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1.0 SUMMARY --
'!he DOE/NASA "Automotive Stirling Engine (ASE) Development ~rogramll has been 
underway for approxinlately 31 months. This report covers the period of 
April 1 to June 30, 1981. 

The technology of Stirling engines, as applied to automobile propulsion, is 
presented in MTI ,'s report "Assessment of the State of Technology of Automotive 
Stirling Engines" (7]*. This comprehensive report gives the background and 
history of the Stirling engine, discusses the technology, materials, compon
ents, controls, and systems, and presents a technical a.ssessment of automotive 
Stirling engines. 

Program engine operating hours for this qu~rt~rly period (ending June 30, 1981) 
are as follows: 

ASE 40-4 
ASE 40-5 
ASE 40-7 
ASE 40-8 
ASE 40-12 
ASE 58-1 

'lbtal 

Engine No. 

(High-Temperature Endurance Test Engine) 
(Opel Engine) 
(MTI Test Engine) 
(Spirit Engine) 
(Engine for the Concord) 
(Mod I) 

*References are listed by number in Section 4.0 

1-1 

Total Hours 

6,134.46 
250.0 
206.00 
292.44 
140.40 
173.00 

7,196.30 
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2.0 INTRODUCTION 

~he ASE Program is directed at the development of technology and knowledge re
lated to the application of stirling engines for automotive use, and the trans
fer of Stirling engine technology to the United States. The high-efficiency 
and low-emissions potential of the Stirling engine makes it a prime candidate 
for automotive propulsion. This contract is directed towards developing tile 
~e~essary technology (by 1984) to demonstrate these potentials. 

Mechanical Technology Incorporated (MTI), the prime and systems contractor, is 
responsible for overall program management, alternative and high-risk component 
and systems development, engine and vehicle testing and evaluation, computer 
code development, and transfer of Stirling engine technology to the United 
States. 

The engine development program is based on the extensive technological achieve
ments, capabilities, and background knowledge (:Ln Stirling engines) of KB United 
Stirling (Sweden) AB & Co. (USSw), acting as a f.~ubcontractor to MTI. 

AM General Corporation (AMG), a wholly owned subsidiary of American Motors 
Corporation, is the subcontractor responsible for automotive selection, de
sign, integration, and evaluation of Stirling engines installed in passenger 
cars. 

2.1 Final Program Objectives 

The final program objectives are to develop and demonstrate an Automotive 
Stirling Engine System by Sept3mber, 1984 Yihich, w'hen installed in a late-model 
production vehicle, will meet the follbwing objectives: 

1. Using EPA test procedures, demonstrate at least a 30' improvement in 
cambi,ned metro/highway fuel economy over that of a comparable produc
tion vehicle. The comparison production vehicle will be powered by a 
conventional spark-ignition engine. Both the automotive Stirling and 
spark-ignition engine systems will be installed in identical model 
vehicles, and will essentially give the SalTitl rlVerall vehicle drive
ability and performance. The improved fuel economy will be based on 
unleaded gasoline of the same energy content (Btu/gal). 

T.he intent of the program is to use identical model vehicles for the 
comparison; however, a difference in inertia vehicle weight is accept
able if the difference results from the SUbstitution of the Automotive 
Stirling Engine System for the spark-ignition powertrain system. The 
transmission, torque converter, and drivetrain may also differ in order 
to take advantage of Stirling engine characteristics. 

2. Shot ... the potential of gaseous emissions and particulate levels less 
than the following: NOx = 0.4, HC = .41, CO = 3.4 gm/mi, and a total 
particulate level of 0.2 gm/mi after 50,000 miles. The potential need 
not be shown by actual SO,OOO-mile tests, but can be shown by contrac
tor projections based on available engine, vehicle, and component test 
da ta, and emissi.ons/particulate measurements taken at EPA using the 
same fuel as used for the EPA fuel economy measurements. 
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The emissions and partioulate measurements will be based on EPA pro
cedures for the metrooycle, and will use the same fuel used for fuel 
economy measurements. 

In addition to the above objectives (to be demonstrat.ed quantitatively), the 
following design objectives are considered goals of the program: 

1. reliability and life comparable with powertrains currently on the 
market, 

2. a competitive initial cost and life-cycle cost comparable to a con
ventionally powered automotive vehicle, 

3. aocelera tion suitable for safety and consw.ler considera dons, 

4. noise and safety characteristics that meet currently legislated 
or projected Fede.r:'il Standards for 1984; and, 

S. the ability to use a broad range of liquid fuels from many sources, 
including coal and shale oil.* 

The candidate alternative fuels and their characteristics, to be considered in 
this Program, ~ll be identified based on the DOE Alternative Fuels effort. 
Until these specific fuels and their characteristics are identified for inclu
sion in the Program, diesel fuel, gasohol, kerosene, and No. 2 heating oil will 
be used as a representative range of alternate fuels. Engine testing with the 
alternate fuels will not be initiated for the ASE Mod I/Mod II engines until 
satisfactory operation, performance, and emissions have been achieved on ~he 
baseine fuel -- gasoline. Testing will then be conducted ~.,ith the selected al
ternative fuels to determine the extent of detrimental affects on engine opera
tion, performance, emissions, or fuel economy, and to determine the degree of 
modifications/adjustments that may be required when switching fuels. 

2.2 Program Major Milestones 

Progress toward achieving these final program objectives, which will be demon
strated by dynamometer and vehicle testing, will be assessed at several foints 
in the program. Specific milestones will be: 

1. ASE Mod I Basic Engine design freeze prior to March 31, 1980; 

2. dynamometer characterization of the first build of an ASE Mod I 
engine at the contractor's facility prior to September 30, 1981; 

3. dynamometer characterization of ASE Mod I (upgraded) engine prior 
to Sept~mber 30, 1982, 

4. Mod I engine system test in a vehicle at EPA prior to September 
30, 1983; 

*This objective will be pursued initially in the combustor development effort, 
and later in engine/vehicle testing. 
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5. dynamom~ter characterization of the Mod II engine at the contrac
tor's facility prior to September 30, 1983, and 

6. complete Mod II engine system test in a vehicle at EPA prior to 
September 30, 1984. 

Fiscal Year 
~------~~------~ __ -------r-------~~------~--------~ 

1979 

2.3 Task Description 

1980 1981 1982 1983 1984 

ASE Mod I Design Freeze t ASE Modll Dyno Tes'
l 

Dyno Char~lerization T "SE MOdil Upgraded 

ASE Mod I EPA Vehicle Test 
. I' I I 

ASE Mod II ryno Test 1 
ASE Mid II EPA Vjhicle Test ~, 

Figure 2.0-1 Program Milestones 

MAJOR TASK 1 - REFERENCE ENGINE 

This task is intended to guide component, subsystem, and engine system 
development. A reference engine system design will be generated and con
tinually updated to reflect the best contemplated approaches and the 
latest technology tp meet the final program objectives. The reference en
gine system will be the focal point to guide development, will be based 
on approved engine system con~epts, and will include anticipated 1990 
vehicle power level and size for equivalent spark-ignition, diesel, and 
stratified charge engines. t 
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Task 1.1 Initial Technology Assessment 

A comprehensive technical assessment will be made of the present 
status and level of technology of S~~&ling engines as candidates f.or 
automotive power plants. This assC!lssment will be directed at, but not 
limi ted to, the status of United Stir],ing of! &'weden' s engine design 
and development technology. When completed, the Initial Technology 
Assessment will be used as a basis for a detail study and reevalua
tion of the overall technical program plan. 

• This task has been completed through the issuance of a final 
report in September ~979. 

Task 1.2 \teference Engine System Desi9,!! 

A series of conceptual Stirling engine system designs will be pro
duced to meet the final program objectives. Analyses and drawings 
will be prepared in sufficiei'lt detaU to be able to assess the poten
tial advantages and disadvantages of the candidate concepts, includ
ing material costs. Available transmission technologies, accessory 
systems, auxiliary systems, and alternate power control systems will 
be evaluated. Transmission, drive train arrangements, and vehicle 
installation will be assessed. Sufficient design and analyses will 
be performed to ~stab~ish performance requirements of the engine and 
components to ~':lal(,t the required vehicle performance and the final 
progr~~ object!veSe 

The Reference Engine System Design (RESD) will be the optimum engine 
design that can be generated at any given time which will provide the 
best possible fuel economy and will also meet or exceed all other 
final program Objectives. The RESD will be designed to meet the re
quirements of the projected reference vehicle, which will be repre
sentative of the class of vehicles for which the engine might first 
be produced. It will utilize all new technology that can reasonably 
be expected to be developed by 1984, and which is judged to provide 
significant improvement, relative to the risk and cost of its 
development. 

J.n general, all technology advancements that are to be worked on in 
the program will be inJorporated into the RESD, and their payoff will 
be quantified prior to initiation of the technology development. 
Since there may be more than one attractive technology option for a 
given component, subsystem, or system that merits development, it may 
be desirable and necessary to generate cne or more alternative de
signs in addition to the primary design of the RESD. Such alterna
tive designs might range from incorporating high-risk, high-payoff 
alternatives, to providing more conservative, reduced risk backup 
approaches. As the development program proceeds, actual test experi
ence may eliminate one or more of these backup approaches, or it may 
dictate a reduction in performance relative to initial expectations • 

• The RESD was generated early in the Program and it will be 
continually updated to reflect development experience and 
technology gl.'owth. 
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MAJOR TASK 2 - COMPONENT AND SUBSYSTEM TECHNOLOGY DEVELOPMENT 

Development activities will be conducted on all required component alld 
subsystem development tasKs, as guided by the RESD, to support the various 
Stirling Engine Systems (SES) being developed. The component and subsys
tem development activities will inolude conceptual and detail design and 
analyses, hardware fabrication and assembly, and component and subsystem 
testing in laboratory test rigs. When an adequate performance level is 
achieved, the component and/or subsystem design will be configured for 
in-engine testing and evaluation in appropriate engine dynamometer and 
vehicle test installations. Design efforts will be carried out with con
sideration of cost and manufacturing feasibility. 

Effort will proceed according to an overall Program Component and Sub
system Development Plan and detailed, individual, Component and Subsystem 
Test Plans, which will be submitted to the NASA Project Manager for re
view and approval. At the completion of each significant component or 
SUbsystem development effort, a report \~ill be prepared and submitted to 
the NASA Project Manager. These reports will define the designs and new 
fabrication techniques developed, describe the development effort, and 
present the results. 

The following development activities will be carried out to advance t.he 
technology in terms of durability, reliability, performance, cost, and 
fabrication: 

Task 2.1 Combustion Technology Dsv0lopment 

Task 2.2 Heat Exchanger Technology Dev~lopment 

Task 2.3 Materials Development 

Task 2.4 M~chanical Component Development of seals 

Task 2.5 Mechanical Component Development of the Engine 
Power Chain 

Task 2.6 Controls Technology Development 

Task 2.7 Auxiliaries Development 

Task 2.8 United Stirling Project Support 

Task 2.9 United stirling Component Development 
(Directed towards ASE Mod I and ASE Mod II) 
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MAJOR TASK 3 - TECHN,X·.OGY. FAMlJJIARIZATION (BASELINE ENG1.NE) 

Thll existing USSw P-40 stirling engine will be used as ", blJ.seline engine 
for Stirling engine familiarization and as a test bed for component and 
subsystem performance imp~ovement. It will also be used to evaluate cur
rent engine operating conditions and component characteristics, and to 
define problems associat.:ed wi th veh~.c].e installation. Four P-40 stirling 
engines will be built and delivered to the United States team members, 
with one installed in a 1979 AMC vehiole. A fifth P-40 Stirling engine 
will be built and installed in a 1977 Opel sedan. 

The baseliM P-40 engines will be tested in dynamometer test cells as well 
as in the automobilea. Test facilities will be planned and constructed at 
Mr I to acc(l!:unoda te the entire .program. 

Task 3.1 - Baseline Engine (P-4~ 

USSw will manufacture four P··40 engines, inc~.uding spare parts. 
Engine/dynamometer testing will in.clude full- and part-power opexatiol;., 
transient and cyclic operat.lon, start/stop cycles, and endurance test
ing. Complete engine perfol~ance maps of fuel consumption, emissions, 
pow£..r, and torq~ versus engine speed over the full :rr.nge of engine 
operating pressure levels will be obtained over the entire antioipated 
range of operating heater head temperatures, combustor flows, inlet 
ta~peratureSi coolant temperatures; coolant flows; ~nd coolant inlet 
tem,~Jeratures • 

Tests will be run with the complete Stirling Engine System as designed 
(wi th all auxil.iaries installed and operating off engine power). Where 
appropriate, selected auxiliaries and/or ducting may be simulated or 
compensated. Tests will also be run with all auxiliaries removed and 
their functions compensated for or provided by test facilities. 

AMG will modify an AMC vehicle for the P-40 en9ine in the first year 
of the program, thereby gaining experience and knowledge on the inte~ 
gration problems and requirements aSl~ociated w:l.t,h the ins'callation of 
a Stirling engine in a passenger car. Limit;;..'\ vehicle testing will be 
con~ucted by AMG to establish baseline vehicle-affected engine per
formance such as fuel consumption, emissions, and under-hood environ
ment. '!'he vehicle installation and test is designed to familiarize 
AMG and other team members with a Stirling-engine-equipped vehicle and 
its performance and operation. It will also establish baseline per
formance for the total program, including durability. 

Task ,3.2 - Facilities 

The test facilities and equipnent neccssa':y to completely evaluate 
engines and componentr:l will be designed, built, and procured at MTI • 
It is anticipated that this will include the installation of two 
engine test cells at MTI, with appropriate data acquisition equipment 
and five component test cells to be used for component development 
purposes. 
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J!ask 3.3 - P-40tOpel 'fe.at Vehicle 

One P-40 engine will be manufactured and installed in a 1977 Opel 
Re},:ord 21000 diesel-engine-powered automobile to establish baselines 
for comparison with other program generated Stirling-engine-powered 
automobiles. Vehicle tests will be conducteQ on a chassis dynamo
meter and by road testing in order to measure parameters such as fuel 
economy, emissions, driveability, and noise. 

• This task was completed, and reported in January, 1979. [6,7] 

MAJOR TASK 4 - ASE MOD I ENGINE SYSTEM 

A first-generation Automotive StirHng Engine (ASE) will be developed. 
ASE Mod I will use the united Stirling P-40 and P-75 engines as a basis 
for improvement. The prime objective will be to improve power density 
and overall engine performance. The ASE Mod I engine will be an experi
mental ve,:'sion of the RESD and will be Hmited by the technolot;Y that can 
be confirmed in the time availabl.e. :tt need not achieve any s~':)'.!cific 

fuel economy improvement, but will be utilized to verify the basic RESD 
and to serve as a stepping st0ne toward the ASE Mod II engine. The ASE 
Mod I 'ITill also provide an early indication of the potential to meet the 
final program objectives. A preliminary design and analysis will be made 
of the engine and its installation in an automobile, including the prep
ax'ation of det?ilecl layout drawings defining critical features, dimen
sions, materials, and fabrication techniques. Appropriate analyses will 
be performed to predict engine system and component performance, in
vehicle performance of the engine system, Clnd appropriate stress and 
thermal. loads. 'r'otential problem areas will also be identified. 

A Design Review Meet.tng will be held with NASA to review the reeults of 
the engine preliminary design. Information to be presented at the design 
review will include layout drawings, materials, fabrication techniques, 
and the results of performance, stress, and thermal analyses. 

Seven engines and adequate spares will be manufactured by USSw, and will 
be tested ill dynamometer test cell,a to establish performance, durability, 
and reHab':!.li ty. Continued testing and development may be necessary in 
order to meet the preliminary design performance predictions. One addi
tional ASE Mod I Engine will be manufactured in the United States; USSw 
drawings will be used, but United States vendors will be used to manu
facture the engine. 

Engine/dynamometer testing will include full- and part-power operation, 
transient and cyclic operation, start/stop cycles, and endurance testing. 
Complete engine performance maps of fuel consumption, emissions, power, 
and torque versus engine speed over the full range of engine operating 
pressure levels will be obtained over the entire anticipated range of 
operating heater head tempe:r:!,";:'ures, combustor flow, inlet temperatures, 
coolant temperatures, coolant flews, and coolant inlet temperatures. 

Tests will be run with the complete Stirling Engine System as designed 
(wi th all auxiliarie.3 installed and operating off engine power). t'lhen 
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appropriate, selected auxiliaries and/or ducting may bA .·!tl1llllated C'lr com
pensated. '\'ests will also be run with all auxilill~dee removed and their 
functions compensated for or provided by test facilities. The full range 
of engina transient characteristics will be determined, including start
up, shutdown, and typical power and speed transients. Tests will be run 
both with and without the selected vehicle transmission system, as 
appropriate. 

Four pr.oduction vehicles will be procured and modified to accept the manu
factured engines, and the enginos will be installed in the vehicles. One 
of the four vehicles will be an engineering-evaluation, front-wheal-drive 
vehicle. Tests will be conducted on the elngine-powered automobiles t." 
establish engine-related driveability, fuel economy, noise, emissions, and 
durability/~eliability. ~sts will be performed under various steady 
state, transient, and environmental conditions. One vehicle will be de
livered to EPA prior to March 31, 1983, for vehicle assessment by EPA. 

MAJOR TASK 5 - ASE MOD II ENGINE SYSTEM 

The second-generation engine will be designed, fabricated, and tested, and 
will be power rated according to the Referem-:e Engine System fJtudies using 
the first-generat'i.on engine system as the basis for improvement. The 
prime objective will be to upgrade the first-genelration engine system to 
improve efficiency, nurability, and reliability. 

Only high confidence level component and s\lbsystem developments will be 
used. The design will reflect the use of ~utOInotive engineering design 
and fabrication techniques to the maximum oxtent possible. Emphasis will 
be placed on performance and durability/reliability. The ASE Mod II 
Engine could differ from the RESD by the use of small-quantity fabrication 
techniques and special provisions for instrumentation, parts replacement, 
and se~vicing. 

A preliminary design and analysis will be made of the engine and its in
stallation in an automobile, including the preparation of detailed layout 
drawings defining critical features, dimensions, materials, and fabrica
tion techniques. Appropriate analysel'l will be performed to predict engine 
system and component performance, in-vehicle performance of the engine 
system, and appropriate stress and thermal analyses. Potential pr()blem 
areas will be identified. 

A Design Review Meeting will be held with NASA to review the results of 
the eng~ne preliminary design. Information to be presented at the design 
review will include layout drawings, materials, fabrication techniques, 
and the results of performance, stress, and thermal analyses. 

Five engines and adequate spares will be manufactured and tested in dyna
mometer test cells to establish performance, durabil.i.ty, and reliability. 
Continued testing and development may be necessary in order to meet the 
preliminary design performance predictions. 
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Engine/dynamometer testing will include full- and l'art-power operation, 
transient and cyclic operation, start/stop cycles, and endur.ance testing. 
Complete engine performance maps of fuel consumption, emissions, power, 
and torque versus engine speed over the full range of engine operating 
pressure levels will be obtained over the entire ant;l.cipated range of 
operating heater head temperatures, combustor flows, inlet temperatures, 
coolant temperatures, cooldnt flows, and coolant inlet temperatures. 

Tests will be run with the complete Stirling Engine system as designed 
(wi th all auxiliaries installed and operating off engine power). When 
appropriate, select~d auxiliaries and/or ducting may be simulated or com
pensated. Tests will also be run with all auxiliariea removed and their 
functionB oompensated for or provided by test facilities. The full );'angEl 
of engine transient characteristics will be determined, including start
up, shutdown, and typical powe);' and speed transients. Tests will be run 
both with and without the selected vehicle transmission system, 4S 

appropriate. 

Three late-model, front-wheel-drive px.'oducti.on vehicles wil.l be procured 
and modified to accept the manufactured engines, and these engines will 
be installed in the vehicles. Tests will be conducted on the engine-
po ... ,ered automobiles to establish engine-related driveability, fuel economy, 
noise, emissions, and durability/);'eliability. Tests will be p8);'formud 
under various steady state, trans;i.ent, and environmental conditions. One 
vehicle will be del.ivered to EPA prior to April 30, 1984 for EPA assess
ment of the vehicle to meet t.he final program objectives of fuel economy 
ftnd exhaust emissions. 

MAJOR TASK 6 - PROTOTYPE ASE SYSTEM STUDY 

A study will be under·taken to describe the effort required to bring the 
Automotive Stirling Engine (ASE) from its expected state of development 
in September 1984 to the start of production engineering. Engine produc
tion cost, life cost, oporating condition, in-service mainc.enance re
quirements, and vehicle-imposed loads and constraints will be studied. 
Consideration will be given to mass production fabrication techniques. 
In addition, the prototype ASE system will incorporate the final. levels 
of technology necessary before going into production. 

The results of this study will be incorporated into a plan that will be 
submitted to the NASA Project Manager by September 30, 1983. The plan 
will describe the development steps required, the schedule of events, and 
the estimated cost. In addition, the development risk will be assessed 
and the plan will include supportive manufacturing and cost information. 
The pll1n will form part -.:>f the basis for a Government decislon regarding 
the extent of its support, if any, for system development activities be
yond the scope of this contract. 
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MAJOR TASK 7 - COMPUTER PROGRAM DEVELOPMENT - -
Analytic~l tools will be developed which are required to simulate and 
predict engine performance, as wel,l as to aid in the design, developnent, 
optimization, and evaluation of engine hardware. This effort will include 
the development of three comprehensive computer progr.ams specifically 
tailored tOI (1) predict Stirling Engine System steady state cyclical 
performance over the complete range of engine operationsl (2) optimize 
the Stirling Engine System to maximize and/or minimize specified physical 
and/or performance characteristics while satisfying given system con
straints1 and (3) evaluate tho affects of Stirling engine control system 
selection on engine transient response to arbitrary power changeD. The 
computer programs will be structured to be user-oriented a,nd to have high 
portability. 

The computer programs will be des.i..gned and structured to predict the per
formance of given engine and component configurations and should not be 
confused with engine and component design computer programs that are used 
to design physical hardware (i.e., heater. head designs, regenerator de
signs, bearing load oomputations, stress analysis, dynamics, etl ... ). 

In addition to delivering the source codes for the library of computer 
programs developed, complete documentation will be provided to describe 
the logic structure, detailed theory, assumption, operating procedures, 
demonstrated validity, ranges of applicability, sample problems, etc., 
for each program. In addition to delivering the final, fully verified 
version of each program, partinlly verified interim versions Qf each pro
gram will also be delivered. 

The programs will be improved and verified on a continuing basis through
out the course of the program, using data from component, subsystem, and 
engine system test activities. The test data so utilized will be identi
fied and provided for each program. 

In addition to the engine configurations to be specifj.cally investigated, 
the performance prediction and optimization programs will be correlated 
against the three engine configurations and performance data to be 
supplied by NASA. 

It is anticipated that several engine systems will be investigated over 
the course of the contract. The engine performance prediction progl"am 
will allow for either separate or simUltaneous engine/drive system analy
sis. In addition to the determination of engine piston dynamics, the 
drive system modelinq will include evaluation of the bearing, sl.ip, wind
age, and pumping losses associated with each drive system concept. 
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MAJOR TASK 8 - TECHNICAL ASSISTANCE 

Technical assistance to the Government, as requested, will be provided 
pursuant to the Technioal Direction Clause of the contract. This effort 
will include: Stirling engine and/or vehicle systems for DOE/NASA demon
stration purposes, models and displays fc~ use at Government and profes
sional society technical meetings, computer program assistance to evaluate 
various NASA-specified engine modifications, parametrio engine variations, 
and engine op~rating modes, training of personnel in the operation, assem
hly, and maintenance of Stirling engine systems and vehicles delivered to 
NASA, and appropriate communi oat ion media inoluding brochures, audiovisual 
materials, other literature, and independent studies after approval from 
NASA. 

MAJOR TASK 9 - PROGRAM MANAGEMENT 

This task defines the total program control, aruninistration, and manage
ment, inc.'luding reports, sohedules, finanoial activities, test plans, 
meetings, reviews, seminars, training, and technology transfer. 

Task elements include: 

• program management, 

• technical direotion, 

• product assurance, 

• monitoring of technical and financial progress, 

e report preparation, publication, and distribution, 

• prepat'ation of test plans, worle plans, deElign reviews, etc, 

• coordination of monthly meetings, review meetings, etc1 

• transfer of technology to the United States1 

• training of personne J., 

• seminars and technical society presentations, 

• attendance and coordination of government meetings and preso~~!tionsl 

• engineering drawings and installation, operation, and maintenance 
manuals, and 

• other items related to overall program management and control. 

Figure 2.0-2 is the Work Breakdown Structure of the Automotive Stirling Engine 
Development Program at the level of reporting to NASA. 
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REFERENCE ENGINE 

1.1 Initial Technology Aasessment 
1.2 Reference Engine System 

1.2.1 Project Engi)'.leering 
1.2.2 USSW Engineering Assistance 
1.2.3 AMG Engineering Assistance 
1 • .2.4 Refe~ence Engine Analysis 
1.2.5 Advanced Concepts Studies 

COMPONENT & SUBSYSTEMS DEVELOPMENT 

2.1 
2.2 
2.3 
2.4 
2.5 
2.6 
2.7 
2.8 
2.9 

Combustion Technology Development 
Heat Exchanger T,;,chnology Development 
Materials Development 
Mechanical Component Development (Seals) 
Mechanical Component Development (Power Chain) 
Controls Technology Development 
Auxiliaries Development 
USE>w Projects 
USSw Component & Subsystems Development 

2.9.1 Baseline Engine 
2.9.2 ASE Mod I Engine 

2.9.2.1 
2.9.2.2 
2.9.2.3 
2.9.2.4 
2.9.2.5 
2.9.2.6 
2.9.2.7 

External Heat System 
Hot Engine System 
Cold Engine System 
Engine Driv~ System 
controls & Auxiliaries 
Stirling Engine Systems 
Vehicle Applications 

ASE Mod II 

2.9.3.1 SES component/Subsystems Development 

2.9.3.1. '\ External Heat Systen\ 
2.9.3.1.2 Hot Engin.e System 
2.9.3.1.3 Cold Engine System 
2.9.3.1.4 Engine Drive System .~ 

2.9.3.1.5 Controls & Auxiliaries 

2.9.3.2 Materials Development 
2.9.3.3 P-4~ Annular Regenerator 
2.9.3.4 Full-Scale Mod II Involute Heater: 
2.9.3.5 BSE Mod I C~nponents Testing 

Figure 2.0-2 Work Breakdown Structure 
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4.0 

TECHNOLOGY FAMILIARIZA~ION 

3.1 

3.2 

3.3 

ASE 

4.1 
4.2 
4.3 

4.4 
4.5 

4.6 

P-40 Program 

3.1.1 Project Engineering 
3.1.2 Mfg. and Assemble Engines 
3.1.3 Evaluate Engines 
3.1.4 Evaluate Engine/1979 Spirit 

Test Facility at MTI 

3.2.1 Project Engineering 
3.2.2 Design of Integrated Facility 
3.2.3 Equip Engine Test Cell 
3.2.5 Construct Integrated Facility 
3.2.7 Maintenance & Repair 

1'-40 Opel 

Mod I 

Project Engineering 
Analysis & Design 
Manufacture Engines 

4.3.1 External Heat System 
4.3.2 Hot Engine System 
4.3.3 Cold Engine System 
4.3.4 Engine Drive System 
4.3.5 Controls & Auxiliaries 
4.3.6 Stirling Engine Systems 

Assembly & Acceptance Test 
Engine Test Program 

4.5.1 Engine #1 
4.5.2 Engine #2 
4.5.3 Engine #6 

Vehicle Test Program 

4.6.1 Engine #3/1979 Spirit 
4.6.2 Engine j~5/Vehicle Evaluation (AMG) 
4.6.3 Engine #4/Vehicle Evaluation (MTI) 
4.6.4 1981 FWD Vehicle/Engine *7 Evaluation 

4.7 USA Engine 

4.7.1 Manufacture/Procurement 
4.7.2 Assembly & Test 

Figure 2.0-2 Work Breakdown Structure (Cont'd) 
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5.0 ASE Mod II 

5.1 Project Engineering 
5.2 Analysis & Design 
5.3 Manufacture Engines 

I· 
5.3.1 External Heat system 

i 

I~ 
5.3.2 Hot Engine System 
5.3.3 Cold Engine System 

i 
! I 5.3.4 Engine Drive System 

~' 
5.3.5 controls/Auxiliaries 
5.3.6 stirling Engine System , 

5.4 Assemble & Acceptance '!'est 

I 5.5 Engine Test Program 

I 5.5.1 Engine *1 Evaluation (USSW) 
I' 
~. 5.5.2 Engi,ne #4 Evaluation (MTI) 

1 5.6 Vehicle Test Program 

5.6.1 Vehicle/Engine *3 Test (USSW) 

5.6.2 Vehicle/Engine *2 Test (AMG) 
5.6.3 Vehicle/Engine *5 Test (MTI) 

6.0 MANUFACTURING & MARKET STUDIES 
( 
r 

" 7.0 COMPtJl'ER PROGRAM DEVELOPloiENT 

8.0 TECHNICAL ASSISTANCE I 

q 

9.0 PROGRAM MANAGEMENT 

9.1 MTI Program Management 
9.2 AMG Program Management 
9.3 USSw Program Management 

Figure 2.0-2 Work Breakdown Structure (Concluded) 
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3.0 PROGRESS SUMMARIES 

The description of the ~~rk to be performed under the contract is presented 
in section 2.0, Section 3.0 of this report presents the details of the work 
accomplished on each task during the period of April 1 - June 30, 1981. 

MAJOR TASK 1 - REFERENCE ENGINE 

During April, all autivity on this task was stopped while the budget for the 
remainder of the year was evaluated. After the evaluation was completed, a 
decision was mado to issue the Refereno't) Engine Sysf;em Design Report and the 
March, 1981 RESD update as one report*. 'lhat report was published in June, ,and 
copies are avail.llble through the National Technical Information Service j,n 
Springfield, Virginia. 

A contract for a manufacturing cost study of the Reference Engine \'laS signed 
with Pioneer Engineering (Warren, Michigan) in May. pioneer's costing m~thod
ology is the same as that employed by the automobile industry. Direct labor 
rates will be those employed by the automotive companies for 1980. Burden 
rates, variable and manufacturing, will. be typical of those used by the auto
mobile companies, and will reflect 1980 economics. 'lhe sum of material, 
labor, scrap allowance, and manufacturing burden costs will equal the transfer 
cost (manufacturing cost) of the components. An annual production volume of 
300,000 units was selected, representing the optimum point for a sustained, 
highly productive facility utilizing two eight-hour shift operations. 

By June, pioneer Engineering had e8tabli~hed b~6 manufacturing hours for 50~ 

of the Stirling engine hardware they were analyzing. 

The following items were analyzed: 

• Ho~~ Engine System 
Gas cooler assembly 
Heater tube assembly 
Regenerator 

• External Heat System 
Injector and turbulator 
assembly 

Preheater 
Combustor 

• Cold Engine System 
Piston dome assembly 
Piston rod 

- Crosshead guide 
Duct plate 

- Water jacket 
Seal system 

• Engine .. .orive System 
Bedplate assembly 
Crankcase assembly 
Sump 
Intercasing 

- Water pump 
Main drive shaft 
Crankshafts ' 
Oil pump and filter 
Gears 
Connecting rod assembly 

*Automotive Stirling Engine Design Report, NASA CR-165381 

• 

i 
1 
~1 
~l 



, \ 

~ 

I 
!' 

MAJOR TASK 2 COMPONENT AND SUBSYSTEM DEVELOPMlmT 

'l'ask 2.1 Combustion Technology Development 

Project Engineering 

A decision was made in May to reschedule and rearrange the priorities 
for testing in MTI's Free-Burning Test Rig. Baseline testing of the 
AP-SO Straight Guide Vane CGR Combustor was eliminated so ~lat Mod I 
baseline testing could be performed sooner. ~be order will now be: 
Mod I Combustor Ignition, Mod I Baseline, and Alternate Fuel Nozzles 
(with Mod I Combustor), instead of: AP-80 Baselinel Alternate Fuel 
Nozzlesl and Mod I Baseline and Ignition. The general intent is to 
evaluate Mod I combustor parameters, relevent to current or future 
designs, at an earlier date. 

A joint MTl/ussw meeting was held at USSw during the week of June 8. 
Major topics of discussion were: 

• Mod I Combustor Rig Sensitivity Tests, 

• Mod I Cold Start Testing, 

• Mod I Engine External Heat System Experience, 
CI Alternate Mod I Combustor Rig Tests1 

• Alternate Fuel Nozzle and Refractory Surface Combus tion I 

• MTl/uSSw Combustion Development Plans1 
• Aiternate Low-Emssions Combustors. 

A presentation was also made to NASA on the following subjects: 

• 
• • 
• 
• • 
• 

USSW Mod I Rig versus Engine Emissions1 
USSw Alternate Mod l Combustors, 
MTI Alternate LoW-Emission CombUstion Approach, 
MTI Alternate Fuel Nozzles, 
MTI Free-Burning Rig Design 1 
MTI Free-Burning Rig Involute Combustor Tests1 
MTI Surface Combustion Tests. 

The Mod I Canbustor Rig sensi tivty tests were complet .. ed at USSW in 
June, and the results were issued by US~~. Measurements were made of 
NDx, CO, HC, and smoke over a range q,f lambdas, fuel flows, and tube 
set temperatures. NOx ~nd HC emissions were lowq while CO showed a 
tendency to increase rapidly as lambda was reduced to the nominal de
sign value of 1.15. Thus, CO represents a potential prob,tem for the 
Mod I combustor. This may be overcome by increasing lambda to 1.25 or 
utilizing one of the alternate combustor designs. The use of the 
Bacharach smoke system to determine exhaust visibility and particu
lates is not adequate and, at best, can only give qualitative results. 
Based on these steady state results, the following CVS cycle emissions 
are predicted (22.4 mpg): 

ND,c .. 0.26 g/mi 
CO '" 0081 g/mi 
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To obtain these numbers, the steady Btate rig data for 12 points were 
used and the results weighed according to the amount of time at each 
fuel flow during the CVS cycle. It was assumed that set temperature 
(725°C) and h (1.15) were constant. The thermal storage.capacity of 
the engine was accounted for by varying the heat input (mf). Since 
both h and the set temperature vary over the CVS cycle, and both have 
affects on emissions, these predictions must be verified by experiment. 

Testing of the four alternate Mod I combustors in the Mod I Test Rig 
was completed at USSW in May. The four designs are as follows: 

Guide Vane Guide Vane Guide Vane 
Combustor N1.11llber Height (mm) Angle ( 0 ) 

1 10 28 30 
2 10 20 30 
3 18 20 30 
4 18 20 45 

This progression represents decreased height and increasing swirl in
tensity. All tests were run at 725°C tube temperature using 48 mm 
long ejectors, sized to have the same flow ar~~, and at fuel flows of 
0.5, 1, 2, 3, and 4 g/s. Basic~lly, Configurations 1 and 3 look best 
from the NOx/CO standpoint. Hydrocarbon levels were relatively low 
for all four, while Configuration 4 had high smoke numbers. Based on 
these results, it was agreed that a fifth configuration would be made 
cow~ining the features of Confi~~ration6 1 and 3 (i.e., 18 guide 
vanes, 28 mm high and a 30 0 guide vane angle). This will then be rig
evaluated and the best of the five oonfigurations will be made into a 
Mod I engine combustor as a backup to the existing design. 

Design and Analysis 

A brief study of the Mod I Root formation and the potential impact on 
particulate emissions was made in April. United Stirling rig data 
indicates Bachara~h Smoke Numbers between 0 and 6 over a range of fuel 
flows from 1 to 4 gls and from 1.1 to 1.5. In general, smoke in
creases with fuel flow and inversely with ho An approximate estimate 
of the amowlt of particulates 99nerated from carbonaceous soot is 
shoml in Figure 2.1-1. If one assumes the Mod I CVS urban mileage of 
22.4 mpg and a h = 1.15, then the program parf:iculate goal of 0.2 gls 
converts to 89 ppm (by weight). Looking at the: worst measured case, a 
Bacharach number of 6 would be approxjmately 21 ppm, or well below the 
required limit. It must be pointed out that the relationship between 
the Bacharach Smoke Number and particulates is extremely approximate, 
and that other sources of particulates, other than carbon, also elcist. 

An analysis of possible alternate Mod I combustor concepts was also 
completed in April. Two approaches were considered: water injection 
and altered CGR ejector location. Possible designs are shown in Figures 
2.1-2 ann 2.1-3. water injection seeks to reduce NOx using liater in
stead of gas recirculation to reduce flame temperature. The altered 
CGR injector concepts attempt ''::'0 improve combustion by using the eject
ors to increase turbulent mixing of air and recirculating products and 
fuel, prior to combustion, in addition to inducing recirculation. 
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In support of the Vehicle Program, the possibility of running the P-40 
Concord on alcohoL fuels for a sustained period of time was evaluated 
at MTI in May. USSw experience with alcohol fuel is limited to combus
tor rig testing with methanol ana a short demonstration in Washington 
burning whiskey (ethanol) in the P-40 Opel. Although these fuels can 
be burned in the P-40 Combustion System, several concerns exist. Due 
to the red,uced heating value of methanol and ethanol (47% and 64% of 
gasoline <>n a mass basis), a much higher fuel flow il'3 required, which 
implies a larger fuel pump and a modified K-Jetronic. Secondly, al
cohols tend to attack elastomeric compounds, which necessitates the 
use of special materials for diaphragr.s and seals. Emissions would 
also be affected; one would expect lower NOx and possibly higher CO. 
It was concluded that before running a vehicle on alcohol for anything 
other than a short deMonstration, engine testing should be do~e. 

Detail design layouts for the Parker-Hanni fin and Delavan nozzle adap
ters, as well as CGR bypass valve actuators, were (,ompleted in May. 
In-house manufacture of the Parker-Hannifin adapter and bypass actuator 
was started and oompleted in June. Water spray tests to evaluate the 
spray distribution and quality will be conducted n~lxt quarter prior to 
evaluation in the Free-Burning 'rest Rig. 

Screening tests of the Refractory Combustor Concept were begun. A 
schematic of the test setup used for this evaluation is shown in Fig
ure 2.1-4. Although a large quantity of data was obtained, numerous 
problems with the water-cooled probe, gas analyzer, heated sample line, 
and test stand air leakage have precluded a definitive answer as to 
the validi ty of this cor;:/;e;pt in reducing NOx ' 

A recurring problem with the emission measurements (until now) has been 
a disagreement between air/fuel ratios based on gas sample analysis and 
metered values of fuel and air. The problem was traced to inefficient 
removal of water (from combustion) from the CO/C02 sample stream. It 
~~s rectified by simple plumbing modifications to the sample line. A 
favorable comparison between metered and chemical air/fuel ratios was 
obtained in June in a subsequent P-40 engine test. 

Combustor Development Test Rig 

In April, this rig was modified to more accurately position the thermo
couples flush to the perforated cone. This increased the accuracy of 
the simulation of the temperature profile into the first heater tube 
row. The number of thermocouples was increased from 9 to 17 to allow 
for circumferential measurements. 

Baseline testing also continued in April. Data were obtained for the 
temr~rature distribution ("axial" and circumferential) on the perforated 
cone at several flow conditions, as shown in Figures 2.1-5 and 2.1-6. 
A comparison with United Stirling's data is given in Figure 2.1-7. 

An early version of the Mod I combustor was modified at MTI in prepar
ation for the ignition tests. The modifications consisL of installing 
the 48-mm long CGR ejector nozzles (the current Mod I desigH) and al
tering mounting flanges to fit the rig. The individual temperature 
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Figure 2.1-6 Circumferential Nonuniformity at Various Fuel Flows 
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readings were normalized to the calculated average axial and circum
ferential temperatures in order to minimize the affect of the uncer
tainty of thermocouple radiation loss on the interpretation of the 
data. 

Combustor Endurance Test Rig 

Commitments to obtain the fuel injector/igniter, combustor, preheater, 
and various covers and gaskets from United Stirling were confirmed in 
April, and all rig hardware is now under procurement. 

The electric heater for the test facility was received in April, pur
chase orders were placed for the fuel, air, water, and the CO2 cooling 
loop, a vendor was selected to install the CO2 loop piping, procure
ment was underway for safety and control items, and purchase orders 
were written for the rig instrumentation. 

In JUne, the two heat exchangers for the C02 cooling loop were re
ceived, and the electric heater was installed and checkout begun. 
Assembly of the C02 cooling loop plumbing was initiated. 'rhe heater 
tubes were bent for the rig and fins were procured. Thermocouple 
instrumentation was also received. 

Task 2.2 Heat Exchanger Technology Development 

Testing was conducted at USSw during May to assess Mod I regenerator flow 
distribution. A concern exists because the gap between the matrix and the 
housing is only 0.6 mm instead of the required 1 mm. Testing w~~ conducted 
by using a cooler with some of the tllbes blocked to give a Ap equal to that 
of a regenerator. The conclusion is that the narrower gap does lead to 
flow maldistribution. 

A li mi ted study of the i nf luence of prehea tar ef f ecti venes s on the CV·S 
cycle mr~ was completed in June. Using available data from the joint NASA/ 
USSw/M'l'! Mod I Design Team, the effects of preheater performance at a 
single (.)perating point repreaentative of the CVS cycle are illustrated in 
Table 2.2-1 and Figure 2.2··1. Further analysis will be necessary since 
the A and % of CGR used (1.34 and 38%) do not correspond to the nominal 
Mod I design values of 1.25 and 43%, and both parameters will affect pre
heater effectiveness. 

Design and Analysis 

Work continued on the Performance/Cost Study in May. The objective 
of this task is to determine the influence of the four Mod I Engine 
Heat Exchangers on CVS cycle combined cycle mpg. As a first step, 
it was decided to analyze thf: influence of prehea ter eff ecti '/enes s 
on performance using a single operating point representing the com
bined urban and highway cycles, including cold start penalty. Util
izing a computer simUlation for the standard Mod I Engine, a single 
operating point was determined as follows: 
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Preheater Effectiveness .75i6 .7656 .78 .7949 .815 

TOUT °C 926.67 915.56 904.4 893 880 

TEXH °C 282 264 246 228 209 

TAOUT o~ 704 708 712 716 723 

Fuel Flow g/seconds .89413 .88385 .87387 .864 .85227 

mpg 25.335 25.63 25.92 26.218 26.572 

mpg Ratio .9534 .96414 .9756 .9867 1.00 

Effectiveness Ratio .9222 .93~:;;8 .95705 .97534 1.000 

Combustor Efficiency % 86.22 87.14 I 88.14 89.15 89.38 

-~--.- ---- - ---- --------- - --_. - ~~-------

Table 2.2-1 Influence of Preheater Effectivleness on Combined Cycle mpg 
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For Urban Cyc le 

Average rpm a 1220 
Average HP = 8.2574 
Auxiliary HP • 2.29 
Brake Efficiency • 27% 
Fuel Consumption • .682 gls 

!'.2~ Highway Cycle 

Average rpm a 178~ 

Average HP • 18.847 
Auxiliary HP ~ 3.35 
Brake Efficiency • 33' 
Fuel Conaumption a 1.1718 gls 

The combined mpg including cold start penalty ~ 25.04. 
The fuel consumption based on this combined mpg is .925 g/s • 

Regenerator Development 

Heat Transfer Rig - The isolation circuit was built and installed in 
May, enabling the Data Acquisition System (DAS) to perform as intended. 
Further testing with different orifice plates (taking account of humi
dity affects on air density) yielded flow measurement agreement within 
5%. Tests were performed on the unsintered screen test section (poro
sity = .683) and the 30-layer sintered screen test section (porosity = 
.566). Graphs of the results (Nusselt Number, J-Factor., and friction 
factor versus Reynolds Number.) are attached as Figures 2.2-2, 3, and 4. 
On the plot of Nusselt Number versus Reynolds Number, there is a line 
representing the experimental data from tests run by V. Vashista [2] at 
the University of Calgary. These tests used th.e same test technique 
and a similar test section as the unsintered test section run at MTI 
(200 x 200 wire cloth). The results agree fairly well. On the plot of 
J-Factor versus Reynold's Number, there is a curve taken from a plot in 
Kays & London [3] for a similar material configuration. Again, the 
cur-lTe agrees closely with the unsintered test section data. Comparing 
sintered (30-layer) to unsintered test. sec·tions, the latter appears to 
be superior from a heat transfer/t;riction standpoint. The increase in 
dead volume of the unsintered section needs to be traded off against 
the heat transfer and frict:l.on characteristics to determine the affect 
on cycle efficiency. Before this can be done, the differences in end 
losses between the engine regenerator and reduced length regenerator 
rig test section should be estimated. Future testing will utilize 20-
and 40-layer sintered, coarse, unsintered, and Metex samples. 

Tests were run in June on the 20-layer sintered screen and the coarse 
unsintered screen; tests on the 40-layer sintered screen will be run 
next quarter. Results of the coarse screen and 20-layer sintered screen 
test sections are shown in Figur.es 2.2-5/2.2-6. }\esults of the coarse 
screen support the use of fine screens; the u~e of coarse screens will 
resul t in a t'egenerator almost six times as large as the p:cesent regen
erator. Any conclusions concerning the sintered sections of various 
thicknesses will be made after the 40-1ayer test section testing is 
complete. 

Flow Test Rig (~P Rig) - MTI also ran tests in June on a new P-40 regen
erator (SIN 181) at the same conditions that existed during testing at 
NASA/LeRC. The results were almost identical, as shown in Figure 2.2-7. 
A test was also run at MTI on ~ used regenerator (SIN 148 from ASE 40-8) 
after 124.5 hours of operation (this regenerator was previously tested 
at NASA/LeRC). Test results are shown in Figure 2.2-8. 
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Preheater Development - A trip to Corning Glass Works was made in May 
to discuss a ceramic preheater concept. A conc],usion was reached that 
this concept was feasible, and that a test section will not require 
much development time. The test section would be machined from a cur
rently available extruded core of eitiler 200 or 300 cells per square 
inch. This could be done wi thin two or three months after a detailed 
drawing of the test section was sent to Corning. The detail design of 
the preheater test section will be started in August. 

Tas.: 2.3 - Ma terials Development 

priority I - Development 

Heater Tubes - The CG-27 tubing, which was cut to length and plated 
~1 nickel, was sent to USSW in April for fabrication into a quadrant. 

Cylinder Heads and Regenerator Housings - Test bars of all the cast 
cylinder heads and regenerator housing materials were received from 
Uni ted Stirling i.n April. Groups of each of these test bars were hea t
treated, and specimens of HS-31 and XF-B1B were tensile-tested. Test 
bars of XF-B1B and HS-31 were sent out for the machining of fatigue 
specimens. 

In May, tensile specimens and low-cycle fatigue specimens of HS-31 were 
machined. The specimens, along wi th cas t bars of XF-~l B, CRM-6D and 
SAF-l1, were heat-treated at the actual brazing temperatures 0 Tensile 
specimens of XF-B1B and HS-31 were given an additional heat-treatment 
of 50 hours at BOOoC to reflect the experience in operation. TenaHe 
tests were performed on the HS-31 and XF-B1B specimens at room temper
ature and BOQOC. This data will be used to estimate the strain levels 
required for fatigue testing. 

Tensile testing on a group of XF-B1B and HS-31 specimens over a range 
of temperatures (room tempera ture to B500 C) was completed in June. The 
results of tensile testing for HS-31 and XF-B1B are summarized in Fig
ures 2.3-1 and 2.3-2, respectively. The HS-31 test specimens were cast 
at the same time as the fabrication of cylinder heads and regenerator 
housings. The XF-B18 was received from Climax-Molybdenum. Tensile 
testing was carried out under a constant load rate of .4 psi/so With 
the exception of the case noted in Figure 2.3-1, all specimens were 
heat-treated with a simulated brazing cycle* followed by 50 hours at 
BOOOC in order to stabilize the microstructure of the material. 

Figure 2.3-3 shows strain levels as a function of a number of cycles 
to failure for fully reversed fatigue testing on HS-31 at BOOoC. 

Plotted along with the data is the empirical relationship of Coffin 
and Manson. The fatigue results are also summarized in Table 2.3-1. 
Each of the four specimens represented in this table were heat-treated 
with a simulated bra~ing cycle followed by 50 hours at BOOOC. 

*consisting of 1/2 1l0ur at 11400 C for XF-S1S and 1/2 hour at 1175°C for HS-31 
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Task 2.4 - Mechanical Component Development - Seals 

Project Engineerin~ 

The unsatisfactory behavior of the Mod I piston rings, as demonstrated 
by rig tests at United Stirling, at MTI, and in the engine, was reviewed 
with the modifications suggested by United Stirling. To address the 
long-term solution, plans were formulated in April for developing a new 
piston ring design and test program to be carried out at MTI. The study 
of piston ring operation led to a new concept, Le., with development, 
the new ring design was potentially capable of reducing leakage, fric
tion, and wear. 

Design and Analysis 

Computations of the gear losses in the Mod I engin~ were performed in 
April, and a report is being prepared which covers all the Mod I lo,,,er 
end friction losses. 

Material Screening Tests 

Tests to investigate the affects of lubricant on wear rate were com
pleted in April. Testing showed that the lubricant prfdvented the 
buildup or destroyed the transfer film, and significantly increased the 
wear rate of the seal material. Also, the metal coupon not protected 
by the transfer film suffered wear. These tests mark the end of the 
formal screening investigations. A test report on the latest findings 
was drafted. 

Exploratory Tests 

Baseline testing (up to 2000 rpm) of the Mod J. piston rings with 
helium was completed in -April. Testing showed that the average life 
was approximately 20 hours under severe laboratory conditions. 

An order was placed in May for a 5-hp, 1750-rpm, explosion-proof motor 
to facilitate testing with hydrogen at rig speeds up to 2000 rpm. 
Consideration was also given to an alternative uprated drive system to 
provide coverage of the full range of test conditions. At present, 
with the size limitations in the test cell and rig, a hydraulic drive 
s~;tem appears to be most attractive. Hydraulic drive system propo
sals were solicited and evaluated, and an order was placed in June, 
wi th delivery expected in August. 

Repeat tests of the Mod ! solid ring wp.re carried out in June to 
establish the effect of honing the cylinder; however, friction and 
leakage measurements indicate that honing has made no significant 
difference • 
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strl!llin Level 
_ t:.fl2 

0.382% 

0.285% 

0.218% 

0.218% 

ORIGINAL ~"r':'~L~: : ~ 
OF POOR QUAL: n' 

Stress Level 
t:.a 

57,000 psi 

49,360 psi 

42,675 psi 

45,223 psi 

Cycles to 
Failure 

3,405 

26,745 

47,502 

14~988 

Note: All specimens will be heat-treated with a 
simulated. brazing cycle followed by 50 hours 
at BOOoC. All tests were conducted at 800 0 C 
using fully reversed cycling with strain control. 

Table 2 . .3-1 Summary of Fatigue Testing on HS-31 
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Task 2.5 - Mechanical Component Development - Engine Power Chain 

Mod I Motoring Test Cell 

The following was accomplished in April: the test table base fabrica
tion was completed; inputs from the Sweden trip to review the Motoring 
Test Rig were incorporated in the test cell schematic; and the \t1orlt
around stand and associated hardware were removed from the Motoring 
Test Cell in preparation for the installation of the Motoring Test Rig. 
All components were specified with the exception of shafts, flelCible 
couplings, and speed transducers. 

The lototoring Test Rig preliminary design layout was initiated in April, 
with completion scheduled in mid-July. 

Mod I Drive Gears 

Analysis indicates that the flexing of the drive shaft is sufficient 
to cause nonuniform tooth loading and resultant breakage of t\.~e 0.8 
module gears. 

As a short-term modification to pel:'mi t the continuation of testing, 
USSw will incorporate a combination of a larger diameter shaft and 2.0 
module gears in the Mod I drive to eliminate further breakage of the 
gears. 

MTI is evaluating the potential for adding an intermediate or outboard 
shaft support in conjunction with an improved gear shaft attachment. 

The proposal to incorporate an outboard rolling element bearing on the 
output gear, thereby eliminating drive gear tooth breakage on the Mod I 
engine, was completed. 

Task 2.6 - Controls Development 

Project Engineering 

A test plan and schedule for controls development testing on ASE 40-7 
was developed and drafted in May. The plan calls for tp.sting of the 
engine to verify the EHSTR (External Heating System Transient R~!sponse) 
Code and to determine MPC parametric sensitivity. All tests will be 
performed with both analog and digital controls. 

A meeting with AMG was held in May to establish the location of control 
components in the Lerma Vehicle~ A plan~and schedule was also prepared 
for the training of MTI personnel in the use of f.fod I microprocessor 
elec:tronic control, and for the installation of the electrical systems 
in the Lerma Vehicle. 

RepJ:esentatives of AMG, MTI, and USSw addressed the final location of 
components in the engine compartment of the Lerma vehicle, and dafined 
the specifications for instrumentation and wiring harness during a 
meeting held at AMG in June. 
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Systems Analysis 

The EHSTR Code for the P-40 engine ran reasonably well in April, al
though it was still in the shakedown phase. Figures 2.6-1/2 show a 
preliminary version of how the throttlo valve position, airflow, and 
fuel flow (fixed A for this run), heater head temperature, and hot hy
drogen temperature respond to simulated up-power transient (shown in 
Figure 2.6-3). In May, improved modeling of the heater node was in
corporated (the earlier, more approximate modeling permitted the ex
haust temperature to fall below the heater temperature). In support 
of ASE 40-7 control tests, EHSTR Code predictions were made in June 
for normal up-power maneuvers, up-power maneuvers with constant air
flow, step decrease in airflow, and fuel flow interruption. 

The Harlan white* Control Simulation Code (CONSIM) was incorporated 
:l.nto the Vehicle Code in April. The short circuit limitation was in
cluded, but was not yet fully debugged. Discussions with Harlan White 
during M~,y clarified the understanding of compre!'lsor modeling. 

Development began on tile CINTER Routine in June, generating a steady 
state torque map and acting as an interface between the Vehicle Per
formance Code and CONSIM. 

Baseline steady state and transient controls data were taken on the 
ASE 40-7 engine in June using the analog cuntrol system. The USSW 
microprocessor control system was installed so that cGi(lparable data 
can be taken to evaluate the digital control system. 

Low-Cost Transducers 

Dither testing of the position tranRducers was completed in April, and 
the transducers were rated as acceptable for automotive use. Endurance 
testing of the pressure transducers was completed in May, and the per
formance was rated acceptable. The testing consisted of pressure cyc
ling the transdUcers for 10,000 cycles, using nitrogen as the working 
fluid. 

Combustion Control 

In April, the monitor, executive, and simplified control programs for 
the air/fuel control were placed in EPROM (Erasable Programmable Read 
Only Memory) and the system was successfully operated in a stand-alone 
mode. Work was initiated on writing the more elaborate control soft
ware, which will include the scaling and linearization routines for 
the sensors and system diagnostic capability. Work in this area was 
scaled down between May and August to provide an opportunity for famil
iarization and training on the Mod I Microprocessor Control System. 

A photonic (MTI) sensor was also installed in the K-Jetronic unit of 
the ASE 40-7 engine so that arm rotation could be recorded during the 
controls tests. Figure 2.6-4 shows the bench calibration curve ob
tained with the calibration setup shown in Figure 2.6-5. 

* consultant to MTI 
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Figure 2.6-5 Calibration Setup for Air Valve Travel Measurement on K-Jetronic 
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Electric Actuator 

A failure of the pinion shaft was observed during testing of the elec
tric actuator. in April. An analysis of the actuator assembly opera
tion during extreme conditions indicated the forces were adequate to 
deform the pinion, and that an over-torque slip clutch would be re
quired. Further work will be postponed until 1982. 

Variator 

The stock Salsbury parts for the "dri ver" portion of the ASE P-40-7 
variator had its plastic bushings replaced by steel. 

At the end of June, this rebuilt Salsbury variator had apprcximately 
11 hour~ of running on ASE P-40-7, with many speed transients and no 
sign of any problems. 

Flow Sensor Calibration 

The shakedown of the Aj.rflow Calibration Test Rig and the comparison 
of indicated flows by sharp-edged orifice, Datametrics airflow sensor, 
and J-Tec airflow sensor were pursued. 

Mod I Electronic Controls Training 

The first weeks of May were involved with reviewing the Mod I digital 
electronic control hardware and software provided to MTI by USSw. MTI 
personnel visited USSw from May 18-22 to obtain training in the Mod I 
microprocessor controi. A detailed review of the software and hard
ware was presented. Several hours of actual operating experience were 
gained with the control on P-40-17. The flow of information was clear, 
concise, and complete. Other aspects of the system discussed included 
power and air throttle ~alve alignment, future plans, and problems. The 
latest copies of the hCi.cd\\fare and software documentation were received. 
The microprocessor control and associated inputs, outputs, and simula
tion equipment was scheduled to be shipped to MTI at the end of May. 

Training was also conducted at MTI in conjunction with the preparation 
for the P-40 Controls Tests. 

Task 2.9 - Component Development at ussw 

Subtask 2.9.2- Mod I Engi ne at llSSw 

Control Systems and Auxiliaries 

Air/Fuel System 

Burner Blower - An efficiency test with the complete blower was 
finished in April. 
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Atomizer ,,' - Compressor - The compressor with cast-iron parts was 
tested in AprIl gIving favorable results. A performance teat with 
the commonly driven compressor and servo oil pump was performed in 
May. The performance test of the unit indicated about 100 W 
higher power requirement than the predicted values. 

Electronics - Engine tests were performed successfully in April 
with the microprocessor system. During the tests, the following 
points were added or changed: 

• rpm - measurement was changed I al,d, 

• power control valve (Moog valve) output (in 
electronics) was changed to higher voltage in 
order to get increased resolution. 

All software documentation was ready in May. During the next 
quarter, a complete hardware documentation will also be available. 
In a short time, work will begin with an updated microprocessor 
system with the same soft\tlare possibiHties, but with more sui t
able hardware. 

Subtask 2.9.3 - Mod II Engine at USSw 

Seal Systems Seal Development 

l-Cylinder eapseal Material Screening Test Rig - The following 
materials were run against nitrided steel rods during this 
quarterly period: 

Materials 

Dixon Rulon LD 
Dixon 7035 
Dixon Rulon J 
Dixon Rulon E 
Pampus 9926 
simrit PTFE 551 
Advanced Products K 
Crossflow 905 
Fluon VX1 
Dixon TFE-GL-HL-880-2 
Dixon TFE-GF-HL-800-2 
Koppers K-30-W 

No. of 70-hour runs 

2 
4 
4 
4 
4 
4 
4 
4 
4 
2 
2 
2 

The total time accumulated at the end of the quarter was 5655 
hours. 

, -Cylinder Piston Ri.ng Materials Screening Test Rig - During June, 
one test run at 90°C, two run at sooe were performed. The total 
test rig running time at the end of the quarter was 592 hours. 
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1-Cylinder Cold Start Test R~ - All testing aooording to the test 
plan was finIshed during this quarter. The total test rig running 
time for the quarter was 801 hours. 

P-40 No. 15 Motored Engine - The second 500~hour test run was 
stopped in May after 403 hours because of a check valve failure 
and piston ring leakage. The Dixon TFE-G1-M1-800-2 piston rings 
srowed considerably greater wear than the Rulon LD rings. A new 
te~t run with Rulon LD piston rings, two Rulon LD, and two Koppers 
K-33-W capseals was completed in May. The Koppers K-30-W capseals 
funotioned well, with wear comparable to Rulon LD. The total test 
rJ.g running time for the quarter was 1543 hours. 

Pis ton Dome Deve lopment 

EB-welding (EBW) of piston domes with three different joint de
signs was performed in April. The objective was to find a welding 
technique for manufacturing domes with sound joints and small heat
affected zones. Joint Design No. 1 has a ring on the inside that 
prevents penetration and also serves as a guide, as shown in Fig
ure 2.9.3-1a. Design No.2 has a fixed guide on the outside that 
serves a~ both a guide and filler metal during welding, as shown 
in Figure 2.9.3-1b. Design No.3 has a pure butt design, as shown 
in Figure 2.9.3.1c, that demands a fixture curing welding. The 
welding was carried out by two different machines and two differ
ent sizes of rings. For Design No.1, P-40-size rings were used 
and were aimed for the HT P-40 and P-40 R. The others were tested 
wi th r40d I-size rings. 

Design No. 1 makes it possible to weld domes without sputtering on 
the inside. The test weld was sound except in the area between 
the dome wall and the ring. The weld had cracked partly around 
the joint, separating the ring from the dome, pl.'obably because of 
thermal stresses during welding. The cracks are oriented parallel 
to thf, dome wall and, therefore, perpendicular to the bending 
stres~leG which, together with a low-stress level mak.e a low fail
ure risk. A dome, EB-welded with the same technique, was fatigue
tested in April to 107 cycles with an internal overpressure of 
15.75 + 5.25 MPa. There were no failures. 

The joint with outer fixed guid:!.ng and filler metal in Design No.2 
was welded with rings of type C and D, as shown in Figure 2.9.3-2. 
The pure butt joint j,n Design No.3 was only welded with type-C 
rings. The welding o~E the pure butt-type joint did not perform well; 
internal cracks were found, especiallY in the start/stop regions. 
Joint Design No. 2 was not completely penetrated, not even with 
maximum welding power. In order to improve the penetration, a new 
set of D-type rings with less filler metal were tested, and an ex
tra "cosmetic" weld was also added. The result was a sound and 
completely penetrated weld. Small defects of the cold flow type 
w-ere found on the root side. 'rheae kinds of defects are very di ffi
cult to avoid if the inside of the domes have not been machined; 
therefore, a design must be chosen that will minimize these types 
of defects. 
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Dome 

a. Joint Design Number One, 
Internal Ring. 

b. Joint Design Number 
Two, Outer Fix 
Guiding and Filler 
Metal. 

c. Joint Design Number 
Three, Pure Butt. 

figure 2.9.3-1 Alternate Joint Designs of Piston Domes 
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An x-ray investigation in June showed suspected root defects in 
five TIG-welded domes. Metallographical investigation of one of 
these domes showed a crack resulting from an insufficient inert 
gas shield inside the dome. 

Endurance Test of P-40 Engine - At the end of April, running-in of 
the new components was finished and the permeation loss tests were 
resumed during the first week of May. 

Tests of hydrogen permeation using hydrogen with 0.2% CO2 were 
performed in June at a heater tube temperature of 820°C and 620°C. 
Hydrogen tests with 1\ CO2 will begin in the beginning of July. 

Metallographical Investigation of an Outer Involute Heater - In 
June, ~ P-40 heater was examined metallographically after 875 hours 
operating time with an increased operating temperature of 100°C. 
The examination showed that the tested cast material (CRM-6D) is a 
possible candidate material for an automotive Stirling engine. 
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MAJOR TASK 3 - TECHNOLOGY TRANSFER (BASELINE ENGINE) 

Task 3.1 - P-40 Program 

ASE 40-7 -In April and May, ASE 40-7 was inactive because ASE 40-8 
testing was taking place in the MTI Engine Test Cell. 

During the month of June, ASE 40-7-10 was installed in the test cell 
(JUne 9-11), transient data recording equipment was hooked up and 
checked out, and engine mechanical problems were discovered and elim
inated. 

The analog portions of the Analog/Digital Control System Test were 
run, and control system data obtained during the last week of June. 
The overall purpose of this test was to evaluate the new, digital, 
Mod I control Rystem (relative to the existing P-40 analog system) on 
a P·-40 engine in the United States. Three series of test points were 
run on each configuration: 

• normal engine steady state and transient characteristics; 
• verification and updating of the EHSTR Control Code; and 
o control system response sensitivity to control function changes. 

Table 3.1-1 contains a summary of ASE 40-7 operating times for this 
quarter. 

'ASE 40-8 -In Apri.l, the engine (Build #11) was rebuilt at AMG and in
stalled in the MTI test cell. After a number of checkout runs, the H2 
compressor failed and had to be rebuilt; however, engine performance 
was still below the desired levels (see Figure 3.1-1). The engine was 
then torn down and rebuilt again in an effort to improve performance. 
No significant problems were identified during the rebuild. 

Build 12 of the engine was operated during the first half of May. At 
a given gas temperature/engine speed, engine performrtnce did not show 
improvement over prior testing. Problems were obser/ed in heater tube 
temperature maldistribution. Pressure transducers were installed on 
the cold side of Cycles 1-3 to t.ry and locate possible seal-leakage 
problems around piston rings; pressure traces indicated that seal leak
age was occurring. A de~lsion was made to disassemble the engine and 
investigate the leak. During disassembly, the following was found: 
overheated dome O-ring (Cycle #4), uneven piston ring seating/sealing, 
differences betwf'!en surface roughness on cylinder walls, and no signi
ficant deterioration of heat exchanger components. ~le rebuild of the 
engine (Build 13) included reworking the pistons to a new USSw-supplied 
d~le O-ring configuration, and honing all cylinder walls to a 16 ~-inch 
surface finish. Test results since this build (shown in Figure 3.1-2) 
show a performance improvement with the laboratory combustor at a con
stant' .)rking gas temperature. (Note that when the working gas temp
erature level was increased, power follOl'led the predicted characteris
tics.) The difference in temperature distribution between ASE 40-8 and 
ASE 40-9 needs to be investigated, since a higher test set temperature 
is required in ASE 40-8 to achieve the same average working gas temp-
erature. 
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Monthly Time Total Time 
(Hours) (Hours) 

March 31, 1981 241.6 

April 31, 1981 0.0 241.6 

May 31, 1981 0.0 241.6 

June 30, 1981 17.1 258.7 

Table 3.1-1 Summary of ASE 40-7 Operating Times for April/May/June 1981 
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Figure 3.1-1 ASE 40-8 Performance - Build 11 
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In June, ASE 40-8 was removed from the MTI test cell in order to begin 
preparations for the testing of ASE 40-7 with the Mod I microprocessor
based control system. A more detailed summary of the ASE 40-8-13 test 
data is contained in Table 3.1-2, and maximum power for each configura
tion is plotted as a function of speed in Figure 3.1-3. As ~revioualy 
mentioned, the highest power obtained with the laboratory combustor and 
the maximum measured power with an automotive-type combustor was 31 kW 
at a set temperature of 780oC. 

After testing, the engine was shipped to AMG for rebuild and installa
tion in the Spirit. Once the vehicle is operational, an assessment 
will be made of the engine's health, and a decision reached on whether 
to continue the test program. The following problems must be resQlv~d 
during the rebuild of the engine: leaking short-circuiting valve, 
leaking power control valve, leaking check valves, warped combustion 
liner, broken bolts in preheater cover, sluggish air throttle, and 
broken variator. 

ASE 40-12 

An adaptor for mounting a fifth wheel was added to the Concord in April. 
ASE 40-12 was rebuilt in lmy with a replacement heater head quadrant. 
Difficulties were experienced with Pmax guard shutdowns and poor per
formance. A decision was then made to tear down and rebuild the engin~. 
The following was found during rebuild: broken dome O-ring, failed cap 
seal, leaking PL seal, worn supply guide bushings, and dirty coolers. 
The engine rebuild was completed in May, during checkout, problems were 
found with the after-cooling pump, the compressor short-cj.rcuit valve, 
and Pmax guard shutdowns. 

'.l'he engine was repaired in June; the compressor short-circuiting valve 
and the after-cooling pump were replaced. In addition, the control 
electronics were moved and shielded from electronic noise that was 
causing Pmax guard shutdowns. The vehicle is running well and is 
available for demonstrations. 

Control System/Vehicle Anlysis 

By the end of the quarter, the mean pressure control code was opera
tional and was being debugged. 

Vehicle Testing 

A design approach for the installation of the Go-Power engine dynamo
meter was selected i.n May. It will incorporate a drop box that will 
accommodate both the Mod I and P-40 engines. The dynamometer will then 
be mounted to the vehicle frame. The detailing of the parts for the 
Go-Power Dynamometer installat:ion was completed in June. 
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figure 3.1-2 ASE 40-8 Performance - Build 13 
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STO* Rinas Auto comb\\'* #12 No EGR CYrle Number 

• • 
rpm kW rna mf Highest T 

1000 12.4 22.7 1.27 #1 
1500 18.3 31.1 1.76 #1 
2000 23.5 39.6 2.18 #1 
2500 27.2 46.2 2.60 f~ 1 
3000 29.8 52.6 3.01 #1 
3500 31.4 59.2 3.43 #1 
4000 31.0 '65.6 3.82 #1 

STO* Rinas ** Lab Comb #12 ~o EGR Cycle Number 

• • 
rpm kW rna mf Highest T 

1000 
1500 
2000 23.9 36.9 2.15 #1 
3000 30.5 49.2 2.95 #1 
3500 32.5 56.1 3.40 #1 
4000 32.9 62.5 3.81 #1 

...... 
SP'r*** Rinas Auto Comb"" #12 Spare No EGR Cycle Number 

rpm kW rna 

1000 12.4 20.2 
2000 23.7 35.4 
3000 29.1 50.5 
3500 31.0 56.1 
4000 30.9 62.6 

SPT*** Rinqs Auto Comb*"" #12 

. 
rpm kW rna 

20iJO 20.7 35.2 
3000 24.4 47.6 
3500 24.4 54.1 
4000 23.8 60.3 

*Standard Solid P-40 
*1: Lab Combu'stor 

***Standard Spl'{t P-40 

mf Highest T 

1.20 1, 2 
2.07 3 
2.94 3 
3.38 3, 1 
3.02 3, 1 

Spare EGR Cycle Number 

. 
Highest T mf 

2.08 3 
2.81 1, 3 
3.24 1, 3 
3.66 1, 3 

-

1 

1 
.1 

Table 3.1-2 Effect of Ring and Combustor Configurations on Power Output 
and 19 MPa, 780°C Set Temperature 

3-47 

'" ., ,.... ........J 



, 
i 
i 40 
! 
\' 
l 

f' , 
r 

30 

""' 
~ 
'-' 

I-l 
ill 
Il 
0 20 Jl.I 

~ 
ill 

.~ I' 
bO 
I:l 
~ 

10 

o 

• • .. 
• 

ORIGINAL PAGE rg 
OF POOR QUALlT'( 

ST)) Rings - Auto Comb. No EGR 
STD Rings - Lab Comb. No EGR 
Split Rings - Auto Comb. No EGR 
Split Rings - Auto Corob. EGR 

Pmax • 190 Bar 

T • set 780°C 

1000 2000 

Engine Speed (rpm) 

• ... 

.-- • '. 

3000 4000 

Figure 3.1-3 Stirling Engine Performance Data Power versus Speed 
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Task 3.2 - Integrated Facility 

Work continued on the component rigs during April; specific activities in
cluded: 

• design of the Motoring Cell in p:c:ocess; 

• parts for the Exploratory High-Temperature Heat Transfer (HTHT) 
Rig ordered; 

~ Combustion Test Cell Air Heater received with installation sched
uled for completetion by June 1, 1981; and, 

• installation of the Combustion Cell Cooling Tower System 90% com
plete (to be finished by August, 1981). The Combustion Cell CO 2 
Charging System, the Fuel Distribution design, and the Fuel Farm 
Fence were also completed. 

The mechanical and electrical design of the Motoring Cell \'1as 75% complete 
by June; the total Motoring Cell will be complete by the end of October. 
Most parts for the HTHT Test Rig were received, with installation to begin 
next quarter. In the Combustion Test Cell (Endurance Rig), the combustion 
air heater was installed and checked out. During checkout, several thermo
couples were found to be faulty or improperly located. The vendor agreed 
to supply replacement thermocouples and pay for the installation; completion 
is scheduled for July 31st. Th'e Cooling Tower water supply and return is 90lls 
complete, and the flow meter with installation is expected to be complete 
by AuguEt 1st. The C02 Cooling Loop installation was started, with comple
tion expected during the next quarter. 

The Fuel Distribution System for the Combustion Cell was installed in June; 
however, checkout was delayed until the CO2 piping system was completed. 

A new bypass line for the Emissions Bench was installed in June; this will 
allow the refrigeration bath to function (remove water) properly. CO and 
CO2 reading accuracy w;i.ll also be improved • 
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MAJOR TASK 4 - ASE MOD I - ENGINE DEVELOPMENT 

Task 4.1 - Project Engineering 

A trip was made to NASA/LeRC in May to discuss pressure-volume (PV) 
measur~ments and analysis. The topics discussed were: 

• IMEP Scanner1 
• Pressure Instrumentation1 
• Shaft Angle Encoder 1 
• Dynamic Pressure Information 1 
• FM Data - Batch Output Plot; 
• Comparison between Analytical Prediction 

and Experimental Data 

An MTI engineer and technician also visited USSw in May for training and 
familiarization on the Mod I Engine. 

r>1od I Performance Code Valida tion 

Using a detailed Control Volume (CV) model of the Mod I engine and a 
current version of the MTI Harmonic Stirl.i.ng Code, a number of com
parisons ~re made relative to USSw code predictions at 5 and 15 MPa, 
and actual Idngine data from USSw testing at 5.1 MPa. Initial MTI Code 
predictions underpredicted indicated power/efficiency levels relative 
to the LSSw code and actual engine data. For comparative purposes, 
the actual engine test data was corrected to add measured shaft power 
Plus an estimate of motoring losses from motorin<;J test results in 
order to obtain indicat,ed values. Figures 4.1-1/2/3 display the re
sults of these first comparisons. In each figure, the indicated power 
and efficiency were less than the USSw values, and the deviations in
creased with speed. This comparison, along with an examination ,J the 
method of loss calculation in the MTI model, suggested an excestii\ 
level of gas pumping loss. 'ro r,educe this level, friction and heat 
transfer enhancement factors of the code were removed. The resulting 
output is displayed in Figures 4.1-4/5/6; the output shows a marked 
improvement in agreement. A revision of the CV model improved agree
ment further at the 5 MPa level, but caused 15 MPa estimates to be 
optimistic. Further validation effort is necessary to understand the 
remaining differences in power/efficiency estimates. 

Task 4.2 - Design and Analysis at USSw 

Stress Analysis of the Heater 

A stress analysis of the Mod I heater tubes was performed in }\.pril, 
inr.luding thermal expansion and creep rupture analysis based on linear 
damage theory. The analysis covers low-cycle fatigue based on a com
bined metrojhighway driving cycle. The results, in terms of desi<;Jn 
factors, show that the design stress criteria were met. 

Engine Drive System 

All parts required for the conversion of Drive Uni t No. 4 to accept 
smaller main/revised end bearings were detailed and issued in April. 
The parts required to modify the Drive Unit No.4 Mod I were issued 
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for manufacture in May. The parts include a pair of crankshafts, big 
end and main bearing shells, and connecting rod castings. 

Engine system Design and Analysis 

Tests concerning flow distribution through the Mod I regenerator were 
finished in May, and a preliminary analysis of the test results was 
performed, indicating a rather poor flow distribution pattern for the 
current gap above the matrix in thi,s version of the engine. If the 
gap is increased by 0.5-1.0 mm, it should be possible to achieve a gain 
in engine effic! ancY1 however, the final recommendation of the change 
in height of the gap abovp. the matrix cannot be made until some addi
tional analysis is performed. Note that the gas height in the current 
hardware is 0.7 mm less than was intended. The reason for this is 
partly the height of the folded edge of the regenerator mantle, which 
was drawn to be 1.0 mm, but in the hardware is 0.6 - 0.7 mm. 

Task 4.3 - Engine Manufacture and Procurement 

Heater Head 

The regenerator castings from Bulten Kanthal were completed in April. 
At that time, six satisfactory regenerator housings of the original 
design were available. The area on top of the regenerator housing, 
including the manifolds, was reinforced. 

~ine Drive System 

The crankshafts for the chain d:dve conversion of Drive Unit No. 4 
were received and inspected in April. All par.ts necessary for the 
conversion were available, and the unit was assembled and prepared for 
motoring and noise level tests. 

Three sets of module two gears were ordered. By June, all parts for 
the Mod I Drive Unit No. 4 chain drive were received. Assembly and 
motoring tests will begin next quarter • 

.9::linder Liner 

Cylinder liners of nodular iron will be mounted in the drive unit for 
testing and evaluation of friction losses. 

Task 4.4 - Mod I Assembly and Acceptance 'rest at USSw 

Mod I Engine Test Results (BSE) 

The quantity Owoc (the heat flow rate transmitted through the oil 
cooler as indicated by the CAS) was erroneous in the readings made 
before March 27. The indicated values were far too large due to a bad 
electrical contact in an amplifier. Corrections were made in April to 
correct the problem. 
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Analysis of t.leasured Engine Performance 

Comparisons between measured and caloulate& BSE pO'''er and efficiency 
is shown in Figures 4.4-1 through 4.4-6. ~he diagrams in Figures 4.4-1 
and 4.4-2 present data from the beginning of February with a water 
temperature of 30°C. The diagrams in Figures 4.4-3 through 4.4-6 con·· 
tain acceptance test data for the BSE with a water temperature of 50°C • 

~nalYBis of Measured Motoring Unit Performance 

A comparison between motoring test results on Drive Units #2 and #3 in
dicated an increase in friction losses in Unit #3 (see Figures 4.4-7/8). 
It was found that the friction losses in Drive Unit #3 could be reduced 
by adjustj.ng shaft locations within manufacturing tolerances (Figure 
4.4-9). Unit #3 vIas doweled to maintain the desired critical component 
location; the final test results are shown in Figure 4.4-10. 

The measured data from the motoring tests was corrected for gas cycle 
pumping losses and internal leakage losses, but not for the power con
sumed by the thermal hysteresis, due to heat transfer in the cycle. 
Thus, the results shown in Figures 4.4-7 through 4.4-10 encompass 
friction plus thermal hysteresis effects. 

Concerning the analytically calculated friction power, it is not yet 
possible to make meaningful conclusions because thethermaihysteresis 
is still unknown, and the true bearing clearances have not yet been 
introduced in the computer code. 

Task 4.5 - Engine Test Program 

!'!.~ I - Stirling Engine System 

In the beginning of April, the dngine was rebuilt from a Mod I Basic 
Stirling Engine (BSE) to a Mod I Stirling Engine System (SES). The 
engine was motored for the first time on April 3; the first start was 
made four days la ter. The auxi liary drive uni twas adj us ted, and the 
electronic control unit was tuned to the engine. Idle speed was set 
to 700 rpm, giving optimal performance for the present engine setup. 
An initial performance test was made at 3 and 5 MPa mean working gas 
pressure (Pwgm )' The test results are shown in Table 4.5-1 and Figures 
4.5-1/2. During testing, the tolerance band for engine parameters was 
exceeded as follows: 

d Ttubm 
d Twgbm 
d PWgm 

29-96°C 
33-90oC 
0.20-0.55 MPa 

< 50°C is specified 
< 20°C is specified 
< 0.3 MPa is specified 

At the end of April, the engine was stopped for the rectification of 
the high difference between the four cycles' mean working gas pressure. 
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ENGINE: 4-123 NO: 001 VERSION: 01 
? 

REAONO * ~ i05 106 107 108 10~ 110 iii i12 113 114 
.' 

W GAS H2 H2 H2 H2 H2 H2 H2 H2 H2 H2 i 

Pwtim HPa 3.06 3.05 3.07 3.07 3.07 5.02 5.08 5.09 5.09 5.08 
Pratte 106ft 1.68 1. 78 1.81 1.88 1.59 1.59 1.69 1.70 1.71 
SPEED rpm 701 1002 2002 3002 3999 703 1001 2000 3002 4000 ; , 
Ttubm tiea C 725 722 721 724 721 724 721 724 722 719 ; 
dTtubm deg C 29 60 49 44 52 48 55 49 65 96 , 
Twgbm deg C 719 713 706 705 697 716 709 701 691 681 

, 
,; 

dTwgbm deg C 33 69 49 43 45 55 55 47 62 90 ~ , 
Twein deg C 49.8 49.9 50.0 49.2 49.1 49.3 49.3 49.3 49.3 49.3 .~ 

~ Huh deg C 71,,1 762 753 766 767 760 756 770 786 804 ,I dTtuflll dep C 33 77 42 27 36 64 50 23 14 9 
Twgfm de\, C 
dTwgf. deg C l Twgcs deg C 
dTwgol! dIg C 
Tegatlll deg C 699 7JO 710 717 718 703 706 719 725 ":.'30 00 

. "~ 
~ Togm deg C 198 201 186 176 172 200 189 175 170 174 -n:lJ '. -- l w Toilal! deg C 59.2 61.3 73.1 79.5 ~B5.2 67.1 66.2 74.8 79.9 87.3 "Tlfi3 I LAtlDAt 1.65 1.53 1.38 1.32 1.28 1.49 1.42 1.30 1.29 1.29 O~ ~ 0-

\0 LAHDAo 1.34 1.32 1.28 1.25 1.24 1.29 1.28 1.22 1.22 1.23 O~ 
~ :0 f" Hfu g/s .J4 .41 .65 .88 1.09 .45 .57 .98 l.J5 1.69 to ",,:. :l I'Iwe kgls 4.02 4.07 4.30 4.63 5.07 4.02 4.08 4.32 4.66 5.08 C j'J ".l 

ria g/s 6.9 7.8 11.9 15.7 19.1 8.5 10.5 17.3 24.1 30.4 
,., 

l?~ ·.l 
Puf kPa .24 .31 .67 1.10 1.51 .38 .54 1.JO 2.24 3.23 I i ~ ~ 

~ .~ .. 'J .. 
-< " ,1 

P@if kW "1.26 1.81 3.30 3.89 2.07 3.56 5.17 9.49 1.1.89 11.15 1 
ETAeff X 8.99 10.68 12.14 10.57 J~.57 19.0J 21.82 2J.27 21.13 15.87 ! 

'~ Qfu kW 14.06 16.96 27.20 36.80 45.42 18.69 23.71 40.80 56.26 70.25 

J 
Qa kW .23 .28 .41 .56 • 7iJ .32 .38 .b1 .93 1.32 
Qaa kW .04 .04 .04 .04 .04 .04 .04 .04 .04 .04 
Gog kW 1. 77 2.01 2.71 3.33 3.91 2.15 2.46 3.63 4.83 6.15 
QRAOp kW .9J .94 .95 .97 .98 .94 .95 .97 1.00 1.02 
Qe kW ii.64 14.33 23.98 J3.11 41.27 15.96 20.72 36.84 51.41 64.45 :~ ETAb 1- 82.75 84.49 88.18 89.96 90.86 85.40 87.J8 90.31 91.37 91. 74 
Qwc kW 5.90 8.00 14.86 21.61 29.53 8.60 10.97 21.46 32.27 44.34 1 
Gwoo kW .05 n;; .13 1.98 3.13 .09 .08 .20 1.98 3.51 ~ .~~ 

GR;\f)or kW .75 .75 .75 .75 .75 ._75 .75 .75 .75 ~75 -I 

dG kW 3.68 3.72 4.94 4.87 5.7% 2.96 3.74 4.94 4.52 4.69 A 
dQ~ I 26.16 21.91 18.17 13.24 12.74 15.85 15.78 12.10 8.04 6.68 ,~ 

:1 
Table 4.5-1 Mod I Initial Performance Test Data 

*See Appendix A (Engine Instrumentation Listing) for explRuation. 
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The engine was dismantled in May and the following was noted: 

• no damage on the gear wheels (after 13.96 hours); 
• no dome-cylinder wall contact; 
~ ring 4-17103 on top of the regenerators was distorted; 
• the regenerators were fairly hard to remove; and, 
• the tubes used for the thermocouples on the front heater 

tube row had been burned out. 

The distorted rings on top of the regenerators did not result in any 
changes in engine performance; however, the diameter of the regenerator 
housings had decreased somewhat during the test period. The thermo
couple tube (TC) on Cylinder No. 2 was broken during engine disassem
bly. The three other heater section tubes were cracked due to the 
high operating temperature. The TC tubp. was insufficiently cooled be
twe~n the heater tube and the insulation below the heater. 

The engine was reassembled, and performance and emission tests were 
performed after 6.34 hours of running-in of the new components. After 
33.54 hours of running-in, a new performance test was made at the same 
mean wor~ing gas pressures but with 200 rpm steps in engine speed. 
After 69.63 hours, the performance test was repeated. Between these 
performance tests, small adjustments were made to tune the SES for an 
optimal performance. Engine power and efficiency is shown in Figures 
4.5-3 and 4.5-4. 

During June, adjustments were made to improve engine perfonnance at 
engine speeds below 1000 rpm. After the performance test in May, the 
burner blower was removed for a flat belt inspection. The belt had 
not been rU'lnJ .. ng on the central part of the pulleys, resulting in belt 
~aar on one side. The alignment was checked and no failure was found. 
The pulleys WftH"e clee,rled and the belt adjusted to the correct tens~on. 
Power Control Block No. 4 was replaced to cure the variator speed drop 
caused by a leaking valve in the hydraulic system. The atomizer air 
tubes were connected to a relief valve for controlling the atomizer 
air pressut~. The following problems were encountered: the atomizer 
air pressure at low speeds was too low; the atomizer air pressure at 
high speeds was too high; the hydraulic pres~ure at low speeds was too 
low; the hydraulic oil temperatures at high speeds was high; and the 
bUrner blower airflow at very loW speeds was too low. 

The low atomizer air pressure (Paa ), hydraulic pressure (PhYdr), and 
burner blower airflo\" (Ma) were caused by too low a step-up on the 
variator, so a new bracket set was made that increased the step-up. 
After some modifications of the atomizer air system, sufficient values 
of Faa. and Phydr at an engine speed of 600 rpm were obtained. The Ma 
problem was not completely solved. A new ratio variator belt drive 
(prime part) will be tested that will increase the value of Mi.}, lit an 
engine speed of 600 rpm so that < 9 MPa mean working gas pressu!'e can 
be run at 600 rpm. 

3-72 

1 



Reading Nos. 195-205 

--~~---------.~~!----;--------~--

00 ~----.-----~~I~--------~I~--______ ~I~ ________ ~I _______________ ~I 
1000 2000 3000 4000 5000 

Speed (rpm) 

Figure 4,5-3 Mod I Engine No.1 SES Performance Test After Rebuild -
Measured Power 
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A new high-tensile strength main drive shaft was mounted and tested 
together with the 0.8 module gear wheels. A new heater head was also 
tested. '!'he clearance between the cylinder manifolds had to be ad
justed before further testing could be resumed. Total hours on the 
Mod I aSE/SES at the end of this quarter were 172.1 hoursl 101.1 hours 
were accumulated in the SES Configuration. 

Motoring ~st - Mod I No.2 

The motoring test of Mod I No. 2 was completed in April. Inspection 
after the motoring test showed one discrepancy from normal condition -
the transmission gears had cracked teeth. 

'rhe assembly work of the aSE was started in May; however, assembly 
start was delayed about three weeks, with completion scheduled during 
the first week of June. 

~oring Test - Mod I N~ 

The motoring unit was assembled in April with spur gears. Breaking in 
of the motoring unit was started in April, and the motoring test was 
finished in May. 'rhe motoring uni t was inspected and shipped to MTI 
in June. The motoring unit was tested wi th different cylinder liners 
of steel and nodular iron. 

Mod I Mock-Up - SES No. 2 

The mock-up of SES No. 2 was finished in April. All equi,\?IlIent was 
moved over to Engine No.1. Buildup of a new SES for Engine No.2 was 
also fltarted. liardware such as brackets and tube fittlngs were modi
fied, in May according to findings from the assembly work of SES No.1. 

Photos of the Mod I are contained in Figures 4.5-5 through 4.5-7. 

Based on Mod I system performance and fuel economy optimization studies, 
the following drivetrain components were selected in April for the first 
vehicle build: 

• Chrysler wide-ratio, three-speed automatic transmission; 
• 10 3/4"-high stall-torque converter with lockup; and, 
• 2.73: 1 rear axle ratio., 

USSw, AMG, and MTI personnel attended a coordination meeting in June on 
the vehicle installation. The main topic was the final location of con
trol system components. Control Blocks Number 1, 2, and 3 were mounted 
on the vehicle and connected to the engine through flexible-wire braid
covered lines. This will improve the ease of maintenance. 
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Figure 4.5-4 Mod I Engine No.1 SES Performance Test After Rebuild -
Measured Efficiency 
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Figure 4.5-5 Mod I Basic Stirling Engin on Test Stand on USSw 
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BLACK At;D \VHITE PHOTOGRAPH 

Figure 4.5-6 Mod I RSE with Combustor and Preheater Removed 
to Show Heater Head 
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Figure 4.5-7 Mod I Complete Stirling Engine System on Test Stand at USSw 
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MOD I 
• ASE 58·1 

• ASE 58·2 

• MOD I VEHICLE JI 
(LERlttAJ 

• ASE 51·3 

• MOD I VEHICLE 12 

• MOD I USA ENGINE 

• MANUFACTURE CONTROL 

• MOD I TRAINING 

• CONTROLS SUPPORT 

P·40 
• P·40 SPIRIT 

• P·40 CONCORD 

• AS[ 40·1 

"Integrated Engine Vehicle Development Schedule" 

.-
Figure 4.6-1 
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Wit :J layout work was initiated "lt MTI in June, and will be coordi
nata.'! with AMG, who will construct the actual wiring harnesses. Defi
nition of the dashboard display and instrumentation requirements was 
also ini tin ted. 

Figure 4.6-1 shows the latest integrated engine/vehicle development 
schedule for the f>tod I and P-40 engines. 

Task 4.7 - U.S.A. Mod I Build 

Dr:l.ve Uni t 

A complete drive uni t was scheduled for deli very to MTI by Septombf'r 
30, 1981. 

The piston domes were received in April from C.B. Kaupp & Sons. '1110 
domes \.,ere EB-welded to the lower parts (on order from Centuri.an 
Industries). Delivery of the com~leted assemblies was expected in 
mid-November. Five domes were ~rovided to United Stirling. 

In May, the cyli nder liner rna terial selected was 410 SS with a ni trided 
inner diameteto. This materi",l W~IS chosen over cast iron due to its 
anticorrosion properties. At th~ end of May, activity on pistons and 
rods was awaiting the receipt of the latest drm.,ings from USsw. 

In J\pril, an investigation of ceramic prehe,.ters was started at Corning 
Glass Works. Corni.ng furnished heat transfer data on their matrix de
sign, and also looked into a ceramic lower cone for the combustor. 

The combustor \"as released for quotes in June, followed by the release 
of the remainder of the system in August. 

By ele end of May, Precision Castparts Corp. (."eC) had poured 20 cylin
der housings. 'nle f.irst pour revealed some hot spots which resulted 
in shrinkage. This information was llsed to r.econfigure the pouring of 
the regenerator hOllsings in mid-June. Inconel 625 heater head tubes 
were also sent to the vendor for bending. 

A secane celsting of the heater head cylinder and regenerator housings 
at FCC was schedulud for JUly. More ceramic cores were ordered in 
June to me~t the casting schedule. Samplo heater head fins were de
livered and approved in June, completing the order. Heater tubes are 
due at MTI in July. 
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MAJOR TASK 7.0 - COMPUTER PROGRAM DEVELOPMENT 

The interim version of STENSY was deliver'ed to NASA/LeRC during the first week 
of April. The "Userls Instructions" were also completed and released. The 
userls manual includes a complete listing of the current version of STENSY. 
Some modifications relative to the interim source code were made to correct a 
programming error and to improve the program output. The Mod I validation of 
the STENSY Code wHl continufl in the next quarter. 
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MAJOR TASK 8.0 TECHNICAL ASSISTANCE 

• Total Number of Technical Directives received to date: 81 
• Number of active TO's: 3 
• Summary of open/active TO's: 

TO #74 - Routine Maintenance of Demonstration Vehicle 

ASE 40-12 was rebuilt and the vehicle is now available for 
demonstrations. 

The following demonstrations utilized the I'-40 Cuncord Vehicle: 

At MTI 

NASA and Senator DUAmato's staff 
Channel 10 (Albany - TV) 
Former Senator J. Durkin 
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June 19, 1981 
June 24, 1981 
June 26, 1981 
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MJW'OR TASK 9.0 - PROGRAM MANAGEMENT 

Product Assurance 

The Pressure rest Rig W8B completed at MTI for P-40 heater head quadrants. 

All equipment required to perform dye penetrant tests was received at MTI. 

All heater head quadrants available at MTI were examinAd and pressure 
tested. The results are shown in Table 9.0-1. 

A problem report closeout meeting (81-2) was held at NASA in May. The re
sults were: 

• 35 Failure Notices were closed, 
• 117 Discrepancy Notices were closed, 
" 3 Quality Assurance Reports were closed, 
• 18 Failure Notices were deferred for )\;urther action, 
• 14 Discrepancy notices were deferred for further action1 and, 
• 15 Quality Assurance reports were deferred for further action. 

Table 9.0-2 summarizes the Failure, Discrepancy, and QUality Assurance 
Reports as of June 30, 1981. 

Table 9.0-3 is a summary of operating times versus failures for all ASE 
Program engines. 
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PART St::RIAl 
NO. NO. 

12640 27 

12640 25 

12640 5 

126100 8 

12640 7 

12640 6 

12909 1 

126~0 26 

12640 28 

12640 19 

12640 20 

1261,0 57 

12640 49 

12640 51 

12640 53 

12640 510 

CYCLE \lOUkS ON 
LOCATIOI QUAD. 

3 103.3 

I 
1 184 

1 245 

10 2105 

3 245 

2 245 

1 35 

2 184 

4 184 

3 70.9 

- 0.0 

- 0.0 

1 10.5 

2 10.5 

3 10.5 

4 10.5 

-- -. ~----=----;- - --.-.-- --~'--'-~"'.--"r"""'- _ ... -- ~--

ENGINE LOCATION OF ~RESSURE IPENE'f!WIT REPORT • COHl"EHT5 • IREP~IR 
NO. OBSERVATION TEST INSPECTION NO. 

I 
. 

40-12 Tube failure. N/A ~ndications MQ-ll . 
Cut adjacent tube. 4/15;81 
~_u cracks outside each ~£ 

2 cy1. center ho1ep!insid ) 
40-12 Joint ~t 9th tube fr~ out Engine Indicatioos ~l~ side of cy1. manifold. (Leak) 4/15/81 

Two cracks outside each of 
2 cy1. center ho1es(inside) 

40- ! L.P.showed 2 cracks. 4/10/81 4/3/81 KQ-4LP 
Center ports cy1.{inside} (TIGHT) 
Center port of end reg,. 

-
100- 8 L.P. showed 3 indications 4/14/81 Indications HQ- 9 

across center outside of (TIG&T) 4/14/81 
2 porta in cyl. 

40- 8 Joint @tube & reg. casting 4/13/8 Indications HQ- 8PT 
Last cube (Leak) 4/3/81 HQ- 3LP 
L.P.showed crack @inside 
of cy1.@center port 

40- 8 Crack in canifold Engine Indications He!:. iepel t Cut up for 
(Leak) on Outsid~ '6 3/18/8 analysis 

40- 7 4/10/81 No Indic. NASA I ube 
(TIGHT) 4/14/81 Repat 

40-12 Crack inside of ~y1. OIl Eng~ru Indicaciona MQ- 5LP 
hsg. Detveen 2 ctr holes (TIGHT) 4/13/81 

40-12 Two cracks inside cyl. hSi • On EnginE 
: 

Indications ~- 7LP 
-between center holes (TIGHT) 4/13/S1 
-outside of 1 of 2 ccr hll • 

40-12 Two cracks inside of cy1. On Eng1..ru Indications HQ- 6LP 
hag. cracks on outside of (TIGHT) 4/13/81 
each of 2 center hole. 

- 4/15 O~ 4/15 N(J(E -

- 4/15 OK 4/15 NONE -
8 Tight No -

Indication 

8 Tight No -
Indication 

8 Tight No -
Indication 

8 Tight No I -
Tnd1rarion 

Table 9.0-1 Heater Head Status 
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~ummary of Failure Notices/Quality Assurance Reports 

Open Failure Notices 
New Failure Notices since May 31, 1981 
Failure Notices closed since May 31, 1981 
Closed Failure Notices (total to date) 
Total Failure Notices in System 
P-40 Failure Notices 
Mod I FaHure Notlces 

26 
o 
o 

205 
231 
198 
33 

Summary of Discrepancy Noticas/Quality Assurance Reports 

Open Discrepancy Nocices 
New Discrepancy Notices since May 31, 1981 
Discrepancy Notices closed since May 31, 1981 
Closed Discre~ancy Notices (total to date) 
'I'otal Di screpancy Notices in System 
P-40 Discrepancy Notices 
Mod I Discrepancy Notices 

Summary of ~uality Assurance Reports 

Open Quality Assurance Reports 
New Quality Assurance Reports since May 31, 1981 
Quality Assurance ·,.aports closed since May 31, 1981 
Closed Quality Assurance Reports (total to date) 
Total Quality Assurance Reports in System 
P-40 Quality Assurance Reports 
Mod I Quality Assurance Reports 

48 
o 
o 

218 
266 
145 
121 

61 
31 
o 
3 

64 
45 
19 

Table 9.0-2 Summary of Failure, Discrepancy and Quality Assurance Reports 
as of June 30, 1981 
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Operation Mean Operating Time 
Engine Time to Failure (brs)· 

ASE 40-1 (NASA) 238.0 6.43 

ASE 40-7 (MTI) 206.0 7.95 

ASE 40-8 (Spirit) 292.44 3.75 

ASE 40-12 (Concord) 140.4 14.04 

ASE 40-4 (USSw ) 6134.46 91.56 

ASE 58-1 (USSw) 172.06 15.64 

Table 9.0-3 Summary of Accumulated Operation Time for ASE Engines 
and Mean Operating Time to Failure 

*All classes of failures, since initial start of the engine, 
are included in the calculation of mean time to failure. This 
includes, for example, rdplacement of components due to resi
dual core particles in engine due to improper cleaning, burner 
blower belt failure, cracked spark plug, etc. 
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00 

NAtHI ..... 

00 00 HEAL~RED·CAL.JLATED VARIABLES. ' 
o 0 ON ~·t23 GTIRLING ENGINED CHOD t) 
o 0 DURING ACCEfTANCE TISTS 
o 0 

00 00 

EXPLANATION 
• •••••••••• 

APt~"dll. A 
h I. • 
DOGu .. nt • 

PIIV- • HEAN VALUE OF TilE HIAN PRitllUREI IN TilE CYLINDERS CItP.) 

SPEt;!l ENGINE SPEED (r,m) 
B-SPEj!!O· Dumoi' blowor speed 
Ttw. • HEAN VALUE OF TilE IIEATER "'TEHPERATUIIES , '2"d TUIE 11011 
'1'wq1xll • HEAN VALUE OF TIlE IIORKING GAB TEHPERATUREB, 2nd TUIE IIOW 

TIIGln COOLING WATER TEH"ERATUII£, INLET OF ENGINE 

Tluf1 ItEATER TEHPERATURE!' hi TUIE ROil, BECTOR No 1 
Tlul2 IIEATER TEHPERATURE, t.1 TUDE 11011, BEI:TOR No 2 
Tlul3 IIEATER TEHPERATURE, 1.t TUBE ROil, SECTOR No 3 
Tlul~ ItEATER TEHpERATURE, t.t TUIE IIOW, BECTOR No ~ 

Ttufm • K&AN VALUE OF HEATER TEMPERATURE, l.t TUDE ROW, 
TtUbl IlEATER TEMPERATURE 2nd TUBE ROW SECTOR NO. 1 
Ttub2 IlEATER 'fEMPERATURE 2nd TUBE ROW SECTOR NO. 2 
Ttub3 IIEATER TEMPERATURE 2nd TUDE RO~I SECTOR NO. 3 
Teub. HEATER TEMPERATURE 2nd TUDF. ROW SECTOR NO. • 

Tllvbt IIORKING GAS TEHPERATURE, 2nd TUIE ROil, CYCLE No 
TII9b2 WORKING GAD TEHPERATURE, 2nd TUI' ROW, CYCLE No 2 
TIIVb3 WORKING GAO TEHPERATURE, 2nd TUBE ROW, CYCLE No 3 
Tllgb~ IIORKING GAB TEHPE~ATUIIE'. 2n~, TUSE ROII~ CYCLE No ~ 

TOVI11. iCOHBU9TION'GAS TEHPERATURE, AFTER TUBEB, GECTOR Ho 1 
ToV112. tCOHBUSTlOII GAB TEHPERATURE, AFTER TUBE9, BECTOR No 2 
TOVI13. 'COHBU9TION GAB lEHPERATURE, AFTEII TUIES, BECTOR Ht J 
Tog.14. tCOItBUBTION GAO TEHPERATURE, AFTER TU8EI, GECTOR No ~ 

Togltil '-HEAN:VAI:UE: OF 'TIIE~ COHBU9TlON' G~B 'TEHp,' AFTER' TUBEB 

T".b AHBIENT AIR TEHPERATUR2 
T.,I AIR TEHPEnATURE AFTER FAN 
T," Jut COOLJIUi IIATEII TEHPEIIATURE. OUTLET OF ENUNE' 
Tuol. COOLING WhTER TEHPERATURE. OIL COOL~UTLE' 
TllooI ,,'. COOLING WATER TEHPERATURE, , OIL COOLER INLET' 
'Tolll.---OIL TEHPERhTURE AFTER ENGINE -
T.. .. ATOHIZER AI" rEHPERA. JRE 

Ta9. ~ HEAN COMBUSTION GAS TEHPERATUREG,EXHAUBT GAB pI~Ea 

dTIIO 
dTllOO 

COOLING WATER DIFFERENCE TEHPERATURE, ENGINE 
COOLING WATEn DIFFERENCE TEHPERATURE, OIL COOLER 

dTlul • MAX DIFFERENCE TEMPERATURE HEATER, 1wl TUOE ROW 
dTtub t "AX DIFFERENCE TEHPERATURE HEATER, 2nd TUBE ROW 

PIIV". MAX WORIUNG GAS PRES9URE (HPI) 
PIIv.ln HIN UORKING GAG PRESSURE (HP.) 

PIIV/l1 WORKING GAS PRESSURE FILTER ("PI) 

PW91111 HEAN WORKING GAS PRESBURE, CYCLE No i ("PI) 
P¥q\ll2 ., IIEAN IIORKING GAS PRESSURE, ' CYCLE No 2 (HP,) 
PW9mJ HEAN UORKING GAS PIlESSURE, CYCLE No 3 (HPI' 
l'W9m4 MEAN UORKING GAS PREBBURE, CYCLE No ~ (HPI) 

TOUUE ENGINE TORQUE (N.) 

Pta ATOHIZER AIR pREssunE (KPI) 
P .. , AIR PRESSUHU AFTER FAN CKPI) 
P/u FUEL PREBBURE (KPa' 
Pfur FUEL REGULATING PREBSURE (KP,' 

Poll OIL pnEGDURE (KP.) 

PDO·e· COHpRESOOR' GAS PRE99URE, SUCTION BIDE ("PI) 
Plln BTORAGE TANK PRESSURE CHP.) 

LAHDA. t CALCULATED AIR FUEL RATIO (".+HII)/(1~.5t"fu) 
02 OXYGEN CONCENT". IN THE CO"BUSTION GAS, EXH~UBT PIPEa 
LANDAo "AIR FUEL RATIO HEASURED FRO" THE OXYGEN CONCENTRATION 

H, AIR MASS FLOW RATE (0/.) 
".. • ATOHIZER AIR FI."U RATE (Q'.) "U. COOLING WATER HA98 FLail RATE CKv/B) • 
"Uti COOLINII IIATER, OIL COOLER. "All FLOII RATE (K,l" , 
H'u FUEL HASB FLail RATE FROH TURBINE FLail "ETER ',(Vi') 
"'u ••• ·.·FUEL HABS FLOII nATE FRO" THE FUEL IIEIGHT DEVICE CV/~} 

Engine Instrumentation Listing 
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Qlu 
GI 
0 .. 
001} 

• SUPPLIED FUEL HEAT FLOW RATE CkU) 
• SUPPLIED Alft HEAT FLOW RATE (kW) 

SIIPPLU'; 'ATOHIZER AU HEAT FLOU "liTE (kU) 
• REJECTED ~OMBOBTION GAB HEAT FLOW RATE CkU) 

PI" • EFFECTIVEBHAFT POUER CkW) 

QRADp 
0110 
01100 

ORAD.r 

• HEAT REJECTED BY RADIATION AND CONVECTION, PREHEATER' CkU) 
• REJECTED WATER HEAT FLOW RATE CkW) 
• REJECTED WATER,OIL COOLER,HEIIT FLOW RATE CkU) 

HEAT REJECTED ~Y,~"Dl"TIOH AND CONVECTION, CRANKCASE (kW) 
ETA." • EFFECTIVE ENGINE"EFFICIENCV'CX) 

dO • DIFFERENCE IN HEATDALANce: CkW) 
dOX • DIFFERENCE IN HEATBALANCE CX) 

Q. • Q'u.O~.Q •• -QRADp~QoO (k~) 

~TAb • HEATING SYSTEH EFFICIENCY ex) 
Tol}.t 11 
TD9·l12 
T09,'21 
Ta9·t22 
Toq.t:l1 
TaO·t32 
Too·tl,1 
T091t42 

COMBUSTION GAS TEHP, AFTER TUBES, BECTOR No 1 
COMBUSTION GAB TEHP, AFTER TUBES, BECTOR No 1 
COMBUSTION GAS TEMP, AFTER TUBES, SECTOR No 2 
COHBUSTION GAS TEHP, AFTER TUBES, SECTOR No 2 
COMBUSTION GAS TEHP, AFTER TUBES, SECTOR No :I 
COMBUSTION GAS TEMP, AFTER TUSES, SECTOR No 3 
COHSUSTION GIIS TEHP, AFTER TUBES, SECTOR No I, 
COMBUSTION GAS TEMP, AFTER TUBES, GECTOR No I, 

TOOL COMBUSTION GAS TEMPERATURE, LEFT EXHAUST GAS PIPE 
ToOft COMBUSTION GAS T~HPERATURE, RI6H EXHAUST GAD PIPE 

•• ' CALCULATED VAlUABLES FfcOH MEASURED VARIABLES', 
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