

Two 
Continuous 
Intermittent 

Three 

150 
920 

330 
.500 

Continuous 
Intermittent 

Four 

225 
340 

500 
750 

Continuous 
Intermittent 

Six 

300 
450 

660 
900 

Continuous 450 1000 
Intermittent 680 1500 

1600 

1200 L 
a. 

3 
S o 

Small-bore diesel 

3 4 5 
NUMBER OF CYLINDERS 

Fig. l-23)-Fomily Capabilities of PTC Engine 

^~ Intermittent rating *""■—■■■  Continuous rating 

RAC-R-26 247 

---~-^ 

■-■ 

i 

. 

i $&m 



8 

id-an 
'3002101 3NION3  13N 

8 
■«f 

aSMOdSSMOH 3 »VMS  3NION3  13N 

at * 
o 

0. 
■i *> u 

o 
E 

UJ 

f 8 *• I **- 
o —' 

U    « s« 
JJ 

id 81 
"300801 3NION3 13N 
o 
8 

3      S 8      3      8 
*3MOd3SUOH 3XVM8 

248 RAC-R-26 

I   

a 



performance characteristics of this unit.  The fuel consumption curves show 
a minimum SSFC of 0.32 lb/hp-hr at 1500 rpm and 0.35 lb/hp-hr at full load. 
In this horsepower range, conventional compression-ignition engines have a 
minimum SSFC of 0.38 to 0.40 lb/hp-hr. 

TABLE 1-23 

Specifications of PTC Engine 

(4-in.-bore die«*!) 

Item Value or description 

Distal 

Bore, in. 4.0 
Stroke, 2 y 4, in. 8.0 
Displacement, one cylinder, in. ior> 
Maximum engine speed, rpm 3000 
Piston speed, (pm 2100 
Compression ratio Variable 
Combustion chamber Direct 
Cooling, diesel cylinder Water 

Compressor 

Bore, in. T.O 
Stroke, 2x4, in. 8.4 
Displacement, two pistons, in. 323 
Intake valve Reed-type 
Exhaust valve Reed-type 
Airflow (at 831 vol. eft.). Ib/min 33.5 
Pressure ratio 3.75 : 1 
Cooling Air 

Türkin* 

Type Radial-inflow 
Maximum tnrbine-inUt temperature, "(•' 1385 
Maximum turbine-inlet pressure, psia 55 
Maximum speed, rpm 55,000 

The horsepower and torque characteristics of the PTC engine are com- 
parable to those of a conventional diesel engine having similar power and speed 
characteristics. The predicted performance of the PTC engine is based on 
the assumption that: 

(a) The unit will have a compressor volumetric efficiency of 83 percent. 
(b) The "short-circuit" air during scavenging will be 23 percent of the 

compressor-delivered air. 
(c) The diesel cycle is the limiting pressure cycle with injection, designed 

to hold a b90-psi maximum pressure rise during combustion. 
(d) Maximum power in the diesel section is restricted to a fuel-air ratio 

of 60 percent of stoichiometric to control smoking in the tnaniiold and turbine. 
(e) The turbine efficiency varies from 80 to 70 percent, depending on 

speed and load. Actual recovery of energy in exhaust gas at the exhaust-port 
opening is approximately 43 percent. 
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The Southwest Research Institute, which is developing a 4-in.-bore 6-cyl- 
inder 1000-hp PTC engine, estimates that the engine will weigh approximately 
3000 lb in ferrous construction and occupy 30 ft3.  These characteristics cor- 
respond to a specific power output of 3.0 lb/hp and 33 hp/ft3.  However, if the 
engine were constructed of nonferrous material, such as aluminum or magnesium, 
the weight could be reduced to approximately 2400 lb, or 2.4 lb/hp.  The weight 
and volume characteristics of the PTC family of engines, based on present tech- 
nology, are listed in Table 1-24. 

TABLE 1-24 

Weight and Volume Characteristics of PTC Engine0 

Engine horsepower 

Item 330 500 660 1000 

Vol ue 

No. of cylinders 
Weight, lb (est.) 
Dimensions, Lx W ■ II, in 
Volume, ft3 

Specific weight, li./hp 
Specific output, hp/ft 

(approx.) 

2 
880b 

22 x 34 x 
12 
2.7 

27 

27 31 

3 
1300b 

x 34 x 37 
17 
2.6 

29 

4 
1650b 

39 x 34 x 
21 
2.5 

31 

37 56 

6 
2400b 

x 34 x 37 
30 
2.4 

33 

"Data based on present technology. 
Nonferrous construction. 

The PTC engine has not yet been built and would require approximately 
3% to 4'/2 years of development before units could be available for tactical 
vehicles. 

CONCLUSIONS 

Compound engines appear to be feasible and prac^.cal and able to operate 
at low fuel consumption.  This characteristic makes these engines applicable 
for tactical vehicles where low fuel consumption is of greater importance than 
engine size and weight. 

The inherent characteristics of the compound engine make it more suited 
for military than commercial vehicle application. Because of this, commercial 
engine manufacturers are not interested in developing compound engines with 
their own funds. The military would therefore have tc sponsor the develop- 
ment of the compound engine. 

The future potential of the compound engine, including the PTC engine, 
could result in an engine with (a) reduced fuel consumption, (b) multifuel capa- 
bility, and (c) increased power output without an increase in weight or size. 

Figures 1-234 and 1-235 forecast *'» iev*?l of technological achievement 
for the compound engine through IP- 
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It is concluded that an R&D program sponsored by the Government would 
produce a compound engine that could improve the physical and performance 
characteristics of many future tactical vehicles.   However, the development of 
compound engines sponsored by the Government for use as gas generators to 
supply gas to a free-turbine power output is not warranted at this time. 
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Fig. 1-234—Forecast of Specific Weight and Specific Output of PTC Engine 
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Fig. 1-235—Forecast of SSFC of PTC Engine 
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Chapter 15 

FREE-PISTON ENGINES 

INTRODUCTION 

The basic concept of the free-piston engine dates back tc the early 1920's 
when Pescara first proposed this unique power source.  The basic objectives 
of this proposal were to develop a low-cost, lightweight, and compact power 
source with high efficiency that could operate on a wide range of fuel, indepen- 
dent of octane or cetane ratings, and that possessed torque characteristics 
superior to those of conventional reciprocating engines.  However, many prob- 
lems were encountered during the early phases of development, and consequently 
very little further effort was made to develop this engine concept until recent 
years. 

In the early 1950's the French company SIGMA pursued development of 
the original Pescara design and, together with its licensees, has produced and 
sold approximately 600 of these gasifier (gas-generator) units throughout the 
world.  Large industrial free-piston gasifiers have found application in elec- 
trical generating plants, compressor plants, pumping stations, dredges, ships, 
and locomotives.  The SIGMA GS-34 gasifier, shown in Fig. 1-236, is an inward- 
compressing machine capable of delivering 1230 gas hp. 

The French company S. N. Marep has recently introduced the Model EPL- 
H40 gasifier, shown in Fig. 1-237, which is an outward-compressing gasifier 
capable of delivering 2300 gas hp or 2000 turbine shaft hp. 

Both of these French free-piston-turhine machines operate on heavy 
Bunker-C oil and have an SSFC of approximately 0.40 lb/shp-hr and an over- 
all efficiency of approximately 36 percent.  The units are heavily constructed, 
durable industrial machines not applicable to automotive vehicles. 

The Baldwin-Lima-Hamilton Company developed an 800-shp free-piston 
engine for the US Navy Burc *.u of Ships that was intended as a power source 
for small-ship propulsion.  The development program had reached the proto- 
type hardware stage when terminated.  Although some design deficiencies were 
experienced, the unit demonstrated satisfactory overall performance. 

Many other large companies throughout the world have investigated and 
conducted R&D programs for this unique power source, but no engines have 
succeeded in being accepted Tor commercial use.  Interest in this engine con- 
cept was displayed in the mid-1950's by several automotive companies, who 
developed and built limited numbers of these units and installed them in test 
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Fig. 1-236—Cross Section of SIGMA GS-34 Gasifier Unit 
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automobiles and farm tractors.   However, they too discontinued their develop- 
ment work.  A small recently established Canadian research organization is 
perhaps the most active in the development of the free-piston engine today. 

PRINCIPLES OF OPERATION 

The free-piston engine is basically a free-piston gasifier or gas generator 
that supplies hot gases to a turbine wheel.  Figure 1-238 is a schematic diagram 
of a basic gasifier turbine engine.  The gasifier can be considered as an op- 
posed-piston uniflow 2-stroke-cycle compression-ignition engine.  The power 
pistons are rigidly connected to large compressor pistons.  One side of the 
compressor-piston chamber serves as the gas generator and the other side 
serves as a bounce chamber to return the power piston through the compres- 
sion stroke.  The compression ratio is automatically varii J as the power-load 

\ 

Fuel injector 

Exhaust ports 
Air intake valves 

Bounce cylinder 

Diesel cylinder 

Intake ports 

Power output shaft Radial turbine 

Fig. 1-238—Schematic Diagram of Frte-Piston-Gosifitr Turbine Engint 

demand is varied, thereby enabling these units to operate at optimum compres- 
sion and combustion pressures.  Figure 1-239 illustrates the principles of op- 
eration of the free-piston-gasifier turbine engine. 

There arc two basic types of free-piston gasifiers: inward-compressing 
and outward-compressing.  Figure 1-240 schematically illustrates both types. 

The outward-compressing gasifier has a compressor piston mounted co- 
axially to the power piston.  Both units are in work position at the opposite enc 
of the stroke. The pistons are driven by air compressed in the bounce cylinder 
during the previous stroke to the inner dead point of their respective chambers 
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(equivalent to top-dead-center), where the injected fuel is ignited by compres- 
sion. The pistons are forced outward by the combustion reaction on the diesel 
cylinder, which compresses the air within the compressor chamber. The com 
pressed air is utilized to scavenge the diesel chamber and to drive the turbine 
wheel after passing through the combustion cycle, A change from part to full 
load is accomplished by throttling. 

Air—^—*>.} 

In Figur« A, the pistons or* 
completing their travel out- 
ward and are about to bounce 
back.   Intake end exhaust 
ports are open e.id in'oke oir 
is filling the compressor 
cylinder. 

In Figure B, the pistons 
travel inward pumping air 
from the compressor 
cylinder into the air box, 
trapping air in the Diesel 
combustion space.    Intake 
and exhaust ports are 
closed—oir delivery valves 
are open. 

Rotary 
shaft 

Exhaust to otmosphor« 

In Figure C, pistons ore 
completing inward travel. 
Fuel is injected into cy- 
linder.   This is combustion 
or the beginning of the 
power stroke.    Intake and 
exhaust ports are still 
closed—oir delivery 
valves are open. 

Figure D, shows the end of 
power stroke, compressing 
air in bounce space to re- 
turn pistons for next cycle. 
Exhaust end intake ports 
are just opening to scavenge 
Diesel cylinder.   Exhaust 
geses «scape to turbine, 
spinning turbine wheels for 
usable power.   Air is being 
drawn into the compression 

Fig. 1-239—Principles of Operation of Frtw-Piston-Gasifitr Turbine Engine 

The inward-compressing gasifier has a compressor piston coaxially 
mounted to the power piston.  Both units are in work position at the same end 
of the stroke, i.e., the inner dead point of their respective chambers.  The 
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1 
bounce chamber on the opposite side of the compression chamber returns the 
piston through the combustion and compressor strokes.  The inward-compres- 
sing gasifier requires the use of an air reservoir since air is compressed at 
a time in the cycle when exhaust scavenging is not required. A change from 
part to full load requires the uce of a bypass or blowoff valve at the low-power- 
load end to maintain an ideal compression ratio for efficient operation. 

Table 1-25 compares the advantages and disadvantages of the inward- 
compressing and outward-compressing gasifiers. 

TABLE 1-25 

Comparison of Advantages and Disadvantages of Inward-Compressing 
and Outward-Compressing Gasifiers 

Inward-compressing gasifior Outward-compressing gasifier 

Better full-load fuel economy, but poorer part- 
load fuel economy 

Operates at higher part-load (idle) frequency 
(has less speed shift from full load to mini- 
mum idle speed) 

Requires complicated full-load range controls 
(blowoff) 

Requires compressor reservoir 
Simpler and more rigid construction possible 
Less friction IONS since separate bounce cyl- 

inder is not required 
Shorter gasifier unit 
Engine cannot "carry over' should a misfire 

occur 
Lower efficiency due to greater pumpiig loss 

Better part-load fuel economy, but poorer full- 
load fuel economy 

Operates at lower part-load (idle) frequency, 
which results in less frictional wear 

Requires simple controls to cover the entire 
load range 

Requires separate bounce cylinder, which re- 
sults in greater friction loss 

Better accessibility of central section 
Good thermal insulation between cc!d intake 

and hot exhaust 
Longer gasifier owing to arrangement scheme 
Engine can "carry over' should a misfire 

occur 
Efficiency 2 to 4f greater owing to lower 

pumping loss 
Requires external sir-transfer ducts 

Both the inward- and outward-compressing gasifiers require some type 
of synchronous restraint of the piston assemblies within a common cylinder 
or in multicyUnder unit« to maintain their phase relation.  The mechanism 
to accomplish this can be either a toggle linkage or a rack and pinion. 

The unique feature of the free-piston engine is that the compression ratio 
is automatically varied as the power and load demand is varied.  This enables 
the gasffier to operate at optimum compression and combustion pressure cycl. .s 
for efficient burning of almost any type of fuel at a given power level. 

Free-piston gasifiers operate at very high compression ratios. Small 
automotive-type free-piston gasifiers operate at compression ratios from 40:1 
to 50:1. Consequently very high pressures arc generated during the compres- 
sion and combustion cycles. VCR offers versatility inasmuch as it enables the 
engine to burn a wide range of fuels such as gasoline» diesei, CITE, JP-4, etc. 

Starting of free-piston gasifiers is accomplished by compressed air forced 
into the bounce chambers. The compressed air can be supplied by air bottles 
or by a small engine-driven compressor supplying an air tank. 
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Free-piston engines are relatively free from vibration during operation 
owing to symmetrical piston motion.  The gasifiers are very quick to respond 
to acceleration owing to the low inertia of the reciprocating components.  The 
driving of accessories by free-piston turbine engines is difficult owing to the 
absence of a rotating drive on the gasifier and the difficulty of driving off the 
power turbine, which may be at stall or near-stall speed during certain periods 
of vehicle operation.  An acceptable method of providing a drive for accessories 
would be to incorporate a separate low-pressure low-speed exhaust turbine 
located downstream of the main power turbine.  A second method would be to 
drive the accessories by an electric motor powered by a high-speed alt  :nator 
driven by a high-speed turbine located upstream of the main turbine. 

DISCUSSION 

The free-piston engine is in the early R&D stage, and no automotive-type 
ut.its have been produced for acceptable application. 

The free-piston turbine engine has inherent design flexibility for vehicle 
configuration and installation.  Most recent gasifiers (with the exception of the 
GMC GMR-4-4 Hyprex) incorporate a single-cylinder configuration.   Figure 
1-241 illustrates a cross-sectional view of the Ford 519 free-piston turbine en- 
gine, which is of the inward-compressing type.1 This unit is a single-cylinder 
3.75-in.-bore diesel that has developed approximately 160 gas hp and 120 shp. 
The external configuration of the Ford 519 gasifier is shown in Fig. 1-242.   Fig- 
ure 1-243 illustrates the arrangement of its reed-type air-inlet valves.  Figure 
1-244 is a cross section of the Free Piston Development Company, Ltd., Series 
5000 single-cylinder 3.5-in.-bore diesel gasifier of the outward-compressing 
type that develops approximately 100 gas hp.  The series 5000 gasifier is pres- 
ently under development by the Free Piston Development Co., Ltd., which has 
built and sold a small number of these units for experimental use.  The exter- 
nal configuration of the series 5000 gasifier is shown in Fig. 1-245.  Figure 
1-246 illustrates a cross section of the GMC GMR-4-4 Hyprex free-piston gas- 
ifier, which consists of two cylinders "twinned" together in a common assem- 
bly.  This unit is of the inward-compressing type with a diesel bore of 4 in. 
and develops approximately 360 gas hp.  The twin-cylinder configuration re- 
sulted in a gasifier-unit length approximately 20 in. shorter, although somewhat 
wider, than if it were designed as a large-bore single-cylinder unit.  The ex- 
ternal configuration of the GMR-4-4 gasifier unit is shown in Fig. 1-247.  Free- 
piston gasifiers may be designed with either one, two, three, or four cylinders. 
The general arrangement of a proposed 4-cylindit outward-compressing free- 
piston turbine engine that develops approximately 600 hp is shown in Fig. 1-248. 
In multicylinder arrangements the individual cylinders are phased to each other 
to provide a more continuous flow of gas; i.e., the cylinders of a 2-cylinder unit 
are phased 180 deg to each other, and in a 3-cyUnder unit, they are phased 120 
deg apart. 

The free-piston turbine engine can be built as a unit with the gasifier and 
turbine forming a common assembly, or the turbine unit may be placed remotely 
from the gasifier unit with a gas duct connecting the two.  Thin flexibility allow; 
many possibilities for optimum vehicle installation.  Figure 1-249 illustrates 
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Fig. 1-242—Ford 519 Fr»*-Piston Gosifior 

Fig. 1-243—Ford 519 Gositier with Intake Manifolds 

Romovod Showing Rood-Typ« Air-lnlot Volvos 

260 RAC-R-26 



nmvanpiflpainnpvpiH m* mummm*m*F., 

w   f^^      mm     ^*-^^^r w   _ , , „Ki^ 
'--'V.'^J,.«f«i«s;,::.- .>w.S;..K.., '»»• ..»S»,«.-.:^?U-.,:v;;,=i'.\.  ■„•  ;.. = 

o 
U 

E   * 
-2 3 

« a 

I «3 
.2   e 
0.   o 

° s 

M       I. 

2 J5 u 
I 

RAC-R-26 261 



Fig. 1-245—Seiies 5000 Gasifier Unit 

• ?>>•.••• > r j .•>.••• ' i ' ■ > • 

Fig. 1-246—Cross Section of GMC GMR-4-4 Hyprex Siamesed 
Twin-Cylinder Frec-Piston Gasifier 
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Fig. i-247-GMC GMR-4-4 uyprex Gosif yprex bosifier 

Fig. 1-248—General Arrangement o< Possiblr 600-hp 
Multicylinder Free-Piston Turbine Cngine 

with Close-Coupled Gas Turbine 
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a free-piston turbine engine installed in an automotive vehicle with the gas- 
turbine transmission section mounted integrally to the engine. A propeller 
shaft connects the transmission output to the differential input, in the same 

Fig. 1-249—Schematic Diagram of Integral Gasifier-Turbine 
Unit in Automotive Vehicle 

manner as with a conventional power source.  Figure 1-250 illustrates a gas- 
turbine transmission-differential that is located remotely from the gasifier at 
the driving axle of the vehicle.  A duct connects the gas turbine to the gasifier 
unit.   Figure 1-251 illustrates a proposed 150-shp free-piston turbine engine 
with an integral transmission.  The turbine, reduction gearing, and transmis- 
sion are mounted axially to the cylinder center line.  These units may also be 
mounted trancversely to the cylinder center line.  Figures 1-252 and 1-253 
illustrate a free-piston engine installed in a farm tractor.  It was reported1 

that the engine improved the performance of the tractor compared to that 
with a conventional engine and permitted the tractor to operate at increased 
loads without changing gear ratios.   Figure 1-254 illustrates the same gasifier 
unit, coupled with a gas turbine and gear box, installed transversely in a pas- 
senger vehicle. 

Cooling of free-piston engines can be accomplished by utilizing a liquid 
or air cooling system.  The diesel section of the gasifier is liquid-cooled, 
and the compressor sec'ion can be either liquid- or air-cooled.  In vehicle 
applications in which the gasifier section is installed in a confined area where 
there is little natural air flow, a small cooling fan is utilized.  In most applica- 
tions, however, the fan used for cooling the liquid-system radiator may also be 
utilized to circulate air past the compressor section of the gasifier.  Because 
of the high pressures and temperatures generated in the diesel section, it ap- 
pears that air cooUng of this section is difficult. 
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Free-piston turbine engines, for the most part, can be manufactured by 
using present automotive-engine tooling since the power-producing components 
are similar to the reciprocating components of a conventional automotive en- 
gine. Since the turbine operates at inlet temperatures 300 to 500°F lower than 
those of a conventional gas-turbine engine, the turbine wheel can be manufac- 
tured of readily available low-cost alloys. 

Fig. 1-250—Schematic Diagram of Remote Gasifier and 
Turbine Unit in Automotive Vehicle 

The free-piston turbine engine compares favorably in many respects with 
other types of power sources. 

The output characteristics of the free-piston turbine engine are ideally 
suited to the power requirements of automotive vehicles.  Figure 1-255 com- 
pares the torque characteristics of the free-piston turbine engine and the piston 
engine.  The curves indicate that the free-piston turbine engine delivers in- 
creasing torque down to turbine stall speed. This is in contrast to the piston 
engine, which delivers its maximum torque at 40 to 60 percent of its maximum 
speed and power. The ability to provide good torque at stall and near-stall 
speeds eliminates the need for a clutch or torque converter. This reduces the 
size and weight of the transmission unit required for a vehicle. 

The thermal efficiency of the free-piston engine is higher than that of the 
more conventional power sources, such as the spark-ignition engine, compres- 
sion-ignition engine, and the gas-turbine engine. Table 1-26 illustrates a com- 
parison of these power sources with respect to air-cycle thermal efficiency 
and actual thermal efficiency.  Figure 1-256 compares the thermal efficiencies 
of various power sources.  The high efficiency of free-piston engines is largely 
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Fig. 1-252— Free-Piston Turbine Engine 

Installed in a Farm Tractor 

Fig. 1-253—General Arrangement of Gosifier, Turbine, 

Gearbox, and Accessories in Farm Tractor 
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Fig. 1-254—Free-Piston Turbine Engine Installed 

in Passenger Vehicle 

tu 
ZI 
o 
ac. 
O 

Turb ine engine 

Piston engine 

ENGINE SPEED, RPM 

Fig. 1-255—Comparison of Torque Characteristics of 

T irbine Engine and Piston Engine 
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TABLE 1-26 

Comparison of Efficiencies of Several Power Sources 
(Present technology) 

Type of power source 

Characteristic 
Gas turbine 

(regenerated) 

Spark-ignition 
engine 

(gasoline) 

Compression- 
ignition 

engine (diesel) 

Free-piston 
engine 
(diesel) 

Compression ratio (rv) 
Air-cycle thermal efficiency," % 
Actual thermal efficiency,   % 

7:1 
54 
33.7 

10:1 
60 
27.5 

22:1 
71 
35.4 

40:1 
77 
36.4 

Theoretical air-cycle thermal efficiency based on 17 

where y » pp .., - »,^y ,,„»„,, =   j 495 
or--(*) 0.405 

heat »applied - heat rejected 
heat supplied 

hn      , horsepower (ft-lb/hr) x 100 33,000 x 60 x 100 
BMed0D,? *  fSFC ObVhr) x h (Btu/lb) x ft-lb/Btu  " -f\ h x 778.6      P"""* 

Utveaeneioted gas turbine 

Spark-ignition engine 
(gasoline) 

Regenerated gas turbine 

Compression-ignition engine 

Free-piston engine 

0 10 20 30 
ACTUAL THERMAL  EFFICIENCr. X 

Fig, 1-256—TatfM. Efficiencies of Severe» Poem Sources 
Bo»*J on present units in 300- to 600-hp doss. 
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due to the high adiabatic efficiency yielded by their high compression ratio and 
to the large quantities of excess air for combustion and for scavenging provided 
to the highly supercharged power cylinder.2 

The fuel-consumption characteristics of free-piston engines vary with the 
type of gasifier design.  Figure 1-257 compares the full-load fuel consumption 

o.o 

nward-comprcssing 
gotifier 

Outword-compressing 
gasifier 

25 50 
PERCENT OF POWER 

75 100 

Fig. 1-257—Campari ion of Full-Load Fual Ralit of Typical 
Inward* and Outward-Comprouing Frta-Pitton 

Engintt 

of the inward- and outward-compressing gasifiers. The curves show that from 
60 to 100 percent power the inward-compressing gasifier has a lower fuel lvte 
than the outward-compressing type and that the outward-compressing type has 
a lower fuel rate in the lower power ranges. The fuel consumption of small 
(100- to 400-hp) free-piston engines has generally been greater than that of 
compressicn-ignition engines. The automotive engines, such as the Ford 519 
and the GMC Hyprex units, were reported to have demonstrated SSFC of 0.42 
to 0.45 lb/hp-hr, which would correspond to approximately 0.48 to 0.51 lb/shp-hr, 
which is comparable to the fuel consumption of a spark-ignition gasoline engine. 
The automotive companies believe that with further development the fuel con- 
sumption can be reduced to 0.35 to 0.36 lb/ghp-hr, and with the Incorporation 
of more advanced turbines an SSFC of approximately 0.42 lb/shp-hr can be 
attained. Figure 1-258 illustrates the performance characteristics of the Muntz 
inward-compressing free-piston gasifier, which developed 450 gas hp.* The 
fuel-consumption curve indicates a minimum part-throttle SSFC of 0.328 lb/ 
ghp-hr and a full-throttle SSFC of 0.345 lb/ghp-hr. Assuming a turbine effi- 
ciency of 80 percent, a minimum part-throttle SSFC of 0.41 lb/shp-hr and a 
maximum output of 360 shp could be achieved. The fuel-consumption rate of 
this engine is generally comparable to that of a compression-ignition engine 
of the same power rating. Figure 1-259 illustrates the fuel-consumption char- 
acteristics of the Free Pisten Development Co., Ltd., Series 5000 gasifier. 

' 
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GAS HORSEPOWER 

100    200    300    400 
CAS HORSEPOWER 

Fig. 1-258—Performance Characteristics of Muntx 450-ghp Free-Piston Guiitier 

0.45 

DELIVERY PRESSURE RATIO 

Fi|. 1-259—Fuel Contu.-nption of Free Pitta« Development Co. Series 
5000 60-ghp Frte-Piston Gosifier 
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The curve indicates a best-point SSFC of 0.385 lb/ghp-hr and a full-throttle 
SSFC of 0.430 lb/ghp-hr.  If this engine were coupled to a gas turbine of 85 
percent efficiency, the best fuel-consumption rate would be approximately 0.45 
lb/shp-hr. This performance lies between that of the compression-ignition 
engine and the spark-ignition gasoline engine. The developers of the Series 
5000 gasifier assert that this fuel consumption could be lowered considerably.* 
Table 1-27 illustrates the present thermodynamic performance of the Series 
5000 gasifier. The gas-horsepower figures in this table are for a single-cyl- 
inder unit. The horsepower can be doubled or tripled by "twinning" or 'tripling" 

TABLE 1-27 

Thermodynamic Performance of Series 5000M 
Free-Piston Gasifier 

It«. 
Value 

Present Developed 

Delivery pressure ralio   Pj,|/Pa 

Delivery temperature  T. . "R 
frequency, cycles/min 
Mean piston speed, ft/min 
Mass (low M, lb /min 
Trapped air 'fuel ratio   R r 

Gas thermal efficiency   n 
Gas specific consumption, lb/ghp-hr 
Gas horsepower, ghp 
Diesel indicated efficiency, 1 
Mechanical efficiency, % 
Compressor efficiency, 1 
Pressure loss factor   F 
Fractional cylinder heal loss 

3.8 5 
1356 1435 
2015 2330 
1575 1850 

26.0 33.8 
31.8" 35 
0.34? 0.476 
0.409 0.294 

64.6 100.0 
0.40" 0.46 
0.74* 0.79 
0.87" 0.90 
1.22* 1.20 
0.33 0.15 

"Estimated. 

the gasifiers into a common unit.  Table 1-28 lists the specifications of the 
present-development free-piston engine and probable engines tlu» could be 
available if their development were pursued. The data in this table are based 
on investigations of advanced-development engines by the Free Piston Devel- 
opment Company, Ltd. An SSFC of 0.346 lb/shp-hr tor the Series 5000M 85-shp 
gasifier is based on present technology.  Afterburning can be incorporated into 
this engine and would increase the output to 109 shp, but would also increase 
fuel consumption to 0.393 lb/shp-hr. The technique of using fuel in an after- 
burner is not as efficient as adding the fuel to the diesel section of the engine. 
Estimated turbine and reduction-gearbox weights listed in Table 1-28 appear 
to be high. The operating characteristics of these components are similar to 
those of a conventional gas-turbine engine, and similar components may be 
used. Based on this reasoning, it appears that the weight of these components 
in the table may be reduced by approximately 50 percent, which would reduce 
the weight of the complete engine by 15 to 20 percent. 
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A so-called "hot* engine, shown in Fig. 1-260, has been proposed by Free 
Piston Development Co., Ltd.4   Cooling of the diesel and compressor sec- 
tions of this engine has been intentionally suppressed by adapting a labyrinth 
seal in place of conventional piston rings, and incorporating vacuum pockets 
in both the fixed and reciprocating components.  Incorporation of vacuum spaces 

External bounce 
arrangement 

njector 

Vacuum 
pockets 

Diesel liner 

Electron 

beam weld 

Fig. 1-260—Cross Section of Proposed Hot Gasifier Utilizing 
Labyrinth Sealing of Pistons 

in the diesel pistons and cylinder liners largely suppresses the flow of heat 
into the surroundings.  This construction is possible since side loads on the 
pistons are virtually eliminated.  This concept requires the use of high-strength 
high-temnerature metal alloys.  The uncooled gas-generator cycle, if devel- 
oped, offers improvements over the conventional gas-generator cycle and the 
turbocharged and compound cycles.   Figure 1-261 illustrates the potential in- 
crease in the output of the hot gasifier as compared, to those of other engines. 
A comparison in overall efficiency of the hot engine with other engines is il- 
lustrated in Fig. 1-262, which indicates an overall efficiency of 46.8 percent 
for the hot-gas generator.4 The output and efficiency increase appears only 
at very high boost pressures.   Investigations show that the hot-gasifier engine 
should achieve better fuel consumption than conventional large gasifiers.  The 
SSFC of the hot gasifier is projected to be 0.289 lb/shp-hr, as compared with 
0.346 lb/shp-hr for the conventional gasifier.   Further increases in powei out- 
put can be obtained in the hot gasifier by afterburning.  However, the SSFC will 
».hen increase to approximately 0.329 lb/shp-hr, since fuel is not used as effi- 
ciently in an afterburner as it is when added to the diesel cycle. 

Free-piston engines compare favorably in size and weight with conven- 
tional compression-ignition engines.  Free-piston engines built to date weigh 
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Fig. 1-263—Trend Forecast of Futi Consumption 
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from 4.5 to 6.5 lb/hp and have a specific output of 11 to 14 hp/ft3.  This is com- 
parable to an average conventional compression-ignition engine with specific 
outputs of 5 lb/hp and 10 hp/ft3.  Both types of units compared are constructed 
of iron.  If lightweight materials were used, the weight figures would decrease 
by approximately 20 to 22 percent.  Additional development could further in- 
crease the power output of free-piston turbine engines.  These improvements 
could be accomplished by 

(a) Improving the gas cycle 
(b) Increasing gasifier working pressures 
(c) Increasing working temperatures 
(d) Increasing turbine efficiency 
(e) Using lighter materials 

CONCLUSIONS 

The free-piston turbine engine concept is feasible and practical.  Its main 
advantage is its multifuel capability and low fuel consumption.   Free-piston 
engines could nave application in certain tactical vehicles where low fuel con- 
sumption is of gj eater importance than the size and weight of the power plant. 
Like free-spool gas-turbine engines, free-piston turbine engines have a char- 
acteristic that is similar to that of a torque converter.  Further development 
of the free-piston turbine engine is required before it can be accepted as a vehi- 
cle power source.  It appears that present deficiencies can be overcome by de- 
veloping a better starting system, greater control, and more reliable reed 
valves, and by providing for a suitable accessory drive. 

Commercial engine manufacturers show little or no interest in develop- 
ing free-piston engines since they are more suited for mil'iary application. 
The military would therefore have to sponsor any development programs for 
free-piston engines if they are to be available for future tactical vehicles by 1980. 

Free-piston turbine engines, with continued development, have the po- 
tential to: 

(a) Reduce fuel consumption 
(b) Attain a multifuel capability 
(c) Increase power output at reduced weight 
(d) Increase power output for engine size 
(e) Achieve good reliability 
(f) Reduce maintenance requirements 
The trend-forecast charts shown in Figs. 1-263 to 1-265 illustrate the 

estimated level of technological achievement of the free-piston turbine engine 
through 1980. 

It is concluded that Government support of a research and development 
program for a free-piston turbine engine is warranted. 
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C dpter 16 

KGG-CYCLE I REE-PISTON ENGINES 

INTRODUCTION 

'.  e KGG or Kuhns gas-generator cycle is a recent concept of a novel gas- 
cycle and gasifier unit that can be used in conjunction with a turbine to supply 
shaft power, much the same as a conventional gas-turbine engine. This unit is 
at present in the research stage, and no hardware has been produced.  Patent 
rights to the KGG-cycle gas generator are assigned to the Marquardt Corporation. 

The free-piston KGG is comprised of a stationary casing and two oppositely 
reciprocating piston-shell assemblies. The operational concept is similar to 
that of a more conventional free-piston gasifier.  Each of these shell assem- 
blies is in turn comprised of an outer and inner shell assembly.  The outer 
shell slides along the central tube on dry-film-lubricated bearings and within 
the exhaust gas seals of the casing.   The inner shell also slides on dry-film- 
lubricated bearings along the central tube and forms two symmetrically opposed 
sets of compression and expansion chambers. These chambers are sealed by 
dry-film-lubricated piston rings.  A toroidal combustion chamber located at 
either end of the inner she! is intermediate in each set of chambers to create 
a double-acting engine. Automatic reed valves govern the flows through this 
engine.  The combustion-chamber valves are closed for one complete piston 
stroke to secure efficient combustion under nearly constant-volume conditions 
without external disturbances. 

A starting cell containing a spark plug is used to initiate combustion dur- 
ing the first combustion cycle only.  Combustion occurs by autoignition after 
the first cycle. 

The KGG has inherent perfect dynamic balance, which enables the unit to 
operate smoothly and without vibration. The gasifier can be coupled to an axial 
or radial-inflow turbine similar to the more conventional free-piston gasifier. 
The turbine unit may be mounted integrally with the gasifier unit, as in Fig. 
1-266, or remotely located, as in Fig. 1-267.   Flexibility in location of the power 
unit (turbine) provides greater flexibility for vehicle design.  The gasifier sec- 
tion may be designed as a single unit or as two or more smaller units coupled 
together for greater compactness. A speed-reduction gearbox is required to 
reduce the output-shaft speed (which is of the same order as gas-turbine en- 
gine speeds) for vehicular application.  Accessories may also be driven from 
this speed-reduction unit. Operation of the engine turbine at or near stall 
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F!g. 1.267—KGC Engine with Remote Turbine 

280 RAC-R-26 

■—m—~~ 1W? 

--- 
■ t 

* 

- 
■ 

... 

IM* 



«MMMM miiMmmimmmmmimmtmKmmmm 

speeds would require a small gas-driven turbine or electrically driven acces- 
sory gearbox for most vehicular applications. 

DISCUSSION 

The KGG cycle ir considered intermediate between that theoretically ob- 
tainable by pulsating-flow reciprocating-piston engines with constant-volume 
combustion and that by steady-flow gas-turbine engines with constant-pressure 
combustion.  Figure 1-268 illustrates a comparison of the KGG, Otto, and Bray- 
ton cycles.  The KGG cycle appears to gain the advantage of thermal compres- 
sion in a closed volume while avoiding the severe pressure rise of constant- 
volume combustion.  It also has the advantage of decreased sensitivity to com- 
ponent losses while avoiding the high wall temperatures inherent in constant- 
pressure combustion. 

The developer claims that the KGG cycle has a higher thermal efficiency 
than the gas-turbine (3rayton-cycle) gas generator when both have practical 
levels of component losses. Valve-pressure losses with the KGG-cycIe gas- 
ifier will decrease with increasing compressor pressure ratio, whereas in the 

- Otto cycle (Constant-volume combustion) 

-KGG cycl« 
Broyton cycle (Coni.tant-pressure 

cotr.tn i(ion) 

VOLUME 

Fig. 1-268—Comparison of KGG, Otto, and Broyton Cycles 

gas-turbine gas generator the blade aerodynamic losses increase with increas- 
ing compressor pressure ratio. Considerable power-gene rating capability 
exists without initial compression, which enables the gasifier unit to be self- 
started without high-speed cranking.  The thermal efficiency of the KGG and 
the gas-turbine gas generator are compared in Fig. 1-269. The curves show 
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that the KGG cycle has higher thermal efficiency than the gas-turbine gasifier 
over the lull pressure-ratio range.  Figure 1-270 illustrates the horsepower 
per pound of air processed as a function of wall temperature fcr the KGG-cycle 
and Brayton-cycle gasifiers.  The curves show that the KGG-cycle gasifier has 
a much higher power output at a given wall temperature than the Brayton-cycle 
gas generator. 
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Fig. 1-269—Thermal-Efficiency Comparison of KGG with Gas-Turbine Gas Generator 

™^— Kuhns gas generator       ^~ ■""• Gas-turbine gas generator 

The single-stage piston-expansion-cooling of hot gases in the KGG gas- 
ifier results in much lower uncooled wall temperatures than in a gas turbine. 
Cooling the compact KGG parts, which are subjected to intermittent flows at 
relatively low velocities (compared with the .arge blade areas continuously 
subjected to extremely high velocities in a gas turbine), should be relatively 
easy to accomplish. 

Figure 1-27: illustrates the effect of combining the characteristics Phown 
in Figs. 1-269 and 1-270 and compares the thermal efficiencies of a KGG with 
a gas-turbine gas generator. The curves indicate that the KGG has a thermal 
efficiency approximately 50 percent higher than that of the gas-turbine gas gen- 
erator at midrange pressure ratios. 

Very high component efficiencies are claimed for the KGG-cycle gasifier 
by the engine developer. The internal performance of the piston components 
is in theory highly efficient. The toroidal vortex combustor should be able to 
achieve nearly complete burning of fuel. The combustion process, without ex- 
ternal or internal flow disturbance, proceeds for approximately 3 msec, which 
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As comparable with both the diecel and the gas turbine.  Studies conducted by 
the Marquardt Corporation indicate that, owing to relatively low flow velocities 
and straight-line flow paths between the valves, the burning losses are negligible 
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I 
in the KGG gasifier.  The sudden-expansion losses for the KGG-cycle gasifier 
concept, as a function of piston speed and intake-valve/piston area ratio, are 
shown in Fig. 1-272.  The chart indicates that at extreme speeds valve areas 
less than half the piston area result in a pressure loss of approximately 5 per- 
cent. If this figure is correct, the KGG unit appears to yield higher theoretical 
overall efficiencies than gas turbines.  The largt valve areas in the KGG unit 
are in sharp contrast to those of conventional reciprocating engines, which may 
have intake valves with an open area of approximately 10 to 15 percent of piston 
area. The Marquardt Corporation studies indicate that it is feasible to con- 
sider open valve areas as high as 80 percenv. of the piston area. However, this 
figure appears to be highly optimistic. 

The KGG-cycle gasifier is of lightweig-u construction and is comprised 
of approximately 100 parts, including controls and automatic interlocks. 

The developer estimates that a typical KGG-cycle gasifier in its final 
form would produce 1000 ghp from a unit several times lighter and more com- 
pact than a conventional axial-compressor-turbine gasifier. The developer's 
estimate of the weight and volume of this unit appears tobe very optimistic, 
although it is for a very-high-performance aircraft-type unit.  The unit would 
have a SSFC of less than 0.34 lb/ghp-hr. A turboshaft version of this unit with 
a turbine efficiency of 85 percent would produce 850 shp at a specific fuel con- 
sumption of approximately 0.35 to 0.36 lb/shp-hr.  Table 1-29 lists the esti- 
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mated engine characteristics of realistic vehicular power plants in 250-, 500-, 
and 1000-shp sizes, which could be available in 8 to 10 years of concentrated 
development effort. 

TABLE 1-29 

Estimated Characteristics of KGG Turbine Engines 

Item 
Shaft horsepower at 3500-4000 rpm 

250 500 1000 

Weight, lb (includes gasifier unit, power-turbine 137 225 400 
rotor, turbine case and support, reduction and 
drive gearbox,.accessory-drive assembly, gas 
ducts, and all controls) 

Specific weight, lb/shp 0.56 0.45 0.38 
Volume, ft3 4.2 7.2 12.5 
Specific volume, hp/ft 60 70 80 
SSFC at 100 percent power, lb/shp-hr 0.37-0.38 0.35-0.36 0.34-0.35 
Minimum SSFC, lb/shp-hr 0.36-0.37 0,34-0.35 0.33-0.35 

Most of the parts that make up the gas generator are circular and can be 
easily cast or readily formed from sheet metal.  Their design and function per- 
mit wide tolerances.   The turbine wheels and reduction gearboxes are similar 
to those presently used in gas-turbine engines and would require low develop- 
ment costs.  In addition the use of a conventional starter system and complex 
lubrication systems could be avoided. 

CONCLUSIONS 

The KGG cycle appears to be feasible and workable.  However, many de- 
sign parameters must be considered and evaluated prior to construction of 
components for unit testing.  Comprehensive analytical efforts are required 
in the following areas: 

(a) Thorough cycle analysis 
(b) Peak cycle temperatures 
(c) Maximum wall temperatures 
(d) Optimum pressure ratio 
(e) Piston frequency 
(f) Proper balance of stress levels, fatigue, and creep limits in light- 

weight metal parts 
In addition to the above analytical studies, many areas of design would 

require major development effort. Some of these are: 
(a) Inlet and charge valves 
(b) Discharge valve 
(c) Exhaust valve 
(d) Seals 
(e) Bearings and lubrication 
(f) Materials selection 
The future potential of the KGG turbine engine, with continued and unlim- 

ited development, could result in the following achievements: 
(a) Reduced fuel consumption 
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(b) Multifuel capability 
(c) Increased power output at reduced weight 
(d) Increased power output for engine size 
(e) Reduced maintenance 
(f) Lower productic- cost than present engines 
The forecast charts, shown in Figs. 1-273 and 1-274, illustrate the esti- 

mated level of technological achievement of the KGG turbine engine through 1980. 
The development of the KGG turbine engine is considered to be s. high- 

risk venture.  There appears to be a lack of interest in developing this unit 
on the part of the US Air Force because of the risk involved and skepticism on 
achieving technological advancements beyond those already provided by the 
gas-turbine jet engine. 

It is concluded that the US Army should not sponsor the development of 
the KGG turbine engine for tactical-vehicle application until a thorough cycle 
and mechanical analysis can be conducted or development of the engine is spon- 
sored by the Government for use in aircraft. If these efforts are successful, 
the engine should be considered for use in tactical vehicles. If vehicular ap- 
plication is judged promising, the engine would then require additional de- 
velopment. 
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Chapter 17 

INTRODUCTION TO PART II 

For the purpose of this study, the phrase "power-conversion devices" in- 
cludes all those components required for a system to transmit power from an 
energy-conversion device to the driving wheels or sprockets of a vehicle. 

Although the primary function of a power-conversion device is to trans- 
mit power, other basic functions must be provided for acceptable vehicle op- 
eration.  The power-conversion device must be capable of 

(a) Changing the output speed and torque of the energy-conversion device. 
(b) Engaging or disengaging the power. 
(c) Being readily controlled by the driver. 
To accomplish these basic functions efficiently, power-conversion de- 

vices are designed with a number of operating-speed ranges to match the speed 
and torque characteristics of the energy-conversion device. 

Steadily increasing vehicle performance requirements have continued to 
place higher demands on power-conversion devices, which have resulted in the 
development of many new concepts. 

In recent years emphasis has been placed on higher vehicle speeds and 
acceleration for improved vehicle agility.   In addition a concerted effort has 
been made by the US Army to improve the physical and performance specifica- 
tions of tactical vehicles.  Vehicles must be capable of swimming in inland 
waters, be transportable by air and exert low ground pressure in order to 
improve mobility.  These requirements have resulted in the development of 
power-conversion devices that are more complex in design, more costly to 
produce and maintain, more efficient, smaller, and lighter than their predeces- 
sors.   However, their size and weight in relation to their power output must 
be reduced further in order to meet the goals set for future tactical vehicles. 
Since space in tactical vehicles for power-conversion devices is limited, they 
must transmit greater power without an increase in weight or size, or, if 
emphasis is placed on reducing the vehicle's weight, they must transmit the 
same power with reduced weight and size. 

Tracked vehicles require a feature that is not required by most wheeled 
vehicles.  This feature is the ability to create a controlled speed differential 
between the tracks to steer the vehicle.  The addition of this feature makes 
power-conversion devices for tracked vehicles larger, heavier, and more ex- 
pensive to produce than comparable power-conversion devices for wheeled 
vehicles. 
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A definition has been recently established by military personnel to specify 
power-conversion devices for wheeled vehicles as "transmissions" and power- 
conversion devices for tracked vehicles as "power trains" when steering and 
braking functions are included. 

The five basic types of power-conversion devices discussed in this report 
are 

(a) Mechanical 
(b) Hydrokinetic 
(c) Hydromechanical 
(d) Hydrostatic drive 
(e) Electric drive 

Chapter 18 for wheeled vehicles, 
Chapter 19 for tracked vehicles 

The first three power-conversion devices are discussed separately for 
wheeled and tracked vehicles; the last two are discussed together since they 
are applicable to both wheeled and tracked vehicles. 
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Chapter 18 

MECHANICAL, HYDROKINETIC, AND HYDROMECHANICAL 
POWER-CONVERSION DEVICES 

Information on mechanical, hydrokinetic, and hydromechanical power- 
conversion devices discussed was obtained from written reports prepared by 
industry and Government agencies and interviews with personnel from each of 
these two groups.  This information was evaluated in an effort to ascertain 
(a) the power-conversion devices that will satisfy future tactical vehicle re- 
quirements, (b) the types and sizes of conversion devices not available for 
future tactical vehicle requirements, and (c) present concepts that may fulfill 
some known future requirements if R&D efforts were implemented. 

A visit was made to ATAC in Warren, Mich.  Discussions with personnel 
at this agency centered around current and future developments of military 
conversion devices.  Some detailed information and technical data were re- 
ceived. Of particular interest was a chart on various power-conversion pro- 
grams for vehicles from % to 50 tons GVW in the past or now being implemented. 
At RAC's request, ATAC authorized visits to several industries that have mili- 
tary contracts concerned with power-conversion devices under ATAC's cog- 
nizance. 

A visit was made to Allison Division of GMC, Indianapolis, Ind., to dis- 
cuss various hydrokinetic power-conversion-device programs.   New power- 
conversion-device concepts related to military vehicle requirements were 
discussed. 

Contact was made with personnel at Fuller Division of Eaton, Yale and 
Towne Corporation of Kalamazoo, Mich.  Discussions were held on their me- 
chanical conversion devices pertaining to several new concepts that show 
promise of reducing device weight while increasing the "orformance. 

Contact was made with General Electric Company, Ballston Spa, N. Y., 
and American Brake Shoe Corporation, Columbus, Ohio, for data on their 
hydromechanical programs, and vehicle test results were discussed. 

Contact was made with Curtiss-Wright Corporation of Woodridge, N. J. 
Discussions were held on toroidal transmission, commonly called a "traction 
drive." This transmission was tested by ATAC for possible military applica- 
tion.  Various deficiencies of the traction drive and tne limits affecting appli- 
cation were revealed by both ATAC and Curtiss-Wright Corporation personnel. 

Personnel at Spicer Division of Dana Corporation were contacted on their 
development of military transmissions.  Their development programs are 
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primarily directed to improve component designs.   Their success in such pro- 
grams could improve reliability and overall efficiency. 

WHEELED VEHICLES VS TRACKED VEHICLES 

Power-conversion devices of wheeled and tracked vehicles have been 
analyzed separately, since tracked vehicles provide a device through which 
steering is accomplished.  The steering unit can be either an integral part of 
the power-conversion device or a separate assembly.  In either case it is con- 
sidered part of the power-conversion device for a tracked vehicle.  With respect 
to equally rated wheeled-vehicle units and tracked-vehicle units the tracked- 
vehicle unit is, in general, heavier, bulkier, more complex, and more costly. 
Since a comparison of wheeled and tracked vehicles cannot be made on an equal 
basis, they are discussed and referred to separately in Part II as "Transmis- 
sions for Wheeled Vehicles" and "Power Trains for Tracked Vehicles." 

MECHANICAL TRANSMISSIONS FOR WHEELED VEHICLES 

Mechanical Transmissions 

Mechanical transmissions utilize only mechanical components to transmit 
and convert the power from the power plant in the form of speed and torque to 
their points of application, which are the driving wheels of the vehicle. 

These are analyzed in the sequence of their development: 
Mechanical Transmissions: 

(a) Progressive sliding gear 
(b) Selective sliding gear 
(c) Constant mesh 
(d) Synchromesh 
(e) Traction drive 
(f) Belt drive 

The elements and mechanisms adapted in a mechanical transmission are 
based on known principles developed a long time ago.   However, application of 
the transmission concept as such was not made until 1834, when a number of 
gear sets having different ratios were assembled in the first "gearbox" invented. 
This design achieved torque multiplication and speed changes for vehicular 
application. 

The fundamental functions and principles of the elements used in this first 
design such as gears, shafts, bearings, clutches, etc., have remained unchanged 
during the evolution of transmission design.  The history of the development, 
however, has been marked with a sequence of component and component rela- 
tion discoveries and practical inventions that have made constant improvements 
in transmission capability.  These transmissions have undergone continuous 
modification from the data of the first design, which was quii£ inefficient, bulky, 
and heavy.  Units today are considered reasonably priced, efficient, compact, 
light in weight (on a comparative basis), and reliable for vehicular application. 
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Progressive Sliding-Gear Transmission 

The progressive sliding-gear transmission was the first type of transmis- 
sion used for both commercial and military vehicles.   "Progressive sliding" 
describes a transmission principle.  A number of gear sets are arranged so 
that gear shifting can be performed only in a progressive ord^r.  The mech- 
anisms do not permit a shifting from the first set of gears to the third without 
first shifting through a second set of gears.  The same shifting sequence ap- 
plies, in the reverse, for down shifting.  The design is quite simple and results 
in an efficient, trouble-free, and compact unit for the power that it is capable 
of transmitting. 

The progressive sliding-gear transmission had disadvantages for vehicular 
usage.   The sliding-gear transmission principle requires a straight-tooth gear 
design to allow engagement of rotating gears.  Spur gears with this type of stub 
tooth are noisy in certain speed ranges, and gear clashing occurs during shift- 
ing operation.  The shifting of gears is cumbersome and very inefficient from 
the standpoint of vehicle control.   These disadvantages outweigh the desirable 
characteristics of this type of transmission.   Therefore, progressive sliding- 
gear transmissions are generally not used for vehicles except for some instal- 
lations in motorcycles and other similar small vehicles. 

Selective Sliding-Gear Transmission 

The selective sliding-gear transmission superseded the progressive slid- 
ing-gear transmission and was incorporated in most military wheeled vehicles 
during and shortly after WWII. 

The principle differs from the progressive sliding gear inasmuch as any 
selection of gear ratios is possible without passing through intermediate gear 
ranges.  This improvement over the progressive sliding-gear principle pro- 
vided better unit control and increased vehicle mobility.  No other changes 
were incorporated into this unit to increase its capabilities over that of the 
progressive sliding-gear type.  The principal components remained the same, 
and the noise and gear clashing were not eliminated. 

There are still some vehicles with selective sliding-gear transmissions 
in operation, but generally no new vehicles are being built with selective slid- 
ing-gear transmissions.  New types of transmissions have replaced them. 

Constant-Mesh Transmissions 

The next step in transmission development was the constant-mesh trans- 
mission.   This transmission superseded the selective sliding-gear transmis- 
sion and was adopted for military application after WWII. 

Constant-mesh transmissions differ from selective sliding-jear trans- 
missions mainly in the method of gear shifting.  Selective sliding-gear trans- 
missions follow the principle of meshing gears through axial sliding of one 
gear to mate with its counterpart; constant-mesh transmission gears are con- 
tinuously in mesh.  This permits the designer to use helical gears to provide 
smoother and quieter operation.  These gears are splined to the same shaft 
as one of the free-wheeling main gears.  The clutch gears are moved axially 
during the shifting operation until the external teeth engage with the internal 
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teeth of the free-wheeling main gear.  This action ties the main gear through 
the clutch gear to the shaft that transmits the power to the output shaft. 

The use of helical gears in the intermediate and high-speed ranges has 
eliminated some of the transmission noises.   However, gear-teeth clashing 
was not eliminated, and gear shifting is still accompanied by the usual gear- 
clashing noise during the engagement between the external clutch gear and in- 
ternal main-gear teeth. 

The use of constant-mesh transmissions for military vehicles has been 
greatly reduced in recent years, and their installation is now limited to a rela- 
tively small number of vehicles in the heavier weight classes.   New concepts 
have been developed, and most of the constant-mesh transmissions have been 
replaced with synchromesh transmissions. 

Synchromesh Transmissions 

This type of transmission represents the latest design concept for mechan- 
ical transmissions. 

The synchromesh design is based on the constant-mesh transmission prin- 
ciple that keeps main transmission gears constantly engaged.   However, it in- 
corporates additional features that eliminate gear clashing between mating 
parts and provides a much smoother power flow throughout the entire power 
range.  This is achieved through a combination of friction and positive engage- 
ment clutches.  The friction clutch synchronizes the speeds of rotating mem- 
bers after which the positive engagement clutch engages the driving and driven 
gear with the transmission main shaft.  All this is accomplished during de- 
clutching and the gear-selector shifting operation. 

Ever since their first installation in military and commercial vehicles, 
synchromesh transmissions have proved superior in operating characteristics 
over other previously mentioned transmissions, which accounts for their usage 
in almost all weight classes of military wheeled vehicles today. 

Constant development of this transmission has resulted in its widespread 
use, and future development and improvements will be continued by industry. 
The basic principle has remained the same.  Future improvements may not be 
as significant as they have been in the past, but further development will be 
continued by industry since synchromesh transmissions will remain acceptable 
for vehicular applications in the foreseeable future. 

* 

Traction Drives 

The design of a traction-drive automotive transmission was first con- 
ceived in 1943, but it was not until 1959 that a useful model was constructed 
and tested in a vehicle. 

The principle of a traction drive relies on the surface friction between 
two contacting elements to transmit motion and force from one to the other. 
Several different configurations have been designed, of which the commonly 
known are the following types: 

(a) Dual ring 
(b) Spool 
(c) Internal spool 
(d) Planet roller 
(e) Toroidal 
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All these developments have been used for various commercial applications, 
but only one, the toroidal traction drive, showed sufficient promise to be sup- 
ported by the military for installation in a military vehicle. 

The main components of the toroidal traction drive are two disks and 
three rollers.  One disk is the driver or input member, the other the driven 
or output member.  The rollers are located between the disks and are free to 
rotate around their own individual axes.  They are constantly in surface con- 
tact with both disks, thus providing an uninterrupted infinitely variable ratio 
between the input and output shafts.  These speed ratios vary from 1:1 to 8:1. 
This can be obtained by changing the roller position in relation to the common 
drive center line of the disks.  Positioning of the rollers is accomplished hy- 
draulically and activated through hydraulic pressure signals from the control 
system. 

The toroidal traction drive cannot be used for vehicles unless a method 
is provided to disengage the drive and a device provided to reverse the direc- 
tion of the output speed.   Furthermore, only half the overall ratio of 8:1 can be 
fully utilized unless a 4:1 reduction gearbox is provided. 

The construction of a toroidal traction drive is compact in design, but the 
overall unit size combined with a gearbox is larger and heavier than other mech- 
anical transmissions of equal rating. 

The efficiency of this friction drive is rated between 86 and 91 percent, 
not counting the power losses from the hydraulic pump that provides lubrica- 
tion for the drive components.  Assuming an average efficiency of 88.5 percent 
for the toroidal traction drive and 96 percent for the gearbox, the combined 
unit efficiency is less than that of a four- or five-speed synchromesh mechani- 
cal transmission. 

From the standpoint of durability and judging by the present state of the 
art, traction drives cannot compete with other mechanical power-conversion 
devices.   However, this may not be due to a faulty concept, but rather due to 
the difficulty of controlling the rollers during ratio changes.  Most of the failures 
occurred owing to the lack of position traction from surface friction.  The slight- 
est misalignment of one roller results in its being out of phase with the others. 
This means that two different ratios are being engaged at the same time be- 
tween input and output disks.  When this occurs, one or the other rollers be- 
gins to slip, and the buildup of excessive heat breaks down the oil film between 
roller and disks, and the material spalls. 

Military efforts on toroidal drives have been under the ognizance of 
AT AC.  An experimental model combined with a gearbox was installed in an 
M151 jeep and endurance tested during highway and cross-country operation. 
The test was terminated in 1962 after 16,675 miles owing to roller control 
failures resulting in gross slippage and wear.  A follow-on contract was awarded 
to provide a toroidal drive with improved controls for an additional evaluation 
test of 20,000 miles.  That test began in October 1963 and terminated in 1964. 

A preliminary design contract for a toroidal traction-drive transmission 
in a 5-ton XM656 vehicle was initiated.  But the program was terminated when 
no concept was derived to overcome the roller control deficiencies encountered 
during the-two tests of the M151 jeep. 

Despite the advantage of an infinitely variable speed capability, it cannot 
be foreseen that the toroidal drive would be an improvement over other existing 
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mobility requirements for on- «.nd off-highway vehicles could not be fully ac- 
complished with mechanical transmissions, and most vehicles are currently 
incorporating hydrokinetic transmissions. 

Various concepts of the hydrokinetic transmission have been developed 
through the years.  These are discussed in the sequence of their development: 

(a) "Hydramatic."* 
(b) Torque converter. 
(c) "Torqmatic."* 
(d) TX Series. 

"Hydramatic" Transmission 

The "hydramatic" transmission is fully automatic and utilizes a fluid 
coupling between the energy-conversion drive and the mechanical gear set. 
Many commercial vehicles employ this design in both passenger cars and trucks. 
The military vehicles use this transmission in various types of 2l/2-ton trucks 
in the 100- to 150-hp range. 

Fluid couplings are hydrodynamic drives that transmit torque and speed 
without torque multiplication.  There is always a certain amount of slippage 
and efficiency loss between impeller and reactor.  The amount depends on the 
torque and speed that are being transmitted.  At low speed the efficiency loss 
is the greatest, while at high speed the efficiency loss may be as low as 3 per- 
cent. The changing of gears is accomplished automatically by changes in hy- 
draulic pressure, activated by either throttle control or vehicle-speed-sensing 
devices.   This principle is commonly used throughout the various automatic 
hydrokinetic transmissions.  Most "hydramatic " transmissions used in the fleet 
of military trucks provide four forward and one reverse speed.  Some of these 
truck transmissions, however, provide power in one direction only, and revers- 
ing is accomplished within the transfer-case assemblies. 

"Hydramatic" transmissions are compact and their specific rating and 
volumetric efficiency is not much lower than a comparable mechanical trans- 
mission.  The overall mechi-.cal efficiency of the "hydramatic" transmission 
is less, but this has been an accepted tradeoff for better vehicle control. 

Since the first installation of "hydramatic" transmissions in military 
trucks, advances have been made in other types of hydrokinetic power conver- 
sion devices.  These are gradually replacing "hydramatic" transmissions in 
military trucks. 

Torque-Converter Transmission 

The torque-converter transmission was designed and developed shortly 
after the "hydramatic* transmission was developed.  Both utilize the same 
principle for the mechanical portion of the system and vary only in the hydro- 
dynamic elements used. 

Torque-converter transmissions incorporate a torqv    converter that pro- 
vides the same function as a fluid coupling but, in addition-., has the ability to 
multiply torque. 

»GMC trademark. 
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The torque converter increases the overall transmission torque range 
that could otherwise be accomplished by the addition of a mechanical gear set 
but at an appreciable increase in weight.  The torque converter has better ef- 
ficiency than the fluid coupling during the high-torque—low-speed-range opera- 
tions but efficiency decreases considerably at high-speed—low-torque-range 
operations.  To overcome the decreased efficiency most torque converters are 
designed with an automatic lockout at the higher speeds that provides for a 
direct drive by bypassing the converter. 

All hydrokinetic transmissions, with the exception of the hydramatic, in- 
corporate a torque converter. 

The automotive industry is using torque-converter transmissions in all 
passenger cars and light trucks that are equipped with automatic transmissions. 
The military may purchase some of these commercial vehicles but not for 
tactical purposes. Since industry is constantly improving torque-converter 
transmissions, there is no need for additional development by the Government. 

"Torqmatic" Transmissions 

"Torqmatic" transmissions are the "truck version" of torque-converter 
transmissions.   Both transmissions are based on the same principle, but "torq- 
matic" transmissions are used for heavy-duty vehicles.  Their power rating is 
higher than that of torque-converter transmissions, and their construction is 
much sturdier for rugged on- and off-highway operation. 

"Torqmatic" transmissions are available as either automatic or semi- 
automatic and in a combination of the two.  The normal speed ratio extends 
over a range of 20:1 through three forward speed gear selections.  This ratio 
is less for reverse since it has but one speed selection.  Units with higher over- 
all speed ratios and gear selections are commercially available for very heavy 
vehicles and special-purpose vehicles. 

Automatic transmissions cai adjust their torque and speed if sufficient 
time is available to sense the vehicle's requirements.   However, they cannot 
anticipate in time to negotiate an obstacle.  This characteristic may impede 
the mobility of the vehicle in the time it takes for the automatic unit to shift 
into the proper range.  A vehicle can become immobilized if en juph momentum 
is lost and sudden increased output torque causes a loss of traction and spins 
the wheels. 

The operator of a vehicle with a semiautomatic type transmission can se- 
lect the operating gear prior to negotiating abrupt changes in the terrain. 
Lesser terrain obstacles can be negotiated without ratio changes since the 
torque converter will increase its torque output with decreasing vehicle speeds. 
There is some skill involved in shifting semiautomatic "torqmatic'* transmis- 
sions, but the operator can acquire this skill rapidly. 

TX Series 

The TX series transmission is a torque-converter transmission that is 
manufactured by the Allison Division of General Motors.  At the start of WWII 
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most military wheeled vehicles were equipped with conventional type mechani- 
cal transmission, and due to the urgent wartime needs large numbers were 
procured from various manufacturers by the military.   However, WWII 
operational experience convinced the military that -;ross-country vehicles needed 
greater operating car Abilities and that the incorporation of available transmis- 
sions could no longe. satisfy vehicle requirements. 

A stepped-up program began in 1943 to develop new power trains for 
tracked vehicles.  Shortly 'hereafter the basic principles of these new power 
trains were adopted for wheeled-vehicle application and by 1947 five torque- 
converter transmissions were produced to transmit power ranging from 60 
to 850 hp. 

The TX series of transmissions are the product of continued development 
programs of torque-converter transmissions.  Since 1951 a number of improve- 
ments have been accomplished, but the basic design principle has not changed. 

The design includes a hydraulic torque converter connected to a planetary 
gear train and clutch arrangement through which neutral, reverse,and three 
forward-speed ranges can be obtained.  In addition, a splitter gear and clutch 
are intermediately located between the converter and the main gear system 
which doubles the number of forward ranges, extending the total gear coverage 
to six forward speeds.  Range selection is accomplished by manual operation 
of a selector valve which controls hydraulic flow to engage or disengage any 
one of the four range clutches.  Most transmissions have a built-in retarder 
to facilitate hydrodynamic braking during downhill operation.  All torque con- 
verters are designed with an automatic converter-lockup feature and in addi- 
tion provide for a powor takeoff to drive auxiliary equipment. 

With the development of TX series transmissions certain improvements 
over the original torque-converter transmissions were accomplished.  First, 
many parts were standardized and made interchangeable within the TX series 
family.  Second, better overall mechanical efficiencies were obtained; and, 
third, the unit size and weight were reduced without sacrificing reliability. 
Fewer parts, simplicity, and the redesign of many parts has made it possible 
to reduce the overall cost of liese transmissions. 

The present application of the TX series transmissions fox tactical vehi- 
cles ranges from 2-tc 15-ton payload capacity.  These units have greatly im- 
proved overall vehicle mobility, and additional improvements can be expected 
in the future. 

HYDROMECHANICAL TRANSMISSIONS 

The hydromechanical transmission is presently under development although 
a few prototypes have been built and tested in 2V2-ton 6x6 trucks as early as 
1962.  The hydromechanical transmission incorporates a mechanical section, 
hydrostatic section, and controls for the system.  Although various components 
in each section are not new in principle and individually have been applied in 
other types of transmission installations, their interrelated use in the hydro- 
mechanical transmission concepts is unique. 

The mechanical section is comprised of an input shaft, a planetary gear 
set, and an output shaft.  The hydrostatic section is comprised of two hydrostatic 
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pumps, piping with several valves, and pump actuators.  The hydrostatic sec- 
tion eliminates the need of a torque converter permitting a direct coupling from 
an energy-conversion device to the mechanical section.  The power, at this point, 
is split and directed through the mechanical and hydrostatic portion of the trans- 
mission unit.  This power is then reunited at the planetary gear set, and,by 
superimposing the power output from the hydrostatic portion on to the mechani- 
cal portion,controlled speed and torque are obtained at the output shaft. Since 
the power output in the hydrostatic section is infinitely variable, restricted 
only by its physical limitation of various hydrostatic components, a multitude 
of speed and torque ranges can be obtained to meet the vehicle's power require- 
ments.  The integrated transmission and engine-control system automatically 
adjusts the transmission power output to the power required by the vehicle and 
permits the engine to operate at its most economical power range. 

Present torque-to-weight ratios and torque-to-volume ratios for the hy- 
dromechanical transmissions are for practical purposes equal to those of hy- 
drokinetic transmissions.  The mechanical efficiency of the hydromecnanical 
transmission is slightly lower thin other comparable hydrokinetic transmis- 
sions. However, the overall system efficiency of the hydromechanical trans- 
mission is better than that of the hydrokinetic transmission, and fuel savings 
between 5 and 7 percent have been achieved.  The reliability of both the hydro- 
mechanical and hydrokinetic transmissions is at present considered equal. 
However, hydromechanical transmissions have approximately 25percent fewer 
parts than hydrokinetic transmissions and therefore better reliability of future 
developed hydromechanical transmissions is predicted. For the same reason 
less maintenance requirement is foreseen. The vehicle's ease of operation, 
incorporating a hydromechanical transmission, or incorporating a hydrokinetic 
transmission, is very satisfactory and is rated equally for both. 

Although vehicles incorporating initial hydromechanical transmissions 
did not perform gradeability tests satisfactorily due to their limited torque 
range, this deficiency was overcome by the addition of a planetary gear set. 
Future hydromechanical transmissions will provide adequate torque to meet 
gradeability requirements. 

EVALUATION OF WHEELED-VEHICLE TRANSMISSIONS 

After evaluating mechanical, hydrokinetic, and hydromechanical trans- 
missions, it was determined that many earlier mechanical and hydrokinetic 
transmission models are no longer procured for military vehicles, but a few 
of these transmissions» procured during WWII are still in the system.  They 
are gradually being replaced by new and in oroved transmissions. 

In the group of present mechanical transmissions, the synchromesh trans- 
mission has the most merit for use in tactical vehicles.  The traction and belt- 
drive transmissions were tested, but they were determined to be unacceptable 
for most tactical vehicles.   Future development of both transmissions should 
be limited to small power outputs and where low cost is of prime interest. 

In the group of present hydrokinetic transmissions, two types are favored 
for use in tactical vehicles. One is the torque-converter transmission for 
small passenger-type vehicles, and the other is the TX series transmission 
for heavier vehicles. 
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The hydromechanical transmission has great promise for improving the 
operating characteristics of future tactical vehicles.  Although these units are 
not currently used for wheeled vehicles, test reports of an installation in a 2%- 
ton 6x6 truck are favorable, and their adoption for wheeled vehicles can be 
foreseen in the near future. 

New improvements for transmissions are being constantly proposed by 
industry as well as Government agencies.  Many such improvements could con- 
tribute to the operating capabilities of tactical vehicles.  Therefore  sufficient 
funds should be provided to test and evaluate various transmissions in vehicles 
by the Government.  If found to have potential, further R&D should be imple- 
mented by the Government if industry has no incentive to fund such a program. 

Foreseen Improvements 

Transmissions are rated by their maximum input torque, speed, and volu- 
metric efficiency.  The latter indicates its compactness in terms of size or 
weight to its input-torque capacity.   Improvements in better materials, machin- 
ing techniques, and design configuration can enhance volumetric efficiencies. 

It is apparent that synchromesh transmissions will continue to be used in 
tactical vehicles in the foreseeable future although their application wili decline 
and be restricted for use in smaller vehicles up to 120 hp.  Continuing improve- 
ment in their construction and fabrication methods has greatly contributed to 
their reduction of weight, size, and cost.  Additional improvements will become 
more difficult, and much will depend on metallurgical advances in the future. 
Production volume will continue to be large for commercial applications and 
industry will continue with further development for this tvpe of transmission. 
Therefore military development work should continue b it should be limited 
to military versions of commercial units to meet specific requirements for 
tactical vehicles. 

Industry is currently developing a countershaft-type transmission which 
will offer higher input ratings while reducing the weight and size of this mechani- 
cal transmission.  Compactness is achieved by an arrangement of two counter- 
shafts that divide the input torque through two smaller gear sets.  Clutch travel 
for gear engagement is small and equal for all speeds.  This allows for shaft 
length to be shortened,and,since only half the torque is transmitted,shaft loads 
and deflection can be kept to a minimum.  The number of gear sets through 
which torque and speed are transmitted greatly affects the efficiency of mechan- 
ical transmissions. Other contributing factors are improved bearings, lubri- 
cation, and tolerances.  Considerable effort is being made to improve gear 
cutting for equal load distribution and reduction of surface wear. 

Since lubricating oils break down at elevated temperatures, effort is di- 
rected to reduce heat build-up and improve lubricants to withstand elevated 
temperatures.  Oil companies such as Chevron Research Corporation of Rich- 
mond, California, are developing lubricants to withstand temperatures up to 
4005F.  The trend to improve lubricants will have an impact on future trans- 
mission designs. 

Torque-converter transmissions have excellent applications for many 
commercial and military vehicles.  They are reliable and can be purchased at a 
reasonable cost, and spare parts are readily available.  Industry has the incen- 
tive to continue their development since there is a large commercial market. 
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The results of Government funding would be small compared to what industry 
is now providing.  Therefore, R&D effort by the Government should be limited 
to modification of commercially available units. 

A new "torqmatic" transmission is currently being developed utilizing 
twin-turbine converters.  One of the turbines provides for high torque, low 
speeds, and the other turbine provides for low torque and high speeds.  This 
development promises to improve fuel consumption by 7 percent and incorporates 
fewer parts, which should improve its reliability. Thirty percent of the parts are 
interchangeable with other "torqmaüc" transmissions and will aid in standardiz- 
ing military equipment.  Many of the transmission components can be removed 
without the removal of the entire unit from the vehicle.  This should improve 
ease 01" maintenance.  Improved casting techniques have made it possible to de- 
sign lighter components,and new clutch materials have greatly resisted wear 
and should increase clutch life.  Seals are being improved to resist wear, and 
improvements in metallurgy will increase the reliability and life of transmis- 
sion gears. 

The TX series transmissions are available for use in military vehicles 
ranging from 2l/2- to 25-ton capacity. They are capable of handling up to 700 
lb/ft input torque and feature hydraulic retarders and parking brakes with good 
volumetric efficiencies. Physical space limitations in vehicles may not always 
permit the incorporation of a standard TX transmission, and modifications are 
being made to these units. Competitive procurement is difficult since only one 
manufacturer has developed the organization facilities aad overcome the initial 
learning costs. 

Since many tactical vehicles are produced in low densities, industry will 
not initiate design and development of new transmissions unless they can fore- 
see a commercial application, or would be supported by the military. 

The hydromechanical transmission is readily adaptable to various types 
of engines, requiring only minor adjustments in the control system.  Although 
weight and size are approximately the ?ame as those of other comparable trans- 
missions, it must be realized that hydromechanical transmissions are at a very 
early stage of development.   Fuel consumption of the test vehicles with hydro- 
mechanical transmissions was 5 to 7 percent less than that of other compatible 
hydrokinetic transmissions, since the hydromechanical transmission permits 
the engine to operate at its most economical power range.   They have already 
proved better performance capabilities and have shown greater potential r. er 
those transmissions that had considerably longer development periods. 

Designs of modular construction have been conceived which would cover 
all transmission ranges within the military vehicles system and would provide 
maximum standardization and interchanges of components. 

It is therefore concluded that the development of hydromechanical trans- 
missions will provide improvements to the capabilities of tactical wheeled 
vehicles.  They vill also improve the capabilities of tactical tracked vehicles 
for which two of Jie same units are required for power-train installation. 

; 
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TREND FORECAST 

Trend forecasts of present and future specific ratings of torque to weight 
and torque to volume of mechanica'., hydrokinetic, and hydromechanical trans- 
missions for the time frame of 1966-1980 is shown in Figs. II-1 and II-2. 
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Although an increase of torque-to-weight ratio for mechanical transmis- 
sions is foreseen (see Fig. II-1), the rate of increase will be less than that ex- 
pected from future hydrokinetic or hydromechanical transmission developments. 
While the use of lighter weight materials will have the greatest impact on the 
weight decrease of mechanical transmissions, design innovations of the hydro- 
kinetic and hydromechanical will account for the greater percentage of their 
weight savings.  Hydromechanical transmissions have the greatest potential for 
improvement and are expected to surpass both mechanical and hydrokinetic 
transmissions within a few years of continued development. 
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The expected reduction in transmission volume of future mechanical, 
hydrokinetic, and hydromechanical transmissions is reflected in Fig. n-2. 
Simplified design,fewer parts,and continued production engineering and methods 
will result in smaller transmissions.  Further transmission volume reductions 
will be possible through the use of higher quality steels.  As a result, some of 
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the improvements may increase the cost.and other improvements may decrease 
the cost of transmissions. A reduction in the transmission size is not expected 
to be as significant as the reduction in weight. 

Figure II-3 shows the three basic transmission types that were evaluated 
for wheeled-vehicle applications.  It summarizes the conclusions drawn from 
the findings and evaluations, indicating those transmissions that have the great- 
est potential of improving the capabilities of tactical wheeled vehicles through 
Government support of R&D programs. 

Type of transmission 
for wheeled vehicles 

Findings of potential 
improvements 
through R&D 

Yes No 
Qualified 

Yes No 

Mechanical: 

1. Progressive sliding gear 

2. Selective sliding gear 

3. Constant mesh 

4. Synchromesh 

5. Traction drive 

6. Belt drive 

Hydrokinetic: 

1. Hydramatic 

2. Torque converter 

3. Torqmatic 

4. TX series 

Hydromechonical: 

1.   Hydromechonical 

X 

X 

X 

Fig. 11-3—-Limited Areas for Potential Transmission Improvements 

SUMMARY OF MECHANICAL, HYDROKINETIC, AND 
HYDROMECHANICAL TRANSMISSIONS 

Mechanical transmissions do not appear to have the potential of being 
greatly improved by continued Government development efforts.  Although their 
operational capabilities are less than those of hydrokinetic and hydromechanical 
transmissions, they will continue to have application in many future tactical 
wheeled vehicles.  Mechanical transmissions have been under development for 
many years and the rate of improvements from future development effort will 
be diminishing.  In addition, improvements to mechanical transmissions will 
continue through development by industry.which has a prime interest in these 
transmissions for commercial applications.  Developments for commercial 
applications will provide benefits for future military applications. 
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Hydrokinetic transmissions have been under development for a number 
of years and have provided the means for meeting the requirements of tactical 
vehicles.   However, new tactical vehicle requirements have been considerably 
upgraded, and higher-power-range hydrokinetic transmissions are required. 
Since industry has very few requirements for high-power-range commercial 
transmissions, they have little or no incentive to develop these transmissions 
on their own.  Therefore additional development work must be supported by 
the Government. 

The hydromechanical transmission appears to have greater potential of 
improving the capability of tactical vehicles.   The initially developed hydro- 
mechanical transmissions compare equally to present hydrokinetic transmis- 
sions,and their continued development should surpass the capability of the 
hydrokinetic transmissions.  Their full development in all power ranges will 
probably replace many of the hydrokinetic transmissions, but this will not 
happen in the hear future since this development effort will require at least 10 
years.  Military vehicle operational requirements are much greater than those 
for commercial vehicles,and transmission improvements are therefore more 
important for military than commercial applications.  This fact does not pro- 
vide industry with enough incentive to develop new conceptual transmissions 
on their own.  Therefore it is concluded that hydromechanical transmissions 
should be fully developed by the Government for application in tactical wheeled 
vehicles, and due to their uniqueness they can also be applied to tactical tracked 
vehicles for which two of these units are required. 
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Chapter 19 

POWER TRAINS FOR TRACKED VEHICLES 

Power trains are power-conversion devices used in most tracked vehi- 
cles.  They are composed of two parts, the steering portion and the transmis- 
sion portion. Each complements the other, and failure of either will immobilize 
the vehicle. 

Since much of the transmission portion of power trains has been discussed 
in the study of wheeled vehicles, it will not be discussed in detail here   Basic 
types of steering systems are presented before a general analysis of types of 
power trains. 

STEERING SYSTEMS 

Steering systems have been designed either as an integral part of the 
power train or as separate entities. They differ in concept and configuration 
according to the needs of the type of vehicle to which they are applied.  A sep- 
arate steering system permits vehicle designers greater flexibility in select- 
ing the location of the steering system, whereas a system incorporated in the 
power-train assembly generally results in a lighter and more compact unit. 

A steering system for a tracked vehicle creates a speed differential be- 
tween the two tracks of the vehicle.  This causes the tracks to slide transversely 
over the ground at different rates and changes the vehicle's direction. During 
this operation a power loss that affects the vehicle's speed occurs in the track 
on the inside of the turn.  In addition to this external power loss, internal 
losses, other than normal mechanical-efficiency losses, occur during the steer- 
ing operation.  To recover some of these losses, many steering units incorpo- 
rate what is commonly referred to as a "regenerative steer system." Steering 
units that do not have this capability are referred to as "nonregenerative steer 
systems." Such systems usually produce a track-speed differential by mechan- 
ically braking or declutching one track, although this may be done hydraulically. 
Most recently developed tracked vehicles incorporate a regenerative steer sys- 
tem, but nonregenerative steer systems have an application in certain types of 
tracked vehicles. 

Many other features may be required in a steering system for tracked 
vehicles; systems vary greatly in concept, principle, and operating features. 
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The steering systems most widely used for power trains in military and 
commercial vehicles fall into seven types: 

(a) Braked differential 
(b) Clutch-brake steer 
(c) Controlled differential 
(d) Geared steer 
(e) Clutch-brake-geared steer 
(f) Hydrostatically controlled geared steer 
(g) Hydrostatic steer 

Vehicle capabilities provided by each type of steering system are shown 
in Fig. II-4. 

Fig. 11-4—Possible Capabilities with Respect to Steering System* 

|     J Not possible L<Xl Possible only during geared steering 

Possible bOcl Possible to some degree 

Braked Differential 

The braked-differenlial steering system is one of the earliest, simplest, 
and cheapest to be produced for tracked vehicles. The system is nonregenera- 
tive. Steering is accomplished by braking one output shaft, thus causing the 
differential to speed up the opposite output shaft.  A pivot turn can be made 
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around one track by locking its brake.  Although the speed differential between 
the inner and outer track is potentially infinite and no gear changes are required 
within the power train, this type of steering system is not adequate for most 
military vehicles.  The system makes the vehicle highly unstable on turns, and 
continual steering corrections are required to keep the vehicle on a straight 
course.   As a result, brake elements wear excessively and great effort and 
skill are required on the part of the operator.  Vehicle speed is limited by the 
difficulty o( control. Steering the vehicle by braking one track absorbs up to 
50 percent of the power normally available to the track, which prevents the 
vehicle from maintaining its speed.   This is one reason why the system is not 
suitable for most tactical tracklaying vehicles.  However, since it is relatively 
simple, cheap, and lightweight compared to more sophisticated systems, it is 
used for slow-moving special-purpose vehicles such as bulldozers. 

Clutch-Brake Steer 

The clutch-brake steer system is a modification of the braked-differential 
steer system, with a clutch added at each output shaft.  The system is nonre- 
generative.  Steering is accomplished by disengaging a clutch before braking 
the inside track.  No differential is incorporated in the system, and therefore 
full power is transmitted to the outer track.   However, power losses due to 
clutch and brake slippage are relatively high.  Also, since one of the output 
shafts is disconnected during steering operations, the system cannot feed power 
back from the braked track. 

Controlled Differential 

The controlled-differential steering system incorporates two epicycle 
gear and brake arrangements in the right-angle drive of the rear axle, which 
splits power output to the drive sprockets.  The operator steers the vehicle by 
applying the brake on one side of the system, thus causing a decrease in the 
speed of one output shaft and an equal increase in the speed of the opposite 
output shaft.  The system is regenerative, and the power applied during a steer- 
ing operation is proportional to the difference between inner- and outer-sprocket 
torques.  A disadvantage is that the controlled-differential system causes the 
vehicle to veer off a straight course if ground conditions are not the same under 
both tracks. This is especially noticeable during sudden deceleration. 

Geared Steer 

The geared-steer system possesses the same steering characteristics as 
the controlled-differential system but utilizes a cross shaft to transfer speed 
from one output side to the other.  The system is regenerative, and the power 
applied during a steering operation is proportional to the difference between 
the inner- and outer-sprocket torques. 

Clutch-Brake-Geared Steer 

The clutch-brake-geared-steer system combines a clutch-brake and a 
geared-steer principle in one system.  Steering is accomplished by slipping one 
clutch to change the relative speed output to the tracks.  At this time the sys- 
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tern is regenerative; but when the planetary gears on one side are declutched 
and brakes are applied, the system is nonregenerative.  A true pivot turn around 
the vehicle's center line cannot be made in either steering mode, but a pivot 
turn around one track is possible during clutch-brake operations.  The steering 
ratio of this system is infinitely variable. 

Hydrostatically Controlled Geared Steer 

The hydrostatically controlled geared-steer system (or double-differential 
system) is similar to a geared-steer system but utilizes no clutches or brakes 
on the planetary gear.   Full power and speed are always available at the sprock- 
ets.  Steering is accomplished by using a hydrostatic motor to increase the 
speed of the sun gear in one planetary-gear set and proportionally decreasing 
the sun-gear speed in the other.  This in turn causes a speedup of the planetary 
gears on one side and a corresponding decrease in their speed on the other. 
Since the planetary gears are linked to the drive shafts, this causes the vehicle 
to turn.  A pivot turn can be made around one track, or the vehicle can be 
pivoted around its center line by counterrotating the tracks.  The unit is fully 
regenerative at all times, and loss of power due to slipping clutches and brakes 
is eliminated.   Hydrostatically controlled geared-steer systems are more sop- 
histicated than '.nose employing strictly mechanical principles since they pro- 
vide superior steering capabilities without power losses.  However, such sys- 
tems are heavier, bulkier, and more complex than other steering systems, 

Hydrostatic Steer 

There are a number of design variations in hydrostatic-steer systems. 
Components and controls vary with each design, but the basic principle re- 
mains the same.  The hydrostatic-steer system incorporates a pump, two 
motors, and a control system.  The pump is driven off the power-train input 
shaft and in turn drives the two steering pumps located at each planetary-gear 
set.  Different output speeds of the motors, as well as a reverse motion of one 
or both, can be obtained.  Since the motors are geared directly to the sun gears 
of each planetary-gear set on the power-train output shaft, a speed differential 
between the sprockets can be created to steer the vehicle.  This system is re- 
generative under all operating conditions and provides an infinitely variable 
steer ratio.  It permits a pivot turn around on» track as well as a true pivot 
around the vehicle's center line.  The characteristics of the hydrostatic-steer 
system are the same as those of a hydrostatically controlled geared-steer (or 
double-differential) system. 

POWER TRAINS 

The following types of power trains for tracklaying vehicles are discussed 
in the following subsections: 

(a) Mechanical—Constant mesh and synchromesh 
(b) Hydrokinetic—"Hydramatic" (GMC trademark) and torque-con- 

verter planetary gear 
(c) Hydromechanical 
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These power trains have been evaluated according to their physical and 
performance characteristics, ease of operation, flexibility for vehicle design, 
reliability, maintainability, and cost. 

Mechanical Power Trains 

Constant-mesh and synchromesh power trains incorporating either braked- 
differential or clutch-brake steering were used in most military tracked vehi- 
cles after WWII, and some are still in use today, but they are gradually being 
phased out along with the vehicles in which they are installed. 

The concepts for the transmission portion of these power trains are iden- 
tical to those already discussed for use in wheeled vehicles.  Their construc- 
tion was modified, however, to conform to the configuration and to the more 
demanding operating requirements of tracked ve     les.  These modifications 
added considerable weight and size to the units. 

The mechanical efficiency, simplicity, and reliability of constant-mesh 
and synchromesh power trains have been well established during many years 
of use in tactical vehicles.  As speed requirements have increased, however, 
the operational performance characteristics of t** = vehicles have become in- 
creasingly inadequate.  Relatively high power losses during steering and the 
need for continuous steering corrections have made such vehicles very difficult 
to control and dangerous to operate. 

In most cases mechanical power trains can no longer meet vehicle per- 
formance requirements for modern tracklaying vehicles.  Their use in tactical 
vehicles is expected to diminish as performance requirements increase.  A 
mechanical power-train installation is usually limited to noncombat vehicles 
with low power and speed requirements. 

Since mechanical power trains are well suited to use in commercial vehi- 
cles, industry is continually developing and improving them, along with their 
mechanical-transmission counterparts.  This continued development will result 
in some decrease in unit cost.  These improvements are of small importance, 
however, if the essential requirements of mobility and ease of operation for 
tactical tracked vehicles cannot be met. 

A military use might be found for these power trains in new vehicles if 
low cost, high efficiency, ruggedness, and reliability shouM outweigh the re- 
quirements for mobility and ease of operation.   Limited development programs 
to modify commercial units to meet specific tactical vehicle requirements could 
be justified if the configuration of the desired vehicle required greater design 
flexibility and small quantities were involved.  If considerable vehicle produc- 
tion were contemplated, however, and the advantage of using a new mechanical 
power train became evident, a full-scale development program might be warranted. 

Hydrokinetic Power Trains 

The "Hydramatic" power train is a proprietary item of GMC, which has 
developed the system in power ranges up to 200 hp.  It has been adapted for 
use in tactical tracked vehicles.  These power trains were first installed in 
light and medium tanks and in several self-propelled guns a few years before 
WWII.  Installation in a number of amphibious cargo and armored personnel 
carriers followed during and after the war. 
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The Hydramatic power train consists of a transmission, similar to the 
type used for wheeled vehicles, and a separate controlled-differential steer- 
ing unit.  A power train of this type is heavier, bulkier, and more costly than 
an equally rated unit of integral construction but may be desirable for vehicle- 
design flexibility.  Since these power trains have limited power capability, two 
units were needed in each light and medium tank.  This arrangement is heavier, 
bulkier, more expensive, anJ considerably less efficient than a single unit with 
sufficient power capability.   However, it does have the ability to "get home" if 
one unit should fail. 

Improved controllability at high speeds and the greater ease of operation 
of the Hydramatic power-train system increased the mobility of tactical tracked 
vehicles using this system over those using mechanical power trains.  Tht.e 
power trains were not developed for all required power ranges, however, since 
other more promising power trains were in the process of development.  This 
type of power train in military use has been superseded by various versions of 
improved torque-converter planetary-gear power trains.  The latest and most 
widely accepted version is the X series. 

All modern power trains for tracked vehicles in the military system em- 
ploy hydraulic torque converters and hydraulically controlled planetary gear- 
ing combined wi a hydraulically operated steering systems.  Development of 
these power trains was initiated at the beginning of WWII, and they were first 
installed in vehicles in 1943.  Although the first units were inefficient and bulky 
by today's standards, their performance was superior to that of previously in- 
stalled power trains.  Subsequent development programs have overcome the 
deficiencies of the early models, and a greater selection of power ranges is 
now available for tracked vehicles. 

Figure II-5 shows the various types of hydrokinetic power trains used in 
military tracked vehicles, with their respective steering systems, in the order 
of their development.  The chart indicates the vehicle-weight classes and torque 
ranges in which these power trains are at present (1966) available.  It can be 
seen that none of the available power trains covers the entire torque range for 
all military tracked vehicles.  Consequently for some vehicles either a lower- 
rated unit, which would reduce operating life, or a higher-rated unit, which 
would increase the vehicle's weight, must be selected.  In addition, some power 
trains do not have the proper configuration or operating characteristics for a 
particular vehicle, even if the proper torque range is available.  This is the 
primary reason why power trains are available in many different models. 

The objectives of development programs for hydrokinetic power trains 
have been to improve the mobility of the vehicle and its ease of operation; to 
provide greater reliability and efficiency, to increase ease of maintenance; and 
to reduce weight, size, and production cost.  Most of these objectives have been 
met in the design of the X series powe: trains.   Figures II-6 and H-7 show the 
progressive specific-rating improvements attained during the development of 
hydrokinetic power trains with respect to torque-to-volume and torque-to-weight 
ratio.   Although power trains of the X series have increased the capabilities of 
tracked vehicles, their potential has not been fully exploited.   Further develop- 
ment is needed to improve- the reliability, ease of maintenance, efficiency, 
weight, size, and unit cost of this power train, as well as to enable it to meet 
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all torque-range and configuration requirements.  It is estimated that 10 years 
of development with full Government support would be required to achieve these 
improvements 

< 
tr 
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o 

Fig. 11-6—Specific Torque-to-Volume Improvements during 
Hydrokinetic-Power-Troin Development Period 
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Fig. 11-7—Specific Torque-to-Weight Improvements during 
Hydrokinetic-Power-Troin Development Period 

Hydromechanical Power Trains 

The hydromechanical power train has been under development since 1962 
by the General Electric Company, Scheneccady, N. Y., and by the Hydromechanic 
Research Center of the American Brake Shoe Corporation, Columbus, Ohio, 
under several Government contracts.  The power train was installed in a tracked 
vehicle (XM104) and, after some modifications, yielded very favorable test re- 
sults.  This system appears to have the greatest potential for improving the 
performance of future tactical tracked vehicles. 

The construction of the hydromechanical power train is similar to that of 
a hydromechanical traiu.mission except that two units are used for the power 
train.  Since individual hydrostatic controls are used in each unit to vary the 
torque and speed at each output shaft, the power train has inherent steering 
capabilities. 
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Although hydromechanical power trains do not appreciably improve vehi- 
cle mobility over that of vehicles incorporating the most recently developed 
torque-converter planetary-gear power train, they offer improved specific 
ratings, acceleration, and fuel economy.   Fuel consumption in a test vehicle 
with a hydromechanical power train was between 5 and 10 percent less than 
with a comparable hydrokinetic power train, because the hydromechanical sys- 
tem permitted the engine to operate in its most economical power range. The 
torque-to-weight ratio was determined to be approximately 45 percent higher, 
and the torque-to-volume ratio was determined to be approximately 28 percent 
higher than that of a comparable hydrokinetic power train.  Ease of maintenance 
and reliability appeared to be greater since components were easily removable 
and 25 percent fewer parts were required than for hydrokinetic transmissions. 

It was determined, however, that because of less efficient fluid mechanics 
the overall efficiency of the hydromechanical power train was less than that 
of hydrokinetic or purely mechanical power trains.  A comparison of their 
efficiency is shown in Fig. II-8. 

100 

*    90 
>-' u 
m     80 
u 
u. 
S    70 

60 
0.1    0.2     0.3   0.4     0.5    0.6    07    0.8    0.9     1.0    1.1 

SPEED RATIO N2/N) 

Pig. 11-8—Comparison of Efficiency of Mechanical, Hydrokinetic, 
and Hydromechanical Power Trains 

N\ = engine output RPM; N2 = power train output RPM. 

The hydromechanical power train offers several advantages not present 
in other power trains.  No brakes or clutches are required for steering, and 
engine output requirements and fuel consumption are reduced by efficient re- 
generative steering.  Operator efficiency is improved, and the system is adapt- 
able to various engine types since no torque converter is used. 

Hydromechanical designs of modular construction have been conceived 
that could cover all power ranges for transmissions and power trains used in 
tactical vehicles, and that would provide maximum standardization and inter- 
changeability of parts.  A program to develop this concept would be extremely 
costly and would require at least 10 years of effort.  Present plans are to in- 
corporate components that would permit the hydrostatic system to operate at 
higher pressures, thus increasing the capacity of the power-train unit without 
appreciably increasing its weight and size. 
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The development trend forecast shown in Figs. II-9 and 11-10 predicts the 
specific ratings of the three basic types of power trains during the time frame 
1966-1980.  Acceleration will improve with faster-reacting controls, which 
will also provide better fuel economy by avoiding unnecessary time lags at un- 
favorable engine speeds.  Improvements in reliability and maintainability will 
be suggested to the designer through the actual use of hydromechanical power 
trains in operating vehicles.  These improvements will increase the maneuver- 
ability and agility, and therefore the effectiveness, of tactical tracked vehicles. 

1.5 

yi 1.0 

"I 
0.5 

Hydromechanical- 

Hydrokinetic 

J_ 

1966 1970 1975 1980 
YEAR 

Fig. 11-9—Power-Train Development Trend (Torque/Weight) 

90 

30 

Hydromechanical 

\ 

X 
1966 1970 1975 1980 

YEAR 

Fig. 11-10—Power-Train Development Trend (Torque/Volume) 

f!&D will be carried oit by industry on a few commercial applications of 
hydromechanical systems, und future military development will benefit as a 
result.  But full military developmental effort is required to exploit the full 
potential of hydromechanical power trains and to extend their power range to 
cover a wide variety of tactical tracked vehicles. 

Figure 11-11 summarizes the potential of the three basic types of power 
trains to improve the performance of tactical tracked vehicles through Govern- 
rrent support of R&D programs. 
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Type of power train 
(or tracked vehicles 

Findings of potential 
improvements 

through R&D 

Yes No 
Qualified 

Yes No 

Mechanical 

1. Constant mesh 

2. Synchtumesh 

Hydrokinetic 

1. Hydramatic 
2. Torque-converter planetary gear, CD series 

>< 
>< 

3. 

4. 

5. 

XT series 

XTG series 

TX series 

6.   Torque-converter planetary gear, X series 

Hydromeehanical 

X 
1.   Hydromeehanical X 

Fig. 11-11—Limited Areas (or Potential Power-Train Improvements 

SUMMARY 

Mechanical Power Trains.  Present mechanical power trains are noi ful- 
filling the requirements for tactical tracked vehicles.  Industry is developing 
mechanical power trains for commercial applications, and these units could be 
modified, if necessary, for military use in specific tactical vehicles.  There- 
fore Government development of new mechanical power trains cannot be justified. 

Hydrokinetic Power Trains.  Hydrokinetic power trains have generally 
replaced mechanical power trains for use in tactical tracked vehicles.  The 
latest development is the torque-converter planetary-gear power train with 
integral hydrostatic steering, designated as the X series.  This unit is reason- 
ably efficient and compact and fulfills most tactical tracked-vehicle require- 
ments.  It does not cover all power ranges for all classes of tracked vehicles, 
however, and present units have additional improvement potential.  Government 
developmental effort is required on the X seriee power train to provide the full 
span of power ranges that will be required within the next 10 years, or through 
1975. 

Hydromeehanical Power Trains.  Hydromeehanical power trains have 
great potential for improving the performance of tactical tracked vehicles, but 
they are not yet available for production vehicles. Only a few prototype units 
have been producetLand additional testing will be required before drawings and 
tooling for initial production can be produced; even then, only one power range 
will be available. It is estimated that at least 10 years qf intensive develop- 
mental effort will be requir d to ensure that reliable production units will be 
available in all desired power ranges.  Full Government support is required 
to develop hydromeehanical power trains for use in tactical tracked vehicles 
fielded in the 1975-1985 time frame. 
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Chapter 20 

HYDROSTATIC DRIVES 

BACKGROUND 

A hydrostatic drive is a powrr-conversion device that transmits power 
through the flow of hydraulic fluid from the power source to the wheel or 
sprocket of a vehicle.  A hydraulic pump forces the fluid to a motor at regu- 
lated pressures. 

A hydrostatic-drive system in a wheeled vehicle employs a motor for 
each driving wheel and is called a "hydrostatic-drive transmission."  A hydro- 
static-drive system in a tracked vehicle employs a motor for each driving 
sprocket, with a differential speed-control system providing the means of steer- 
ing the vehicle.  This type of system is called a "hydrostatic-drive power train." 

Hydrostatic drives offer continuously variable output speed, dynamic brak- 
ing, design flexibility in the location of hydro^atic-drive components, and ease 
of control in operating the vehicle.  For these reasons they are of great interest 
to vehicle designers. 

During the early stages in the development of the hydrostatic-drive sys- 
tem, attempts were made to utiliza readily available shelf components.  This 
approach resulted in i» system that was htsavy, bulky, inefficient, and unreliable. 
To overcome these deficiencies, industry conducted R&D programs to develop 
components that would increase the capability of hydrostatic-drive systems to 
operate at higher pressures. 

In early positive-displacement gear pumps or motors (Fig. 11-12), the 
volume of hydraulic oil was varied only by input speed.  Hydraulic operating 
pressures could not exceed 2000 psi due to unbalanced fluid forces, and speeds 
were limited to 2000 rpm. 

Later developments produced vane pumps or motors (Fig. II-13), which 
were more reliable and whose displacement could be varied.  This made it pos- 
sible to vary the volume of fluid flow while the input speed remained constant, 
but due to unbalanced fluid forces these units were rated for maximum pres- 
sures at 2500 psi and maximum speeds of 2000 rpm. 

Subsequent developments produced ball-piston pumps or motors (Fig. 
n-14), which permitted operating pressures to be increased to 3250 psi and 
speeds to 4000 rpm.1'2 Displacement could be varied and a controlled variable 
output speed could be obtained from a constant input speed, but the system had 
poor efficiency at high speeds and pressures. 
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Outlet 

Fig. 11-12—Typical Positive-Displacement 
* Gear Pump or Motor 

inlet 
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Fig. 11-13—Typical Variable-Displacement 

Vane Pump or Motor 

Cam ring 
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porting 

Cylinder 
block 
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Trunnion 
pin 

Outlet port 

Stroking 
piston 

Fig. Il-W—Variable-Displacement 

Ball-Piste- Unit 

P.ntl Cylinder 
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One of the latest developments produced axial-piston pumps or motors 
that increased operating speeds to 4000 rpm and operating pressures to 6000 
psi.  To obtain varied displacement and output torque ratios, two different 
methods were developed: The first incorporated a nonrotating driving disk, 
called a "swash plate," whose angle of tilt in the pump or motor could be varied 
(see Fig. n-15).  The second incorporated a rotating drive disk constructed so 
that the entire head could be tilted around the transverse axis to produce piston 
motion (see Fig. 11-16).  This arrangement eliminated the use of sliding slippers. 

Head 

Fig. 11-16—Axial-Piston-Typ« Tilting Head 

The second method is more reliable and more efficient and can operate 
at wider speed and torque ranges, Nit it is larger and heavier than a unit in- 
corporating the first method, since u.s housing must zeeommodate the tilting head. 

A new concept is being developed to produce a vane pump with pivoting 
tips on the vanes (see Fig. 11-17).' The tips bear hydrodynamically against the 
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Pivoting tip 

Fig. 11-17—Section of o Pivoting-Tip Vonc Pump11 

Crona» (crawler) 

Automobi 111 

Crowlar tractor» 

Farm camb'na» 

Grader« 

BUM» 

Farm tractor» 

Truck» 

Strap«» 

Military track layar« 

NARROW 
RANGE 

1 
MEDIUM 
RANGE 

WIDE 
RANGE 

Fig. 11-18—Various Vohtclc-SpMd Torqut-Ratio RoquirwMntt1 
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pump housing to seal against leakage.   The pump's dual rotors produce balanced 
fluid forces.  Prototype pumps have operated at speeds up to 30,000 rpm and 
pressures up to 8000 psi.  These high operating speeds could permit the direct 
coupling of a hydrostatic pump to a gas turbine engine. 

Narrow-range transmissions 
(to 5:1 torque ratio) 

Medium-range transmissions 
(5:1 to 10: 1 torque ratio) 

i> 
Wide-range transmissions 

(over 10: 1 torque ratio) 

Pig. 11-17—Typical Hydrostatic Pump-Motor Arrangements' 
PV, pump, variable displacement. 
MV, motor, variable displacement 
M'~, notor, fixed displacement. 

Speed-to-torque ratio requirements vary according to type of vehicle (see 
Fig. II-18).4 Typical hydrostatic pump-motor arrangements (see Fig. II-19)4 

illustrate the type of system that would be required to meet specific speed-to- 
torque ratio requirements.  The wide-range system requires the use of a 2- 
speed gearbox.  This gearbox would add weight and require more space, addi- 
tional controls, and a method of matching torque to achieve full-power shifting. 
Therefore a hydrostatic drive is more suitable for vehicles that operate in 
narrow to medium speed-to-torque ratio ranges. 

COMMERCIAL APPLICATIONS 

In recent years industry has devoted considerable effort to R&D of hydro- 
static-drive transmissions.  This has resulted in their use in commercial vehi- 
cles such as garden tractors and lawn mowers and as front-wheel-drive assists I 
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-Ports to remote motor 

■ Ports from steer valve. 

Drain from remote motor, 

Dana GT 30 axle 

Input shaft 

Hydrostatic pump 

Gear motor 

Filter 

Port to steer valve 

-Output shaft 

Fig. 11-20—Typical Integral Hydrostatic-Drive Transmission 

Volume, 1.5 ft3; weight, 115 1b. 

TABLE ll-l 

Component Manufacturers for Hydrostatic-Drive System 

Displacement Rated Rated Output Input 
per revolu- pressure, speed, torque, power, 

Company tion, In. P*i rpm Ib-in hp 

The Dynex Co. 0.6 6000 3000 540 25 
9.0 6000 2400 8,000 300 

Eaton (Dowty) Automotive Gear 0.256 1400 3600 636 10 
Div. of F.aton.Yale & Townc, 12.41 4000 2500 7,560 80 
Inc. 

Gar Wood 7.24 3000 5000 4,480 250 
51.8 2500 2500 21,875 1000 

Hydreco Div. of New York Air 4.83 5000 3000 3.600 60 
Brake Co. 12.0 5000 3000 8,220 225 

Oilgear Co. 2.40 2500 1800 900 25 
88.0 2500 900 33.000 450 

Rockwell Mfg. Co. 15.0 500 1800 1,190 40 
165.0 500 1200 13.150 300 

Sundstrand Corp. 30.0 5000 1400 24.000 250-300 
2.0 5000 3800 1.600 30-40 

Ulrich Mfg. Co. 2.0 5000 6000 2.000 30 
15.0 5000 4600 25.000 250 

Vickers lac. Div. of Sperry 23.0 5000 1800 18.300 525 
Rand Corp. 0.65 1000 4000 715 14 

Fairchild Stratos Div. of 2.665 4500 6000 14,100 50 
Fairchild Hiller Corp. 
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in farm tractors and in similar low-speed vehicles.5'6  Moat of these vehicles 
operate within narrow torque and speed ranges.  Since industry's prime objec- 
tive is to manufacture products at competitive costs, efficiencies as low as 70 
percent are acceptable.   Hydrostatic drives have permitted industry to design 
vehicles with smooth stepless control within their speed range.   They have also 
permitted greater flexibility in vehicle design and have provided a means of 
improving the operator's ease of control. 

A typical integral hydrostatic-drive transmission installed in a garden 
tractor is shown in Fig. 11-20.   This drive incorporates a variable-displace- 
ment axial-piston pump and gear motor.   The hydraulic drive and trans-axle 
weigh 115 lb and occupy 1.5 ft3, for a rating of 12 hp.6 The performance of the 
hydrostatic-drive garden tractor is superior to that of a mechanical-drive 
garden tractor. 

At present, several manufacturers are producing hydrostatic components 
for vehicle installation, since many commercial applications exist.  Many of 
these components are suitable for special types of tactical vehicles.  Table 
ü-l7lists some of the more prominent manufacturers with their respective 
ranges of available components. 

MILITARY APPLICATIONS 

Several prototype hydrostatic drives have been installed in tactical vehi- 
cles.  Early installations proved heavier, bulkier, and less efficient than the 
mechanical transmissions they replaced, and lacked a good steering system 
and adequate control circuits.  These deficiencies were basically due to the 
use of shelf components that were available at the time.  These early vehicle 
installations included the LARC XV, the M41, and the 6 x 6 truck.  They pro- 
vided valuable information to the design engineer and made possible the design 
of better components and more effective control circuitry. 

Recent installations of hydrostatic drives in vehicles have greatly im- 
proved efficiency, weight, size, and steering controls and have permitted high 
maneuverability at slow speeds while retaining stability at high speeds.   These 
installations are shown in Table II- 2. 

Typical hydrostatic-drive systems that have been installed in tactical vehi- 
cles are shown schematically in Fig. 11-21.  These installations are either inte- 
gral, split, or separate hydrostatic-drive systems. 

The integral-drive system incorporates pumps, motors, differential, con- 
trols, brakes, and other accessories in a common case with common manifold- 
ing. The only oil-line connections required are to and from the oil cooler (see 
Fig. n-22). 

The integral-drive system was used in a prototype marginal terrain vehi- 
cle named the "Turtle," designed and built by USAERDL.  The hydrostatic drive8 

did not have sufficient capacity for this application, however and prototype 
testing was discontinued.  Another integral-drive installation was made in the 
Universal Engineering Tractor 'UET).* The UET (Fig. 11-23) is a tracked vehi- 
cle that performs as a bulldozer, grader, earth mover, and a cargo and person- 
nel carrier.  The vehicle's many functions require high tractive effort at low 
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TABLE 11-2 

Typical Recent Hydrostatic Drive Installation in Tactical Vehicles 

Vehicle 
installations Drive type        Present status Remarks 

BEST (wheeled) Split 

Marine Tow tractor        Split 
(wheeled) 

AT AC all mag- Split 
nesium 5-ton 
vehicle (wheeled) 

USAERDL Turtle Integral 
(tracked) 

TR14 transporter Split 
(wheeled) 

Howitzer:   M123/U,      Split 
X123E1.M124E2 
(wheeled) 

UET (tracked) Integral 

Under test 

In production 

Unknown 

Testing discon- 
tinued 

Testing con- 
tinuing 

Under test and 
evaluation 

Under test and 
evaluation 

XA-20B (tracked) Separate       Testing completed 

This installation reduced the weight and bulk 
of the existing system; performance was 
satisfactory, but efficiency was low, and 
some maintenance problems developed 

A good application for hydrostatic drive sys- 
tem since the overall height was reduced 
and controllability was improved 

Data are not available on this application 

This vehicle was one of a kind to demonstrate 
marginal-terrain capabilities; the integral 
transmission was overstressed and failed; 
no further testing is scheduled 

This is a good application for a hydrostatic- 
drive transmission due to configuration of 
vehicle; the performance of this slow- 
moving vehicle is good 

These are kits to provide auxiliary pi ipulsion 
for the howitzers; this is a good application 
for hydrostatic-drive transmission since 
weight and volume are held to a minimum 

This installation reduced overell weight, pro- 
vided excellent control, and ii;- reased 
torque range at dozing speeds 

This installation wo» made to make a direct 
comparison with the hydromechanical trans- 
mission; the performance was satisfactory 
but overall weight was increased 
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Planetary 
gear set and 
wheel hub 

Fig. 11-24—Typical Hydrostatic Wheel Drive Unit 

speeds for dozing and grading, and low torque and high speed for use as a per- 
sonnel or cargo carrier.   The integral hydrostatic-drive power train weighs 
approximately 500 lb less than the hydrokinetic power train it replaced. Although 
service testing is oni • in its initial stages, preliminary res<ults are encourag- 
ing, and indications are that most of the vehicle's operating requirements will 
be met.10 

Split and separate drive systems incorporate pumps and motors in in- 
dividual housings, interconnected by separate piping that carries the hydraulic 
fluid.  The individual-wheel driv«- system, in which the hydrostatic motor is 
located in the wheel hub. is an example of a split drive system (see Fig. 11-24)." 
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Fig. 11-25—Ballastable Sectionaliied Tractor 

Fig. 11-26—Marine Tow Tractor 

328 RAC-R-26 



v-SMI 

An installation of this type has been made in the Ballastable Sectionalized 
Tractor (see Fig. 11-25).   This vehicle is an articulated wheeled vehicle that 
needs a front-wheel powered assist when high tractive effort is required.   The 
front wheels originally were powered electrically, but hydrostatic units were 
used to reduce weight and volume requirements.  Although the vehicle has per- 
formed satisfactorily, its efficiency is marginal, and some maintenance prob- 
lems have developed.1'' 

Another split-drive installation was made in the Marine Tow Tractor TD 
4595,12'13 which is now (1966) in production. The Tow Tractor is a defensive, 
extremely low-profile vehicle (see Fig. 11-26) that is required to exert high 
tractive effort at relatively low speeds. The hydrostatic drive provides trac- 
tion to all four wheels during low-speed operation and to only two wheels dur- 
ing higher-speed operation. The overall height was reduced by 6 in. by replac- 
ing the vehicle's mechanical drive system with a hydrostatic unit. 

Fig. 11-27—TR-14 TronsporUr 

A split-drive installation that proved successful wai« made in a TR-14 
Transporter (Fig. 11-27).u  The vehicle was required to operate at slow con- 
trolled speeds in four directions.  This made it necessary for individual wheels 
to be powered, which could not have been accomplished by a mechanical power 
train. 

Split hydrostatic drives have been installed in several models of 105- and 
155-mm howitzers to make thrm self-propelled when separated from their 
prime movers (see Figs. 11-28 and 11-29).   *"  This could not have been accom- 
plished by mechanical moans since the driving motors are remotely located at 
the wheels, and the engine and pump had to be located at the trails for proper 
weight distribution. 
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Fig. 11-28—Self-Propelled 105-mm Howitzer 

Fig   11-29 —Selt-Propelled 1 55-mm Howitx.r 

330 
RAC-R-26 



BMW—— «WIM 

10 

120 

* 
o 

ac 
O 
I 
K < 

o 

Hydrostatic 

5 10 
VEHICLE SPEED. MPH 

15 

i 

Drawbar Pall •• PWCMI •( Vahicla 
Waigbt «a Dry Caacrara 

5 10 
VEHICLE SPEED. MPH 

b. Drawbar Hw»aaawar aa 
Dry Caacrata 

15 

Fig. 11-30—Comporijoii of Ttst Rttult» for Hydrostatic 
ond Hydrokinatic Powar Trains 

A separate hydrostatic-drive power train was installed in a Canadian 
tactical tracked vehicle (XA20B) to obtain a comparison between similar 
hydrokinetic- and hydrostatic-drive power trains.  Hydrostatic drive increased 
the vehicle's weight by 3240 lb, but overall performance was improved. Test 
results for drawbar pull and drawbar horsepower are shown in Fig. 11-30." Al- 
though hydrostatic drive compared very favorably with the hydrokinetic power 
train, a gearbox had to be installed to obtain the speed-torque range required 
for this application. 
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EVALUATION 

The use of hydrostatic-drive systems in tactical vehicles has made it 
feasible to design vehicles with physical and performance characteristics not 
previously attainable. 

The designer may locate various components at optimum vehicle loca- 
tions.  The system can readily provide independent power to a»! drive wheels 
or sprockets, and the operator can control the vehicle with greater ease.  Mo- 
bility is improved, since all wheels or tracks can provide traction at infinitely 
variable torque and speed ranges.  In some special vehicle applications, hydro- 
static drives have resulted in lighter and smaller vehicles as in the case of 
the UET.  Installation of hydrostatic drive in this vehicle reduced the weight 
and size of the power train by 22 and 17 percent, respectively, over the hydro- 
kinetic power train that it replaced.  However, this degree of weight and size 
reduction may not be obtainable for all types of vehicles.  Also the hydrostatic- 
drive power train proved less efficient than the hydrokinetic power train in 
most of the output-to-input speed ratios (see Fig. 11-31). 
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"ig. 11-3i— Comparison of Hydrostovic-Driye System 
with the Hydrokinetic-Powei-Troin System 

Since the number of vehicle installations is limited, reliability and main- 
tainability for the hydro static-drive system could not be precisely determined. 
However, the hydrostatic system in the Marine Tow Tractor demonstrated 
better reliability and maintainability than the mechanical power frain it replaced. 

There are numerous advantages and disadvantages in the use of hydro- 
static drives for tactical vehicles. Some of the advantages of hydrostatic 
drives are: 

(a) Designer is allowed greater flexibility in meeting the vehicle's physi- 
cal and performance characteristics. 

(b) Operator is enabled to vary vehicle speed independently of engine speed. 
(c) Smooth continuously variable speed control is provided. 
(d) Operator has ease of control. 
(e) Dynamic braking is provided. 
(f) Full speed and torque ranges in reverse are provided. 
(g) Method of transmitting power to all wheels is provided when it cannot 

be accomplished satisfactorily by mechanical means. 

1 
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Some of the disadvantages of the hydrostatic drive in tactical vehicles are: 
(a) System efficiencies are lower than those in other comparable mechan- 

ical or hydrokinetic power trains. 
(b) Speed and torque ranges are limited. 
(c) Noise levels ire high at elevated operating pressures. 
(d) Cost of system is two to three times higher than that of present hydro- 

kinetic power trains. 
An additional disadvantage is that higher operating pressures, desired to 

increase specific torque-to-size and torque-to-weight ratios of the hydrostatic- 
drive system, pro?5.ice noisier pumps, motors, and hydrostatic controls.  Also, 
although weight and size of the hydrostatic components can be reduced by higher 
operating speeds, increased speeds will reduce the system's efficiency. 

PREDICTIONS 

It is predicted that the efficiency of the hydrostatic-drive system will im- 
prove through continued R&D.  Predicted technological advances include: 

(a) Better thermostabilization of material to permit closer clearance 
tolerance. 

(b) Stabilization cf hydraulic fluid viscosity. 
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Fig. 11-32—Predicted Specific Ratio Improvements for 
Hydrostatic Power Troins 

(c) Improvement of lubricating qualities of hydraulic fluid. 
(d) Reduction of noise levels at high operating pressures through use of 

improved valves and porting. 
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(e) Development of high-speed vane pumps with pivoted tips that will (1) 
increase operating pressures to 8000 psi at speeds up to 30,000 rpm, (2) per- 
mit direct coupling of the pump to a high-speed engine (such as the gas turbine), 
and (3) reduce both size and weight of the pump as well as of the system, since 
no gear reduction is required. 

(f) Decrease in cost as production volume increases and production 
methods improve. 

Predicted specific torque-to-weight and torque-to-volume ratio improve- 
ments for hydroatatic-drive power trains through 1980 are illustrated in 
Fig. 11-32.  Predicted efficiency improvements for hydrostatic-drive power 
trains through 1980 are illustrated in Fig. 11-33. 

1965 1970 1975 1980 
YEAR 

Fig. 11-33—Predicted Improvement in the Efficiency 
of Hydros'„tie-Driv» Systems 

CONCLUSIONS 

Government R&D of hydrostatic-drive systems for application in tactical 
vehicles similar to those being developed for commercial purposes is not war- 
ranted, since industry will continue to develop these systems successfully. 

However, industry is not developing hydrostatic transmissions or power 
trains suitable for special types of tactical vehicles that are, or may be. in 
the military system. 

Therefore Government R&D is required on hydro static-drive systems for 
tactical vehicles where present mechanical or hydrokinetic transmissions or 
power trains cannot provide the desired physical and performance characteristics. 
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Chapter 21 

ELECTRIC DRIVES 

INTRODUCTION 

An electric drive is a power-conversion device designed to transmit 
power, through an electrical circuit, from the power source to the wheel or 
sprocket of a vehicle.  There are two basic types of electric-drive systems: 
dc and ac. Both types are discussed In this chapter. 

Electric-drive systems can use power from an ac or dc electrical power 
source.  For example the power source may be an energy storage device or 
externally fed power lines.  Also the electric-drive systems can convert me- 
chanical power, obtained from energy-conversion devices such as a recipro- 
cating or gas-turbine engine, to electrical energy.   Later, at the point of ap- 
plication, the electrical energy is reconverted to mechanical energy. 

In theory, electric drives are attractive for application in vehicles in which 
use of more conventional power-conversion devices is difficult or not feasible. 
Amphibious vehicles with retractable wheels, rear-wheel-power semitrailers 
and scrapers, multiple-unit articulated vehicles, and vehicles that require a 
low silhouette are examples of this type of vehicle. 

USAERDL, ?t Belvoir, Va., and ATAC at Warren, Mich., were visited 
during the conduct of this study. The active responsibility for R&D of elec- 
tric drives for tactical vehicles is held at these two military installations. 

Information on electric drives also was obtained from publications and 
personnel in industry and Government agencies.  Industrial plants visited in- 
cluded GMC Defense Research Laboratories, Santa Barbara, Calif.; AiResearch 
Manufacturing Company, Torrance, Calif.; General Atomics Division of Gen- 
eral Dynamics, San Diego, Calif.; Solar Division of International Harvester 
Corporation, San Diego, Calif.; FMC Corporation, San Jose, Calif.; Lear Siegler 
Inc., Cleveland, Ohio; and the Bay Area Rapid Transit District Test Site at 
Concord, Calif. 

Other agencies and industries that have been contacted include the Harry 
Diamond Laboratories, Washington, D. C; Pima Mining Company, Tucson, 
Ariz.; and the LeTourneau Company, Longvier, Tex. 

RAC-R-26 337 

  
] 1 



K^äStWsws«!««»!^ 

DC ELECTRIC-DRIVE SYSTEM 

Direct-current electric-drive systems are capable of using electrical 
energy obtained direct from batteries or unique energy-conversion devices or 
energy from a mechanical power source after such energy has been converted 
through a generator to direct current.  Early versions of dc electric-drive sys- 
tems were used for automobiles, trucks, streetcars, and locomotives.   These 
systems were powered by batteries or electric power lines having an external 
feed.  These electric-drive systems were reliable and economical to operate, 
but as technological advances were made to other types of energy and power- 
conversion devices the application of electric-drive systems changed.   At pres- 
ent dc electric drives powered by batteries are found in golf carts, forklift 
trucks, delivery trucks, short-range automobiles, and other commercial vehi- 
cles where quiet operation or freedom from air pollution is required. 

There are no known battery-powered tactical vehicles in the military sys- 
tem although many such commercial vehicles are used by the military in logis- 
tical operations. 

Recently a battery-powered electric-drive system was installed in an 
M37 3/4-ton truck to demonstrate the capabilities of the vehicle.  This vehicle 
had excellent acceleration and operated quietly, but the weight of the vehicle 
showed substantial increase, and most of the cargo space and capacity was 
used to house the vehicle batteries.   A weight comparison of a mechanical drive 
system with two battery-powered dc electric-drive systems, all for an M151 
vehicle, is made in Table II-3. 

The potential of dc electric-drive systems, operating from "electrochem- 
ical energy-storage system" (EESS) devices, is being investigated both by in- 
dustry and the military to determine the possible uses of these systems in 
vehicles.  The EESS devices require fuel and accessories to constitute a com- 
plete system.  Two prototype systems of those produced on an experimental 
basis were considered by RAC in this study.  One system uses an air-zinc 
couple, and the other uses a molten electrolyte lithium-chlorine couple. These 
prototype systems have achieved an energy density of from 50 to 60 watt-hr/lb 
and from 215 to 225 watt-hr/lb, respectively, and are discussed in some detail 
in the section "Batteries.* The weight of an EESS-powered electric-drive sys- 
tem for an M151 vehicle is compared with thai of a mechanical drive system 
for the same vehicle in Table II-4. 

On the basis of weight alone, neither a battery-powered electric-drive sys- 
tem nor an EESS device offer much promise for use in tactical vehicles unless 
quiet operation should be a prime requisite. 

Dc electric-drive systems, with conventional     :iprocating engines as 
energy-conversion devices, wc re installed in approximately 250 T23 medium 
tanks during WWII.  Tank performance when using the electric drive was ac- 
ceptable, but the system increased the weight of the vehicle over that of a tank 
having a mechanical drive.   However, installation of the electric drive ;n these 
tanks provided the information necessary to establish some fundamental con- 
cepts for steering, dynamic braking, regenerative steering, and vehicle control. 

A dc electric-drive system was installed in a 65-ton ore hau'sr powered 
by a reciprocating engine (Fig. 11-34).  The electric-drive system was installed 
to determine what advantages this system had to offer over the mechanical 
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TABLE 11-3 

Weight Comparison of Battery-Powered Dc Electric-Drive 

System with o Mechanicul-D-ive System0 

Item 

Electric-drive weight, lb 

Lead-acid 
battery 

Silver-zinc 
battery 

Mechanical-drive 
weight, lb 

Spark-ignition eng ne — — 440b 

Gasoline — — 252c 

Electric drive 720 720 — 
Battery 279üc'd 840c-e — 

Total 3510 1560 692 

aAn 80 percent overall efficiency is assumed and systems sized for 
M151 vehicle. 

^hp. 
cBased on 10-hr day and 45-hp average demand. 
Power density 15 watt-hr/lb. 

"Power density 50 watt-hr/lb. 

TABLE 11-4 

Weight Comparison of EESS-Powered Electric-Drive 

System with a Mechanical-Drive System0 

Item 

Electric-drive weight, lb 

Zinc-air 
system 

Molten 
electrolyte 

system 

Mechanical-drive 
weight, lb 

Spark-ignition rr.ginc —   440° 
Gasoline — — 252"= 
Electric drive 720 720 — 
EESS device 763cd 186e'e — 

Total 1483 906 692 

*An 80 percent overall efficiency is assumed and systems sized for 
M151 vehicle. 

b< 72 hp. 
cBased on 10-hr day and 45-hp average demand. 
"Power density 55 watt-hr/lb. 
'Power density 225 watt-hr/lb. 
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Fig. 11-34—65-ton Ore Houler with Dc Electric Drive 
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transmission it replaced.  A schematic diagram of the electric-drive system 
is shown as Fig. n-35.  Although the vehicle did demonstrate better braking 
capability following the installation, other differences in performance were not 
noted.  However, the net weight of the vehicle increased 10,000 lb; the overall 
vehicle cost increased 15 percent; and the electric-drive system required more 
space in the vehicle than the system it replaced.  The efficiency of the electric- 
drive system as a function of road speed was determined and is plotted in 
Fig. H-36. 
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Fig. 11-36—Dc Eltctric-Drive-Sytttm Efficiency as a Function of 
Road Spttd of a 65-fon Ort Haultr 

A dc electric-drive system incorporating individual-wheel drives was in- 
stalled in a 100-ton ore hnuler.  The unit is illustrated in Fig. 11-37.  A com- 
pression-ignition engine driving a dc generator was used as the power source 
for this vehicle.  The output of the generator was fed through controls to each 
individual-wheel drive motor shown in the cutaway view as Fig. 11-38. In 
this application the weight of the dc electric-drive system was 30 lb/hp. 
This application proved successful since it permitted the designer to design 
the vehicle without regard to the restricting requirements of a mechanical 
drive line.  The operator was able to handle the vehicle with ease since the 
controls were simple.  As a result payload cycle time was reduced.  The vehi- 
cle's reliability and maintainability were estimated to be improved over similar 
mechanical-drive system vehicles. 

A recent dc electric-drive system was installed in a 100-ton ore hauler 
powered by a gas turbine >Fig. II-39).  The gas-turbine engine powered a dc 
generator, through a set of speed-reduction gears, and electric power from 
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the generator was distributed to each wheel motor.   Tests then revealed that 
the generator was overloading the gas turbine because the gearbox reduction 
ratio was too high.   This deficiency is now being corrected; the gearbox reduc- 
tion is being decreased to increase the generator speed.   The modified vehicle 
test results will not be obtained in sufficient time to be included in this study. 

1 
-■: 

i 
i 

Fig. 11-39—Gas-Turbine Engine with a Dc Generator 

*'Vi 

A dc electric-drive system, powered by a gas turbine, was installed fc? 
the US Army in a i Arctic Overland Train in .vhich all wheels were powered 
(Fig. 11-40).   This type of vehicle is excellent lor application of an electric- 
drive system since the engineer designing the unit has freedom in locating the 
power-conversion components to obtain optimum positioning with dynamic brak- 
ing at all wheels.  The electric-drive system has given technical feasibility to 
the Overland Train. 

In those test installations where a dc electric-drive system has been cou- 
pled to a conventional engine, indications have been that the systems then have 
the potential of improving tactical vehicle capability.   With this system the de- 
signer has more latitude in positioning the various vehicle components.   As a 
result drive motors can be placed at each wheel to increase vehicle mobility, 
desired vehicle configuration can be more readily achieved, and optimum wheel 
loading can be obtained through a better distribution of vehicle weight.   How- 
ever, the dc electric-drive system d<>os increase the cost, size, and weight of 
a vehicle over that of one incorporating a mechanical power-conversion device. 

In consideration of the foregoing it appears that dc eleciric-drive sys- 
tems have applications only for special tactical vehicles that have a require- 
ment for physical and performance characteristics that cannot be met through 
use of the conventional mechanical-drive systems. 
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Fig. 11-40—Overall View of Overlaid Train Mark II 

ALTERNATING-CURRENT ELECTRIC-DRIVE SYSTEM 

The ac electric-drive system operates from an ac source, usually gen- 
erated by rotating equipment.   Batteries, electromechanical storage systems, 
and fuel cells can also be converted to alternating current, but additional equip- 
ment is required to convert the direct current produced.  This additional equip- 
ment would add weight to, and increase the size of, the system.  Therefore only 
ac electric-drive systems powered by rotating equipment are considered in 
this portion of the study. 

Ac generators and motors have had various and widespread i'ses for every 
conceivable type of application throughout the world.   These motors normally 
operate from constant voltage and frequency sources but in most instances are 
not suitable for application in tactical vehicles since they do not develop suf- 
ficient torque at both low speeds and highway speeds.  By varying the frequency 
and voltage the early ac motors could produce high torque at low speeds, but 
this required additional equipment that added considerable weight and propor- 
tionately increased the size of the system. 

The ac induction motor was considered for use in an electric-drive sys- 
tem because it is brushless, smaller, and lighter in weight than a dc motor 
counterpart.  The motor windings of an ac induction motor are in the stator 
only, which makes the motor easier to cool. 

The recent development of silicon-controlled rectifiers (SCR) has made 
possible the design of control systems that greatly reduce the size and weight 
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of those components that control ihe frequency and voltage of energy produced 
by a generator. 

The ac variable-frequency electric-drive system was conceived in 1959, 
and a design study then was initiated by the US Army.  In 1961 the results of 
the study showed promise sufficient to warrant component development.  Con- 
currently a study for an electric-drive system having applicability to track- 
laying vehicles was initiated.   This second study, which compared 17 different 
electric-drive power-train systems, was completed in 1962.  After the size, 
weight, and efficiency of the units considered in this study were evaluated, an 
ac variable-frequency electric-drive system was determined to hold the most 
promise for application in the near future.   The system envisioned was pre- 
dicted to operate at high speed, to have good efficiency, and to use brushless 
alternators that could be coupled to a conventional reciprocating engine. 
Recognition was given the fact that for large vehicle applications this type of 
system could readily be coupled to a gas-turbine engine. 

Induction motor 
and gearbox 

High-frequency 
ernator 

Frequency changer 

Control system 

Fig. 11-41—Ac Eluciric-Wheel-Driv« Component Installation 

An ac variable-frequency electric-drive system was installed in an M34 
272-ton 6x6 truck (Fig. 11-41).  A 6x6 truck was selected for the installation 
since this vehicle is used extensively by the military and was readily available. 
A block diagram of the system installation is shown in Fig. 11-42.  Ths drive 
consists of an alternator mounted to an engine, a signal generator and exciter, 
a frequency changer, system controls, and individual-wheel drive motors. The 
main purpose of this test-bed installation was to apply the technology of the 
cycloconverter (variable-frequency controller) in an electric-drive system and 
to determine the feasibility of powering all wheels in a wheeled vehicle.  The 
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vehicle was operated for several thousand miles over highways and various 
types of cross-country terrain.  The results of these operations indicated the 
feasibility of using ac electric drives in tactical vehicles.   However, this type 
of system increased the weight and lowered the operating efficiency of the vehi- 
cle below that experienced with a mechanical drive.  In addition the vehicle 
could not obtain top highway speed or negotiate a 60 percent slope at the re- 
quired speed.  The weight of the test-bed vehicle could have been less, but to 
reduce costs many commercial and readily available electric components were 
used.  In addition, components were located in the vehicle to be readily accessi- 
ble to test personnel. 

TABLE 11.5 

Weight and Volume Comparison of the Ac Electric Drive and the 
Mechanical Drive in an M34 2%-ton Truck 

Weight Total Total 
Component No. each, lb Size eoch weight, lb volume, ft 

Electric Drive 

Speed-increasit.g gear- 1 40" 1.5 ft3 a 40 1.50 
box (1.0-2.2) 

Alternator 1 404 26'i in. x 16-in. diameter 404 3.06 
Frequency changers 6 100 8.75 x 25.25 x 11.71 in. 600 9.00 
Induction drive-wheel 6 167 10.8-in. diameter x 11.6-in. high 1002 3.70 

motors 
Speed-reducing gearbox 6 250" 12-in. diameter x 12 in.a 1500 4.72 

(40:1) 
Wheel cross shafts 3 20" 4-in. diameter x 56in.a 60 1.22 
Control set 1 403 1.0 ft3 a 40 1.00 
Yoke 6 75a 0.166 ft18 450 1.00 

Total 

Mechanical Driv« 

4096 25.20 

Transmission 1 300 5.5 ft3 • 300 5.50 
Axles and differentials 3 580a 3ft3a 1740 9.00 

Drive shafts 
2 
1 

20a 

16" 1.2 ft3" 56 1.20 

Brake and wheel hub 6 8a 0.5 ft3 a 48 3.00 

Total 2144 18.70 

"Estimated. 

The estimated weight and volume of the ac variable-frequency electric- 
drive system is compared with that of the mechanical drive in Table Ü-5. The 
best operating efficiency of the electric-drive system was 84 percent.  The 
mechanical drive proved to have an efficiency of 89 percent. 

Additional fasting of this vehicle is planned to determine the capability of 
the electric-drive system with regard to the following items: 

(a) Component durability and life 
(b) Performance and reliability 
(c) Braking grid effectiveness for dynamic braking 
(d) Effectiveness of the redesigned alternator with rotary exciter 
(e) Effectiveness of a smaller and lighter frequency changer 
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A new type of electric-drive system incorporating a dc link is now being 
installed in an M113 tracked vehicle (Fig. 11-43).  Tests will be made to deter- 
mine the feasibility of using this system for tracked vehicles.  This test-bed 
installation was made to obtain performance data for comparison with data 
obtained from a system having a mechanical power train, and to obtain quanti- 
tative data to determine what modifications may be required in the future to 
permit use of an electric-drive system. 

Fig. 11-43—M113 Test-Bed Vehicle with Ac Electric-Drivt System 

Standard generators may be used in the system with the dc link, or the 
system can be adapted to use dc power sources such as batteries or fuel cells. 
A block diagram of ihis system is shown in Fig. 11-44.  The electric-drive sys- 
tem consists of an alternator (mounted to the engine), a rectifier and inverters, 
system controls, and two traction motors.  For ease of installation the induc- 
tion motors were affixed to each other and connected to the final drives (at each 
sprocket). 

The performance of this test-bed vehicle, i.e.  horsepower as a function 
of road speed, is illustrated in Fig. 11-45.   The prediction is made that the 
electric-drive system will have the capability of operating at essentis- ly con- 
stant horsepower over most of the speed range indicated.   The weigh and vol- 
ume of the ac electric-drive system., as compared with the mechanic ll drive it 
replaced, is shown in Table n-6.  Note that the weight and volume l quired for 
the electric-drive system is considerably more than that required iy the me- 
chanical drive.  However, it is predicted that the redesign per mitt» d by tech- 
nological advances and the incorporation of the latest state-of-tlw -art compo- 
nents will result in a substantial reduction of these values for the electrical- 
drive system. 

A test-bed installation of an ac electric-drive system in a BEST earth- 
moving vehicle is now being made.  An artist's concept of this vehic,-5 is shown 
in Fig. 11-46.  Dynamotor testing of BEST is scheduled for the la* .   tart of 
1966.  This vehicle is appropriate for application of an electric-drive system 
since the chassis is articulated, yet all wheels can be readily powered.   A block 
diagram of this system is shown in Fig. 11-47. 
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Fig. 11-45—Vehicle Horsepower as a Function of Road Speed 

RAC-R-26 349 

- - 

■u. 



>.«« HMKif^MMHBw 

TABLE 11-6 

Weight and Volume Comparison of the Ac Electric Drive and the 

Mechanical Drive in an Ml 13 Test-Bed Vehicle 

Weight Total Total 
Component P<0. •ach, lb Size each weight, lb volume, ft 

Electric Drive 

Chain drive and guard. 1 120 8x 3x 24 in.8 120 0.30 
step up (2.25: 1) 

Alternator 1 395 27.9 in. x 13.4-in. diameter 395 2.30 
Pcctifier and inverters 1 

unit 
160C 2? . 30 x 72 in. 1600 27.50 

Controls 1 90 .5ft3a 90 0.50 
Traction motors and 1 1200 rfft3 1200 8.00 

gearbox (5.18:1) u:i<t 

Braking grids 1 set 150 12 x 16 x 20 in.a 150 0.22 

Total 

Mechanical Driv» 

3555 38.82 

Transmission TX 1 450 5.8 ft3 450 5.80 
200-2A 

Controlled differential 1 508 9.5 ft3 508 9.50 
FMC DS 200 

Transfer case 1 150a 1.5ft3a 150 1.50 
Drive shafts 2 20a 1.0 ft3 a 40 1.00 

Total 1148 17.80 

"Estimated. 

. *" f '•'    VVWTL.1 

Pig. 11-46—Ac Electric-Drive BEST Test-Bed Vehicle 
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The power source for BEST is a single-shaft gas-turbine engine coupled 
to an alternator (Fig. 11-48).  The alternator operates at the shaft speed of the 
gas turbine.   High-frequency (3200 cps) power is fed to solid-state cyclocon- 
verters, where the voltage and frequency are controlled, and fed to the motors 
to produce the torque speed selected by the operator.   The high-speed ac induc- 
tion motors are capable of operating at constant horsepower over a wide speed 

Fig. 11-48—Gas Turbine with Ac Alternator 

range.  A final reduction gear is used between the motors and the wheels to in- 
crease torque and reduce the speed of the wheels.  The performance character- 
istics of the vehicle were calculated, and the horsepower output as a function 
of road speed is illustrated in Fig. 11-49.  The efficiency of the overall electric- 
drive system as a function of road speed is illustrated in Fig. 11-50. 

The weight and size (volume) of the ac electric-drive system and the me- 
chanical transmission (incorporating a hydrostatic front-wheel-assist system) 
that was replaced by the electric-drive system in the BEST vehicle are pre- 
sented in Table II-7.  The electric-drive system was found to be considerably 
heavier and larger than the mechanical system with the hydrostatic wheel- 
drive assist. 

At the time of writing, an ac electric-drive system with a brushless syn- 
chronous motor was being installed in an M35 2l/2-ton 6x6 military truck.  The 
electric wheel motors exhibit high torque characteristics similar to those of a 
dc motor, and therefore the system is often referred to as a "dc brushless 
motor drive system." An artist's concept of such a system in a vehicle is 
shown as Fig. 11-51.   A bloc«, diagram of this electric-drive system is shown 
as Fig. 11-52.  The weight and size (volume) of the ac electric-drive system 
is compared with that of a mechanical-drive system in Table II-8.   The weight 
and size of the ac electric-drive system is shown to be considerably greater 
than that of the mechanical-drive system. 
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TABLE 11-7 

Weight and Volume Comparison of the Ac Electric Drive and the 
Mechanics 1 Driv«! in a BEST Vehicle 

Weight Total Total 
Component No. •ach, lb Six* eoeh weight, lb volume, ft3 

Electric Driv« 

System controls 1 50 
(esti- 

mate) 

0.6 ft3 50 0.60 

Alternator including 1 780 30 x 16.5-in. diameter 780 3.70 
exciter 

Motor 4 300 15.5 x 16.5-in. diameter 1200 7.73 
Converters 250 15 x 15 x 36 in. 1000 18.79 
Final reduction gear- 4 1000 23 x 22.5-in. diameter 4000 9.40 

box* (139.5:1) 

Total 

Mechanical Drive 

7030 40.22 

Transmission 1 1186 11.5 ft3 1186 11.50 
Differential and housing 1 500 13.5 ft3 500 13.50 
Finul drive 2 180 0.5 ft3 360 1.00 
Hydrostatic front wheel 

assist: 
Pump 1 140 0.52 ft3 140 0.52 
Motors 2 53 0 115 ft3 106 0.23 
Gearbox, reduction 2 190 2.3 ft3 380 4.60 
Control valves 4 20 8 x 4 x 3 in. 80 0.22 
Reservoir, inciting 1 240 10 x 30 x 24 in. 240 4.17 

30 gal of oil 

Total 2992 35.74 

"Includes final-drive reduction and brakes. 

Commutation 
circuits 

Georbox 

Fig. 11-51—Ac ElftcHc Driv* (De BrtisJhless Motor) 
in at M35 Test-Bed Vehicle 
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The synchronous motor has operated satisfactorily on test stands over 
the complete speed and torque range required for those military vehicles in 
which it could be used. Therefore it is anticipated that the system should be 
successful when put to use in the actual operation of these vehicles. 

TABLE il-8 

Weight and Volume Comparison of the Ac Electric Drive and the 
Mechanical Drive in an M35 2'/j-ton Truck 

Component 
Weight 

No.     each, lb Size each 
Total Total 

weight, lb     volume, ft 

Electric Drive 

Alternator 1 600 20 x 16.5-in. diameter 600 2.48 
Gearbox (speed-up) 1 150 9.5 x 20-in. diameter 150 1.73 
Inverters 
Triggering system 

61 6< 
137 

| 7 x 16 x 8 in.         1 
16 x 19.63 x 8.5 in. t 

137 
3.12 
3.47 

Motor 6 157 12 x 12-in. diameter 942 4.72 
Motor gearbox 6 500 20 x 19-in. diameter 3000 19.70 
System control 1 70 8x5x5 in.a 70 0.12 
Wheel cross shaft 3 20a 56 x 4-in. diameter 60 1.22 

Total 

Mechanical Drive 

4959 36,56 

Transmission 1 300 5.5 ft3 300 5.50 
Axles and differentials 3 600 3 ft3 1800 9.90 
Drive shafts 2 20a 

1 I6a 1.2 ft3 56 1.20 
lirake and wheel hub 6 8a 0.5 ft3 48 3.00 

Total 2204 18.70 

aKsii 

EVALUATION 

The various vehicle installations of the electric-drive systems discussed 
have provided data sufficient to indicate definite advantages of a dc electric- 
drive system over an ac electric-drive system, as well as some disadvantages. 
The prime advantage of the dc system lies in its simplicity as compared with 
the more complex ac system.  A block diagram of the dc system is shown as 
Fig. n-53. A block diagram of the more complex ac system is fhown as Fig. 
11-54.  The ac system is more complex because of the controls required to 
vary the system frequency and voltage. 

The efficiency of the dc electric-drive system is higher for most speed 
ranges than is that of the ac system. The efficiency of these two system types 
is compared in Fig. 11-55.  Further, the initial cost of a dc system is lower 
than that of an ac system owing primarily to the lesser complexity of the dc 
system. 
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The prime disadvantages of a dc electric-drive system are the weight and 

size (volume), both of which are greater than in an ac system.  Motors and gen- 
erators require brushes and commutators^which increase the weight and size of 
the dc system.  Further, the motors require rotating windings,which limit speed 
and directly affect horsepower output.  Another disadvantage of a dc system is 
that the motors and generators are difficult to waterproof and radio-suppress, 
due to commutation, more so than in an ac system. 

r Final drive Final drive - 

Drive 
motor 

- Braking grids- 

l-VCV- -VvV-l 

- Sprocket 
or wheel 

Drive 
motor 

r 
Generator 

Engine 

n 

i i 

Fig. 11-53—Dc Electric-Drive System with Individual Drive Motors at Each Wheel 

Test-bed vehicles incorporating an ac electric-drive system provided the 
designer with test data on a variety of ac electric-drive systems, and with an 
evaluation of various ac electric-drive systems of small horsepower before 
adaptation of these systems to systems requiring greater horsepower.  In addi- 
tion electrical hardware not available in the commercial market evolved. 

There has been large variation in the weight-per-horsepower and horse- 
power-per-volume specific ratings of ac electric-drive systems between tracked 
and wheeled vehicle installations.  Also the specific weight and size of the sys- 
tem varied with the overall vehicle horsepower requirements.  This is illus- 
trated in Fig. n-56. It is apparent that, as the vehicle and horsepower size 
increase, a substantial improvement in an electric-drive-system specific rat- 
ing is realized. 
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Fig. 11-55—Efficiency Comparison of Various Drive Systems 
for Wheeled Toctical Vehicles 
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If the electric motors and generators are operated at higher speeds, volt- 
ages, and frequencies, the weight and size of the electric-drive systems can 
be reduced.  In addition the use of lighter materials (primarily for housings) 
can make a contribution to system weight reduction. 

200        300        400 
HORSEPOWER 

Fig. 11-56—Weight and Volume Trend of Ac Electric-Drive Systems 
for Wheeled Vehicles as a Function of Horsepower Rating* 

'Engine gross horsepower. 

Alternators have been operated at 39,000 rpm.  A speed this high permits 
direct alternator coupling to a gas-turbine engine.  A realization of this possi- 
bility would further reduce vehicle weight since reduction gears would not be 
required.  However, to achieve a high operating speed the use of a homopolar 
alternator containing a solid rotor is required.  This type of alternator has an 
efficiency less than that of the slower-speed alternators that use a wound rotor. 
The permissible speeds of wound rotors, compared to speeds of solid rotors, 
in relation to the respective rotor diameters, are illustrated in Fig. 11-57. 
The practical limit of a wound-rotor alternator (with the rotor having an ap- 
proximate 8-in. diameter) is approximately 15,000 rpm whereas the practical 
limit of an alternator having a solid rotor of the same diameter is approxi- 
mately 40,000 rpm.  The higher operating speeds of a homopolar alternator 
readily achieve high frequencies, but the high speeds impose severe starting 
loads (when the alternator is coupled to a gas-turbine engine).  Further, high- 
speed rotors require improved bearings and lubricants. 

The use of lighter materials to reduce system weight is limited.  Lighter 
materials can be used only for those components that are not required to carry 
high current or high flux density.  The lighter mate rial, then, is limited to 
structural components and would not appreciably reduce system weight. 

Better cooling of the electrical components through improved air or oil- 
cooling techniques, or through the use of cryogenics, will permit electrical 
component operation at higher current densities. This would result in a de- 
crease in system weight and size while offering comparable horsepower units. 
However, the use of cryogenics requires auxiliary equipment that adds weight 
and bulk to the system. 

A simplification of control circuits, improved speed-control ratios--, and 
microminiaturization could produce a large reduction in converter weight and 

RAC-R-26 359 



L*fm^mmümsmwmmMiaai»Kmam 

volume.  The greatest weight and size (volume) reduction in the electric-drive 
system will be realized in this area of controls. 

An electric-drive system, be it ac or dc, offers some advantages and dis- 
advantages for tactical vehicles, when compared with a mechanical-drive system. 
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Fig. 11-57—Rotor Spood at a Function of 
Rotor Diameter 

Advantages.  Tha advantages of an electric-drive system are: 
(a) The designer is provided with greater flexibility for locating vehi- 

cle components. 
(b) Vehicle speed may be operator-varied independent of engine speed. 
(c) Faster vehicle response and greater agility are provided. 
(d) A smooth variable-controlled vehicle speed is obtained. 
(e) Vehicle dynamic braking and regenerative steering are provided. 
(f) Simpler and easier operator controls result. 
(g) A variable speed-control ratio for tracked vehicles is provided, 
(h) Ready power to all wheels is provided. 
(i) Vehicle mobility is increased. 
(j) Engine operation is possible at the most economical power range. 
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(k)  The capability to provide auxiliary power or prime electrical 
power as a mobile generating station is offered. 

Disadvantages.   The ("iyadvantages of an electric-drive system are: 
(a) Efficiencies lower than those of comparable mechanical or hydro- 

kinetic systems. 
(b) Greater size and weight than that of comparable mechanical or 

hydrokinetic systems. 
(c) Higher cost than that of present mechanical or hydrokinetic systems. 
(d) Unproved reliability in tactical vehicles (may achieve the reliabil- 

ity of present systems). 

PREDICTIONS 

It is predicted that technological advancements will be made in both ac 
and dc electric-drive systems (for use in tactical vehicles) if R&D by the US 
Army is continued.  These advancements will improve the capabilities of spe- 
cial types of tactical vehicles in which difficulty in meeting the physical per- 
formance characteristics (when more conventional drive systems were used) 
has been encou itered. 

1985 

1985 

Fig. 11-58—Prtdicttd Sptcific Ratio Improvtmtnts of Ac Eltctric- 
Drivt Systems for 50-ton Tracktd Vthidi 
Final drivet and sUctric cabling not included. 

Specific weight and size (volume) to horsepower ratios will improve for 
dc electric-drive systems, and an even more significant improvement will be 
noted in the ac electric-drive systems, as illustrated in Fig. 11-58.     These 
improvements could be realized through future development of higher-speed 
motors and/or generators, miniaturized components, lighter-weight materials, 
and an electronic shifting device to engage the gears of a mechanical 2-speed 
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reducer and increase the torque range of the ac and dc electric-drive systems 
at low speed. 

Development affecting the improvement of the ac electric-drive systems 
only will include the simplification of ac system control circuitry, motors and 
alternators that can operate at higher frequencies, and an alternator for an ac 
electric-drive system that can be incorporated in a gas-turbine engine. 

Efficiency 

The efficiency oi hn'l the dc and ac electric-drive systems will improve 
as illustrated in Fig. 11-59.  The improvements realized through future elec- 
tric-drive-system development will include a reduction in losses owing to wind- 
age of rotating equipment for both dc and ac systems (more significantly for 
the ac electric-drive system); and improved cooling techniques for both types 
of system.  The ac system will experience improved power factors, improved 
alternators, and better electrical steels that will increase flux densities and 
reduce hystersis losses. 
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Fig. 11-59—Predicted Improvtmtnt in the Efficitncy «f 
Ac and Dc Eltctric-Drivt System» 

Reliability and Maintainability 

The reliability and maintainability of both the dc and ac electric-drive 
systems will improve through better methods of system waterproofing.  Also 
fungus-resisting components will be developed for ac, and more significantly, 
for dc electric-drive systems. The ac system will benefit from the incorpora- 
tion of fewer parts.  Further, silicon-controlled rectifiers that will operate at 
higher temperatures, carry increased current, and operate at higher voltages 
will be used in the ac system. 

The reduction of weight and size (volume) of electric-drive systems will 
enable developers to produce smaller and lighter vehicles in the higher power 
ranges than those now produced with mechanical-drive systems. The reduc- 
tion of vehicle weight will reduce the ground pressures exerted by the vehicle 
track or wheels and will increase vehicle mobility. Improved electric-drive- 
system efficiency and reliability and maintainability, as outlined above, will 
enable economical vehicle operation and extend vehicle operating range. 

Dc electric-drive systems developed by industry for commercial vehicles 
are not required to operate under environmental conditions as severe as are 
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tactical-vehicle electric-drive systems.  Numerous electric systems are avail- 
able at this time for commercial-vehicle applications, for vehicles not required 
to undergo severe environmental operating conditions.  Dc electric-drive sys- 
tems now available in the commercial market sliould be modified to be accept- 
able for small battery-powered limited-range tactical vehicles for which silent 
operation is required and with whicb freedom from noxious fuires is desirable. 
In addition, dc electric-drive syst  ns now are used with success in large 
vehicles powered by reciprocating engines. In this application each wheel of 
the vehicle is individually powered, and excellent tractive effort, dynamic brak- 
ing, and ease of control are provided.  These dc electric-drive systems should 
be modified for use in special tactical vehicles that are powered by reciprocat- 
ing engines and where mechanical drives cannot be readily installed to furnish 
power to the wheels or track sprockets.  This development could be accomplished 
in the near future. 

Considerable developmental effort has been expended to provide sufficient 
data to develop an acceptable ac electric-drive system for tactical vehicles. 
Additional data a re required, and it is not foreseen that this effort will be con- 
ducted by industry since industry's requirement for such a system is limited. 
Acceptable ac electric-drive systems have not been developed by industry for 
either commercial*or tactical-vehicle applications.  Ac electric-drive systems 
have a greater potential than comparable dc systems but ac system development 
cannot be accomplished before the 1975-1985 time frame.  A vehicle should be 
designed specifically for an ac electric-drive system to take full advantage of 
this kind of system.  This technology and the data obtained from use then could 
be applied to other special tactical vehicles. 

The ac electric-drive system appears to have the potential for successful 
development for use in special-purpose or amphibious tactical vehicles, vehi- 
cles in which wheels must be individually powered and in which mechanical 
drives are difficult to incorporate.  Ac drives also show promise for applica- 
tion in articulated vehicles where the wheels or tracks of more than one sec- 
tion must be powered.  In addition, ac drives could be applied to large tracked 
vehicles that have large power requirements and, should a gas turbine be in- 
corporated, the drive could readily be coupled to the engine.  This type of sys- 
tem would lend itself to vehicles requiring a low silhouette.  Successful devel- 
opment of an ac electric-drive system, if initiated in the near future, could be 
accomplished within the 1975-1985 time frame. 

CONCLUSIONS 

US Army R&D of electric-drive systems if warranted. Both the ac and 
dc electric-drive systems could improve the physical and performance char- 
acteristics of some types of tactical vehicles. 

Dc electric-drive systems are being developed by industry for commercial 
vehicles that are not required to operate under as severe environmental condi- 
tions as are tactical vehicles. Available commercial dc electric-drive systems 
should be modified to be acceptable for small battery-powered limited-range 
tactical vehicles for which silent operation is a requirement.  Dc systems also 
should be modified for special tactical vehicles powered by reciprocating en- 
gines and in which mechanical drives cannot be re-vtUly installed to provide 
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power to the wheels or track sprockets.  This development could be accom- 
plished in the 1966-1975 time frame. 

Acceptable ac electric-drive systems have not been developed by industry 
for either commercial-or tactical-vehicle applications.  Ac electric-drive sys- 
tems have the potential of reducing the weight and size of a tactical vehicle 
over comparable dc electric-drive systems, but the development could not be 
accomplished before the 1975-1985 time frame.  A vehicle should be specifically 
designed to take full advantage of an ac electric-drive system, and this tech- 
nology then could be applied to other special tactical vehicles. 
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Chapter 22 

DISCUSSION 

Many of the energy- and power-conversion devices evaluated during this 
study that were already developed or are currently being developed are not ap- 
plicable for use in future tactical vehicles. On the other hand, many other de- 
vices that were developed in the past and those currently in research or under 
development will be applicable for use in future tactical vehicles. 

Despite technological advances in this field, some of the devices for one 
or many reasons will not be applicable for use in future tactical vehicles since 
they cannot surpass the capability of devices currently available. 

Energy- and power-conversion devices that are not applicable for use ir 
tactical vehicles within the foreseeable future are: 

Energy-Conversion Devices Not Applicable 
(a) Steam engine, reciprocating 
(b) Steam engine, turbine 
(c) Spark-ignition engine, ammonia fueled 
(d) Compression-ignition engine, ammonia fueled 
(e) Fuel cell 
(f) Battery, primary or secondary 
(g) Battery, electrochemical energy-storage system 
(h) Nuclear reactor 
(i) Unique energy-conversion devices 
(j) KGG cycle (Kuhns) engine 

Power-Conversion Devices Not Applicable 
(a) Progressive sliding gear 
(b) Selective sliding gear 
(c) Constant mesh 
(d) Friction drive 
(e) «Hydramatic" 
(f) «Torqmatic" 

Energy- and power-conversion devices that are applicable and are now 
available for use in tactical vehicles or will be within the foreseeable future are: 

Applicable Energy-Convsrsior. Device« 
(a) Conventional spark-ignition engines 
(b) Conventional compression-ignition engines 
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Applicable Power-Conversion Devices 

Device Wheeled Tracked 

(a) Synchromesh 
(b) Torque converter 
(c) Torque converter, planetary gear, 

TX series 
(d) Torque converter, planetary gear, 

CD series 
(e) Torque converter, planetary gear, 

XT series 
(f) Torque converter, planetary gear, 

XTG series 
(g) Torque converter, planetary gear, 

X series 

Energy- and power-conversion devices that would be applicable but re- 
quire R&D for tactical vehicles fielded in the 1966-1975 time frame are: 

Energy-Conversion Devices Requiring R&D, for 1966-1975 
(a) Rotary spark-ignition engine 
(b) Dynastar spark-ignition engine 
(c) Dynastar compression-ignition engine 
(d) Rotary hybrid engine 
(e) Hybrid engine 
(f) Stirling-cycle "Dineen" process engine 
(g) Differentially supercharged engine 
(h) VCR turbine engine 
(i) VHO turbine engine 
(j) Piston-turbine compound engine 

Power-Conversion Devices Requiring R&D 
(a)* Torque converter, planetary gear, TX series (wheeled) 

Torque converter, planetary gear, X series (tracked) 
Belt drive 
Hydrostatic (narrow speed-torque range) drive 
Electric (dc) drive 

Energy- and power-conversion devices that would be applicable but re- 
quire R&D for tactical vehicles fielded in the 1975-1985 time frame are: 

Energy-Conversion Devices Requiring R&D, for 1975-1985 

(W* 
(O 
(d) 
(e) 

(a) EHO engine 
(b) Free-piston turbine engine 
(c) Gas turbine, single shaft 
(d) Gas turbine, two shaft 
(e) Gas turbine, differential 

Power-Conversion Devices 
(a) Hydromechanical transmission 
(b) Electric (ac) drive 
(c) Hydrostatic (medium speed—torque range) drive 

•Available now but does not cover entire power range for tactical vehicles and has 
potential of further improvements. 
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After delineating nonapplicable energy- and power-conversion devices, 
all those remaining were evaluated for their compatibility and suitability for 
various types of vehicle within their respective horsepower ranges (see 
Table m-1). 

Many of the evaluated energy- and power-conversion devices could be de- 
veloped enough to improve the capability of tactical vehicles by replacing their 
energy- and power-conversion devices.  However, Government support for their 
development is required since industry has little or no application for these 
devices in commercial vehicles.   Therefore industry has no incentive to de- 
velop these devices for application to tactical vehicles with their own funds. 
The new devices, if successfully developed, would contribute to the Army's 
effort of achieving improved tactical vehicles in the future.   These devices and 
their potential contributions to tactical vehicles are presented in Table m-2. 

TABLE lll-l 

Compatible Energy- and Power-Conversion Devices with Applicable 
Type of Vehicle and Horsepower Range 

Energy-conversion Power-con version 
device 

Wheeled, 
hp range 

Tracked, 
hp range 

Amphibious, hp range Special purpose, hp range 

device Wheeled Tracked Wheeled Tracked 

Conventional spark- Synchromesh trans- 0-120 0-120 0-120 0-120 0-120 0-120 
ignition engine mission 

Belt drive 0-120 NA" NA NA NA NA 
Torque converter 0-250 NA NA NA NA NA 
TCPCb TX series 0-250 NA 0-250 0-250 0-250 NA 
TCPG X series NA 0-250 NA 0-250 NA 0-250 
Hydi-omechanical 0-250 0-250 0-250 0-250 0-250 0-250 

transmission 
Hydrostatic drive 0-120 0-120 0-250 0-120 0-250 0-250 
Electric drive 0-120 0-120 0-250 0-120 0-250 0-250 

Rotary spark-ignition Synchromesh trans- 0-120 0-120 0-120 0-120 0-120 0-120 
engine mission 

Belt drive 0-120 NA NA NA NA NA 
Torque converter 0-250 NA NA NA NA NA 
TCPG IX series 0-250 NA 0-250 0-250 0-250 NA 
TCPG X series NA 0-250 NA 0-250 NA 0-250 
llydromechanical 0-250 0-250 0-250 0-250 0-250 0-250 

transmission 
Hydrostatic drive 0-120 0-120 0-2IO 0-120 0-250 0-250 
Electric drive 0-120 0-120 0-251 0-120 0-250 0-250 

Dynaatar spark- Synchromesh trans- 0-120 0-120 0-120 0-120 0-120 0-120 
ignition engine mission 

Belt drive 0-120 NA NA NA NA NA 
Torque converter 0-250 NA NA NA NA N.\ 
TCPG TX aeriea 0-250 NA 0-250 0-250 0-250 NA 
TCPG X series NA 0-250 NA 0-250 NA 0-250 
llydromechanicul 0-250 0-25( 0-250 0-250 0-250 0-250 

transmission 
Hydrostatic drive 0-120 0-120 0-250 0-120 0-250 0-250 
Electric drive 0   !20 0-120 0-250 0-120 0-250 0-250 

Conventional Synchromesh trans- NA NA NA NA NA NA 
compression- 
ignition engine 

mission 
Belt drive NA NA NA NA NA NA 
Torque converter NA NA NA NA NA NA 
TCPG TX series 120-1W0 NA 120-1000 120-1000 120-1000 NA 
TCPG X series NA 120-1000 NA 120-1000 NA 120-1000 
HydVomechnaicaJ 120-1000 120-1000 120-1000 120-1000 120-1000 120-1000 

transmission 
Hydrostatic drive NA NA 170-1000 NA 120-1000 120-1000 
Electric drive 500-1000 500-1000 I2O-IO00 500-1000 120-1000 120-1000 
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TABLE 111-1   (continued) 

Energy-con version Power-eonvertion 
dovice 

Wheeled, 
hp range 

Tracked, 
hp range 

Amphibious hp range Special purpose, hp range 

device Wheeled Tracked Wheeled Trackad 

Dynastar compres- Synchronieah trans- NA NA NA NA NA NA 
sion-ipnitton mission 
engine Belt drive NA NA NA NA NA NA 

Torque converter NA NA NA NA NA NA 
TCPG TX uriee 120-1000 NA 120-1000 120-1000 120-1000 NA 
TCPG X series NA 120-1000 NA 120-1000 NA 120-1000 
Hydromechanical 120-1000 120-1000 120-1000 120-1000 120-1000 120-1000 

transmiaaion 
Hyoraalatic drive NA NA 120-1000 NA 120-1000 120-1000 
Electric drive 500-1000 500-1000 120-1000 500-1000 120-1000 120-1000 

Rotary hybrid engine Synchroniesh trana- 
mission 

NA NA NA NA NA NA 

Belt drive NA NA NA NA NA NA 
Torque converter NA NA NA NA NA NA 
TCPG TX series 120-500 NA 120-500 120-500 120-500 NA 
TCPG X series NA 120-500 NA 120-500 NA 120-500 
Hydromechanical 120-500 120-500 120-500 120-500 120-500 120-500 

transmission 
Hydrostatic drive NA NA 120-500 NA 120-500 120-500 
Electric drive NA NA 120-500 NA 120-500 120-500 

Hybrid engine Synchroniesh trans- 
mission 

0-120 NA 0-120 NA 0-120 NA 

Belt drive 0-120 NA NA NA NA NA 
Torque converter NA NA NA NA NA NA 
TCP« TX series 0-1000 NA 0-1000 0-1000 0-1000 NA 
TCPG X series NA 0-1000 NA 0-1000 NA 0-1000 
Hydromechanical 0-1000 0-1000 0-1000 0-1000 0-1000 0-1000 

transmission 
Hydrostatic drive 0-120 0-120 0-1000 0-120 0-1000 0-1000 
Electric drive 0-120; 

500-1000 
0-120; 

500-1000 
0-1000 0-120; 

500-1000 
0-1000 0-1000 

Stirling-cycle Dineen Synchromeah trans- 0-120 NA NA NA NA NA 
process engine mission 

Belt drives NA NA NA NA NA NA 
Torque converter NA NA NA NA NA NA 
TCPG TX series 0-120 NA NA NA NA NA 
TCPG X series NA NA NA NA NA NA 
Hydromechanical 0-120 NA NA NA NA NA 

transmission 
Hydrostatic drive 0-120 NA NA NA NA NA 
Electric drive 0-120 NA NA NA NA NA 

Deferentially super- Synchromeah trans- NA NA NA NA NA NA 
charged »ngiae mission 

Belt drive NA NA NA NA NA NA 
Torque converter NA NA NA NA NA NA 
TCPG TX series 120-1000 NA 120-1000 120-1000 120-1000 NA 
TCPG X series NA 120-1000 NA 120-1000 NA 120-1000 
Hydromechanical 120-1000 120-1000 120-1000 120-1000 120-1000 120-1000 

transmission 
Hydrostatic drive NA NA 120-1000 NA 120-1000 120-1000 
Electric drive 500-1000 500-1000 120-1000 500-1000 120-1000 120-1000 

VCR engine Synchromeah trans- 
mission 

NA NA NA NA NA NA 

Ball drive NA NA NA NA NA NA 
Torque converter NA NA NA NA NA NA 
TCPG TX aariss 250-1000 NA 250-1000* 250-1000* 250-1000* NA 
TCPC X series NA 250-1000» NA 250-1000* NA 250-1000* 
Hydromecnanical 250-1000 250-1000* 250-1000* 250-1000* 250-1000* 250-1000* 

trensmissios 
Hydrostatic drive NA NA 250-1000* NA 250-1000* 250-1000* 
Electric drive 500-1000 500-1000* 250-1000* SO0-1000* 250-1000. .'50-1000* 

VHO engin« Synchromtsh trans- 
mission 

NA NA NA NA NA NA 

Bait drive NA NA NA NA NA NA 
Torque coav liter NA NA NA NA NA M 
TCPG TX atiries 250-1000 NA 250-1000, 250-1000* 2SO-I0OO* 4A 
TCPG X sen.s NA 250-1000* NA 2S0-I000. NA 250-1000* 
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TABLE II1-1   (conti nued) 

Energy -con ver s i on Power-con version 
device 

Wheeled, 
hp rang« 

Traclted, 
hp range 

Amphibious, hp range Special purpose, hprange 

device Wheeled Tracked Wheeled Tracked 

Hydromechanical 250-1000 250-1000+ 250-1000+ 250-1000+ 250-1000+ 250-1000+ 
transmission 

Hydrostatic drive NA NA 250-1000+ NA 250-1000+ 250-1000+ 
Electric drive 500-1000 500-1000t 250-1000+ 500-1000+ 250-1000+ 250-1000+ 

EHO engine Synchromesh trans- 
mission 

NA NA NA NA NA NA 

Belt drive NA NA NA NA NA NA 
Torque converter NA NA NA NA NA NA 
TCl'G TX series 500-1000 NA 500-1000+ 500-1000+ 500-1000* NA 
TC»G X series NA 500-1000+ NA 500-1000+ NA 500-1000+ 
Hydromechanical 500-1000 50C-1000+ 500-1000; 500-1000+ 500-1000+ 500-1000+ 

transmission 
Hydrostatic drive NA NA NA NA NA 500-1000+ 
Electric drive 500-1000 500-1000+ 500-1000+ 500-1000+ 500-1000+ 500-1000+ 

Free-piston turbine Synchromesh trans- 120-1000 120-1000 120-1000 120-1000 120-1000 120-1000 
engine mission 

Belt drive NA" NA NA NA NA NA 
Torque converter NA NA NA NA NA NA 
TCPGb TX series 120-1000 NA 120-1000 120-1000 120-1000 NA 
TCPG X series NA 120-1000 NA 120-1000 NA 120-1000 
Hydromechanical 120-1000 120-1000 120-1000 120-1000 120-1000 120-1000 

transmission 
Hydrostatic drive 120-1000 NA NA NA NA 120-1000 
Electric drive 120-1000 500-1000 120-1000 500-1000 120-1000 120-1000 

Piston-turbine com- Synchromesh trans- NA NA NA NA NA NA 
pound engine mission 

Belt drive NA NA NA NA NA NA 
Torque converter NA NA NA NA NA NA 
TCPG TX series 120-1000 NA 120-1000 120-1000 120-1000 NA 
TCPG X series NA 120-1000 NA 120-1000 NA 120-1000 
Hydromechanicat 120-1000 120-1000 120-1000 120-1000 120-1000 120-1000 

transmission 
Hydrostatic drive NA NA 120-1000 NA 120-1000 120-1000 
Electric drive 500-1000 500-1000 120-1000 500-1000 120-1000 120-1000 

Gas-turbine single- Synchromesh trans- 500-1000 500-1000+ 500-1000+ 500-1000+ 500-1000+ 500-1000+ 
shaft engine mission 

Belt drive NA NA NA NA NA NA 
Torque converter NA NA NA NA NA NA 
TCPG TX series NA NA NA NA NA NA 
TCPG X series NA NA NA NA NA NA 
Hydromechanical 500-1000 500-1000+ 500-1000+ 500-1000+ 500-1000+ 500-1000. 

transmission 
Hydrostatic drive NA NA 500-1000+ NA 500-1000+ 500-1000+ 
Electric drive 500-1000 500-1000+ 500-1000+ 500-1000+ 500-1000+ 500-1000+ 

Gee-turbine two- Synchromesh trans- 500-1000 500-1000+ 500-1000+ 500-1000+ 500-1000+ 500-1000+ 
shaft engine mission 

Belt drive NA NA NA NA NA NA 
Torque converter NA NA NA NA NA A 
TCPG TX series NA NA NA NA NA NA 
TCPG X series NA NA NA NA NA NA 
Hydromechanical 500-1000 500-1000+ 500-1000+ 500-1000+ 500-1000+ 500-1000+ 

transmission 
Hydroststic drive NA NA 500-1000+ NA 500-1000+ .500-1000+ 
Electric drive 500-1000 500-1000+ 500-1000+ 500-1000« 500-1000+ 500-1000+ 

Gas-turbine dif- Synrhromesh trans- 500-1000 500-1000+ 500-1000+ 500-1000« 500-1000* 500-1000- 
ferential engine mission 

Belt stive NA NA NA NA NA NA 
Torque converter NA NA NA NA NA NA 
TCPG TX series NA NA NA NA NA NA 
TCPG X series NA NA NA NA NA NA 
Hydromechanical 500-1000 500-1000+ 500-1000+ 500-1000+ 500-1000+ 500-1000+ 

transmission 
Hydroytatic drive NA NA 500-1000» NX 500-1000+ 500-1000» 
Electric drive 500-1000 500-1000+ 500-1000+ 500-1000+ 500-1000+ 500-1000» 

*NA. not applicable 
TCPG. torque converter, planetary (ear. 
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TABLE j11-2 

Energy- and Power-Conversion Devices and Their Potential 

Contributions to Tactical Vehicles 

Device 
Contribution to physical 
improvement of vehicle 

Contribution to operationc 
improvement of vehicle 

Rotary spark-ignition 
engine 

Dynast or compres- 
sion ignition 
engine 

VCR engine 

VHO engine 

KIIO engine 

Hybrid engine 

Stirling-cycle engine 
Gas-turbine engine 

Piston-turbine com- 
pound engine 

Kree-piston turbine 

Torque converter, 
planetary gear. 
TX series 

Torque converter, 
planetary gear, 
V series 

Belt drive 

Hydrostatic trans- 
mission 

Energy-Conversion Devices 

Reduces vehicle weight, offers more 
space for cargo or personnel 

Reduces vehicle weight; offers more 
space for cargo or personnel 

Reduces vehicle weight; offers more 
space for cargo and personnel 

Reduces vehicle weight; offers more 
space for cargo and personnel 

Reduces vehicle weight; offers more 
space for cargo and personnel 

Reduces vehicle weight; offers more 
space for cargo and personnel 

Reduces vehicle weight; offers more 
space for cargo and personnel 

Reduces vehicle weight; offers more 
space for cargo und personnel 

Reduces vehicle weight; offers more 
space for cargo and personnel 

Power-Conversion Devices 

Reduces vehicle weight 

Reduces vehicle weight; offers more 
space for cargo and personnel 

Provides bette? load distribution on 
axles; increases vehicle ground 
clearance; readily adaptable to 
various small engines 

Offers flexibility of design; pro- 
vides better load distribution Cn 
axles and increased ground clear- 
ance for wheeled vehicles; pro- 
vides more space for cargo and 
personnel; readily odop'.abie to 
various engines 

Decreases operational cost; de- 
creases vehicle maintenance re- 
quirements; reduces logistic 
requirements 

Decreases operational cost; com- 
plies with fuel policy 

Decreases operational cost; com- 
plies with fuel policy 

Decreases operational cost; com- 
plies with fuel policy 

Decreases operational cost; com- 
plies with fuel policy 

Decreases operational cost; com- 
plies with fuel policy; contributes 
prompt mobilization capacity 

Offers silent operation 
Decreases operational cost; com- 

plies with fuel policy 
Improves mobility; decreases opera- 

tional cost; complies with fuel 
policy 

Decreases operational cost; com- 
plies with fuel policy 

Improves mobility; improves control- 
lability; decreases logistic re- 
quirements; decreases vehicle 
maintenance requirements; in- 
creases vehicle reliability; 
decreases operational cost 

Improves mobility; improves control- 
lability; decreases logistic re- 
quirements; decreases vehicle 
maintenance requirements; in- 
creases vehicle reliability; 
decreases operational cost 

Decreases logistic requirements 

Improves mobilit   and ease of opera- 
tion; improves controllability; 
reduces vehicle maintenance re- 
quirements; decreases logistic 
requirements; reduces operational 
cost 
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TABLE 111-2  (continued) 

Device 
Contribution to physical 
improvement of vehicle 

Contribution to operational 
improvement of vehicle 

llydromechanical 
Iransmission 

Kleclric drive 

Reduces vehicle weight; offers more 
space for cargo and personnel; 
readily adaptable to various 
engines 

Offers flexibility of design; provides 
better axle loading ratios and in- 
creased grourd clearance; pro- 
vides more s|.2ce for cargo and 
personnel; readily adaptable to 
various engines 

improves mobility and ease of opera- 
tion; improves controllability; re- 
duces vehicle maintenance 
requirements; decreases logistic 
requirements; reduces operational 
cost 

Improves mobility and ease of opera- 
tion; provides better vehicle con- 
trol; reduces vehicle maintenance; 
decreases logistic requirements; 
reduces operational cost 
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Chapter 23 

INTRODUCTION 

There are many technically feasible energy- and power-conversion de- 
vices that could, if developed, improve the capabilities of future tactical vehi- 
cles.  Technical achievement alone, however, may not justify a recommended 
expenditure of military R&D funds.  To warrant development a device offer, 
must satisfy numerous criteria and always satisfy at least one critical demand. 
A careful analysis of the factors that determine the overall contribution of any 
given device is required before the decision to recommend a device is reached. 
Such decisions are reached not only through extensive evaluation of the advan- 
tages and disadvantages offered by the device itself but through a determina- 
tion of the ultimate advantages accruing from device development and usage. 
To achieve this goal a tradeoff analysis was conducted.  A systematic elimina- 
tion of those devices not meeting minimal requirements of a comprehensive 
checklist of "influencing factors" represents a most important aspect of the 
selection-for-recommendation process. 

The factors considered to wield a major influence in the tradeoff analysis 
performed for this study are: 

(a) Technical contribution of device 
(b) Types of vehicles for which the devices are applicable 
(c) Future density of tactical vehicles for which the devices have ap- 

plicability 
(d) Probability of acceptable development 
(e) Time span required to achieve success 
(f) Cost of development programs 
(g) Unit cost of device in production quantities 
(h) Ability of industry to produce devices at time of full mobilization 
A survey of all known energy- and power-conversion devices was made, 

and the findings have been presented and discussed in the earlier phases of 
this report.  Only those devices showing promise to advance the state of the 
art are evaluated in Part IV. 

Spark-ignition reciprocating gasoline engines were predominantly used 
for the propulsion of military vehicles before and during WWII when industry 
was required to produce large quantities of reliable vehicles in a relatively 
short period.  At that time, gasoline engines and the mechanical transmissions 
were In common use for commercial passenger cars, trucks, and off-highway 
vehicles.  Most development efforts were directed toward making these 
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commercial units suitable for use in military vehicles.  The capacity of industry 
to mobilize for production lay in spark-ignition reciprocating gasoline engines 
and mechanical transmissions or power trains.  The tooling, special equipment, 
and personnel experienced to react quickly to the needs of the military were 
available.  Further the fuel policy of the military effectively prohibited the use 
of diesel engines.  The use of turbine-engine-type fuels for military vehicles 
was not sanctioned. 

In 1961 a change was made in the fuel policy of the military.  The use of 
diesel engines of 200 hp and over was sanctioned for military vehicle applica- 
tion.  Diesel engines below 200 hp could not compete on the basis of cost, both 
initial and operating, with the automotive-type gasoline engines in production. 
This is still true at time of writing and will remain so in the foreseeable future. 

So-called "automatic" transmissions have been under development by in- 
dustry for commercial applications, and these torque-converter planetary-gear 
transmissions or power trains have also been developed for military vehicles. 
These developments, applicable for more than one power range and vehicle con- 
figuration, encompassed a long time period.  New tactical vehicles envisioned 
by the US Army require greater acceleration and agility, and thus a requirement 
exists for greater engine output without increasing the weight and size of past 
engines. 

Diesel engines are receiving greater acceptance for commercial vehicle 
applications, and, as production quantities increase, the initial unit cost de- 
creased.  Diesel engines have undergone a continuing improvement in perform- 
ance, engine life, and weight-(or size)-to-horsepower ratio.  Although the initial 
cost of diesel engines will remain higher than that of spark-ignition engines, 
the overall cost may be lower when engine life, reliability, maintainability, and 
operating costs are considered. 

Fuel efficiency is a very important facet of military vehicle operation. 
Th.» range of a military vehicle and the logistic support required for such vehi- 
cle are adversely affected by inefficient fuel consumption.  Conversely, vehicle 
range may be extended, and the logistic support considerably reduced through 
efficient fuel consumption.  Although the cost of fuel at a military depot may be 
13 cents a gallon, this cost may increase to reach $2 or $3 per gallon before 
the fuel reaches a using vehicle.  For these reasons, diesel engines over 200 
hp now are used in some military tactical vehicles.  However, the diesel engines 
of today are physically too large and heavy for use in many tactical vehicles. 
New lightweight and smaller engines are being developed to overcome these 
deficiencies.  Compatible transmissions and power trains also are being devel- 
oped to meet tactical-vehicle operational requirements and to reduce device 
weight and size. 

The present state of the art of gas-turbine engines for vehicular usage 
approaches that of diesel engines in the late nineteen thirties.  Although very 
successful in aircraft and stationary equipment applications, the gas-turbine 
engines are far from acceptable for use in tactical vehicles.  Industry has made 
some attempts to develop the gas-turbine engine for use in commercial vehicles. 
The high cost for this development is recognized as Is the fact that the initial 
market is limited to trucking concerns.  The first commercial application will 
be in transcontinental trucks that require engines having at least 500 hp and 
that operate 80 to 90 percent of the time at maximum permissible highway 
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speeds.  The first military application of the gas-turbine engines will be in 
heavy tracked vehicles where engine weight and size are limited.  The Army's 
new main battle tank requires a 1500-hp engine with a compatible power train 
that can operate within the confines of a space previously occupied by an engine 
of only 1000 hp and a related power train.  The gas-turbine engine has a strong 
potential for meeting the space requirement of the new main battle tank, but the 
cost of the engine in production quantities will be considerably higher than that 
of a comparable diesel engine. 

Most companies recognize the elements of risk inherent in the develop- 
ment of a gas-turbine engine for commercial applications.   Should success in 
the engine development be achieved it is possible that the costs of such an en- 
gine would be found to be higher than the commercial sales market would per- 
mit.  Cost may not be a prime factor in the procurement of such engines for 
military applications as there may not be an alternative device available to 
meet the physical and performance characteristics of the vehicle for which the 
engines are being procured. 

The most promising gas-turbine-engine development sponsored by the 
military appears to be the 1500-hp engine designed for use in a main battle tank. 
The Army has specified that this new regenerative gas-turbine engine must be 
designed for production at a unit cost of $15 per horsepower at a nominal rate 
of 1000 units per year.  In a prior 600-hp competitive gas-turbine development 
program, a design goal of $20 per horsepower was specified. 

The diesel AVDS 1790-2 engine used in the M60 tank was purchased at a 
unit price of approximately $17,000.   The production rate was 720 units per 
year.  The net power output of this engine is slightly over 600 hp. Should de- 
velopment of the 1500-hp gas-turbine engine be successful and a life expectancy 
equal to or greater than the number of hours of life of a diesel engine be achieved, 
high development costs can be justified.  The overall operating cost of a 1500- 
hp gas-turbine engine would compare favorably with the costs of a diesel en- 
gine rendering a like power output. 

A list of the tactical vehicles envisioned by the Army for future use was 
prepared to determine the impact such vehicles would have on Army require- 
ments for energy- and power-conversion devices.  This list was used to deter- 
mine anticipated tactical-vehicle densities by vehicle type, weight, and power 
class, and by applicable type of energy- or power-conversion device.  However, 
the list was not included in the report since this information would have re- 
quired security classification.  Consideration was given to the potential num- 
ber of specific devices required in determining development time, unit produc- 
tion cost, maintenance cost, and logistics.  Anticipated relative densiti.es of 
wheeled and tracked vehicles, by power class, are shown in Fig. IV-1. 
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Chapter 24 

COST ANALYSIS AND EVALUATION 

INTRODUCTION 

Cost is a major consideration when determining what energy- and power- 
conversion devices should be developed by the Aru*y.  Both device development 
and the unit cost in production quantities must be considered.  Members of the 
study group contacted and visited persons at industrial plants, as well as at 
Government agencies, to obtain the historical cost data of similar programs. 
In most instances there was a considerable reluctance on the part of the per- 
sons visited or contacted to discuss specific cost data.  Individuals in industry, 
in particular, were highly sensitive regarding the disclosure of any cost figures 
because such information is considered to be of a proprietary nature.  Person- 
nel at Government agencies stated that most cost data available from the agen- 
cies were not very meaningful, in that costs other than those defined in the 
original work scope of a program were included.  Members of the study group 
were compelled to draw on personal knowledge and experience gained while 
working in industry, literature search, and an evaluation of that scant amount 
of information available from the Government and industrial sources. 

MARKET ANALYSIS AND COST ESTIMATES 

Many variables that affect costs must be considered before a reasonable 
cost estimate may be made. The accepted procedure in industry before mak- 
ing a cost estimate is to conduct a somewhat extensive market analysis.  The 
market analysis is directed to a detailed consideration of primary who-, what-, 
and why-type questions, i.e., Who is the customer? What are the requirements, 
incentives, and competition? What facilities and personnel are required? Com- 
plete answers to the eight groups of survey questions listed below furnish the 
data base necessary for comprehensive analysis. 

(a) Who is thr customer?  What are his procurement requirements? 
(1) Whrt will the quantity of the initial purchase be? 
(2) What is the potential for follow-on orders? 
(3) What quantities of spares will be required? 
(4) Will the contract be modified to include other requirements? 
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(b) What incentives to bid for a contract exist? 
(1) What is the potential commercial market? 
(2) Will the company retain proprietary rights to the item produced? 
(3) Will possible by-products produce patentable items? 
(4) What is the margin of profit? 

(c) What is the competition? 
(1) How many, and who, are the competitors? 
(2) What advantages do the competitors have? 
(3) Does the competitor know his costs? 
(4) Is the competitor willing to risk loss? 

(d) What is the attitude of management and the corporate philosophy? 
(1) How will the contract affect the corporate image? 
(2) Is management willing to incur risk? 
(3) Does management intend to continue to expend effort in this area? 

(e) What are the tool and facility requirements? 
(1) Are present tools and facilities appropriate? 
(2) Will nresent tools and facilities be available? 
(3) C a new tools and facilities acquired for the contract be used 

for other company purposes or products? 
(f) What are the personnel requirements ? 

(1) What personnel will be available to perform the work required 
by the contract? 

(2) Can additional qualified personnel be obtained? 
(3) Will the contract enable personnel to keep abreast of develop- 

ments in areas ol work important to both personnel and the company? 
(g) What does the C;Corner demand? 

(1) Does the customer hold realistic expectations? 
(2) Does the customer understand the impact of his specifications? 
(3) Does the customer exhibit a willingness to negotiate to circum- 

vent insurmountable problems ? 
(h) What are the basic direct costs? 

(1) What are the costs of the materials required? 
(2) What it. the cost of the direct labor? 
(3) What *s the cost of support labor? 
(4) Do the terms of the contract permit the prorating of prior re- 

search costs and if so, how may this best be accomplished? 

Administrative Costs 

In addition to industry's cost for devdiopment or production programs for 
energy- or power-conversion devices, there are administrative costs incurred 
by the cognizant Government agency.  The Government costs vary not only with 
the size of the contract but also are affected propoi tionally by the duration of 
time required by the contractor to consummate a program.  Although Govern- 
ment administrative costs are not included in the estimated cost figures, these 
costs, for the purpose of performing a tradeoff analysis, are considered pro- 
portional to the cost of any development program. 

The development of a device may continue for application to more than one 
class or horsepower range of vehicle. In this case the succeeding development 
costs will be reduced somewhat since many of the technological advancements 
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will be applicable to all ranges. A typical cost estimate for production of a 
300-hp internal-combustion compression-ignition engine in various quantities 
is shown in Table IV-1.  Data presented in this table are representative of a 
large reservoir of data available to designers of compression-ignition engines 
for tactical vehicles.  Units having 600 hp have been developed and are used 
with success in commercial trucks.  Units to 800 hp have been developed and 
used with success in military vehicles.  However, as horsepower requirements 
increase, there is further departure from the present state of the art,and avail- 
able data become less applicable to the development of larger engines. 

TABLE IV-1 

Production Cost Estimate for 300-hp internal-Combustion 
Compression-Ignition Engine 

Total cost, 
dollars 

Prod uction run units 

Item 1000 2000 10,000 

Cost per unit, dollars 

Production design, engineering 700,000 700 350 70 
Materials 1,200 1200 1100 1000 
Direct shop labor f.80a 680 600 580 
Overhead at 200'S — 1360 1200 1160 
Tooling 1 ,fi00,000 1600 800 160 
Special equipment 400,000 400 200 60 
Manuals 90,000 90 45 10 

Subtotal   6030 4295 3040 
General administration at lOt — 603 430 304 

Subtotal   6633 4725 3344 
Profit at Vc - 465 330 234 

Total cost per unit — 7098 5055 3578 

"h'rom 80 hr at $8.50 per hr 

To date there are no acceptable gas-turbine engines for either commer- 
cial or military vehicles. Consequently few historical cost data are available. 
Data available on the gas-turbine engines used for aircraft and stationary equip- 
ment has little applicability to tactical vehicles because the conditions of op- 
eration present drastic differences.  After development of the first gas-turbine 
engine for a tactical vehicle in any horsepower range, data will be available 
for design and cost estimates for the development of the gas-turbine engine 
in most horsepower ranges.  There is a progressive reduction in the cost of 
each successive development. 

Estimated Development Costs 

The estimated development costs for both the gas-turbine and the com- 
pression-ignition reciprocating engine as a function of respective horsepower 
sizes were prepared and are shown in Fig. IV-2.  The unit costs (assuming 
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production quantities) for both gas-turbine engines and the compression-ignition 
reciprocating engines as a function of horsepower size are shown in Fig. IV-3. 

Estimated costs of developing or producing potential energy- or power- 
conversion devices have been based, to a great extent, on the relative costs in- 
curred in the development and production of similar devices.   Lead time to 
successful device development depends in large measure on the technological 
status of promising devices, the approaches planned for overcoming deficiencies, 
and the interest of industry in the final product. 

The hybrid, Dynastar, rotary-piston, and Stirling-cycle engines, in prin- 
ciple, have a very close relation with present-day reciprocating engines.   The 
compound and free-piston engines have features relating to gas-turbine engines. 
Transmissions and power trains of the hydrokinetic group have been developed 
with success, and the cost data acquired through this experience can be related 
to other power-conversion devices showing potential for development.  The 
hydromechanical transmissions, or power trains, although differing in principle 
from the hydrokinetic devices, appear to require a like developmental effort. 
Much more difficult to estimate are the developmental costs of both hydrostatic 
and electric-drive devices, since the ultimate device developed depends on the 
requirements imposed by the vehicle in which the device will be used.  In each 
case of energy- and power-conversion-device development, those devices offer- 
ing the greatest potential for technological advancement and vehicle improve- 
ment through development and use have the least prior and related cost data 
experience available as a guideline. 

Horsepower class and probable vehicle density are the basis for the order 
of listing of the device-cost estimates prepared for this report.  Every effort 
was made to establish accurate cost estimates; however, these cost figures 
were used only to ascertain the relative impact of these costs in the tradeoff 
analysis. 

Development Time and Risk 

There is an element of risk in most development programs of achieving 
success within the specified time and budget.  The most successful develop- 
ment programs are initiated on a plan of sound principles and concepts, but the 
plan of performance of any program must be revised as elements of the pro- 
gram are achieved or as deficiencies are encountered.  Infallible assurance 
that a planned program can be accomplished as estimated cannot be given. 

Tables IV-2 and IV-3 present a detailed estimate of development time re- 
quired for the successful development of typical energy- and power-conversion 
devices.   An estimate of the probability of success of various energy- and 
power-conversion devices within a given number of years is presented in 
Table IV-4. 

Mobilization Capacity of Industry 

An effort was made to determine industry's capacity to produce various 
energy- and power-conversion devices when full mobilization is required, as 
in time of war.  Industry could produce all required spark-ignition recipro- 
cating engines and mechanical transmissions in a relatively short time by the 
simple expedient of diverting commercial production to military production. 
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TABLE IV-4 

Probability of Success within Development Periods0 

Device Lead time, dears Probability of success 

Energy-Convert ion Devicet 

Reciprocating spark-ignition engine 4 Excellent 
Reciprocating compression-ignition engine 7 Excellent 
Reciprocating hybrid engine 10 Good 
Dynastar engine 9 Tood 
Rotary-piston engine 9 Good 
Stirling-cycle engine 9 Poor 
Gas-turbine engine 12 Good 
Compound engines 9 Good 
Free-piston-turbine engine 13 Good 

Power-Convert on Devicet 

Belt-drive system 4 Good 
Torque-converter planetary-i;ear power train 6 Excellent 
Hydromechanical power train 8 Good 
Hydromechanical transmission 8 Good 
Hydrostatic (narrow-range) system 6 Good 
Hydrostatic (medium-range) system 12 Poor 
Electric-drive (dc) system 8 Good 
Electric-drive (ac) system 14 Good 

'Caution:  values listed in this table are general.   For specific devices, values can differ 
substantially, and each should be considered on its own merits. 

All other types of device would require additional acquisition of tooling and 
facilities, in various degrees, to meet the US /    .iy's vehicle requirements. 

The gas-turbine engine would require the greatest lead time to be pro- 
duced in quantities needed to meet anticipated requirements.  The assumption 
is made that the US Air Force would hold procurement priority in the area of 
gas-turbine engines, and the capacity of industry to produce these engines is 
so limited that difficulty would be encountered in meeting the demands of this 
one service. 

All factors considered in the tradeoff analysis of energy- and power-con- 
version devices are summarized in Tables IV-5 and IV-6.  The devices con- 
sidered were those believed to hold the greatest potential for improving the 
physical and performance characteristics of tactical vehicles. 

EVALUATION OF ENERGY-CONVERSION DEVICES 

In the evaluation of energy-conversion devices it was determined that 
ammonia-fueled engines, fuel cells, unique energy-conversion devices, nuclear 
reactors, batteries, the Kuhns gasifier, and steam engines would not offer 
technological advances that would appreciably improve the physical or per- 
formance characteristics of tactical vehicles in the foreseeable future. These 
devices were not considered in the tradeoff analysis. 
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Spark-ignition reciprocating engines will continue to be used in tactical 
vehicles in power ranges to 250 hp.  The spark-ignition engines are relatively 
compact, have a good power-output-to-weight ratio, and can be procured at a 
reasonable cost.  Industry continues to improve these engines for commercial 
application, but the engines designed for commercial use must be modified to 
be acceptable for use in tactical vehicles.   There is very little, or no risk, 
inherent in the successful modification of available commercial engines, and in 
case of full mobilization, industry could respond rapidly to meet the require- 
ments of the Army. 

Compression-ignition reciprocating engines are being developed by industry 
for commercial application in the power ranges from 100 to 600 hp.  These en- 
gines require modification to be acceptable for use in tactical vehicles. Since 
industry is not developing compression-ignition engines above 600 hp 
the Government must sponsor this development to assure the availability of the 
engines for tactical vehicles.   Compression-ignition reciprocating engines have 
proved reliable and operate at a lower fuel consumption rate than spark-igni- 
tion reciprocating engines but are heavier and cost more to produce.  There is 
very little risk in the successful development of the compression-ignition en- 
gines as the design principles have been proved.  To improve present-day tech- 
nology and achieve higher specific compression-ignition engine outputs coupled 
with a multifuel capability would entail an element of risk.  However, the risk 
is small, and compression-ignition engine development should continue.  Should 
full mobilization be demanded and the development lead time for this engine 
prove too long to meet requirements, the more conventional compression-igni- 
tion reciprocating engine could be produced for an interim period until more 
advanced engines became available. 

The hybrid engine is a comparatively new engine concept that combines 
the best spark-ignition and compression-ignition reciprocating-engine features. 
The hybrid engine appears to offer good specific fuel consumption and has multi- 
fuel capabilities.  The output-to-weight- and -size ratios are better than those 
offered by either the spark-ignition or compression-ignition reciprocating en- 
gines.  Although only a few test-stand models have been produced, test results 
indicate that the hybrid engines have excellent potential for improving the capa- 
bilities of many future vehicles.   Full development of the hybrid engines would 
require a long lead time with some element of risk.   However, when fully de- 
veloped these engines could be produced in large quantities, and in relatively 
short time if required for full mobilization because industries' present facili- 
ties and tooling would be applicable.   The cost of the hybrid engine in produc- 
tion is estimated to be comparable to that of compression-ignition reciprocat- 
ing engines. 

Gas-turbine engines when developed for tactical vehicles would offer ex- 
cellent power-to-weight-and-size ratio but cannot compete with reciprocating 
engines on a unit-cost-per-horsepower basis, except in horsepower ranges 
from above 900 to 1000 hp.  Gas-turbine engines, considering the life expect- 
ancy and reduced maintenance of these engines, are ccmpetitive with recipro- 
cating engines in horsepower ranges as low as 500 to 600 hp.  The cost for 
developing gas-turbine engines is t latively high considering the low density 
of the vehicles using this engine plus the element of risk involved in the devel- 
opment of this engine.  In addition, in case of full mobilization, the limited 
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production quantities of these units would be absorbed by the Air Force, whose 
priority could demand most of the units produced.   In the power ranges above 
1000 hp, the development of the gas-turbine engine should continue since there 
are no engines of other types for tactical vehicles (such as the main battle tank) 
that could easily meet the space and weight limitations imposed and remain in 
the required power range. Should a successful gas-turbine engine in a power 
class over 1000 hp be developed and produced, consideration could be given to 
the development of the same type of engine in the 500- to 1000-hp class. 

Rotary-piston engines now are being developed and funded by industry for 
commercial vehicle application.  Industry has produced some prototype engines 
in power ranges up to 250 hp that appear to ofser a greater specific pov,er out- 
put for weight and size than any other engine.  The design is simple; therefore 
the unit cost of this engine in production quantities should be much lower than 
that of present-day reciprocating engines.   This type of engine, more than any 
other, lends itself to the "throwaway" item category in case of major repair 
or overhaul.  The Curtiss-Wright Corporation has been most successful in de- 
veloping the rotary-pistor engine.  One major problem is that Curtiss-Wright 
has proprietary rights on the engine, and the capacity of industry to produce 
these engines at a competitive cost will depend on successful negotiations with 
the Curtiss-Wright Corporation.  Present prototype engines are applicable only 
to commercial vehicles.  Development work would be required to produce reli- 
able tactical-type vehicle engines. 

The Dynastar engine is a reciprocating engine with peripheral opposed 
pistons that offers more compactness than the more conventional reciproca- 
ting engines. Only a few prototype engines have been produced.  One was suc- 
cessful when tested in a small Coast Guard vessel.  The costs of developing 
the Dynastar engine for use in tactical vehicles are estimated to be nearly the 
same as compression-ignition reciprocating-engine development costs.  There 
is some doubt that the Dynastar engines, when developed, would offer any im- 
provements over the newer compression-ignition engines.  Industries' produc- 
tion capacity for th;> Dynastar during full mobilization would be limited since 
neither facilities nor production tooling are available. 

Basically the compound engine is a compression-ignition reciprocating 
engine that incorporates a power turbine driven by the engine's exhaust gases. 
Used for aircraft, the compound engine has not been installed in vehicles fur- 
nishing ground power.  Compound engines developed for tactical vehicles would 
be applicable in power ranges from 120 to 1000 hp.  The compound engine has 
a lower fuel consumption rate for power output than any other engine consid- 
ered; however, the development and unit costs would be somewhat high owing 
to engine complexity.  There is some element of risk in the development of the 
compound engine for tactical vehicle use.   However, if maximum fuel economy 
is of prime concern, development of this engine would be warranted.  Industry's 
capacity to produce compound engines during a period of full mobilization would 
be limited because gas-turbine engine components would be difficult to obtain. 

Free-piston engines have been developed for application in a few commer- 
cial vehicles with limited success.  The free-piston engine offers excellent 
torque characteristics, has a low fuel consumption rate, and multifuel capa- 
bilities.  The greater weight and size of this engine compared with the power 
output does limit its use in many tactical vehicles so that a choice of engines 
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based on weight and size would favor the conventional engines.  Considerable 
research is required for the full development of the free-piston engine, and a 
long lead time would be required to produce the engine in production quantities 
because neither facilities nor tooling appropriate for the task are available. 
The development and unit cost in production of these engines for tactical vehi- 
cles is somewhat high when compared to the production costs of conventional 
reciprocating engines.  The free-piston engine, if developed with success, would 
offer good fuel consumption characteristics and a multifuel capability to offset 
its additional engine size and weight. 

A few Stirling-cycle-engine prototypes that operate at low noise levels 
have been developed in the lower power ranges.  The latest Stirling-cycle-engine 
development, called the "Dineen" process, shows promise to increase the engine 
output-to-size-and-weight ratio.   However, even in the low power ranges to 
120 hp, inasmuch as these engines are quite complex, successful development 
would entail a large degree of risk.  The production costs of the Stirling-cycle 
engine would be higher than those of the more conventional engines.  The density 
of use for this engine in tactical vehicles is relatively low, and the complexity 
of the engine is high.  Only limited quantities could be produced in a period of 
full mobilization since iacilities and tooling for such production would be lim- 
ited.  However, an effort should be made to develop this silently operating en- 
gine, because silent operation is not available in any other acceptable engine. 

EVALUATION OF POWER-CONVERSION DEVICES 

Various types of power-conversion devices were evaluated to determine 
which devices had the greatest potential for contributing most, if fully devel- 
oped and available, to tactical-vehicle capability.  In the course of this evalua- 
tion the mechanical power-conversion devices found unsuitable for use in tacti- 
cal vehicles were the progressiv-sliding-gear, selective-sliding-gear, zjid 
consiant-mesh transmissions.  Of the hydrokinetic power-conversion devices, 
the "Hydramatic," the torque converter, andTorqmatic devices were found 
unsuitable. 

The synchromesh transmission has application for tactical vehicles of 
small horsepower requirement.  Industry has and will continue to develop syn- 
chromesh transmissions to meet specific tactical-vehicle requirements.  The 
cost of the units is relatively low, and full production in a period of mobiliza- 
tion would require minimal lead time. 

Mechanical belt-drive transmissions have been developed and used with 
success (by industry) in low-powered commercial vehicles.  However, these 
transmissions require additional development to assure reliable performance 
when used ir. tactical vehicles that operate under severe environmental condi- 
tions.  The mechanical belt-drive transmissions are quite simple, have auto- 
matic provision for varying speed torque ratios, and can be produced at a low 
unit cost.  However, the power range is limited to 120 hp. There is little risk 
in the development of belt-drive transmissions because the principles have 
been proved.  A development program directed to improvement of unit reliabil- 
ity in tactical vehicles could be accomplished within a relatively short lead time. 
The capacity of industry to produce the mechanical belt-drive transmission is 
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good because many of the components used are similar to components now avail- 
able.  The primary advantage of using this type of transmission in tactical vehi- 
cles would be low unit cost for an engine in a restricted power range. 

Torque-converter planetary-gear power trains have been used with suc- 
cess in commercial vehicles as well as military tactical vehicles.  The X series 
represents the latest and most advanced military version of this type of power 
train, but it is not available in the power ranges over 600 hp.  The X series 
power train is compact, provides for ease of operation with excellent vehicle 
mobility, and has higher specific outputs than other available hydrokinetic units. 
The full development of the X series power train in all power ranges would im- 
prove the capabilities of tactical vehicles.  Such development could be achieved 
in a relatively short time frame.   The element of risk for successful develop- 
ment of the X series in the higher power ranges is small because units of this 
series have been proved in the lower power ranges.  Unit costs in production 
quantities also would be proportional to unit power output.  Industry's capacity 
to produce these power trains at time of full mobilization w aid be excellent 
since production facilities are available and much special tooling now available 
would be applicable for use. 

The concept of the hydromechanical power-conv. rsion device is relatively 
new.  A few prototypes have been installed in both wheeled and tracked vehicles. 
The prototypes produced are in power ranges to 260 hp.  Test results indicate 
that hydromechanical power-conversion devices have a potential of improving 
the capabilities of most tactical vehicles as they offer higher output for unit 
weight and size and incorporate fewer parts than present hydrokinetic power- 
conversion devices.  One excellent feature of this device is its capability to 
enable engine operation at optimum speed-power range independent of vehicle 
speeds.  The most economical fuel consumption results. 

A hydromechanical power train is basically made up of two symmetrically 
opposite hydromechanical transmissions.  Consequently, power-train develop- 
ment will benefit from the development of these transmissions.  Development 
of the devices will require a long lead time with some inherent element of risk 
for success.  However, until the more advanced hydromechanical units become 
available, hydrokinetic power-conversion devices are available for use in tac- 
tical vehicles. 

It is estimated that the development costs of hydromechanical power-con- 
version devices are comparable to other previously developed power-conver- 
sion devices.  However, the unit cost in production quantities would be apprecia- 
bly lower.  In a period of full mobilization these devices could bo produced (in 
the required quantities) in a relatively short time.  Most facilities in current 
use and much of the present tooling could be utilized. 

Hydrostatic power-conversion devices are used in vehicles where vehicle 
space and configuration do not readily permit the use of more conventional de- 
vices.  The application of hydrostatic devices (in the narrow speed-torque range) 
proved successful in many slow-moving vehicles. Devices in the medium speed- 
torque range have had a marginal degree of success in some special types of 
tactical vehicle. The hydrostatic drive in the narrow speed-torque range has 
application for special tactical vehicles in power ranges to 250 hp and in the 
medium speed-torque range to 1500 hp. There is a considerable element of 
risk in the achievement of successful development of these drives in the medium 
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speed-torque range owing to the difficulty of obtaining unit efficiency through- 
out this wider range. 

The cost to develop medium speed-torque-range hydrostatic drives ap- 
pears to be reasonable, but the estimated unit cost of these devices in produc- 
tion quantities appears to be higher than that of most other conventional power- 
converston devices.  In a period ol full mobilization,industry has the capacity 
to produce narrow speed-torque range hydrostatic drives since many of the 
components are available.  However, industry lacks the facilities and special 
tooling needed for quantity production of the medium speed-torque range drives. 
Hydrostatic drives are applicable for special tactical vehicles (where the more 
conventional power-conversion device« cannot be readily installed) and allow 
greater vehicle design flexibility. 

Electric-drive (dc) systems have been developed and installed in many 
commercial vehicles and have performed with success in the low-powered vehi- 
cles.  These drives now are finding acceptance in the larger high-powered com- 
mercial vehicles.  The dc drives offer power to all wheels and are ideal for use 
where vehicle configuration does not readily permit the use of more conventional 
power-conversion devices.   However, as tactical vehicles operate under more 
severe environmental conditions than do commercial vehicles, the dc electric 
drives must be modified for improved reliability before they are suitable for 
use in tactical vehicles.  The cost to develop dc drives for tactical-vehicle use 
would be relatively low since many of the drive components have been proved 
and many only require modification.  Conversely the unit costs of the dc drives 
would be relatively high since the system is more complex and requires many 
more components than do the more conventional power-conversion devices. 
The lead time to develop the dc drive would be short and entails little risk for 
success.  The capacity of industry to produce the devices during full mobiliza- 
tion would be somewhat limited since sufficient production facilities and tooling 
would not be available. 

A recent concept advocates the design of the electric-drive system to op- 
erate on alternating current.   The ac system seems to offer a reduction of 
weight and size as compared to a dc electric-drive system.  A few prototype 
systems have beon installed in vehicles for the purpose of obtaining data, but 
none of the present ac electric-drive system installations can be considered 
acceptable.  An ac electric-drive system offers features that could provide 
auxiliary power and permit optimum engine operation at speeds in the most 
economical fuel consumption range independent of vehicle speeds.  This type 
of system could be developed for tactical vehicles in power ranges up to 1500 
hp.  Since there are very few commercial vehicular applications for an ac sys- 
tem, industry has no incentive to develop the ac drives.   Research and develop- 
ment costs would be moderate, but the estimated unit cost is higher than that 
of the more conventional power-conversion devices.  The system's cost is high 
because of the cost of some of the quite complex components.  There is an ele- 
ment of risk in bringing this ac electric-drive system to full development be- 
cause the reliability of many of the components remains to be proved, and it 
may be difficult to reduce component weight and size. Successful development 
of the system would require a long lead time and in the case of full mobilization 
production would be limited since special tooling and facilities would not be 
readily available. 
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Chapter 25 

FINDINGS, CONCLUSIONS, AND RECOMMENDATIONS 

FINDINGS AND CONCLUSIONS 

Energy-Conversion Devices 

Numerous energy-conversion devices were considered in the course of 
the review and evaluated to enable selection of devices that warrant further 
R&D by the Army.  A brief discussion of these devices has been presented. 
Fourteen energy-conversion devices, plus variations of certain types, were 
given close scrutiny.  The pertinent findings related to these 14 devices are 
given in the following paragraphs. 

Ammonia-Fueled Engines. US Army-sponsored R&D of ammonia-fueled 
engines for use in tactical vehicles is not warranted at this time.  In combat, 
ammonia engines would be highly vulnerable, necessitating two types of vehicle 
for the same horsepower class. One type would be required for combat and a 
second for logistics. Introduction of ammonia engines to the military supply 
system would immediately impose two new logistic problems.   (1) The number 
cf vehicles needed would increase because the ammonia engine cannot be used 
under combat conditions. This situation nullifies the advantage of a decreased 
hydrocarbon-fuel transportation burden.   (2) An entire new line of spare parts 
would be required in the military logistic system.  In addition, supply depots 
would have to accommodate and implement issue of the new ammonia-fueled 
engines, and the maintenance depots would have to gear for their repair. 

Fuel Cells.  Army-sponsored R&D on fuel cells is not warranted at thit 
time because this device will remain too bulky, heavy, and inefficient within 
the foreseeable future for use in tactical vehicles.  R&D of fuel cells should be 
held in abeyance until successful application is attained in stationary equipment. 
If, in the future, fuel cells do come into use in stationary equipment and if many 
of the present problems are resolved, R&D of these cells for tactical-vehicle 
applications should be reconsidered. 

Unique Energy-Conversion Devices.  Army-sponsored R&D of unique 
energy-conversion devices is not warranted at this time.  Nine such devices 
considered in the course of this study were found to be much too heavy, to re- 
quire too much space, and to be too inefficient for application in tactical vehi- 
cles. Development of unique devices within the foreseeable future would not 
result in an energy-conversion device that would improve the capability of 
tactical vehicle«. 
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Nuclear Reactors.  Army-sponsored R&D of nuclear reactors is not war- 
ranted at this time because they are, and 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 personnel and 
vehicle vulnerability to radiation hazards.  In addition the costs of such a device 
require substantial reduction. 

Batteries.  Army-sponsored R&D of batteries should be limited to those 
applications in tactical vehicles that haVe a restricted operating range and those 
few specific applications in which a battery energy device is most appropriate 
and silent operation is mandatory.   For most other tactical-vehicle operations, 

1 the operating range provided by battery energy devices is too limited, and the 
I device is too heavy to warrant development. 

KGG Cycle or "Kuhns" Gasifier.  Army-sponsored R&D of the "Kuhns" 
gasifier-turbine engine is not warranted until a thorough cycle and mechanical 
analysis is conducted, or the successful development of this device is first 
achieved for use in aircraft.  At that time, if feasible, additional development 
should be considered for tactical-vehicle application. 

Steam Engines.  Army-sponsored R&D of steam engines is not warranted. 
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 develop- 
ment of a vehicle is desired in which weight and size are relatively unimpor- 
tant, high torque characteristics are required at low power output, and silent 
operation of this vehicle is considered to be of utmost importance. 

Reciprocating Piston Engines.  Army-sponsored R&D of reciprocating 
piston engines is warranted. 

Spark-ignition reciprocating engines are being developed by industry for 
commercial application, but these engines must be modified before they can be 
used in tactical vehicles. 

| Compression-ignition engines are being developed by industry in power 
ranges up to 600 hp for commercial application, but these engines must also be 
modified before they can be used in tactical vehicles. In addition, development 
programs are required for engines in power ranges over 500 hp. 

Hybrid engines combine the best features of the spark-ignition and com- 
pression-ignition reciprocating engines and appear to have the best potential 
for improving tactical-vehirle capabilities.  Development of these engines in 
most power ranges should be conducted; however, the development will require 
a long lead time. 

Gas-Turbine Engines. Army-sponsored R&D of the gas-turbine engine is 
warranted.  The gas-turbine engines could have practical application in vehicles 
where high power is required and where vehicle space and weight for engine 
accommodation are limited. 

Rotary-Piston Engines. Army-sponsored R&D of ihe rotary-piston engine 
is warranted. Curtiss-Wright Corporation's "Wankel" rotary-piston engine 
shows promise of improving the physical and performance characteristics of 
many future tactical vehicles. Successful development could result in an engine 
of fewer parts that offers a greater horsepower output for engine size and weight 
than currently available engines.  Further, tactical-vehicle power-producing 
components could be discarded rather than repaired. 
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Dynastar Engines.  Army-sponsored R&D of the Dynastar engine is war- 
ranted.  Thiokol Chemical Corporation's Dynastar engine shows promise to 
produce a spark-ignition or a compression-ignition engine that could improve 
the physical and performance characteristics of many future tactical vehicles. 
Dynastar development would result in an engine that has high-horsepower- 
output-to-size and high-horsepower-output-to-weight ratios and multifuel cap- 
abilities.  The Dynastar concept leads itself to design applications that may use 
a family of engines having many common parts. 

Compound Engines.  Army-sponsored R&D of the compound engine is war- 
ranted.  Compound engines could have practical application in certain vehicles 
where low fuel consumption is of greater importance than size, weight, and en- 
gine complexity.  Compound-engine development should not be sponsored for 
the purpose of Using these engines as gas generators to supply gas to a free- 
turbine power output. 

Free-Piston-Turbine Engines.  Army-sponsored R&D of the free-piston- 
turbine engine is warranted.  These engines could have practical application for 
some future tactical vehicles where long periods of continuous operation are 
required and where low fuel consumption coupled with a multifuel capability is 
of prime importance. 

Stirling-Cycle Engines.  Army-sponsored R&D of the Stirling-cycle en- 
gine is warranted.  A concept utilizing the "Dineen" process appears promising 
and could lessen present engine size and weight. A Dineen-process Stirling- 
cycle engine would be capable of operation at noise and vibration levels that 
are much lower than those of a gasoline or diesel reciprocating engine.  This 
engine would be capable of operation on various hydrocarbon fuels. Should low 
efficiencies that cannot be resolved be encountered at any time during engine 
development, the value of further research could then be determined.  The 
Stirling-cycle engine does show promise for application in tactical vehicles 
where silent operation is required. 

Power-Conversion Devices 

Mechanical Power-Conversion Devices.  Mechanical power-conversion de- 
vices have been used with success over a period of 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 
application.  An exception is the synchromesh device that will continue to have 
application in low-powered vehicles (to 120 hp).  Industry is continually devel- 
oping and improving synchromesh devices for commercial vehicles, and these 
can be readily modified for use in tactical vehicles. 

Since tactical-vehicle quantities are low compared to those of commer- 
cial vehicles, the cost of synchromesh devices produced specifically for tacti- 
cal vehicles would be higher than those produced for commercial vehicles. 
Also it is most probable that any units produced for a broad class of tactical 
vehicles would require some modifications prior to their acceptance in a spe- 
cific vehicle.  Therefore Army-sponsored R&D of synchromesh power-conver- 
sion devices is not warranted. 

The belt drive is another mechanical power-conversion device that has 
been investigated.  Belt-drive units are used in commercial vehicles but have 
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not as yet been proved acceptable for use in tactical vehicles.  This device ap- 
pears to have the potential for successful application in some types of small 
wheeled tactical vehicles up to 50 hp.  A belt drive can be produced at a low 
unit cost and would provide ease of operation at relatively slow speeds.  Army- 
sponsored R&D of belt-drive transmissions for use in tactical vehicles is war- 
ranted.  The development of belt-drive transmissions should, however, be con- 
fined to those areas where low cost is of prime importance. 

Hydrokinetic Transmissions and Power Trains.  Army-sponsored R&D of 
the Hydramatic and Torqmatic transmission is not warranted.  Both the Hydra- 
matic and Torqmatic transmissions (hydrokinetic units) are available in the 
commercial market.  Although each of these transmission units is applicable 
to commercial vehicles, only the Torqmatic transmission has applications for 
use in military tactical vehicles, and these applications are restricted to a lim- 
ited number of kinds of tactical vehicles. 

The torque-converter planetary-gear transmissions are used with success 
in tactical wheeled vehicles, as transmissions, and as a segment of the power 
train in tracked vehicles.  Torque-converter planetary-gear transmissions are 
available in all required torque ranges for use as a transmission or a power 
train segment in both wheeled and tracked vehicles. 

The X series power train, a series of torque-converter planetary-gear 
transmission of the hydrokinetic family, was found to provide superior tracked 
vehicle performance.  Although the X series power train provides tracked vehi- 
cles with a performance capability superior to that provided by any other hydro- 
kinetic power train, the X series is available only in torque ranges of from 200 
to 750 lb-ft.  Therefore R&D is required to extend the range of the X series 
hydrokinetic power train and furnish some improvement to the present units. 
Though the benefits derived from a fully developed hydromechanical transmis- 
sion and power train may well exceed those furnished by a fully developed 
hydrokinetic X series power train, the element of risk attendant on development 
of the X series is less.   Full development of the X series assures an advanced 
power train in the high power class until the time that hydromechanical trans- 
missions are developed and proved acceptable. 

Hydromechanical Transmissions and Power Trains.  Army-sponsored 
R&D of hydromechanical transmissions and power trains is warranted.  Asa 
hydromechanical power train is basically made up of two symmetrically op- 
posite hydromechanical transmissions, the development of the power trains 
wi'l benefit the transmission development. 

Hydromechanical power trains appear to have a greater potential for im- 
proving the capabilities of tactical tracked vehicles than all other power trains 
evaluated.  The units could offer improved specific-weight- and volume-to- 
torque ratios, better acceleration, and greater fuel economy.   However, the 
full development of hydromechanical transmissions and power trains in all 
torque ranges would require at least 10 years. 

Industry is engaged in the R&D of hydromechanical power-conversion de- 
vices for commercial application.  The effort is limited for the most part to 
keeping abreast of advanced technology rather than to full development of the 
hydromechanical devices.  The impact of the technology is less on commercial 
vehicles than on tactical vehicles.  Industry has little incentive to fund devel- 
opment for hydromechanical devices since the commercial market is limited 
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for the high expenditure of fuv?ds demanded.   Tactical vehicles operate in a much 
more severe environment and could take full advantage of the advanced tech- 
nology.  Therefore the achievement of a full range of hydromeehanical power- 
conversion devices will depend on Government support for development.  The 
successful development of hydromeehanical power trains would result in a unit 
that could be readily applied to transmissions, and the components would be 
common to both wheele-' and tracked vehicles.  Thus the logistic burden would 
be reduced. 

Hydrostatic Drives.  Army-sponsored R&D of hydrostatic drives for tac- 
tical vehicles is warranted.  Narrow-range hydrostatic drives are being devel- 
oped by industry for slow-moving commercial vehicles. There is little incentive 
for industry to develop medium-range hydrostatic drives since the application 
to commercial'vehicles is very limited.  The military has a need for both the 
narrow- and medium-range hydrostatic drives for special tactical vehicles. 
Therefore Army-sponsored R&D are required to modify commercially avail- 
able narrow-range hydrostatic drives to improve drive reliability and to pro- 
duce satisfactory medium-range hydrostatic drives for tactical vehicles. 

Dc and Ac Electric-Drive Systems.  Army-sponsored R&D of electric- 
drive systems us warranted.  Both the dc and ac electric-drive systems im- 
prove the physical and performance characteristics of some types of tactical 
vehicles.   The review performed as part of this study indicates that greater 
success has been experienced in the development of dc electric-drive systems 
than has been experienced with ac systems up to the time of writing.  On the 
basis of this finding, the most opportune course to pursue would be to develop 
dc electric-drive systems and at the same time to conduct R&D of ac.  The dc 
electric-drive system could be available for tactical vehicles within a much 
shorter time frame than the ac electric-drive system. 

Electric-drive dc systems are being developed by industry for commer- 
cial vehicles not required to operate under environmental conditions as severe 
as those to which tactical vehicles are exposed. The use of dc drives in tacti- 
cal vehicles is of particular value in applications in which the configuration of 
vehicles does not permit the installation of more conventional power-conver- 
sion devices.  However, commercial dc electric drives must be modified to be 
acceptable for tactical vehicles.  Therefore, to provide for such modification 
programs, US Army support is required. 

Electric-drive ac systems are not being developed by industry since the 
application of an ac drive for commercial vehicles is very limited.  Military 
vehicles require a wider speed-torque range than most commercial vehicles 
and therefore would have a greater application for ac electric-drive systems. 
To develop the potential that ac electric drives could offer would require US 
Army support. 

RECOMMENDATIONS 

The recommendation is made that the US Army sponsor R&D programs 
for the energy- and power-conversion devices listed below.  The order of 
priority is as indicated. Suggestions for specific areas of device development 
and methods of implementation are offered. 

RAC-R-26 S97 

J 



^srrSÜJi.v'' .W'^*Sa*SU#?»i*4i 
wlW'SSMWi»!.;. rfSiWe «tJSM-JirtÄiWSW'.ft:' ■....^v^^Wr-.=i:-';-:*ssrJ,-w-.--tr,'i.i-L..;>--'.; 

Energy-Conversion Devices 

The energy-conversion devices listed below, in order of priority, are se- 
lected as those that will, when fully developed, make the greatest contribution 
toward satisfying the energy-conversion-device requirements of military tacti- 
cal vehicles.   The evaluation and final review of this study predicts a greater 
"across-the-board" benefit from the first four devices listed than is participated 
from all other devices recommended or considered.  Further, these fo-tr en- 
gines represent the minimum number of such devices that should be developed. 
Benefit would derive from the development of all devices recommended but the 
benefits derived from the latter five will have the lesser impact on the technology. 

1. Spark-Ignition Reciprocating Engines.  Continued improvement of spark- 
ignition reciprocating engines for tactical use should be made through modifica- 
tion of available commercial engines. 

2. Compression-Ignition Engines.  Available commercial compression- 
ignition engines should be improved in the power ranges under 500 hp.  New 
engines for military use in power ranges over 500 hp should be developed. 

3. Hybrid Engines.  Hybrid engines should be developed in power ranges 
of 1000 hp and below. 

4. Gas-Turbine Engines.  Gas-turbine engines should be developed in 
power ranges over 1000 hp. 

5. Rotary-Piston Engines.  Rotary-piston engines should be developed in 
power ranges to 250 hp. 

6. Dynastar Engines.  Dynastar engines in the 120- to 250-hp range should 
be developed! 

7. Compound Engines.  Compound engines in the power ranges between 
250 to 1000 hp should be developed. 

8. Free-Piston Engines.  Free-piston engines should be developed in the 
power range between 120 and 1000 hp. 

9. Stirling-Cycle Engines. Stirling-cycle engines should be developed in 
tnose low power ranges under 120 hp. 

Power-Conversion Devices 

The seven power-conversion devices listed below are selected as those 
that Will when fully developed make the greatest contribution toward satisfying 
the requirements of military tactical vehicles.  An order of priority has not 
been established for the power-conversion devices recommended since many 
types of vehicle will undergo concurrent development. The application of power- 
conversion devices depends in large measure on the physical and performance 
requirements of the vehicle. 

Torque-Converter Planetary-Gear Power Trains.  Torque-converter 
planetary-gear power trains should be developed in power ranges about 600 hp. 

Hydromechanical Power-Conversion Devices.   Hydromechanical power- 
conversion devices should be developed in all power ranges. 

Ac Electric-Drive Systems.  Electric-drive ac systems should be devel- 
oped in all power ranges. 

Hydrostatic-Drive Systems (Medium Range).  Hydrostatic-drive systems 
in the medium range should be developed in power ranges to 1000 hp. 
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Hydrostatic-Drive System (Narrow Range).  Hydrostatic-drive systems 
in the narrow range should be developed in the power ranges under 250 hp. 

Dc Electric-Drive Systems. Electric-drive dc systems should be devel- 
oped in the power ranges under 250 hp. 

Belt-Drive Transmissions.  Belt-drive transmissions should be developed 
in power ranges under 120 hp. 

Component Standardization, logistics, and 
Cost Considerations 

Although the need for component standardization with the attendant logis- 
tics and cost considerations has been recognized and given full consideration 
throughout this, study, it is recommended that caution be exercised against the 
adoption of a too rigid standardization policy.  Goals for standardization should 
not be so firm as to impede the acceptance of new developments, which imped- 
ance would in turn retard improvements in technology. 
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