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DOE DISCLAIMER

This book was prepared as an account of work sponsored by an agency of the
United States Gocvernment. Neither the United States Government nor any
agency thereof, nor any of their employees, makes any warranty, express or
implied, or assumes any legal liability or responsibility for the accuracy,
completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product, process,
or service by trademark, manufacturer, or otherwise, does not necessarily
constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof. The views and opinions of
authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.



ABSTRACT

This report presents the results of the Phase II and Phase IIIB Stirling/
Rankine Heat Activated Heat Pump product development program. In the Phase II
program, a complete gas fired heat activated prototype residential heat pump
system was developed and tested. Results of the product system development
are presented in Volume I of this report, emphasizing the key components of
the system: the free piston Stirling engine prime mover and the free piston
linear inertia compressor. Detailed test data from the Phase II program are
presented in Volume II of this report.

Results of the Phase II program indicated deficiencies in the performance of
the free-piston Stirling engine and mismatching of the dynamic characteristics
of the engine and the compressor. These deficiencies were further
investigated during in-depth diagnostic testing of the engine/compressor unit
in the Phase IIIB program. Results of these tests identified the engine
design deficiencies and indicated appropriate engine/compressor matching
criteria. The Phase IIIB results are presented in Volume III of this report.

Results of the Phase IIIA program were previously published under GE Document

No. 82 AEP-004. The Phase IIIA program concentrated on an evaluation of
alternative engine/compressor concepts to determine if there were alternative

configurations with better technical and cost characteristics than the
configuration developed in the Phase II program.



TABLE OF CONTENTS

Section Page
1 INTRODUCTION. ceveeneeroocnneanoncan . ceervasssl=]
T.1 Program History.eeeeeeeeeeeesessossessssscannnses R B

1.2 Phase II Accomplishments...... ceessesrecnns crecesancnas 1-4

1.3 Phase TI] ReSUTtSueeeeeceeeeenevnceencncncnsconns N R

1.3.1 Compressor Performance Verification....... ceveal=7

1.3.2 Engine/Compressor Matching....ce... cereserennne 1-7

1.3.3 Engine PerformanCe..eceeieeeeeeserccensnnsccnns 1-7

1.3.4 Engine Heat Exchanger LOSSES..eeveecenvencensas 1-8

2 DEVELOPMENT OF PHASE TIIB TEST REQUIREMENTS..eeieveenvennnn 2-1
2.1 Phase II Results and ConClUSTONS.eeeeeeeenncooessaones 2-1

2.1.1 Phase I] Test DesCription..ceeeeeeeeeeeescences 2-1

2.1.2 Engine Performance DeficiencieSceceeacens. B

2.1.3 Compressor Operation UncertaintieS..ceeeeeeenn. 2-7

2.1.4 Matching Engine and Compressor Characteristics.2-7

2.1.5 Simulation Model DisSCrepanCieS.eeeeeeeeeerecens 2-8

2.1.6 Phase III Program Plan.....eeeeiieereroceeennns 2-8

2.2 Instrumentation AnalySiS.eeeeerencanes Cesrescseenenans 2-11

2.2.1 Regenerator EffectivenessS..eeeeceeeeernecenanas 2-11
2.2.2 FloW WOrKe.eiioeoooooeoeoannaensosneasnasnanans 2-18
2.3 Matching and Control AnalySiS.eeeceeeeseeencoocanosanse 2-22
2.3.1 Matching RequirementsS..eeeeeeeraneens ceeeeeanas 2-22
2.3.2 Control OpLlionS..eeeeeiceieneeeeceenncenoanoncns 2-23
2.3.3 Matching AnalysSiS.eceeeeeeineesecneescsnnnnnnas 2-24
2.3.4 Control System Validation....ceeeeieieennnnanns 2-33

3 TEST SYSTEM DESIGN. ¢ veererinnreereneoooceecccnsacsonnneones 3-1
3.1 Instrumentation Selection..c.eeeeeeeenereenececenrnnens 3-1

3.1.1 Existing Phase I] Instrumentation.......c..cvev.. 3-1

3.1.2 Additional Instrumentation Options......c.e.... 3-1

30703 SEleCtioN. et nereeeeesesroansoascesssnannsons 3-3

3.2 Data Acquisition System (DAS) SelectionN.eeveeesesnenns 3-7

3.2.1 Existing Phase II] DAS..eeeenrenerenecnnnnnonnn 3-7

3.2.2 DAS OptioNnS..eeeeeeeeeceseaesnesccoaossonaannsns 3-11
3.2.3 DAS Selection...ieceireereereecsnencscsnanannes 3-13
3.3 Engine/Compressor ModificationS.eeeeeereeeeonneenennns 3-13
3.3.1 Engine Heater Head Modifications....eeveeeeee.. 3-16
3.3.2 Compressor ModificationsS..eeeeeeeenncannnnnnnns 3-16
3.3.3 Combustor ModificationS..eeeeeereinrennnennnnn 3-19

4 TEST SYSTEM FABRICATION AND INSTALLATION....eereeinevennnn. 4-1
4.1 Test Hardware Fabrication..eeeeeeeeieeeeieneerneanennn 4-1
4.1.1 Engine/Compressor Fabrication and

Instrumentation Installation...eeeeeeeiinnnn. 4-1

4.1.2 Delta-P Transducer Phase Shift Tests.eeeuune... 4-2

4.2 DAS Installation.eeeeeeeeeeeeecenencaeconoanocaoannasens 4-9

4.72.1 Hardware Installation....ceeeeeiiennnaiinnnns 4-9

\Y



TABLE OF CONTENTS

(Continued)
Section Page
4,.2.2 Software Developed....c.cceeveeeeeneeenocnnonnnns 4-9
4.2.3 Sample DAS QUtDUL..civevtenceerrncconscacssanns 4-16
4.3 Check Out TeStSuieieieeeeeeeeeeoscencnsenaacnsaaasannns 4-32
4.3.1 Functional Performance......cceeeeececcenccenns 4-32
4.3.2 DAS Error AnalySiSeeeeeeecccecerseccassaccscnnns 4-33
5 TEST PROGRAM. ¢ e itieeeoeensoasocscsosossnasssssoasssasssassse 5-1
Bl TeSt PlaNeeeeeeeeeeseenscoeceassassossesanosaceansonss 5-1
5.1.1 Test ObjectiveS .o eeeeeenenocceeccncaacncnne 5-1
5.1.2 Test MatriXeeeeeeieeeeeeoeneonoreceevonnnaanens 5-2
5.2 Test Data and Major Results...cevierierernecennannas . .5=12
5.3 Compressor Verification...oevievereereesencecorenecnnans 5-21
5.3.1 Compressor Test Data.ceeeeeeeeccenecccsnoscncas 5-21
5.3.2 Comparison of Test Results to Predictions &
Compressor Component TestS...iieeeeecencennnne 5-22
5.3.3 Interpretation and Evaluation....ceveevveecenens 5-29
5.4 FPSE Performance TestS.ceeeeeeersscccessenccscasecnsanse 5-32
5.4.1 Engine Test Datac.eciviiereecencencncnnns tesesaa 5-32
5.4.2 Comparison to Phase J] Data.ceeecececeooananans 5-33
5.4.3 Interpretation and Evaluation...c.veeeeeneneenn. 5-36
5.5 Matching Analysis Verification.cc.eeeeeeeeeeeeneccnnns 5-44
5.5.1 Engine/Compressor Matching Test Data........... 5-44
5.5.2 Matching Flexibility and HAHP Control.......... 5-46
5.5.3 Evaluation of Matching and Control Technique...5-49
5.6 Heat EXChanger LOSSeS.vecececssssccessscccssssennscnes 5-51
5.6.1 Measured Loss Data....cieieeeeeenncceccnnnannas 5-51
5.6.2 Comparison to PredictionS....cceeeecees eeesenes 5-53
5.6.3 Interpretation of ResultS.eeeeeenereereenennnnn 5-53
6 CONCLUSTONS AND RECOMMENDATIONS. ceceeeecerececcconcosnannes 6-1
6.1 Results and CoNCTUSTONS.eeseeeeetesesecasoncsancsoaans 6-1
6.1.1 FPSE Indicated Power..... Ceeceeseessescccsnanes 6-1
6.1.2 Engine Indicated EfficienCy.ceeceecececneanenns 6-1
6.1.3 Engine Heat Exchanger Flow Friction Losses..... 6-5
6.1.4 Other Power Losses....... Cecccctccessntecsaanas 6-5
£.1.5 Compressor PerformanCe...ccieeeeeeeeccesccesens 6-6
6.1.6 Engine/Compressor Matching and Control......... 6-5
6.1.7 Predictive Design To0lS.eveeeeeeeasescccsacenas 6-8
6.2 Performance Potential....eeeeeeennncecceensccenannanne 6-8
6.3 RecommendationS.ceeeeeeieeneeeeeeneecooeccecssnnanonss 6-13
6.3.1 General RecommendationS..e.eeeeeeeeeececanacenas 6-13
6.3.2 Short Term Program Recommendation..cceceesoeses 6-14
REef EreNCES .ttt ettt tattosesoeseseescccaccacsosnassssnansssssaccscccnnnsssae R-1
Appendix A~ Nomenclature and AbbreviationS.....eieeieeereccecsannnsanes A-1
Appendix B Phase ITIB Test Data.ceeeeeeeeennnceerenns meesssssscessecen B-1

vi



T
— o
o]
[y
o]
1%

—
' 11
N —

A f\)f})l’\)l\)
|
50N -

l\)l\)l}\)F\JN
LOCoOoO~NOYO,

] ] ]
—_— e e e ot e —
SO wWwN—=O

WO\)('/JQ)Q)
G W -

—
Q
~—

—
o
~—

-b-b-?-h-b-b
TP wn N —~

-Jl>-¥>-ll>4>-$>
— WO o~ND
(w»]

LIST OF ILLUSTRATIONS

Page
HAHP Product Development Schedule..ceeeeeeeeencecessccsssanssccns 1-2
Stirling/Rankine HAHP Concept..cciieeennieccnenssnccccnsncanenasl-4
Proto 2 Combustor/Engine/Compressor Assembly...cceeecernceesaans 2-2
Proto 2 Combustor/Engine/Compressor Integrated Test............. 2-5

Regenerator Temperature HistorieS.iieieeeesseeenosssccerssansaneenal=13
Heater, Regenerator, and Cooler Configuration for

Stirling Engineeueeeeeseeecceenncessoascncossaans ciecesssonneans 2-19
Load Matching TeChniQue.eeeeeeeceeorssacccsosssssccnnsscssonaasssl=2D
Computation Procedure for Load Matching AnalySiS.eeeeeeecencecee 2-26
Compressor Power Map at 950F Ambient Day.eeeeeeeceeecccoccocenes 2-27

Compressor Map Over Operating Ambient Temperature Range.........2-28
Engine Operating Frequency as a Function of Heater Head

Temperature and Compressor Natural FrequenCy..ceceececsccecesss 2-30
Engine Power Map..ceesveeees eeeecssssssesnsssssscssssssennsesseel=3]
Compressor CharacteristiCSecieeeeeeseceescessacesccsscssscsonseesl=32
Compressor Power Map at 800F Ambient Temperature.....eeeeeeeeess 2-34
Operating Lines for Compressor at 800F Ambient Day Conditions...2-35
Operating Lines for Compressor at 950F Ambient Day Conditions...2-36
Operating Lines for Compressor at 959F Ambient Day Conditions...2-37

FPSE Power Map with Compressor Match Points....... ceeeccessecens 2-39
Proto 2 FPSE Additional Instrumentation....eceevecieceocosenseeeld-4
Phase III DAS Configuration....ceceeeeese tcceesnesseersaserersaos 3-15
Proto 2 Engine Housing ModificationS.eeeeeeesoereesosacnannsns veees3=17
Compressor LVDT Assembly/Installation...cceeeieeriennnennenanens 3-18
Combustor Modified for Additional Instrumentation.....ceececeve. 3-20
Pressure Transducer Phase Shift Test Rig Schematic...ceveeenas ..4-3
Differential Pressure Transducer Phase Shift for T1=T»=800F.....4-6
Differential Pressure Transducer Phase Shift for T=Tp=12200F...4-7
Pressure Transducer Error Versus Tube Temperature...ceeeeeeee...4-8
Phase III DAS Components in Test Stand.....ccceeeennn cecccansans 4-10
Phase III DAS Components and Ex1st1ng DAS Equ1pment

in Test Standeeeeeeeeeereoesecarsesssensnsssccsssoscssssasnoses 4-11
Existing DAS Equipment in Test Standeeeeeeerereseccerenccacncnns 4-12
Operating Code Flowchart....ceeeeeeeeennnnnn ceesseccssssssssssssd-14
Second Gas Spring Pressure/Stroke H1story and P-V Diagram....... 4-23

Engine Compression Space Pressure-Stroke History & P-V Diagram..4-24
Engine Displacer Gas Spring Pressure-Stroke History &

PV Diagrame.eeeeeecesecessssoccsoascscesscascscssssscosssase .. 4-25
Compressor Upper Cylinder Pressure-Stroke History and

PV Diagram..eeeeecceeeeeacacesocencccsascccaacns eesessasansssld-26
Compressor Lower Cylinder Pressure-Stroke History and

PV Diagrame.ceoseessceosssesesanssacsanssssnscnsssasonss ceeeee 4-27
Compressor Upper Gas Spring Pressure-Stroke History and

PoV Diagrameeeeceeeecerseeseecsnscsstssssssosssnsssonseassannas 4-28
Compressor Lower Gas Spring Pressure-Stroke History and

PV Diagrame s eeueeeeeeeesoasesoossssesssosssscsssssscssansssns 4-29
Engine and Compressor Dynamic Component Motion H1stor1es ........ 4-30
Pressure Histories in Engine Components. .. eeeceneennsnnas 4-31

vii



[S 2 B
] ]
—_—

mclnoimmmmm
O ONOO P~ WN

LIST OF ILLUSTRATIONS
Page
Compression Space and Displacer Gas Spring Variations
W1th S1gna] Phase Ang]e...... ooooooooooo LI SN I A B S Y R N R SR N ) ..04-34
Second Gas Spring Power Vs. Sensitivity to S1gna1 Phase Angle...4-36

Compressor Code Pred1ct1ons of Compressor Operat1ng

CharacteristiCSecieseecscnases sesesseesssscsssrssnnnnss wesenns 5-3
Engine-Compressor Matching Characterlst1cs ...................... 5-6
Engine-Compressor Matching with Constant Firing Rate............ 5-10
Compressor Test Data - No Regulator and 80 psia Regulator....... 5-23
Compressor Test Data - Regulator at 96 pSi@seeescessccescosssncss 5-24
Compressor Test Data for Various Suction/Discharge Conditions...5-25
Compressor Code/Component Test Correlation...ccceceeesccss ceessaab=26
Predicted Compressor Performance...... ceeessesssssssessessssnans 5-27
Influence of Friction on Predicted Compressor

Operating Conditions......... sectesssssscnsas seecenssncessssne 5-28
Cylinder Power Balance in Compressor.....- ........... sesssssesesd=30
FPSE Performance Map........ cectsasssennss cesescesannia escecensa 5-34
Power/Efficiency Relation for Proto 2 Engin€.eeceeecesaceascnnes 5-35
Second Gas Spring Dissipation (Test).ceeeerecreonnss ceecscccsane 5-37
Second Gas Spring Work Dissipation..ceieeccecscessconsces ceeseasad-38

_Comparison of Phase II and Phase IIIB Second Gas Spr1ng

Work Dissipation...ceeeeeeeeececsssserssscnccsccsascccsassacnns 5-40
_FPSE Test Performance Versus Prediction...ceceeccccsccoccccnsass 5-42
2nd Order Code Correlation with Phase II Test Data.cceecececcceas 5-43
FPSE/Compressor Performance Map (TeSt)..eececececscacanes ceceense 5-45
FPSE/Compressor Match - No Compressor Gas Spring Regulator...... 5-47
FPSE/Compressor Match - Compressor Gas Spring Regulator

At 95 PST@ieceecceocecncocancasscssasens cecesscesecerssrasanns 5-48
Gas Spring Control of Engine/Compressor Match Pointi...coveveens 5-50
Heat Exchangers and Regenerator Friction LoSSeeeesees coessenas «e5=52
FPSE Indicated Power Trend.eeeeeecesccesesasscsceccosccccccsscscnnss 6-2
Effect of Phase Angle and Swept Volume Rat1o on Engine Power....6-3
Effect of Piston Stroke and Frequency on Engine Efficiency......6-4
Engine/Compressor Matching and Control Map...cecoes.. tessccnssas 6-7
Effect of Regenerator Effectiveness and Total Engine
. Flow Losses on Engine EfficienCyecceeccces ceescccssns Teccccnase 6-12
Phase IIIC Program Candidate TaskS..ceeeeesceess ceessssascsnses .6-15

- Candidate Task Schedule..eeeeeeecccccoscccens cesesecessns S e 1]

viii



—
jol]
o
—
[¢]

N NN
]
W N —

WWL;OUJ‘.A)
AP W —

-$>-J'>4>-4>
Bw Ny —

J>-‘l>-$>
~N o v

mmmmm&nmmmm
—~ O OO WN —

[}
o

5-11

6-2

LIST OF TABLES

Page
Operating Test Point Matrix........ Ceesesesssessccssscestensaons 2-6
Thermal Response of ThermoCOUP eSS . . eeeeeeeeeoeeonanoconsanonnss 2-17
Matched Engine/Compressor Operating Points...... ceereee eeesssessl2-38
Phase II TIntegrated Test Facility Instrumentation............... 3-2
Additional Instrumentation RequirementS....ceveeeves R T
Phase II Steady State Instrumentation.....c.ceieieeinnennnenennnn. 3-8
Phase II Dynamic Instrumentation Data...eeveieeeirereeeeenccnnas 3-10
DAS Components and CoStS. e eereeereccrenecercencacnonnaannns 3-14
Effect of Tube Length on Pressure Transducer Phase Shift..... es.d-5
Oscilloscope Integration Constants...cieivieeieccenvoenennosenns 4-15
Free-Piston Stirling Engine Performance Summary........ B A ¥/
Free-Piston Stirling Engine Data Summary -

Combustor and CoMPresSOr. e eeceeeecccsesossscscnssossaanss veeesd-18
Free-Piston Stirling Engine Data Summary - Engine......cceeeenn. 4-19
Free-Piston Stirling Engine Fluke Datalogger...ieeeeeeeeeeenee..4-20
Sensitivity of Power Calculation to Waveform Parameters......... 4-39
Configuration of Build 1-64..cceeievencsrcccccannas teeersssoenssd=d
Test Points for Compressor Performance Verification............. 5-5
Engine/Compressor Matching Test Points....ceeiireenriencenncnns 5-8
Constant Firing Rate Engine/Compressor Matching Test Points..... 5-9
Maximum Engine Power Test...eiieeeeeecocnnccanns ceerieerenssan «.5-11
Test Measurements and Data Reduction ModelsS...eieeiiniinneeennn. 5-13
Phase TIIB Test History.eeeeeeoeeoneneonnas cecenns ceerestcceennae 5-16
Test ResuTts SUMMArY. e et ieenerereesascacoeasscensasonensacees 5-17
Nomenclature for Table 5-8...cccc.... ceseecessen PP creans eeesD=-20
Principal Differences Between Compressor Component

Tests and Engine/Compressor Integrated TestS..eeeeveveeenenes .5-31
Comparison of Measured Versus Predicted Heat

Exchanger Flow LOSSeS..iceciercenarecnocaanas teserssrcacnnanna 5-54
Comparison of Measured Versus Predicted Heat

Exchanger Flow LosSSeS.ieeeennnnne ceeesrennes ceenenn cececananan 6-9
Power and Loss Breakdown for Phase IIIB Test and

Potential Engine Performance........... P e 14

ix



SECTION 1
INTRODUCTION



SECTION 1
INTRODUCTION

This report presents the results and conclusions of the Phase III program
for the development and demonstration of a Stirling/Rankine Heat Activated
Heat Pump (HAHP). The objective of the Phase III program was to continue
development of the HAHP, concentrating on the engine/compressor technology
issues that were encountered in the Phase Il program. A brief background of
the preceding Phase I and Phase Il programs is presented in this section,
along with the accomplishments, conclusions and recommendations of the Phase
ITI program.

1.1 PROGRAM HISTORY
In January 1975, General Electric and the American Gas Association (AGA)

initiated a multi-phase program for the development of a Heat Activated Heat
Pump (HAHP). The Department of Energy (DOE) joined General Electric and the
AGA in the program in 1976, and the Gas Research Institute assumed
responsibility for the program from the AGA in 1977. The 0Oak Ridge National
Laboratories (ORNL) was assigned technical responsibility for the DOE in
1978.

The program schedule is shown in Figure 1-1. Phase I, Product Selection,
was initiated and completed in 1975. The primary objective of the Phase I
program was to evaluate, through an analytical effort, if a gas heat pump
product could evolve into a viable business venture. A comparison of the
possible heat activated heat pump concepts showed that the Stirling/Rankine
and the absorption cycle were the most promising from the standpoint of
performance (potential operating savings) region of application, and market
application (residential and/or commercial).

Further refinement of the design, cost and performance estimates for the two
candidate systems and a definition of a product introduction scenario and
pricing strategies were then used to perform a business evaluation of the
two concepts. As a result of this Phase [ effort, the Stirling/Rankine
concept was selected as the most promising approach, and a decision was made
to proceed with Phase II.

1-1
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|75/76|77|78|79]|80]|81|82|83]84|85|86|87|88|
PRODUCT SELECTION

RESIDENTIAL UNIT PROTO #1/ P #2 |FIELD TEST
TECHNOLOGY DEVEL \V

RESIDENTIAL UNIT
PREPRODUCTION DEVEL

PILOT PRODUCTION &

MARKET TEST IMKT TEST

DEVEL BUTILITY TEST

PRODUCT PRODUCTION ZPRODUCTION
& SALES

Figure 1-1. HAHP Product Development Schedule

The objective of the Phase II program, Residential Unit Technology
Development, was to demonstrate that the performance estimates generated
during Phase I could be realized and that product cost goals were
realistic. The Phase II program was initiated in 1976 and completed in
1981. The final report for this program is presented in Reference 1.

Two generations of prototype hardware were developed during the Phase II
program. Prototype I was the first attempt +to test a complete
Stirling/Rankine HAHP system with heat pump configured hardware. This
system was comprised of hardware of a primarily developmental nature. The
Prototype 2 system consisted of more mature hardware, incorporating the
results of the Prototype 1 development effort and designed toward the
eventual product.
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Design, fabrication and testing of each of the Prototype 1 components and
subsystems were completed, and the Prototype 1 system (indoor and outdoor
units) was tested in an environmental simulation facility. Design,
_ fabrication and testing of the Prototype 2 components and subsystems were
completed, but the Prototype 2 system tests in the simuiation facility and
the planned field tests were deferred due to engine performance
deficiencies. These deficiencies, and the status of the system technology
at the end of Phase II, are described in Reference 1.

Originally, Phase III of the program, Residential Unit Preproduction
Development and Utility Field Test, was targeted for the development of a
preproduction prototype, followed by the fabrication of 10-20 field test
units for installation at gas utility test sites throughout the nation. Due
to the need for additional engine technology development, the Phase III
program was preceeded by the Phase IIIA and Phase IIIB programs, Engine
Technology Development. The Phase IIIA program initated in May of 1981,
included the evaluation of alternative HAHP concepts and technologies to
verify the technical and economic potential of the Stirling/Rankine
configquration. The evaluation presented in Reference 2, reconfirmed that
the concept under development has the best potential for a residential size
heat activated heat pump. An independent assessment of the HAHP technology
was conducted by the NASA Lewis Research Center in January of 1982. NASA
LeRC concluded that the HAHP concept was technically reasonable and capable
of successful development.

Based on these results, it was decided to proceed with the engine/compressor
technology development plan developed in Phase IIIA. This effort, initiated
in March of 1982 under the Phase IIIA program, was initially conducted under
the sponsorship of DOE/ORNL and GRI. The Phase IIIA program was
reformulated into the Phase IIIB program sponsored by DOE/ORNL, when GRI
withdrew from the program, effective June 1982. GRI determined that its
objectives and resources prevented it from being involved in a program with
the technology development requirements of the HAHP. The completion of the
engine/compressor test effort was accomplished under the Phase IIIB
program. The effort of the Phase IIIA and Phase IIIB programs for the
engine/compressor technology development is the subject of this report.
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1.2 PHASE II ACCOMPLISHMENTS ,
The Phase I and Phase II programs led to the successful development of most

of the Stirling/Rankine HAHP components and subsystems, demonstrated the
feasibility of the product concept, and verified the product's market
potential. The prior accomplishments of the Phase I and Phase II programs,
their results and conclusions and the recommendations leading to formulation
of the Phase III program, are detailed in Reference 1. A brief summary of
these results is presented below.

The Stirling/Rankine Heat = Activated Heat Pump (HAHP) concept s
“schematically illustrated in Figure 1-2. The heart of the system is the
combustor/Stirling engine/linear compressor assembly which replaces the
conventional motor/compressor unit employed in electric heat pumps. Heat
input from a gas combustor provides thermal energy to the Stirling engine
working fluid, helium. The engine displacer and the engine power piston
operate with a prescribed phase and displacement relationship to create the
highly efficient Stirling thermodynamic cycle.

HEAT PUMP § : —
ENERGY HELIUM gg?g:ESSOR LINEAR
( : p > INERTIA
‘ COMPRESSOR
SPACE ; POWER PISTON/
HEATING P COMPRESSOR
HOUSING —
-
ENGINE WASTE § FREE PISTON
ENERGY DISPLACER _J STIRLING
ENGINE

HEAT INPUT O

Figure 1-2. STIRLING/RANKINE HAHP CONCEPT

Power delivered by the power piston 1is transferred to the heat pump
refrigerant through a 1linear inertia compressor. The power piston is
directly connected to the compressor housing, with the refrigerant being
compressed by a free piston reciprocating within the housing - also with a
prescribed phase and displacement relationship. The unit's operation is
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determined by the rate of the heat input, the phase and displacement between
the displacer, the power piston, and the compressor piston, and by the
external conditions imposed on the refrigerant coils by the load (building)
and the outdoor ambient air temperature.

Performance projections for both the Stirling/Rankine HAHP and a gas
furnace/electric air conditioner system show substantial operating cost
savings potential for the HAHP as gas and electricity prices escalate. The
penetration of the HAHP into the HVAC market will be a function of the
performance of the HAHP and competing products (gas - and electricity
savings), the regional prices of gas and electricity (operating cost
savings), the size of the new construction and replacement markets, the
pricing strategy used, the advertising and sales promotion program, and many
other factors. Based on the sales histories of other HVAC products and the
relative aperating cost savings of the HAHP (and similar gas heat pump
products), sales projections for the gas heat pump industry indicated that
the HAHP could be an attractive product offering for heat pump manufacturers.

The hardware development approach was to develop two cycles of prototype
hardware. The first cycle was an engineering prototype, designated
Prototype 1. Development of the engineering prototype began in 1976. The
combustor, operating on natural gas, provided the heat input for the helium
working fluid. The compact combustor operated with 15% excess air, yielding
a CO emission level of less than 0.04% at the combustor exhaust. Testing
verified the 82 to 83% efficiency goal for the combustor, operating with an
800°F air preheat level. The free piston 1linear inertia compressor
configuration used in the first prototype to demonstrate and characterize
its performance achieved a 76% efficiency (isentropic) exceeding its initial
design goal. The first prototype unit free piston engine, including the
engine housing, regenerators, heater head subassembly, and the dynamic
components (displacer and power piston) operated with a maximum helium
temperature of approximately 1250°F and had a 3 kilowatt power output.
Because of high thermal losses and a low operating frequency (26 Hz), engine
testing yielded only 20-26% operating efficiency as opposed to the 30%
efficiency goal. However, testing of the Prototype 1 combustor/engine/
compressor assembly outdoor fan/coil unit and its matching indoor unit
demonstrated the technical feasibility of the Stirling/Rankine HAHP and
paved the road for the development of the Prototype 2 unit.
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The Prototype 2 unit was designed and tested through the same process. The
engine/compressor design was improved to reduce thermal 1losses and to
simulate a production configuration to the extent practical. In addition, a
gas spring was added to the engine power piston/compressor housing assembly
to increase engine operating frequency. Testing of the combustor,
compressor, indoor and outdoor fan/coil wunits, and the control system
verified that the component performance goals (similar to those of the first
prototype) were all met. However, testing of the combustor/engine/
compressor unit yielded an engine indicated power rahge from 2.2 kw to 2.7
kw, versus a 3.2 kw goal. Engine indicated efficiency achieved in test was
from 22% to 27%, versus a 32% goal. And, although the gas spring increased
the operating frequency to ‘the 30 Hz goal, the design has high venting and
leakage losses.

Results of these tests were used to revise the engine analytical design
tools and redesign the engine. Prototype 2 engine heater head and cooler
designs were modified to increase heat transfer effectiveness and decrease
flow losses. Engine regenerator effectiveness was also increased. Testing
of the modified Prototype 2 engine confirmed the increase heat transfer
effectiveness of the modified engine components, but showed no increase in
engine power or efficiency due to too large an increase in void volume.

As the Phase II program drew to a close, in-depth diagnostic testing and
investigative analyses were conducted on the Prototype 2 baseline and
modified engines. The major conclusions of these evaluations were:

) Changes to the engine components are required to achieve the design
performance goals.

Engine regenerator effectiveness must be increased

substantially, even at the expense of higher flow losses.

Engine heater head flow losses must be reduced.

Engine hot side swept volume must be reduced.
The engine displacer gas spring should be reduced in size and
the second gas spring should be eliminated.

® Better engine/compressor matching is required to maintain engine
performance at off-design conditions.
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) Improved analytical tools are required to confidently design the
next generation of Stirling/Rankine heat pump hardware.

1.3 PHASE III RESULTS
The Phase III test program presented in this report concentrated on:

Verifying compressor performance

Verifying engine/compressor matching techniques

Maximizing engine performance

Developing detailed performance data on the engine heater head,

regenerator and cooler designs.

1.3.1 COMPRESSOR PERFORMANCE VERIFICATION

The compressor had met its performance goals 1in Phase Il when tested
independently on its own test stand. When tested with the engine, however,
it was suspected that it was not operating properly, thereby acting as a
power governor on the engine under some test conditions. In Phase III, this
was verified by adding an LVDT to the compressor assembly to directly
measure the motion of the compresscr free piston. The piston motion is
Tower than that measured in independent compressor tests. Several potential
exblanations were evaluated but further analysis and diagnostic testing will
be required to determine the reason for the difference between compressor
piston motion measured in independent tests and that measured when the

compressor is driven by the engine.

1.3.2 ENGINE/COMPRESSOR MATCHING

The engine/compressor unit's operation is significantly affected by the
matching of engine operating characteristics and compressor operating
characteristics. A technique for matching engine/compressor operation over
a broad range of conditions was developed in the Phase IIIA program and
verified by test in the Phase IIIB program. The verified technique
confirmed the HAHP control system concept and demonstrates the ability to
control the unit operation over its design operating conditions.

1.3.3 ENGINE PERFORMANCE
Testing of the engine in Phase IIIB achieved an indicated power of over

3 kw, as compared to a maximum of 2.7-2.8 kw achieved in Phase II tests.
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However, the maximum indicated efficiency achieved was 25 percent as
compared to 27 percent in Phase II. These differences are primarily due to
the improved instrumentation and data acquisition system used in Phase III.
Thus, the Phase III tests are considered to be more representative of actual
performance.

The improved data acquisition system also revealed that the engine second
gas spring losses are lower than previously measured in Phase II. ' However,
the second gas spring losses are still too high, resulting in a maximum
engine brake efficiency of 21%.

1.3.4 ENGINE HEAT EXCHANGER LOSSES

In Phase III, additional instrumentation and the improved data acquisition
system permitted measurements of flow losses in the engine heat exchanger
components. The measurements confirmed that overall heat exchanger flow
losses are too high, but that regenerator 1losses are relatively low,
confirming the Phase Il recommendation to increase regenerator effectiveness
and accept the small increase in regenerator flow loss. It was also found
that cooler losses-are very high, equal to the heater and regenerator losses
combined. This is probably due to the use of spiral spring inserts in the
cooler tubes.

The Phase III test results indicated where improvements in the heat
exchangers can be made to 1improve performance. The measurements also
emphasized the T1limited accuracy of the simulation models available in
industry for designing Stirling components. Although the test results can
be used directly to improve the engine heat exchanger designs, it is
recommended that the currently available hardware be used for further
diagnostic and engine component testing. In the Phase III tests, only one
of three different engine designs was tested. Testing of the other engine
designs could significantly add to the data base of engine performance/
engine exchanger losses, leading to improved simulation models and higher
confidence in a redesign of the engine.
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SECTION 2
DEVELOPMENT OF PHASE IIIB TEST REQUIREMENTS

The development of the test requirements for the Phase ITIB tests is
described in this section. A brief description of the Phase Il test program
and the hardware and facility that were modified for the Phase IIIB tests is
included. A more detailed description of the Phase II tests and equipment
can be found in Reference 1. This section also contains the aha]yses used
to derive the instrumentation requirements and to define the test plan.

2.1 PHASE TIT RESULTS AND CONCLUSIONS

2.1.1 PHASE II TEST DESCRIPTION

Test Objectives

The Phase II test effort focused on testing the Proto 2 combustor/engine/
compressor in the Integrated Test Facility. The purposes of the integrated
tests were to provide:
® Proof of design concept
(] Performance of the Proto 2 FPSE, compressor and combustor in the
assembled/integrated configuration
[ Optimization of the -engine gas spring and related mass
characteristics.

Proto 2 Combustor/Engine/Compressor Description

The Proto 2 combustor/engine/compressor assembly consists of a gas-fired
combustor supplying heat input to a free-piston Stirling engine (FPSE) that
is coupled to a free-piston linear compressor. Figure 2-1 is a design
layout of the assembly. The three major subassemblies have the following
design features:

e Combustor - The natural gas-fired combustor is composed of two basic
components - a radiation <cooled transpiration burner and an air
preheater. Air enters the combustor at ambient conditions, passes
through the preheater, mixes with the fuel and flows inside the
cylindrical burner element. The fuel/air mixture next passes radially
through the burner element and ignites, forming a laminar flame several
millimeters 1in height on the outer surface of the burner. The
combustion products then pass through the finned tube heat exchanger

2-1
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assembly (part of the engine housing assembly), after which they flow
through adjacent alternate sections of the air preheater and out the
exhaust port. Other components include a flame detector, an electronic
spark igniter, and a view port which permits visual inspection of the
flame.

Free piston Stirling engine - The Proto 2 FPSE is a single cylinder
engine, thermally driven oscillator operating on a Stirling cycle. Its
housing assembly is the pressure vessel member and contains the heater
head, regenerators and cooler subassemblies. Additional engine
subassemblies include a working fluid displacer and a power piston. The
linear compressor housing 1is an integral part of the engine power
piston, and, as such, results in an engine/compressor assembly having
three freely moving masses: the fluid displacer, the engine power
piston, and the compressor piston. Relative motion of the three free
bodies are constrained only by the working fluid pressures, and are
dependent on load and operating parameters. The oscillating motion of
the engine displacer shuttles the working fluid back and forth through
the heat exchangers, thereby phasing the rates at which heat is absorbed
and rejected from the engine working fluid (heljum for the Proto 2
engine). This motion is affected by a gas spring action between the
power piston and the displacer rod.

Compressor - The Proto 2 compressor 1is a free piston inertia
compressor. Power input 1is through the oscillating cylinder housing
which is an integral part of the engine power piston. The inertia of
the compressor free piston provides the refrigerant gas compression
forces. The piston assembly is fastened by a connecting rod which is
pinned to each piston. A floating seal 1is idincorporated in the
midsection housing to divide the two <cylinder sections, thereby
isolating the two cylinders. Suction and discharge valve assemblies are
provided at each end of the compressor housing. Tubular spring coils
are used for transferring the suction and discharge refrigerant gases to
and from the oscillating compressor housing, providing for hermetic
sealing of both the engine working fluid (helium) and the refrigerant
(Freon).
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Test Facility Description
The Integrated Test Facility is a simulated heat pump installation utilizing

water side heat exchlangers for the refrigerant loop. This provides more
test flexibility than testing with the indoor and outdoor unit air side heat
exchangers, thus permitting characterizing the engine/compressor assembly
independent of the air handlers. Figure 2-2 shows a Proto 2 FPSE assembly
installed in the Integrated Test Facility.

Test Description
Integrated testing of the Proto 2 engine/compressor assembly was conducted
in three phases - initial baseline Proto 2 engine tests, final Proto 2

baseline engine tests and modified Proto 2 engine tests. During the first
phase the test fixture was checked out, dynamic tuning of the engine was
undertaken and initial esfimates of engine power level and efficiency were
obtained. During the second phase, dynamic tuning of the engine was
continued; changes were made to the second gas spring, and additional data
reduction techniques were investigated. As a result of this testing,
changes were made to the engine heater, regenerator, and cooler components
in an effort to increase engine efficiency. The redesign was designated the
modified Proto 2 engine. An extensive series of tests was conducted in
which test conditions were set and data taken to determine the resulting
performance characteristics at various engine charge pressures, combustor
firing levels, and compressor ratios. Table 2-1 presents a matrix of the
major portion of the test conditions evaluated. Results of these tests and
the conclusions reached are given in subsequent sections.

2.1.2 ENGINE PERFORMANCE DEFICIENCIES

The Proto 2 engine performed below both power and efficiency goals during
Phase II testing. The baseline Proto 2 engine indicated power 1limit was
approximately 2.75 kw and maximum indicated efficiencies were 25-26%, versus
goals of 3.2kw and 32% respectively. The modified Proto 2 engine power
1imit was approximately 2kw with a maximum indicated efficiency of 28%.
Both engines were tuned to increase or decrease indicated power over a
limited range with an associated decrease or increase in 1indicated
efficiency. Diagnostic testing and investigative analyses conducted at the
close of Phase Il indicated that these performance deficiencies were mainly

due to 1low regenerator effectiveness, high heater head flow 1losses and
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Figure 2-2. Proto 2 Combustor/Engine/Compressor Integrated Test



Table 2-1.

Operating Test Point Matrix

41,000

Firing Rate (Btu/hr) 24,400
Fuel Flowrate (SCFM) 0.44 0.73
Air Flowra,te (SCFM) 4, 25 4,8915,52 |7.0918.15] 9.22
(Allowance = + 3%) (% Excess) 0 15 | 30 0 15 30
Helium Charge Pressure (psia) 870 + 25 870 + 25
Coolant Flowrate (GPM) 2.0 +0.05 2.0+ 0.05
Degree Day Degree Day
Evaporator R-22 Cooling Mode 80 95 95 105
,?;fﬁ;gi;f:essure/ Pressure 100 | 105 94 99
(psia, /OF Temperature 57 59 52 56
Heating Mode 47 62 32 17
Pressure 71 93 49 38
Temperature 37 52 18 5
Condenser R-22 Cooling Mode 80 95 95 105
Inl(?t Pressure Pressure 193 235 271 301
(psia)
Heating Mode 47 62 32 17
Pressure 206 211 233 222
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excessive hot side swept volume. (Reference 1 provides a more detailed
discussion of the performance results and interpretations.) Thus, the need
to determine the thermal performance and flow losses of the individual
engine heat exchangers was identified as a prime requirement of future

testing.

2.1.3 COMPRESSOR OPERATION UNCERTAINTIES

During the Phase Il program the Proto 2 compressor was tested on its own
component test stand to verify its performance. After some minor hardware
modifications, the compressor met its performance goals (output flow and
efficiency) and was mated with the Proto 2 FPSE for integrated testing.
Throughout the Proto 2 integrated engine/compressor testing, the compressor
flow output was below that measured on its own test stand for the same test
conditions. A number of diagnostic tests and analyses were conducted to
determine the reason(s). Excessive suction superheating, compressor gas
spring requlator malfunctions, non-sinusoidal motion and several other
potential explanations were evaluated and ruled out. Reference 1 provides a
detailed description of the compressor development effort.

The principal instrumentation deficiency in the Phase II integrated testing
was the lack of a measurement of the location (stroke and phase angle) of
the compressor piston. Instrumentation difficulties and the objectives of
the Phase II testing had led to the decision to not include this
instrumentation in the test. (An LVDT had been used in the compressor
component tests to confirm compressor piston motion.) When it became
apparent that Phase II performance goals could not be met, the testing
became more diagnostic. Under this philosophy, the 1location of the
compressor piston became more important as it can be used to verify
analytical understanding of the compressor processes as well as empirically
correlate compressor performance. It, therefore, was identified as a prime

requirement for subsequent testing.

2.1.4 MATCHING ENGINE AND COMPRESSOR CHARACTERISTICS

During the end of Phase Il testing an engine/compressor matching technique
was developed to better understand scatter in observed operating points.
This technique is described in Section 2.3. The technique is also required
to design the heat pump control system. While the technique predicted
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reasonable results, the data points to test it against were mostly run
before it was available. In addition, during Phase II, several techniques
were used to measure engine power, thereby limiting the number of consistant
data points. Therefore, at the close of Phase II, the need to both refine
the engine/compressor matching technique and confirm its validity through
test were identified.

2.1.5 SIMULATION MODEL DISCREPANCIES

Throughout the Phase II program, the analytical tools used to design the
hardware and predict test results were upgraded as new tests were
conducted. During testing of the first ("Baseline") Proto 2 engine, these
tools were correlated with test data and used to design modifications to the
"Baseline" engine, leading to the "Modified" Proto 2 engine design described
in Reference 1. As detailed in Reference 1, the analyses successfully
predicted increased efficiency but failed to predict the magnitude of the
associated power output decrease. Additionaly, predictive checks by another
Stirling contractor, Sunpower, Inc. confirmed the need for substantial
improvements in the engine models.

As discussed in Section 2.1.2, it was determined early in Proto 2 testing in
the Phase II program that heat exchanger design deficiencfes were limiting
engine performance, but the necessary tools for improving the designs of the
individual components were not available. Therefore, an additional goal was
established for further testing: to develop sufficient performance data on
typical FPSE engine heat exchangers to permit improvements in the design
tools needed to redesign the engine. |

2.1.6 PHASE III PROGRAM PLAN

The basic test needs identified at the conclusion of Phase II, as discussed

above, were to:

1) verify compressor performance when operated with the engine.

2) develop performance data on individual engine heat exchanger components
to permit upgrading of the engine design tools.

3) verify the engine/compressor matching analysis technique and confirm the
HAHP control system approach.
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These needs related directly to the continued development of the basic
FPSE/1inear compressor concept for the HAHP. The broader DOE/ORNL
requirements for HAHP development required an examination of alternative
configurations for a residential Stirling heat pump. Combined with the
jdentified Proto 2 tests and analyses, these requirements lead to the Phase
ITIA program.

Phase IIIA Program

The Phase IIIA program was initiated in May of 1981. Its objectives were to:

1) Evaluate alternative Stirling engine driven residential heat pumps and
compare their performance, cost, development risks and product potential
to that of the Proto 2 concept.

2) Develop the requirements and prepare a design of an oscillating flow
test rig which could be used to test FPSE type engine heat exchangers
under simulated engine operating conditions. The data from such tests
were to be used to improve the engine design tools.

3) Refine the engine/compressor matching analysis and verify the Proto 2
control concept.

4) Develop the test plan for Phase III.

Results of the evaluation of alternative Stirling HAHP concepts, and the
design of the oscillating flow test rig are presented in Reference 2. The
alternative concepts evaluation indicated that the most attractive concepts
for a residential size (3 ton) heat pump are a slightly modified version of
the current free piston Stirling engine/linear compressor configuration
(Proto 2) and a kinematic Stirling engine/rotary drive compressor
configuration. It was also determined that a free piston Stirling
engine/linear alternator/electric motor-compressor concept could also be
competitive if the high efficiency and low cost goals for the alternator can
be achieved. However, the Proto 2 configuration was determined to have the
Towest production cost potential and, hence, the greatest product
potential. This result confirmed the recommendation to continue development
of the concept.

To obtain an independent evaluation of the technical merits of the Proto 2
concept, General Electric requested the NASA Lewis Research Center to
conduct an independent review of the Stirling/Rankine system technology in
January, 1982. Detailed results of the review are given in Reference 1.
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The NASA Lewis conclusions confirmed that the free piston Stirling
engine/linear compressor concept is technically feasible and capable of
successful development. The technical deficiencies of the current hardware
were also confirmed, and GE's engine technology development plan was deemed
reasonable with one major exception: NASA Lewis recommended obtaining
individual engine heat exchanger performance data from the existing engine,
rather than through the use of an oscillating test rig, since the engine
itself was the best test rig simulator available and already existed.

The conclusions of the alternative concepts evaluation and the NASA Lewis
technology review led to the decision to perform tests on the Proto 2 unit
with additional instrumentation on the engine heat exchangers and to improve
the data acquisition system. The requirements for the intrumentation were
developed as reported in Section 2.2. The matching and control analyses
were also refined to establish the expected results and help define the test
plan. These analyses are presented in Section 2.3 Because of the general
value to the Stirling technology community of an oscillating flow test rig,
this effort was transferred to the Argonne National Laboratories for
implementation.

Phase IIIB Program
The test hardware fabrication and testing was executed under the Phase IIIB

program, sponsored by DOE/ORNL. During the Phase IIIA program, GRI
re-evaluated its participation in the Stirling/Rankine project and
determined that its objectives and resources prevented it from being
involved in the technology development required. GRI's sponsored research
is oriented toward applied research and development directed toward
development of a commercial product, and. its. involvement in technology
development programs is limited. Therefore, the program was reformulated
under. sole DOE/ORNL sponsorship with the following priorities:’

1) To verify compressor performance

2) To verify engine/compressor matching

3) To tune engine/compressor dynamics to achieve maximum engine performance

4) To obtain component level test data on the regenerators, heater head,
cooler, displacer gas spring, and combustor.
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The activities and results of the Phase IIIB program are presented in
Sections 3, 4 and 5.

2.2 INSTRUMENTATION ANALYSIS
Based on both theoretical calculations and Proto 2 test data, it was

determined that engine performance was limited by the heat exchanger
designs. Proto 2 engine component thermal performance is low and the total
flow losses in the heat exchangers 1is high. To assess these conclusions,
dynamic pressure and temperature instrumentation were to be installed on the
engine for direct measurement of component performance. This section
discusses elements of the theory behind these conclusions as they relate to
the choice of instrumentation. The selection of the appropriate
instrumentation and the test data reduction techniques are described in
Section 4 and Section 5.

2.2.1 REGENERATOR EFFECTIVENESS
The ideal Stirling cycle can be represented as:

Qin

P |
. / N
5

r
4

T.‘- 3

JQOUT S\ g

X

ADDIT. QINt QouT REQ. £<1.0
During the process 2-3, heat is stored in, and during 4-1, it is released
from the regenerator. For an ideal regenerator (i.e., with effectiveness, €
, equal to 1.0) T = Ty- For a non-ideal regenerator, the gas will exit
the regenerator at some temperature lower than T1. Therefore, additional

heat must be added at the heater to bring the gas temperature to T The

1°
effectiveness thus can bhe calculated (assuming an ideal gas) as:

T -7

£ = oS
T2 - T3 QMAX (1)
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The real Stirling cycle, as represented by the FPSE, requires a more complex
formulation. Non-ideal processes, with their attendant pressure,
temperature, and density differences, must be incorporated into an accurate
calculation of €. This is presented below. |

Energy Balance
The transient flow energy balance on the regenerator is:

. . s 2 . -2
X X ° _ 2
Q + Wyer + (h + 7+ z9) my - (h + 5 zq) Moyt = (2)

There being no work performed, and with kinetic and potential energy terms
approximately 0, this reduces to:

. . . . (3)
Q + hmIN - hmOUT =
Over half a cycle (T radians; refer to Figure 2-3):
n (4)
dm T dm d
= [ -l - L T
Q 0 h(dt)gﬁT of h (dt)?ﬁ * of (dt dt
Using the ideal gas relation of AU =S CvdT and integrating,
Q = (mh)gyp - (mh)py + (mCy 2T)¢ v, (5)
With the assumption that Moyt = ™IN
Q = mah + (mG aT)e (6)

Again, using the ideal gas relation of ah = prdt,

Q=mC, (Toyp = Tyy) *+ (MG,aT)e y (7)
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Regenerator Temperature Histories

Figure 2-3.
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Now placing this on a (average) rate basis, by dividing each term by A t,

: 1
Q= 3= 55 Tour Tiw) + 38 (MGeTeLy, (8)

On examining Figure 2-3, the second term on the right hand side of the
equation is quite small (€ 2% of the first term, since Tg - TD<(TB -
TG), and can be ignored with 1little error. Now the effectiveness equation

can be properly formulated.

Reheat Loss

The reheat loss, which is due to the regenerator ineffectiveness
(i.e., 1 -€), can be computed from the temperature "hysteresis". Referring
to Figure. 2-3, Ehe reheat loss vequa1s -ﬁa Cp (TA - TC)° Therefore,
and employing the results from the energy balance

with € = Qyeryp/Quax:
discussion, :

m C (T, - T.)
Poe-1-m% T ()
mc, (Tg - Tg)

Although, this means of calculating € is the simplest to visualize, a
number of practical deterrents to its use exist:

a. It is not clear when TA and TC occur 1in the cycle. In a
temperature - time profile as in Figure 2-3, TA and TC would
occur at the mid-points of the half-cycle. A larger inaccuracy is
associated with measuring these temperatures (on the slope of the
curve)_than with measuring the maximum/minimum.

b. If TA
averaged m must be determined from:

and TC are selected as outlined above, a properly

Z (m T At ('lo)
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and will probably differ significantly from a simple time-averated m,
associated with the ideal temperatures TB and TG. (ﬁ was not measured
in the tests due to hardware limitations.)

Direct Computation

The effectiveness can be computed directly, using the definition and the
results from the energy balance discussion presented earlier. Thus:

_ 2 Jacruan . ™7 - McCoTe (1)
Max  ™CTe - McCpTe

where the time averaged helium mass flow rates at the hot and cold ends of
the regenerator, respectively, are ﬁH and ﬁc. In equation (11):

a. Cp = f (T), and drops out of the equation.

b. The time-averaged m are used correctly. The ideal regenerator,
operating  between TB and TG’ exhibits no  time-varying
temperature profiles, and therefore, a strictly time-based average
m can be associated with these. For a time-averaged temperature

TX, a similar rationale applies.

c. Only one time-averaged temperature (TX) is used in the numerator.
d. An approximation can be made that %& = 1.25 EH‘ Using this
ratio and comparing the resulting € to one calculated for

me = ﬁH, a small error 1is evident. For the temperatures
anticipated (T, = 925%, T, = 900%, T. = 460%) the
results differ by about 1-1/2 percentage points. Since m will not
be measured, the actual difference applicable will remain unknown.

The computed effectiveness will be somewhat high.

e. Thermodynamic temperature effects (i.e., due to compression and
expansion of the gas) have been ignored. Because of the strong
thermal coupling between the gas and the regenerator matrix, heat

transfer mechanisms dominate, so that pressure changes introduce
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only a small perturbation on top of the cyclical temperature
variation causes by heat transfer. Negligible error is introduced

by ignoring this perturbation.

The formulation for €& for use with the test data then becomes:

c.x"Te (12)
Tg - Tg

It was planned that, after the first few tests, the temperature profiles be
examined. If these exhibited significant departures from symmetry, some
additional averaging (of TX) might be necessary.

Instrumentation Response

As indicated in Figure 2-3, the temperatures on either side of the
regenerator are time dependent and will vary with a frequency of
approximately 30 HZ. Thus the transient response of the thermal
instrumentation must be considered as well as its steady state accuracy.
Measurements in Heat Transfer, by Eckert and Goldstein, analyzes the effects
of transient convection on thermocouple response. The equation relating the
wall temperature of the thermocouple to the fluid stream temperature is:

(13)'

T = T# * AT X [sin (oot-tan']oo 8)]
1+ 8
where:
Tw is the thermocouple wall temperature.
—T; is the average fluid temperature.
A.Tf is the amplitude of the temperature excursion.
w is the frequency of the fluid temperature excursion.
e is the time constant of the thermocouple

t is time
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The above equation can be written as:

(T” - Tf) = _sin (Wt - tan']we) (14)
(Tf - T}) 1+58

The numerator of the left hand side is the temperature excursion registered
by thermocouple, A.Tw, while the denominator is the actual temperature
excursion, A Tc. Table 2-2 presents the ratio ATy / ATf, and the per
cent error as a function of the phase 1ag,c(:=tan']u)9.

Table 2-2. THERMAL RESPONSE OF THERMOCOUPLES

o 4 ATy

(degq) (RAD) AT¢ % Error
1 .01745 0.99139 -0.86
2 . 03491 0.98298 -1.702
3 .05236 0.97478 -2.522
4 . 06981 0.96677 -3.323
5 .08727 0.95893 -4.107
10 . 17453 0.90220 -7.8

Currently, thermocouple vendors advertise fast response devices with time
constants between 0.1 and 1.0 milliseconds. This range results in phase
angles between 1° and 10° and errors between 1% and 8% (see Table 2-2).
To assess the severity of these errors, equation (12) is rewritten as:

€ - mt ™ Tme ~ B Tye

Ty TA Ty = Tye - ATy

(15)

where TMC and TMH are the mean cold and hot temperatures respectively
and A TMC and A TMH are their respective excursions.

The sensitivity of € was tested using Ty, = 800K, T,. = 400%,
ATMH = ATMC = 20%. If a dynamic uncertainty of 10% exists in
AkTMH and A TMC (0 = 1.0 millisec per above), equation (15) has a
dynamic uncertainty of 1.0%. Thus, a 1.0 millisecond response time was
specified as the maximum allowable. Steady state accuracies of 1.0% are
standard for calibrated thermocouplies and were Jjudged adequate for the

evaluation of equation (15).
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2.2.2 FLOW WORK

The frictional work performed during each cycle of operation of the Stirling
engine 1is important for estimating overall efficiency. The evaluation of
this term is particularly difficult since the flow 1is unsteady and
oscillatory in nature. A study was undertaken to solve for the friction
work term by performing an order of magnitude analysis on the momentum
equation. In this manner, higher order terms were eliminated and a
simplified friction expression was obtained. The relationships between the
kinetic and internal energies were also investigated.

Consider the combination of displacer, piston, heater, regenerator and
cooler as illustrated in Figure 2-4. Typical temperature levels are also
presented. The following one-dimensional momentum equation is applicable
for this situation:

3u 3u_ _1d
ﬁ-+u3§_-p£+xb+F

where u is the gas velocity

(16)

X is the displacer displacement
is the gas pressure

is the gas density

is the body force

M wT

and is the friction force

This equation was applied to the heater, regenerator and cooler and the
importance of each term was evaluated. The rms pressure drops in each
component were considered at 5 psi, 2 psi, and 3 psi respectively based upon
steady state calculations. Body forces were assumed negligible and the
frequency, w , of the displacer piston was taken to be 30 Hz. Each
component of equation 16 was then evaluated. The pressure gradients in the

components are given by:
() 2~ ZPSL-1.33 1b/in’
X Regen g

d ~, 5 psi . 3
(SBy =~ 2B31 _ 35 qp/4n
dx Heater 15.8 In

d ~, 3 ESi . 3
(_R) ~ = ,47 1b/in
dx Cooler 6.378 In
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Figure 2-4. Heater, Regenerator, and Cooler Configuration for Stirling Engine
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The displacer piston traverses a total distance of 1.7" so that the
amplitude of displacement is 0.85". The motion of the displacer is given by
iD = .B5 wcosw = 2.13 cosw . Conditions at station 2 were
approximaggd using the steady flow continuity equation and assuming constant
density in the displacer region for a particular time. There are 12 heater

tubes so the mass flow in any one tube is 1/12 the displacer flow:

1 ey T ,.194\2
Za 1A g )
.V, =39.03 cos w ft/sec

2

The density of helium at 528°R, 2114 1b/ft2 is .01043 1b/ft3. The
average pressure in the heater tube was estimated to be 885 psia based upon
Proto 2 tests. Using the ideal gas relation,

p T

2 Py

Pref gref

2
ref

T

the density at station 2 becomes:

P, _ 885 x 144 1 528 _
2 2114 X 95.9 X 7710 ~

.1941 1b/ft3

Similarly, at station 3,

- 890 1710 _ 3
o)
From continuity, V3 = Bg.vz = 38.12 cos w- ft/sec
3
_ 892 , .1987 x 1680 _ 3
Also, Py = 890 X €00 = .5576 1b/ft
895 600 _ 3
and 95 = ‘89—2‘ X .5576 '5—7"6 = .5890 ]b/ft
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¥
The velocity at station 4 was estimated to be - 3. 13.58 cos @ ft/sec
4 o0q
.. 01
In a similar manner, V5 = — V4 = 12.86 cos  ft/sec
e

[$2)

Each term in Equation (16) was estimated for the regenerator in order to

establish the dominant expressions.

The period for one complete cycle is 1= %f; and if t I the cos w

expression varies from 1 to 0. The first term 1in Equation (16) can be

estimated as:

2 2

. bu _ 38.12(-1) _
e 77 728 ft/sec

Q2

The second term is:

bu _ (13.58 : 38.12, (38i1§/;213.58) - 5075 ft/sec’

The pressure gradient term is of the following order:

3
1dp _ -1 2 x 144 ft lbm - ft__ 2
"5 dx © (.1987 ¥ .5576)72 1.5/12 Tbm X -2 T2 196189 ft/sec

It can clearly be observed that the pressure gradient term dominates such
that the left side of Equation 16 can be neglected. The frictional term is
the only expression which can balance the equation, and, therefore, it must
be of the same order. Similar results are obtained for the heater and

cooler,

The friction loss can be estimated by integrating the following approximate
form of equation (16):
. 1dp
0 fmavg o dx dx + fmang dx
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The frictional power loss is then estimated by:

th _
. . _avg (ap) 17
fmang dx * — rms (17)
For sinusoidal pressure variations, A Prms = APmax/«/l . State of the

art dynamic pressure tranducers have over 2 orders of magnitude greater
frequency response than that required to measure pressure variations in the
30 hertz FPSE. Thus, dynamic accuracy is not a major concern. Pressure
transducer diaphrams were specified by the expected A Pmax to be
monitored. The possibility of dynamic affects in the tubing connecting the
pressure transducers to the‘engine was, however, considered. Section 5.1 of
this report describes the test plan which was implemented to insure that

this error is minimized.

2.3 MATCHING AND CONTROL ANALYSIS

2.3.17 MATCHING REQUIREMENTS

One of the important technical issues facing the FPSE/linear compressor
concept is the matching of the engine output to the compressor requirements
over the operating range of the HAHP. The requirements for dynamic and load
matching of the engine to the compressor have been addressed since the
beginning of the Phase Il hardware development program (Reference 1) and the
Proto 2 control system was developed to provide adequate system control with
minimum  complexity. However, during testing of the Proto 2

engine/compressor, it was apparent that engine operation was limited under
some conditions due to mismatching of engine operating frequency and power
output to compressor operating frequency and power requirements.

In the initial stages of the Phase IIIA program, it was concluded that the
current control system required modifications to provide adequate
engine/compressor matching over the full vrange of HAHP operating
conditions. The "“adequate" 1is stressed because the prime criteria for
engine/compressor matching and control in the HAHP 1is not maximum
performance but minimum ownership and operating cost. Therefore, the
re-examination of engine/compressor controls was predicated on minimizing
additions to the current controls while achieving acceptable

engine/compressor matching.
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2.3.2 CONTROL OPTIONS

The current HAHP operating control system consists of two active component
controls; a gas combustor firing rate control and a compressor gas spring
pressure regqulator. The high firing rate is used for very high and very low
ambient temperature conditions where maximum engine power 1is required to
meet high cooling and heating loads. The 1low firing rate is used at
moderate temperatures to reduce output and thereby improve the refrigeration
system COP. An additional benefit is to reduce cycling Tlosses by better
matching of output to load. Part of this benefit is, of course, offset by
the increase in parasitic power required to operate JTonger periods. The
two-step firing rate concept was selected as an optimum combination of
manufacturing and operating costs during the Phase II program (see Reference
1 for results of the study).

The need for a pressure regulator for the compressor gas springs was
determined in the Phase II program (Reference 1). At 1low ambient
temperature conditions, refrigerant density decreases, causing the free
piston of the compressor to operate at longer strokes. This characteristic
of the free piston compressor results in a slower drop off 1in compressor
capacity with ambient temperature than that of conventional fixed stroke
compressors. However, at very low temperatures, overstroke of the piston
can occur. Therefore, a pressure regulator, feeding the compressor piston
gas springs, is used to limit the tendency to overstroke. In the Proto 2
hardware, it was determined that a constant pressure feed from the regulator
would be adequate to control piston motion.

Subsequent tests and analyses of the Proto 2 engine/compressor revealed the
need for additional control of the engine/compressor dynamic
characteristics. This can be accomplished in several ways:

1) Combustor firing rate can be modulated

2) Engine charge pressure can be modulated

3) Compressor gas spring pressure can be modulated
4) Combinations of the above can be utilized

In operation, engine/compressor operating frequency varies over a narrow

range, with Tittle effect on engine ouptut power. Compressor capacity is,
however, very sensitive to operating frequency and the most logical method
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to achieve engine/compressor matching is to modulate compressor
characteristics through control of its gas springs. This could be
accomplished by modifying the existing compressor regulator. Therefore,
this approach was investigated in detail to determine if it could meet the
matching requirements of the engine and compressor and what other changes
might be necessary to the control system.

2.3.3 MATCHING ANALYSIS

Several test data correlated codes were used for the matching analysis. The
codes are described in Reference 1. The technique for the analyses is
described in detail in References 1 and 2 and summarized in Figures 2-5 and
2-6.

The codes generate data from which three "maps" can be drawn. A compressor
map, an engine map, and the dynamic interaction between the engine and the
compressor as a function of ambient temperature were developed. A fourth
code models the Freon heat exchanger loop and yielded information on
compressor conditions for a given firing rate and ambient temperature. By
overlaying the compressor and FPSE maps, the matching power points can be
determined.

Preliminary Evaluation

The first iteration in the matching analysis was simplified for ease of
estimation. The compressor was designed to absorb approximately 3kW at both
the 95°F and 2°F outdoor conditions, and approximately 1.5 kW at
47°F. wWhen the compressor map was cross-plotted against an ana]ogous
engine map, it appeared that a three-firing rate control method might
satisfy these three ambient day conditions.

A second iteration was then undertaken to determine system operation at
other ambient temperature conditions. More detailed engine and compressor
maps were generated and used in. this second iteration. These maps were
bounded by the freqnencies, strokes, temperatures, etc. which the first
jteration produced. Figure 2-7 shows the compressor power map for 95°F
ambient conditions. Note the dependence on operating frequency. Similar
maps were calculated for other conditions. A compoéite compressor map,
showing all the operating curves, is shown in Figure 2-8. The operating
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frequencies were determined from Figure 2-9, which plots operating frequency
as a function of compressor natural frequency (predicted by the three body
dynamics code).

When the compressor map of Figure 2-8 1is superimposed on the engine map of
Figure 2-10, the system operating points (i.e., points where compressor
power and frequency match those of the engine) are determined. These are
displayed as heavy circles on Figure 2-8.

It is evident that this particular match is 1inadequate: wunsatisfactory
power Tlevels are available at all times except at the 32°F and 95°F
conditions. This suggests that firing rate (heater head temperature)
control alone does not suffice. Some form of control on the compressor is
required to bring the operating 1lines (particularly at 80°F and 47°F)
closer together, and permit the engine to run at longer strokes and higher
power. This approach was explored further.

Selected Approach

Initial determinations of compressor power had been based on a constant
compressor pressure ratio at a given ambient temperature (Figure 2-11(a)).
A better representation of compressor performance takes into account the
variation in pressure ratio with power. The Freon system code was employed
to calculate the compressor suction and discharge pressures at a given
ambient temperature amd at two power Tlevels. The more accurate
representation of compressor power is shown by the dashed line in Figure
2-11 (b). Other ambient temperature points were similarly calculated
(Figure 2-11 (c)). Improved matching resulted from a compressor map where
power required lines are nearly parallel with engine power available lines.
But the spread among the different ambient temperature operating Tlines
remained (Figure 2-11 (c)). Additional control was, therefore, necessary to
reduce this spread and provide acceptable matching. The most feasible
control method was varying the compressor gas spring pressure using a
pressure regulator (Figure 2-11 (d)). In the ideal case, a single operating
line would result.
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For an 80°F ambient day, Figure 2-12 illustrates some of the results of
this analysis from a number of compressor code runs. Varied were frequency,
compressor pressure ratio (i.e., power), and gas spring pressure. The
operating lines at the appropriate system frequency are given in Figure
2-13. Figures 2-14 and 2-15 provide summary information for the other
ambient temperature conditions. When the entire compressor map is
superimposed on the engine map of Figure 2-10, the system operating points
given in Table 2-3 and Figure 2-16 are determined. The compressor natural
frequencies in the final analysis differed from those identified on Figure
2-9. New system frequencies were determined with the aid of that figure.
The appropriate frequencies are noted on Figure 2-13, 2-14, and 2-15.

A valuable feature of the proposed control concept is the flexibility in
matching points that can be achieved. Because gas spring control and firing
rate control shift the compressor and engine operating points along
different axes, a wide range of control over the engine map (Figure 2-10) is
possible.

2.3.4 CONTROL SYSTEM VALIDATION

As noted above, earlier studies in Phase II had indicated that the optimal
combustor firing rate control consisted of two firing rates. This analysis
confirmed that approach, with high fire/power and 1low fire/power
corresponding to high and Tow load conditions, respectively. Precise
engine/compressor matching control appeared to be achieveable using a
variable compressor gas spring pressure regulator. A regulator range from
about 75 to 175 psia was Jjudged adequate for most locations 1in the
continental U.S. No feedback control would be required. Based on ambient
temperature (or compressor pressure ratio), the regulator would set the gas
spring pressure on a pre-determined schedule. Also, this control technique
appeared forgiving enough to work well when faced with manufacturing
tolerance stack-up, individual heat pump installation peculiarities, and
performance degradation with time. The analysis also indicated that with
this control approach, compressor efficiencies changed only slightly over
the engine operating range when compared to operation with the original
control system. Thus, COP and capacity estimates were as originally
estimated, as well as operating costs. A small extra equipment cost would

be incurred by the regulatcr modification, but should be negligible.
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TABLE 2-3

MATCHED ENGINE/COMPRESSOR OPERATING POINTS

(a) ACTUAL ACTUAL
REQUIRED COMPRESSOR @ REGULATOR COMPRESSOR @ REGULATOR
Toerenr F POWER, KW POWER, KW PRESSURE, PSIA POWER, KW PRESSURE, PSIA

95 3 3 100 3 15
80 1.5 0.5 1.5 175
62 1.5 1.0 | NOT RUN -

47 1.5 1.0 | 1.5 145
32 3 2.5(b) 2.95 115

r
17 3 1.8 100 2.9(b) 15

(a) APPROXIMATE POWER SUFFICIENT TO MEET LOAD, USING 2 FIRING RATES
(b) PROBABLY ADEQUATE

8c-¢
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Confirmation of the matching analysis model and verification of the
recommended control system modification was planned to be achieved through
the series of engine/compressor tests planned in the Phase IIIB program.
The test requirements to provide the confirming data are discussed in
Section 5.1.
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SECTION 3
TEST SYSTEM DESIGN

This section presents a description of the instrumentation and data
acquisition system selections made to meet the test requirements and
objectives described in Section 2. A summary of the changes to the Proto 2
design to install the instrumentation is also presented. Implementation of
the design is described in Section 4.

3.1 INSTRUMENTATION SELECTION
3.1.17 EXISTING PHASE IT INSTRUMENTATION
The instrumentation provided for Phase II testing was selected for the

proof-of-design concept evaluation and combustor/engine/compressor assembly
performance evaluation. Reference is made to Table 3-1 for a listing of the
Phase II Integrated Test Facility instrumentation. A review of this
instrumentation Tist shows that, while extensive 1in providing combustor,
engine, and compressor assembly performance data, in-depth diagnostic data
were not available for the engine heat exchangers/regenerators at the
component level, or the compressor piston motion.

3.1.2 ADDITIONAL INSTRUMENTATION OPTIONS
Component level instrumentation options to provide in-depth diagnostic data
were identified and were reviewed for potential implementation. These options

inc Tuded:

Combustor
o Ambient heat loss measurement to provide an accurate quantification of the
heat input to the engine.

Engine

® Heater head, regenerator,'and cooler subassembly pressure drops to provide
gas flow pressure losses.

¢ Heater head, regenerator, and cooler subassembly dynamic gas temperature
measurement for evaluating heat exchanger effectiveness.

e Heat exchanger gas mass flow rate measurement for accurate calculation of
gas flow power losses and heat exchanger effectiveness.

3-1
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Table 3-1
PHASE II INTEGRATED TEST FACILITY INSTRUMENTATION

Temperatures

Engine

Heater head fins and tubes

Cylinder head and walls

Regenerator walls (hot, midpoint, cold)
Coolant in and out

Bounce space helium

Second gas spring housing and helium
Compression space helium

Housing dome

Cooler walls

Pressure vessel

Combustor

Pre-heater exit air
Air and natural gas in
Exhaust gas out
Exhaust seal flange
Pre-heater 0.D.

Compressor

Housing wall

Cylinder heads

Suction and discharge manifolds

Refrigerant system (refrigerant and coolant)

Pressures

Gas and air supply
Engine charge
Refrigerant loop
Compressor cylinder
Compressor gas springs
Displacer gas spring
2nd gas spring
Compression space

. — e
Flows

Gas and air

e Coolant
e Refrigerant
- Displacements
e Displacer to power piston
® Power piston to housing
e Housing to ground
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o Displacer gas spring wall temperature and heat flux measurement to
determine heat transfer from/to the gas spring.
0 Pressure vessel heat flux measurement to improve heat balance calculations.

Compressor

¢ Compressor piston motion measurement to improve system dynamic analyses.

e Engine power piston to compressor housing force transducer to measure
working force input to the compressor from the engine.

3.1.3 SELECTION

The selection of additional instrumentation was made primarily on the basis of
installation feasibility. Instrumentation which was judged not feasible is
discussed at the end of this section.

The additional diagnostic instrumentation selected for reinstrumenting the

Proto 2 combustor/engine/compressor assembly at the component level consisted

of the following:

o Additional pressure and temperature measurement systems on the engine
heater head, regenerator, and cooler subassemblies.

@ The addition of a displacement transducer on the compressor piston.

® The addition of a heat flux transducer to the back wall of the displacer
gas spring, plus a temperature measurement at the same location.

® The installation of a cooling air shroud/heat loss measurement system
around the combustor. ‘

® The installation of heat flux transducers around the pressure vessel for
heat loss measurement.

Figure 3-1 presents a cross-sectional drawing of the combustor/engine/

compressor assembly with the additional instrumentation and location denoted.

Table 3-2 presents the requirements of the additional instrumentation, along
with the selected vendors/models, and their respective ranges and

specification limits.

The two instrumentation options that were not implemented were deleted for the
following reasons:



PRESS. & TEMP.,

~PRESS. & TEMP.,
EXP. SPACE < REG. COLD SIDE
TEMP. , ¢
COMB. ~———PRESS. & TEMP.,
SHROUD REG. HOT SIDE PRESS. & TEMP.,
AIR COMPR. SPACE
N — TEMP. :
lgég DISPLACEMENT,
TP . vt EG. . - COMPRESSOR
SHROUD \ NOTHE ‘ N PISTON
( 0.D. l N
8 PLCS.) 6
Bt // g i é’ﬁn RYY A AN \\\\
PR _ AN
z: b SN S NN T < Y b h .

\r <99’

 -,-1>~‘ — ——— 0 @)(Q@i* . . \\\‘
\’_L/.//Jr \,__.. N B K
= e
=ty

TEMP. ,
FIN/TUBE
(3 ADD'L)

b f_’l."
J‘\ Arv-£ 27 30 ——-

\__ TEMP. \—— TEMP. ,

DISPL. DISPL.
G/S WALL G/S

FIGURE 3-1

PROTO 2 FPSE
ADDITIONAL INSTRUMENTATION

¥-€



3-5

TABLE 3-2

ADDITIONAL INSTRUMENTATION REQUIREMENTS

A. DYNAMIC PRESSURE TRANSDUCERS

SPECIFICATIONS REQUIRED AVAILABLE
VALIDYNE, MODEL DP-15
PRESSURE RANGE +10 PSID +1, 2, 5, 10, 15 PSID
F150 PSID +250 PSID
L INEARITY +1.% F.S. +1/2% F.S.
HYSTERESIS _ PRESSURE .. PRESSURE
1/2% £xCURSION 1/2% £xCURSION
THERM. SENSIT. SHIFT ZERO 0.02%/°F*

*HEAT SINKED TO MAINTAIN CONSTANT TEMP.

PRESSURE RANGE

LINEARITY
HYSTERESIS

THERM. SENSIT. SHIFT

**TRANSDUCER WILL BE CALIBR. AT TEMP.

ACCURACY
STABILITY

0-400 PSIA
+150 PSID

+1% F.S.

PRESSURE

1/2% £xCURS ION

ZERO

CONDITIONING EQUIPMENT

0.1%
+1.%

SENSOTEC, TYPE-S

0-500 PSIA
+500 PSID

+0.5% F.S.

PRESSURE

1/2% £xCURSION

0.02%/°F**

0.05%
+1.%
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TABLE 3-2 (Cont.)

B. DYNAMIC TEMPERATURE SENSORS (GAS)

SPECIFICATIONS REQUIRED AVAILABLE
ACCURACY +1. °F NEDTHERM CORP. FAST RESP. MODEL
HYSTERESIS +0.4 °F T8b (3Y CALIBRATION)

TIME CONSTANT <1. ms 10. MICRO-SEC

*ATTAINED BY CALIBRATION
SIGNAL CONDITIONING EQUIP.

ACCURACY +0.5% +0.5%
DRIFT ZERO ZERO

C. DISPLACEMENT TRANSDUCERS (LVDT'S)

SPECIFICATIONS REQUIRED AVAILABLE

PORIMSON-HALPERN (MODEL
NO'S. K-220-032/033)

LINEARITY +1.0% F.S. +2% F.S.*
0° PHASE SHIFT ZERO ZERQ**

@ 30 Hz
DYN. FREQ. RANGE 20 TO 30 Hz

*BEST KNOWN/AVAILABLE
**+2% @ 20 AND 40 Hz

SHAVITZ (MODEL_NO. H-200)
SAME AS ABOVE ON SPECS.
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e [Engine heat exchanger gas mass flow rate - a hot wire anemometer was
evaluated for this measurement, and it was found that inadequate space was
available within the envelope of the Proto 2 FPSE for installing the
necessary probes/hardware.

© Engine power piston to compressor housing force transducer - a
vendor/literature search was unsuccessful in identifying a force
transducer/load cell that would measure axial forces (as required) while
also being subjected to radial loads. The radial load capability is
necessary since the power piston/compressor assembly support bearings are
at the outboard ends of the assembly, and the force transducer would have
to be installed at a mating flange/joint between the power piston and
compressor cylinder head. Inadequate space and orientation limitations
did not allow the installation of separate radial bearings to circumvent

this limitation.

3.2 DATA ACQUISITION SYSTEM (DAS) SELECTION

3.2.1 EXISTING PHASE II DAS

The existing Phase II data acquisition system was selected for compatibility
with the Phase II instrumentation. The purpose of this instrumentation was to
provide data for proof-of-design concept evaluation and combustor/engine/
compressor assembly performance evaluation. Acquisition of steady state and

dynamic data was as follows.

Steady state data
The Phase II steady state instrumentation and DAS (along with range and

accuracy) is presented in Table 3-3. Manual readout/recording was required

for all pressure gauges and liquid and gas flow rates; all temperatures were

recorded by data loggers. This system was found to be inadequate for:

o accurately determining heat transfer within and to the ambient for the
combustor/engine/compressor assembly.

e accurately determining the heat input to the engine.

o measuring displacer gas spring heat losses/gains.



3-8

Table 3-3

PHASE II STEADY STATE INSTRUMENTATION

ACCURACY/
DESCRIPTION MODEL # RANGE TOTAL RESOLUTION % F.S.
FIN & TUBE TEMPERATURE E-1124E 0-2000°F 40F /200F
RECORDER SYSTEM TYPE K :
(ESTERLINE ANGUS)
PRESSURE TRANSDUCER 10600-8 0-1500 PSI +0.5%/+10
SYSTEM (MOORE)
DIGITAL T/C INDICATOR 7-K250F -0 -30 to 25000F +10F
(IRCON)
T/C TYPE K STANDARD 32-5320F +40F MAX.
532-25000F +3/4% MAX.
TEMPERATURE/RECORDER / 220
DATA LOGGER (DORIC)
ETHYLENE GLYCOL/H20 1110-R-9M-25~ .3-3.2 GPM 2%/0.06 GPM
FLOWMETER (BROOKS§ 2/9-RS-33
GAS FLOWMETER (ROCKWELL) 1755 0-175 CFH .005 FT3
AIR FLOWMETER (ANNUBAR) 71-1" 316SS 0-20 CFM +1.55%
SLANT GAUGE (DWYER) 102.5 0.2--0-20" +5%/0.01"
R-22 FLOWMETER (COX) AN8-4 0.25-2.5 GPM +0.5%
ETHYLENE GLYCOL/H20 1110-24-R-10M~ .05-10.95 GPM 1%FS/0.05 GPM
FLOWMETER (BROOKS§ 3-10-RS-138
PRESSURE GAGE (US GAGE) 132019 0-100 PSIG 1/2%/1 PSI
PRESSURE GAGE (US GAGE) 132023 0-400 PSIG 1/2%/5 PSI
A P GUAGE (MIDWEST) 110 30-0-30 PSI 1/2%/0.25 PSI
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The Phase II dynamic instrumentation/DAS system

Dynamic pressure signals acquired included:

Engine

Compression space to bounce space delta-P

is presented

Displacer gas spring to bounce space delta-P

Second gas spring to bounce space delta-P

Bounce space absolute pressure

Compressor absolute pressures

Upper
Upper
Lower

Lower

cylinder
gas spring
cylinder
gas spring

Displacement measurements included:

Displacer to power piston

Power piston to engine housing

Engine housing to ground

in Table 3-4.



3-10

Table 3-4

PHASE IT DYNAMIC INSTRUMENTATION DATA

DESCRIPTION

il MODEL_NO.

PRESSURE TRANSDUCERS
DIFFERENTIAL (SENSOTEC)
ABSOLUTE (SENSOTEC)
SENSOTEC SPECS:

o LINEARITY

e HYSTERESIS

© THERM. SENSIT. SHIFT

*CALIBRATED AT TEMP TO REDUCE THIS ERROR

TYPE-S(10-32)
TYPE-S(10-32)

+500 PSI

0-500 PSIA

TOTAL RANGE ACCURACY l

+ 0.5% F.S.
T/2% PRESS. EXCUR.
0.02%/OF*

DIFFERENTIAL (KULITE)
ABSOLUTE (KULITE)
KULITE SPECS:

o LINEARITY

o HYSTERESIS

e THERM. SENSIT. SHIFT

*CALIBRATED AT TEMP. TO RE

HKM-375+5000
HKM-375-2000A

+500 PSI

0-2000 PSIA

+ 0.5% F.S.
T/2% PRESS. EXC.
0.02%/OF

DUCE THIS ERROR

CONDITIONING EQUIPMENT
o ACCURACY
e STABILITY

DISPLACEMENT TRANSDUCER

LVDT (ROBINSON-HALPERN)
LVDT (ROBINSON-HALPERN)

LVDT (SHAVITZ)

K220-033
K220-032
H-200

+ 3/4
+ 2ll
/2"

TAPE RECORDER

{(HEWLETT PACKARD)
o LINEARITY

3968A

1V to 30V
(P-P)

+
>
S
—_—
-
[}
)
el

STRIP CHART RECORDER

(HEWLETT PACKARD)
o LINEARITY

7700

+
e
8

——
o
5

S

E.

OSCILLOSCOPE
(TEKTRONIX)

5103N
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Eight of these parameters were recorded on magnetic tape as well as being
displayed on a strip chart for real time monitoring. Generally the parameters
recorded consisted of all of the engine pressures, all of the displacement
signals, and the compressor upper cylinder pressure. An occasional change was
made if other parameter monitoring was desired.

In addition to the aforementioned recordings, various parameters were
displayed on dual beam oscilloscopes, permitting real time displaying of
selected parameters. Engine data displayed were displacer to power piston
displacement, displacer gas spring pressure, and second gas spring pressure
versus power piston to housing displacement. These displays provided
displacer to power piston phasing and P x V diagrams for the displacer gas
spring and second gas spring. The P x V diagrams were photographed and
subsequently integrated to determine the work associated with these gas

volumes.

Compressor cylinder and gas spring pressures were also displayed versus
compressor housing (power piston) displacement, giving P x V diagrams for
these gas volumes. Photographs were also taken of these displays.
Integration of these diagrams determined the work being absorbed in the
compressor cylinder and gas spring volumes.

The Phase II dynamic instrumentation/DAS system was found to be inadequate for
the following measurements:

] accurate compressor to engine matching and compressor performance, due to
the lack of compressor piston displacement measurements,

© accurate engine indicated power

e engine component level performance including heater, regenerator and
cooler pressure drops, efficiencies and/or effectiveness.

3.2.2 DAS OPTIONS

For the Phase III tests, it was necessary to upgrade the DAS for two reasons:

1) to overcome the deficiencies of the existing DAS used in the Phase II
tests, and

2) to accomodate the additional measurement requirements of the Phase III

tests.
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Recently developed digital oscilliscope systems appeared to offer the features
and computing power necessary for the Phase III DAS and, hence, this became
one of the major subsystems of the Phase III test facility.

As a minimum, the DAS must accomplish the following:

1) Acquire 24 channels of dynamic data, at a frequency of about 30 HZ.

2) Display data on a CRT.

3) Calculate parameters of interest (e.g., power, which equals'[FdS) in
near-real-time.

4) Transfer, store, and print out data and calculations.

5) Have sufficient logic for automating the above, as well as monitoring
instrument and HAHP status.

6) Acquire, format and print the steady state data.

A number of DAS options were examined, two of them in detail (including
demonstrations of the equipment). The main features of each system are
described below.

NORLAND

1) Stand-alone programmable digital oscilloscope.

2) Large memory for data storage (to 128K byte/channel x 4 channels).
3) 250 line programmability.

4) Limited graphics (printer/plotter control).

5) Talker/listener functions only (no equipment control beyond #4)

6) Difficulty in segregating waveforms in memory.

7) Limited software availability.

8) Additional equipment (e.g., multiplexer) must be provied by others.

TEKTRONIX

1) Stand-alone programmable (2000 1lines) digital oscilloscope, easily
interfaced with a microcomputer.

2) Small memory (scope has 5K byte, but computer contains 64K bytes).

3) Segregation of stored waveforms (up to 40).

4) Extensive graphics capability.

5) Microcomputer can act as controller of other devices.

6) Fair amount of available software (including math pacs, in ROM modules).

7) Large selection of compatible peripheral equipment



FLUKE
1) Power controller: runs FORTRAN; large RAM available (256K).
2) Few other relevant items available (e.g., oscilloscope).

HEWLETT PACKARD
1) 1980 A/B oscilloscope measurement system with Tlimited control functions

and other capabilities.

2) 3054A automatic DAS very powerful, built up of basic units. Relatively
complex; would be costly and time-consuming to assembly.

3) Judged excellent for a totally new DAS; ;not as good at interfacing with
the existing DAS.

The Norland and TEK equipment appeared to be the most promising and were
configured for the Phase III requirements. Component details and costs are
given in Table 3-5. These data were then used to select the DAS.

3.2.3 DAS SELECTION

The best match, at a reasonable investment in time and cost, was the Tektronix
DAS. A1l of the desired equipment except a printer was available from TEK,
easing concerns about potential interface problems. In addition, the
programming flexibility was greater for the TEK system than for the Norland.
Furthermore, the equipment was readily available on a rental basis, making it
more attractive for the relatively short (about 6 months) period of testing
envisioned. It was, therefore, elected to rent a Tektronix DAS, and to
purchase a compatible bus for the Fluke datalogger, in order to transfer
steady state data to the TEK system.

The selected Tektronix DAS consisted of the items listed on Table 3-5.
Although the HP-2631G printer had a dot-addressable graphics capability, this
was found to be tedious to use for any complicated plots. A TEK 4662 plotter
was available at GE/AEPD and was later interfaced with the rest of the DAS.
The final DAS configuration is shown on Figure 3-2.

3.3 ENGINE/COMPRESSOR MODIFICATIONS
The engine/compressor component tests were conducted on a reinstrumented
Baseline Proto 2 FPSE. To assure that the additional pressure, temperature

and displacement sensors/transducers met their required ranges, accuracies,



COMPONENT

Digital
Oscilloscope

Monitor

Amplifiers

Thermocouple
Amps.

Memory
Expansion

Time Bases

Multiplexer

mi plexer
wer Supply

Printer/
Plotter

Storage
Device

Microcomputer

Software/
Interfaces

Miscellaneous

‘Total Cost, 10°$310°$/Month

NOTES:
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Table 3-5. DAS Components and Costs

NORLAND

PURCH RENTAL
CoST COST

DESCRIPTION 103¢  103§/MO

MOD. 3001 6.9

3106R 1.2

(2)-3215¢, = 3.8

12-bit,

10ns/point

(9) - Omega  (2.2)2

(2)-DMX-16 3.3

16K byte

(2)-TEK SI5010 (3.7)

(1)-TEK TM5006 (1.0)

(1)-3711R, 2.0

80 Col.

Dual 5-1/4" 3.7

Disks

ADO2 Graphics 0.7

Cables, etc. (1) -
29.5  2.2¢

)} Items will probably have to be purchased ( ).
Not discounted; discounted costs much lower.

a.
b.)
c.) New model.
d.)

Norland rental @ 10% purchase price.

May have to rent directly from Tektronix

TEKTRONIX
PURCH RENTAL
COST COST
DESCRIPTION 10%$ 103$/M0
MOD. 7854 OPT 2D 14 1.2
(4K Memory Exp.)
-Built into Scope-
(1)-7A22, 10 1v/div
(1)-7A18, 5 uV/div
_— ~(J.5
Option 24; 64K bytes
computer memory
(2)-7B50A, 5 uS/div
(2)-S15010 RF Scanners (3.7) -
(1)-TM5006 Mainframe (1.0) -
(1)-HP2631G (or equiv) 4.5 0.4
-Built into Micro-
(1)-4052A° w/0pt. 03 9.9 1.0
(1) WP1310 Set ~2 0.2
Cables, etc. 1) -
41.5 3.3P
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TEKTRONIX
S15010

32 CHANNEL

MULTIPLEXER

TEEE-488

TEKTRONIX 7854

DIGITAL OSCILLOSCOPE
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78508
CO-ARP7AL8 [ 7A22 SN
AMP AMP BASE
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CO-AX CABLE

IEEE-488

Figure 3-2.

TEKTRONIX 4052
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FLUKE 2240A
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and dynamic responses, NASA-LeRC was visited to review the proposed new
instrumentation and installation in the Proto 2 FPSE assembly. The major
emphasis of the review was on the pressure transducer connecting tubes, since
improperly sized tubes can result in excessive errors due to pressure signal
phase shift. Approaches taken by NASA on their Stirling engine programs were
reviewed, and several worthwhile concepts were identified. NASA has had
limited experience in fast response (micro-second time constant range)
thermocouples, but noted that they would be very interested in our results.
The modificiations to the Proto 2 components to accept the additional
instrumentation are described below.

3.3.1 ENGINE HEATER HEAD MODIFICATIONS

Figure 3-3 shows the design modifications to a baseline engine housing
assembly to incorporate component level pressure taps and working fluid
(helium) temperatures. Pressure taps were installed to measure pressures at
the expansion space and the hot and cold sides of one regenerator

‘subassembly. Pressure taps were already available for the compression and

bounce spaces. With these pressure taps, dynamic pressure drops could be
measured across the fin/tube, regenerator, and cooler subassemblies, measuring
the gas shuttling/pumping 1losses. The pressure differences between the
compression and bounce spaces provide an input for determining the indicated
engine power. All of the pressure sensing tubes were brazed into the engine
housing assembly.

Gas temperature measurements were incorporated at the expansion space,
compression space and the regenerator hot end, mid-point, and cold end (1800
apart). Installation was accomplished by brazing Swagelok fittings at each of
these port Tlocations, and installing replaceable thermocoup]e probes
compatible with these fittings. '

3.3.2 COMPRESSOR MODIFICATIONS

Figure 3-4 shows the compressor piston displacement transducer installation.
This transducer is a linear variable differential transformer (LVDT), and
installation was accomplished by redesigning the original power piston LVDT
housing assembly to accept both the power piston and compressor piston LVDT
assemblies. The compressor upper cylinder head was also modified to permit
attachment of the LVDT core assembly tie-rod to the compressor piston.
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Provision was made for a close fitting bearing assembly through which the
tie-rod could pass unobstructed and thread into the end of the piston.
Compressor piston to engine power piston relative motion measurement was thus

provided.

3.3.3 COMBUSTOR MODIFICATIONS

Figure 3-5 shows the combustor modifications for a cooling air shroud/heat
loss measurement system. A thin aluminum shroud encloses the preheater
section of the combustor, providing an annular passage circumferentially
around the assembly. Inlet and outlet ducts are provided (]800 apart),
along with a splitter vane in the inlet to evenly distribute the flow around
the assembly. Two thermocouple installation fittings are provided on both
inlet and outlet, permitting measurement of the cooling air temperature rise
as it passes through the shroud. A metered air supply is delivered to the
assembly, thereby giving an accurate means of measuring the heat loss from the
combustor. When combined with the exhaust heat loss, the heat delivered to
the engine can be accurately determined.
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SECTION 4
TEST SYSTEM FABRICATION AND INSTALLATION

The fabrication and installation of the test hardware and data acquisition
system in the engine/compressor test facility is described in this section.
Descriptions of the pressure transducer installation configuration and the
DAS software developed are included. The checkout and calibration tests
performed to prepare the system for the planned tests are also described.

4,1 TEST HARDWARE FABRICATION

4,1.1 ENGINE/COMPRESSOR FABRICATION AND INSTRUMENTATION INSTALLATION

Engine Housing Assembly

Rework of the engine housing assembly to incorporate the pressure taps and
thermocouple fittings entailed the drilling of the access/through holes at
the specified Jlocations, modifying the Swagelok fittings for brazing,
pre-forming the pressure sensing tube runs, pre-assembling these parts to

the engine housing, and processing the assembly through the furnace braze
cycle. These tasks were accomplished without difficulty and the selected
instrumentation was installed, except for the fast response thermocouples.

Fast Response Thermocouples

Fast response thermocouples having time constants of 1 millisecond or less
were ordered for installation at the Tocations shown in Figure 3-3. These
thermocouples were a sealed probe type having a constant probe diameter of
1/16", as required to fit a 1/16" Swagelok fitting. Unfortunately, the
vendor misread the procurement specification and incorporated a 1/8"
diameter x 1/2" Tlong section at the sensing tip of the thermocouple. The
units were, therefore, unusable. Standard (relatively slow response)
thermocouples had been ordered as back-ups, however, and no delay was
experienced in the test program. Only steady-state gas temperatures were
recorded, however. The vendor attempted to rework the thermocouples but was
not able to deliver satisfactory units until the testing was neaf]y over. A
few tests were run with the fast response thermocouples but the output could
not be interpreted without further calibration and checkout tests. Future
testing on the engine/compressor assembly will include proof testing of the
fast-response thermocouples to determine if their output characteristics

meet the test requirments.

4-1
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Compressor Assembly
To install the compressor piston displacement instrumentation required the

fabrication of new LVDT housings, the installation of the LVDT armature and
potting of the lead wires to prevent leakage, and modification of the
compressor upper cylinder head and valve assembly to accept penetration of
the compressor piston LVDT core tie-rod. Previously in the Phase 1II
program, the dual LVDT installation (for the power piston and the compressor
piston) were avoided due to leakage concerns between the helium and Freon
systems. The dual LVDT assembly used on the compressor when it was tested
on the compressor component test stand was reviewed and the improved design
described in Section 3.3 selected.

Fabrication of the modified parts was straightforward. Several backup parts
for the LVDT rod and related connector parts were fabricated due to the
possibility of mechanical failure (described in Section 4.3.1).

4.1.2 DELTA-P TRANSDUCER PHASE SHIFT TESTS
Potential Installation Effects
High response differential pressure transducers were procured for measuring

the engine heat exchanger component dynamic pressure drops. Identical
natural frequencies in the pressure sensing tubing of a differential
pressure transducer are necessary to prevent phase shift errors in the
‘measurement. Tube designs were matched to account for tubing temperature
and length differences in the Proto 2 engine test assembly. Phase shift

tests were conducted to confirm the design or identify corrections needed.

Test Set-Up

The test facility for conducting the phase shift tests consisted of an
adaptation of an existing pressure pulse generator used for starting the
Proto 2 FPSE. The pressure pulse generator assembly consists of a variable
speed DC motor driving the piston of a pneumatic cylinder assembly through a
variable stroke crank mechanism. As shown in the schematic diagram of
Figure 4-1, the cylinder outlet tubing is connected to a cross fitting,
providing a common system pressure pulse to any combination of three
different inter-connect tubes attached to two differential pressure
transducers. A high pressure helium supply pressurizes the system to typical
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engine operating pressure (60 bars). Different tubing length and bend
configurations could be installed and a heater was provided on one tubing
run to simulate heater head temperatures.

The instrumentation required for the differential pressure transducer phase

shift test consisted of the following:

a) Absolute Pressure Transducer: Kulite Model HKM-375-2000, range zero to
2000 psia. Purpose - to measure the nominal system pressure and the
pressure pulse peak-to-peak excursions. The pulse frequency was also

indicated.
b) Stroboscope. To establish the pressure pulse frequency.
c¢) Thermocouples: Standard Type K. Purpose - to measure the

local/sectional connecting tube  temperatures for subsequently
establishing transducer phase shift as a function of variation in the
tube temperatures.

d) Data Logger: Esterline Angus Model PD-2064. Purpose - to record the
temperature measurements from the thermocouples.

e) Strip Chart Recorder: Hewlett Packard Model 7700. Purpose - to provide
a permanent record of the pressure signals from the absolute transducers.

f) Oscilloscope: Tektronix Model 5103N. Purpose - to provide real time
visual observation of resulting phase shifts.

G) Differential Pressure Transducers: Validyne Model DP-15, the prime test

transducers.

Test results

Tests were conducted to establish the effects of temperature differences
from room temperature to 1220°F, tubing lengths of approximately 11 in.
through 31 in. and three extra 900 bends in one tubing run. Test
conditions were :

e System mean pressure = 870 psia
Test fluid = helium
Generated pulse pressure = 60 psi

Pulse frequency = 29 HZ
Tube No. 1 = Tube No. 2 = 21 in.
Tube No. 3 and regenerator AP transducer removed and remaining

fittings capped.
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Tests were conducted to determine the effects of heating a six inch section
of sensing tube No. 1 while maintaining tube No. 2 at room temperature.
Figure 4-2,(a) shows photographs of the oscillograph traces of the
generated/system pulse pressures and the related differential pressure
transducer delta-P with both sensing tubes at 80°F. Perfectly matched
sensing tubes (i.e., both having the same natural frequencies) would
theoretically have a zero percent ratio of delta P to generated pulse
pressure. As shown in Figure 4-2,(a) the configuration tested resulted in a
ratio of 1.8%. The results of heating a 6 inch length of sensing tube No. 1
to 1220°F are shown by similar oscilloscope photographs in Figure 4-2(b).
A delta P to generated pulse pressure ratio of 7% was obtained at the higher
temperature. The results of these and other intermediate temperatures are
shown in Figure 4-3. As seen from these data, a pressure difference error
of approximately 7% would result at engine heater head temperatures of
1200° to 1250°F if no tube length/natural frequency corrections were

made.
Similar comparative test runs were made to evaluate the effects of different
sensing tube lengths and variations in bend configurations. The results are

summarized in Table 4-1.

Table 4-1. Effect of Tube Length on Pressure Transducer Phase Shift

TRANSDUCER SENSING TUBE LENGTHS (IN.) MAX A P/P
(REF. FIG. 4-1 NO. 1 NO. 2 NO. 3 %
COOLER AP 11.5 31.5 27.0 13.0
REGEN AP 11.5 31.5 27.0 16.0
COOLER AP 31.5 31.5 31.5 5.3
REGEN AP 31.5 31.5 31.5 6.7
COOLER AP 31.5 31.5% 31.5 5.7

*TUBE NO. 2 MODIFIED TO ADD 3 900 BENDS

As expected, equal sensing tube lengths resulted in considerably less error
in delta-P measurement (by a factor of 2.5:1) than the configured unequal
lengths. For the 31.5 inch tubes tested, errors of 5 to 7 percent remained
with equal lengths. The interaction of crosses, tees and transducer volumes
are believed to have introduced these residual errors. It is also noted
that, as theory predicts, negligible differences were obtained by adding
several 90° bends in one of the tubing runs.
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1) Input pressure pulse superimposed on transducer delta-P

2) Transducer delta-P
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1) Input pressure pulse superimposed on transducer delta-P

2) Transducer delta-P
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On the basis of the aforementioned test results, sensing tube lengths were
installed to provide estimated delta-P measurement errors of 7% or less for
the heater head fin/tube, regenerator, and cooler components.

4.2 DAS INSTALLATION
4.2.1 HARDWARE INSTALLATION
Installation of the DAS hardware was straightforward, with most attention

devoted to the unit interfaces. Since the 7854 digital oscilloscope can
sample only a single datastream at a time (chop mode permits rapidly
alternating the data sampling between two datastreams) a multiplexer was
required. The amps and time base plug-ins chosen for the scope had
specifications which allowed accurate sampling and display of the data
(waveforms). While some compensations could be performed by the scope,
others would be performed by the 4052 microcomputer. This latter unit also
controlled the multiplexer, acquisition of data by the scope and the Fluke
datalogger and data transfer between devices (especially output, to the
printer and/or plotter). The flexibility of the IEEE-488 bus is such that
equipment interconnection can be in any desired pattern (linear, star, etc.)
as long as cable lengths are not exceeded.

Figure 4-4 shows the Phase III DAS equipment as installed in the DAS section
of the engine/compressor test stand. The engine/compressor test area shown
in Figure 2-2 is in the adjacent cell to the right of Figure 4-4. The
existing DAS strip chart recorder and tape recorder units are shown adjacent
to the new equipment in Figure 4-5. Opposite to the setup shown in Figure
4-5 is the rest of the existing DAS equipment, as shown in Figure 4-6.

4,2.2 SOFTWARE DEVELQOPED

No software was available which would accomplish all the tasks required for
the Phase III testing. Some software for data transfer hetween the scope
and microcomputer and CRT screen graphing was acquired from Tektronix.
After evaluation, this software was found to be of limited utility in this
application. Therefore, a new code had to be developed for the DAS, in
order to fully exploit 1its power and capabilities to meet the test
requirements. This software is described below.
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4052 Microcomputer Software

The main system operating code controls the triggering, sequencing, and
acquisition of the various data streams. This code includes subroutines
which are transferred to the digital oscilloscope processor for integration
of the appropriate PdV traces. The code also formats data printout and
plots. The operating code flow chart is shown in Figure 4-7.

The DAS code (written in about 1200 lines of BASIC) instructs the 4052

microcomputer/controller to do the following:

1) Multiplex dynamic data channels in a chosen sequence.

2) Command the 7854 oscilloscope to acquire and store the incoming dynamic
signals (24 channels) 1in the correct mode (chop mode was used for
signals where phase shift errors could not be tolerated).

3) Trigger the Fluke Data Logger to acquire and store the steady state data
(108 channels) at the proper time.

4) After all data acquisition 1is complete, transfer data to the
microcomputer for subsequent display (screen and/or plotter) and
printout.

5) While the microcomputer is engaged in output activities, have the
oscilloscope simultaneously integrate PdV curves, transferring the
result when reaquested by the microcomputer.

6) Request keyboard inputs for the few readings still taken manually.

7) Print and plot all data and results in the desired format.

Input activities (items 1-3, above) require less than 20 seconds. This
includes switching amplifier settings several times in order to correctly
acquire the data. Since the engine is operating at steady-state during this
period, the acquisition can be considered real-time.

Output functions take considerably longer and are determined by the speed of
the mechanism peripheral devices. Printout requires several minutes and
each plot requires about 2-3 minutes. Storage of the dynamic waveform data
on tape takes about 5 minutes. In all, about 45 minutes are required for
the processing of each data point. Usually about 30-60 minutes is used
between data points to assure stable operation at the selected conditions.
Therefore, the DAS output time was a minor constraint on the test plan.
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The BASIC language operating code also included a number of performance
computations. Most of these were straightforward calculations of heat
inputs and losses (e.qg., combustor), as well as summaries.

7584 Oscilloscope Software

The oscilloscope processor employs a calculator-type 1language with RPN
Togic. A short program was written which performs the required f PdV or
FdX calculations for determining FPSE and compressor power.

The scope cannot directly calculate the area of a closed curve {e.g., PV
diagram). However, it can treat the separate waveforms making up the closed
curve and thereby arrive at the area. The algorithm is as follows:

V2 t2
Area = S pdv = S P(dV/dt)dt
Vi ty

where g! is the differentiated volume (or stroke) waveform. In computing
dt
the area, the scope multiplies the discrete points making up the pressure

waveform times the relevant slope, essentially performing a numerical
integration by quadrature. The same algorithm (in a subroutine) is used for
all the power calculations, but the constant multiplier corresponds to the
volume being considered. These constants are given in Table 4-2. For

accuracy, three cycles of each waveform are required and used in the

algorithm,
Table 4-2
7854 Oscilloscope Integration Constraints
(for J PdV)
PRESSURE SCALE [STROKE SCALE | CYLINDER
FACTOR, PSI/V |FACTOR, IN/V | AREA IN.2 | CONSTANT*
2ND GAS SPRING 100 0.2 11.6 2.622 x 10-2
COMPRESSION SPACE 100 0.2 5.01 1.132 x 10-2
DISPLACER GAS SPRING 100 0.2 1.58 | 3.571 x 10-3
COMPRESSOR CYLINDER 100 0.4 3.545 | 1.602 x 10-2
COMPRESSOR GAS SPRING 100 0.4 3.174 | 1.435 x 10-2

*CONSTANT = (P SCALE FACTOR)(STORAGE SCALE FACTOR)(AREA)(0.113x10-3 KW-SEC)
LBF-IN



4,2.3 SAMPLE DAS OUTPUT

A sample data output for a single test point is presented in Table 4-3
through Table 4-6 and in Figures 4-8 through 4-16. Table 4-3 presents an
overall summary of the major performance parameters and operating conditions
of the Proto 2 combustor/engine/compressor assembly. Table 4-4 presents
more detailed data on the combustor and compressor and Table 4-5 presents
more detailed data on the engine. Table 4-6 gives the temperatures measured
on the 108 locations in the test cell and test unit. (7777.7°F indicates

an open circuit).

Figure 4-8 shows the pressure and stroke histories and P-V diagram for the
engine second gas spring. The scale labels indicate the value of each
division of the scale. The pressure and stroke history diagram gives the
operating frequency of the unit, the piston stroke (relative to the
housing), the peak-to-peak pressure variation and the phase angle between
the stroke and pressure curves. The integrated value of the P-V diagram
(power consumed) by the second gas spring is given on the P-V diagram as
well. Figures 4-9 and 4-10 present similar data for the engine compression
space and displacer gas spring respectively. Figures 4-11 through 4-14
present similar data for the compressor upper cylinder, lower cylinder,
upper gas spring, and lower gas spring respectively.

The engine displacer to power piston motions and compressor piston to
compressor housing (power piston) motions are shown in Figure 4-15. The
upper figure shows the engine and displacer motions (displacer relative to
piston and piston relative to housing) with their relative phgse angle and
maximum (peak to peak)strokes. The lower figure shows the compressor piston
and compressor housing motions (both relative to the engine housing). The
compressor housing motion 1is the same as the engine power piston. Also
shown are the phase angle between the compressor piston and its housing
(engine power piston) and the maximum peak-to-peak strokes.

The measured pressure variations in the engine components are shown in
Figure 4-16. The wupper figure shows the variations in the engine
compression space and bounce space, and the peak-to-peak values of those
variations. The 1lower figure shows the pressure variations across the

engine heater head tubes (expansion space to regenerator), the regenerators

(in and out), and the cooler (regenerator to compression space).
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Table 4-3

FREE~-PISTON STIRLING ENGINE PERFORMANCE SUMMARY

TEST DATE 12/14/82 TEST TIME 14:24:16
ENGINE RUILD #1-65
FIRING RATE (HHV), KBTU/H. ... .. ... ... .. ... . ... .. ..... 76.42
AVERAGE HEATER TURE TEMPERATURE, DEG. F................ 1213.43
COMBUSTOR EFFICIENCY (HHVY, Z. ... . . . .. . . .. 56 .56
COMPRESSOR SUCTION PRESSURE, PSIA......... ... ... ... ..... 9%.00
COMPRESSOR DISCHARGE PRESSURE, PSIA. ... ...... .. .. ... ... 281.00
COMPRESSOR DISCHARGE TEMPERATURE, DEG. F............... 209.20
SUPERHEAT AT COMPRESSOR DISCHARGE, DEG. F.............. 88.00
COMPRESSOR PISTON STROKE, REL. TO POWER PISTON, IN..... 1.42
TATAL COMPRESSOR POWER, KW. ... ... .. ... .. . ... .. . . ... ... 1.7%
EXPANSION SPACE AVERAGE TEMPERATURE, DEG. F............ 1196.50
COMPRESSION SPACE AVERAGE TEMPERATURE, DEG. F.......... 276.20
POWER PISTON STROKE, ABSOLUTE, IN...................... 0.98
DISPLACER PISTON STROKE, REL. TO HOUSING, IN........... 1.66
DISPLACER TO POWER PISTON PHASE ANGLE, DEG............. 63 .86
OPERATING FREQUENCY, HZ. ... ... . . .. . . .. . 30.21%
SECOND GAS SPRING POWER, KW. ... ... ... ... ... ... . ... ... 0.28
INDICATED POWER, KW. ... ............. e 3.03
INDICATED EFFICIENCY, Z. ... . ... . . i 23.99
ENGINE/COMPRESSOR SHAFT EFFICIENCY, X.................. i6.114
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Table 4-4

FREE-PISTON STIRLING ENGINE DATA SUMMARY
COMBUSTOR AND COMPRESSOR

TEST DATE 12/14/82 TEST TIME 14:24:

ENGINE EUILD #1-65

COMBUSTOR (HHV.=1 . 02SKETU/FT3)

es wise G s wOE S S0t Cass GG NGB SO Gde M 4PES SSGC GSe MAS S0GS SIS Sele I ey Sean AP $90O AALS owl S 0e Sias

FIRING RATE, KEBTU/H. ... ... . e 76.

EXHAUST HEAT LOSS RATE, KBTU/H......... ... ... . ..... ... i9.
SHROUD HEAT LOSS RATE, KBTU/H. . ... ... ... ... ... ... ..... i3.
RATE OF HEAT INPUT INTO ENGINE, KBTU/H................. 43.
COMBUSTOR EFFICIENCY, Z. ... ... . . . i 56.
COMPRESSOR
SUCTION PRESSURE, PSIA. . ........... ... ... ... ... e 5.
SUCTION TEMPERATURE, DEG. F............. e 58.
- DISCHARGE PRESSURE, PSIA. . ... . ... ... .. ... .. . .. .. ... 281
DISCHARGE TEMPERATURE, DEG. F......... ... .. ... ... ...... 209.

COMPRESSOR PRESSURE RATIO. . ... ... ... . ... ... .. ... ......
COMPRESSOR PISTON STROKE, REL. TO POWER PIST., IN......
R-22 REFRIGERANT FLOW RATE, LEBM/H. ... ... ... ... ... ..... 23
COMPRESSOR CYLINDER POWER, KW........... ... ... ... ......

TOTAL COMPRESSOR POWER, KW...... ... ... ... . ......... ...
EVAPORATOR R-22 REFRIGERANT HEAT LOAD, KBTU/H..........
EVAPORATOR COOLANT HEAT LDAD, KBTU/ZH................... it
CONDENSER R-22 REFRIGERANT HEAT ILLOAD, KBTU/H...........

16

12
b4
43
06
56

00
40
00

20

2.96
1.42
8.80
i.43
COMPRESSOR GAS SPRING POWER, KW........................ 0.
i
0
b
4

32

1.78

.02
.10
Y-
CONDENSER COOLANT HEAT LOAD, KBTU/H... . ... ... .......... -32.
AVERAGE COOLANT TEMPERATURE, DEG. F.................... 94 .

64
40
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Table 4-5

FREE-~PISTON STIRLING ENGINE DATA SUMMARY - ENGINE

TEST DATE 12/14/82 TEST TIME 14:24:

ENGINE BUILD #{-6%5

ENGINE
RATE OF HEAT REJECTION TO COOLER, KETU/H...... ... ..... .
THERMAL POWER, KW. .. .. ...t
AVERAGE HEATER TUEE TEMPERATURE, DEG. F... .. ..... ......
HEATER TUEE PRESSURE DROP, PSI.. . .............. . ...
REGENERATOR PRESSURE DROP, PSI..............o.. . . .. ..
COOLER PRESSURE DROP, PSI. . e
COMPRESSION SPACE PRESSURE VARIATION, PSI. ... . .........
ENGINE PRESSURE RATIO. ... ...\
SECOND GAS SPRING PRESSURE VARIATION, PSI. .. ... .. ..... .
DISPLACER GAS SPRING PRESSURE VARIATION, PSI.. . ........
ENGINE CHARGE PRESSURE, PSIA. .. ...
ENGINE HOUSING MOTION, IN......... ... .
POWER PISTON STROKE, REL. TO HOUSING, IN...............
DISPLACER PISTON STROKE, REL. TO HOUSING, IN...........
COMPRESSOR PISTON STROKE, REL. TO HOUSING, IN..........
POWER PISTON STROKE, ABSOLUTE, IN......................
DISPLACER TO POWER PISTON PHASE ANGLE, DEG.............
COMPRESSOR TO POWER PISTON PHASE ANGLE, DEG............
OPERATING FREQUENCY, HZ. ... ... ...
COMPRESSION SPACE POWER, KW............. ... ... ...
DISPLACER GAS SPRING POWER, KUW... . ............. .. ... ...
SECOND GAS SPRING POWER, KW............... . o ...
INDICATED POWER, KW. ... ...... .o
HEATER TUBE PUMPING POWER, KW.. . .............. . ... ..
REGENERATOR PUMPING POWER, KW............... .. ... ... ...
COOLER PUMPING POWER, KW.............. ... ... .. . .. . ... ..
INDICATED EFFICIENCY, %. ... oo
ENGINE/COMPRESSOR SHAFT EFFICIENCY, %...... ... ....... ..
DISPLACER GAS SPRING HEAT FLUX, KETU/H. . ... ....... ... ..
PRESSURE VESSEL HEAT FLUX, KETU/H. . ................

228

Ol 2o
N oSOLIS P, 2o WO D

Ty

= oo O

ié

.28
.62

.43

a7

42
59
452 .
46
.50
20
00
20
16
b6
45

i0

.86
.86
.25
.96
.07
.28
.03
.35
.44
.74
.99
14
.00
.58



4-20

Table 4-6

Sheet 1 of 3

FREE-PISTON STIRLING ENGINE FLUKE DATALOGGER

TEST DATE 12/14/82 TEST TIME 14:24:16é
ENGINE RUILD #1-65
T/C NO DESCRIPTION DEG. F
i..... HEATER HEAD FIN, LOCATION C. 0 DEG.................... 7777.7
2.....HEATER HEAD FIN, LOC. D, 0 DEG... . ... ... ... ... ... . ..... ig29.9
. U REGENERATOR WALL, MID, 0 DEG..... 706.8
4. .... HEATER HEAD FIN, LOC. C, 90 DEG................. ... ... 1472 .6
S..... HEATER HEAD FIN, LOC. €, OUTSIDE, 90 DEG.............. 1263.8
6..... HEATER HEAD TUBE, LOC. E, 420 DEG. ... ... ... ... ... .... 1285.9
7o HEATER HEAD FIN, LOC. €, 180 DEG. . ....... ... ... ....... 7777.7
8..... REGENERATOR WALL, MID, 180 DEG........... ... ... ... ... 601 .4
@ HEATER HEAD FIN, LOC. D, 270 DEG... ... . ... .. ... ...... i764.9
10....HEATER HEAD TURE, LOC. A, 0 DEG....................... 1244.6
ii....REGENERATOR WALL, HOT SIDE, 0 DEG..................... 1146 .4
i2... REGENERATOR WALL, COLD SIDE, 0 DEG.................... 312.4
13....HEATER HEAD FIN, LOC. B, 120 DEG...................... 1432 .2
i4... .HEATER HEAD TUBE, LOC. A, 420 DEG. ... ... ... .. .. ........ 1199 .4
1S. .. .REGENERATOR WALL, HOT SIDE, i80 DEG................... 1070.7
i6... REGENERATOR WALL, COLD SIDE, 480 DEG.................. 292.5
17... .HEATER HEAD FIN, LOC. B, 240 DEG......... ... ... ... ... 7777.7
18... .HEATER HEAD TUBE, LOC. A, 240 DEG. ... ... ... ... ... .... 1229 .6
19....HEATER HEAD FIN, LOC. D, OUTSIDE, 270 DEG............. 1381.4
20... . ENGINE CYLINDER HEAD, LOC. D, 0 DEG................... 1220.9
21 ... .ENGINE CYL. WALL, 0.50 IN. FROM CLR., 0 DEG........... 899 .0
22....ENGINE CYL. HEAD, LOC. A, 480 DEG. ... ... ... . ... ....... 1226.2
23....ENGINE CYL. WALL, 0.50 IN. FROM CLR., 180 DEG......... P94 .1
24 ... .BURNER SUPPORT ROD......... e 928.8
25....DISPLACER GAS SPRING, SIDE WALL ... .................... 238.7
26....DISPLACER GAS SPRING, REAR WALL... ... ....... .. .. ...... 194.8
27....COMBUSTOR FLANGE, EXHAUST SEAL........................ 148.3
28....PREHEATER AIR, EXIT........ e e e 7777.7
29... . PREHEATER AIR, EXIT.. . .. . ... . ... 1057.8
30....PREHEATER AIR, EXIT. ... .. ... . . . . 744 .6
31. .. . PREHEATER AIR, EXIT. ... .. . . . .. i 737 .4
32, . HEATER HEAD AIR, EXIT.. ... ... ... . . ... ... . 1577 .8
33....HEATER HEAD AIR, EXIT. ... . ... .. ... . . . 1526 .5
34. .. .COMBUSTOR EXHAUST ... . ... . ... i 774 .4
35. .. . COMBUSTOR EXHAUST ... .. .. . . i i 783 .4
36... . COMBUSTOR EXHAUST . .. ... . ... 792.7
37... .PREHEATER SURFACE O.D.... ... . ... ... . ... ... .. 644 .4
38. .. CAMBIENT AIR. . ... . 86.9
39. .. .COMRBUSTOR AIR, INLET....... ... ... ... i 7.8
40. .. .NATURAL GAS, INLET..... .. ... ... . ... i 79.0
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Table 4-6 (Continued) Sheet 2 of 3

FREE-PISTON STIRLING ENGINE FLUKE DATALOGGER

TEST DATE {2/14/82 TEST TIME 14:24:16

ENGINE BUILD #1i-65
T/7C NO. DESCRIPTION DEG. F
44 .. . ENGINE COOLANT, INLET... . ... ... .. ... . . ... . . . . . . .. ... 76.5
42.. . .ENGINE COOLANT, QUTLET.. ... ... ... .. . . . . . . . . 142.3
43 ... .ENGINE COOLANT, HX OUTLET.......... e e 76 .2
44 ... BOUNCE SPACE, HELIUM... .. .. ... ... ... .. ..... e 224 .2
4% ... .PRESSURE VESSEL, TOP... ... ... .. ... . . . 212.14
46 . .. .PRESSURE VESSEL WALL, MID...... ... ... .. ... .. .. ... . ..., 211.5
47 ... .PRESSURE VESSEL, FLANGE. ... ......... ... ... ... ......... 1944
48. .. . ENGINE HOUSING, FLANGE............. .. e 182.14
49 ... ENGINE HOUSING DOME, TOP...... ... ... .. ... ... . . ... ... 197 .8
50... . ENGINE HOUSING DOME, BOTTOM......... ...... e 189.5
51....2ND GAS SPRING, HOUSING I.D...... ... ... ... .......... 7777.7
52....2ND GAS SPRING, HOUSING O.D........ J 173.7
53....2ND GAS SPRING, HELIUM. .. ... ... ... .. .. ... .. ... .. ... ... 195.6
54. .. .ENGINE CYLINDER, WALL........... ... . ... . . ... ... 207 .8
55, .. ENGINE COOLER, MID.. . ... . ... . . i 88.1
S6. .. .COMPRESSOR SUCTION, BEFORE FLEX HOSE.................. L“8.4
57....COMPRESSOR DISCHARGE, AFTER FLEX HOSE............. co..oo 2092
58. .. . COMPRESSOR SUCTION, INTERFACE RING.................... 67,3
59....COMPRESSOR SUCTION, UPPER MANIFOLD.................... 152.0
60... COMPRESSOR SUCTION, LOWER MANIFOLD................ . 20507
61... . COMPRESSOR DISCHARGE, UPPER MANIFOLD.................. 255.9
62....COMPRESSOR DISCHARGE, INTERFACE RING.................. 44 4
63... COMPRESSOR DISCHARGE, UPPER HEAD. .. ........ .. ......... 214 .4
64. .. .COMPRESSOR WALL, UPPER CYLINDER............. [ 215.7
65....COMP. UPPER GAS SPRING EXTERNAL VOL................ ... 185.6
66. .. . R-22 FLOW XGPMx4000%. .. .. ... .. ... . ... . ... . ... 4%6 .8
67... .0PERATING FREQUENCY XHZX............. ... ... ... ......... 30.3
68. .. .COMPRESSOR SUCTION, LOWER MANIFOLD.................. . 0.0
69... .COMPRESSOR DISCHARGE, LOWER HEAD..................... . 221.2
70. ... SUCTION COIL TUBRE, SKIN................. ... . ......... 178.2
7% ... .DISCHARGE COIL TUBE, SKIN................. ............ 239.3
72....COMBUSTOR SHROUD AIR, INLET........................... 4.2
73... .COMBUSTOR SHROUD AIR, INLET............ ... ... ......... 91.7
74. .. .COMBUSTOR SHROUD AIR, OQUTLET.......................... 24is.8
75... . COMBUSTOR SHROUD AIR, OUTLET... .. ... ... .. ... .. ........ 259.5
76....COMBUSTOR O.D., TOP, 0 DEG............................ 189.5
77....COMBUSTOR O.D., TOP, 90 DEG. .. ............. ... ........ ig82.0
78... .COMBUSTOR O.D., TOP, 480 DEG.......................... 179 .6
79... . COMBUSTOR 0.D., TOP, 270 DEG....... ... ... . ... . ........ 146 .7
80... .COMBUSTOR O0.D., RBOTTOM, 0 DEG.... ... ... .. ............ 161 .2
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Table 4-6 (Continued)

FREE-PISTON STIRLING ENGINE FLUKE DATALOGGER

Sheet 3 of 3

TEST DATE 412/14/82 TEST TIME 14:24:46
ENGINE RUILD #1-65
T/C NO DESCRIPTION DEG. F
84i....COMBUSTOR O0.D., EROTTOM, 90 DEG........ ... ... ... .. .... 7777 .7
82....COMRUSTOR O0.D., ROTTOM, 480 DEG.......... ... ... ... ..... 7777.7
83....COMBUSTOR 0.D., BOTTOM, 270 DEG..... ... ... ... ... ... 7777.7
84....COMBUSTOR SHROUD, ROTTOM CENTER....................... 74.0
85....REGENERATOR HELIUM, HOT SIDE, 0 DEG................ ... 1440. 4
86 ... REGENERATOR HELIUM, MID, 0 DEG............. ... ... ... ... 71%.2
87....REGENERATOR HELIUM, COLD SIDE, 0 DEG.................. 3i5.2
88... . REGENERATOR HELIUM, HOT SIDE, 480 DEG................. 1063.9
89... .REGENERATOR HELIUM, MID, 480 DEG...................... 604.4
?0....REGENERATOR HELIUM, COLD SIDE, 480 DEG................ 288.3
91... . EXPANSION SPACE . .. . ... . . . . e 1196.5
92....COMPRESSION SPACE . ... ... ... 276.2
93....HEAT FLUX, DISPLACER GAS SPRING XmV%............ e 6.0
94... HEAT FLUX, PRESS. VESSEL WALL @2 IN/0 DEG. XmUx. . .. ... 22.4
?5....HEAT FLUX, PRESS. VESSEL WALL @9 IN/0 DEG. XmVUx. . ... .. 21.9
?6. .. .HEAT FILLUX, PRESS. VESSEL WALL @16 IN/0 DEG. *xmVUXx... ... 25.4
97....HEAT FLUX, PRESS. VESSEL WALL @23 IN/0 DEG. xmVx... ... 23.6
98 ... .HEAT FLUX, PRESS. VESSEL WALL €9 IN/4i80 DEG. XmVXx.. ... i8.9
99....HEAT FLUX, PRESS. VESSEL WALL @16 IN/1i80 DEG. XmVxk. ... 18.0
100.. . CONDENSER UNIT, R~-22 INLET.. ... ... ... .. ... .. . ... . . ... 203.6
101.. .CONDENSER UNIT, R-22 OUTLET ... ... ... ... ... . .. 143.4
102.. .CONDENSER UNIT, COOLANT INLET......................... i10.0
'4103.. .CONDENSER UNIT, COOLANT OUTLET........ ... ... ... .. ... 102.4
104, . .R-22 FLOWMETER, INLET..... ... .. .. .. e, ioo.s
105.. .EVAPORATOR UNIT, R=22 INLET..... ... ... .. .. .. . .. 49 .2
106.. .EVAPORATOR UNIT, R-22 OUTLET. .. .. ... ... ... . . ... 47 . 4
107.. .EVAPORATOR UNIT, COOLANT INLET.......... ... .. ......... 60.0
108.. .EVAPORATOR UNIT, COOLANT OUTLET...................... . 51.0
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The sample output shown for one test (Build 1-65 on 12/14/82 at 14:24 hours)
illustrates the capability of the DAS to acquire, process and display the
test results from a given run in a useful and consise format. This
capability was a substantial improvement over the previous Phase II system
and significantly aided in the performance verification and diagnostic
analyses of the tests. (Use of these data and their interpretation are
covered in Section 5.)

4.3 CHECK OUT TESTS

4.3.1 FUNCTIONAL PERFORMANCE

New Instrumentation Check-0Qut

Pre test functional check-outs were conducted to assure satisfactory
operation of the combustor/engine/compressor assembly after beihg
re-instrumented and re-assembled, and to verify that the new instrumentation
and data acquisition system were functioning properly. Two hardware
problems were experienced during check-out, the first a "third" gas spring
effect and the second an LVDT tie-rod breakage.

e Third gas spring - an oversight in the design of the new compréssor
piston LVDT housing assembly resulted in a trapped volume between the
outer housing and the LVDT housing. As previously shown in Figure 3-4,
the LVDT housing is mounted directly to the compressor housing and as
such is an integral part of the power piston assembly. Not only does
the LVDT housing oscillate with the power piston relative to the outer
housing, it also provides the linear bearing/rider ring support for the
power piston upper bearing assembly. The rider ring, while not an
efficient seal ring, was effective enough to seal the trapped volume and
provide a sufficient gas spring effect to significantly restrict the
power piston stroke. The problem was resolved by providing appropriate
vent passage under the rider ring. ‘
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© LVT tie-rod breakage - the LVDT tie-rod, connecting the LVDT core to
the compressor piston, broke after a relatively short period of
operation. The fracture occurred at the root of a thread where the rod
was threaded into the end of the compressor piston. The problem was
resolved by the procurement of new, straighter, ground-finish rods, and

increasing the thread size.

Aside from these two initial difficulties, the functional checkout of the
test hardware and instrumentation proceeded smoothly and no further
difficulties were experienced throughtout the tests.

4,3.2 DAS ERROR ANALYSIS

During check out tests of the DAS, a number of anomalies were uncovered and
resolved. The measured second gas spring power was significantly lower than
in previous Phase II tests and exhibited substantial scatter from test to
test. Indicated engine power was less than the sum of compressor power plus
second gas spring power. In addition, the DAS computed compressor cylinder
power differed from planimeter integrations of the P-V diagrams. These
observations led to several check-out tests of both the instrumentation/
conditioning equipment and the DAS to resolve the problems. These

activities are described below.

Phase Shift Error Analysis
A check of the power piston LVDT and pressure traces during early tests

disclosed a differential phase angle between the signals. The LVDT
conditioning equipment introduced a 11.5° phase lag, while the pressure
transducer signal conditioning equipment added only a 4.5° lag. An error
analysis was performed as follows: '

1. The test run signals had been stored on a digital tape; these were
then read by the microcomputer.

2. A PdV integration was performed numerically on the microcomputer.
The value agreed with what had been calculated by digital
oscilloscope during the tests.

3. A phase shift error was artificially introduced into the data (by
displacing the digitized points representing one trace relative to
the other) and the PdV integrated again. The sensitivity to this
error is appreciable as the trend in the upper curve of Figure 4-17

shows.
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A phase shift correction (a time delay device) was then added to the
compression space pressure transducer circuit. This device was set to
provide an additional 7° phase shift to the pressure signal, such that its
phase lag was 11.50, (no differential phase angle between pressure and
piston motion signals). It was observed in subsequent tests that the
compression space power was now higher than before. The compression space
signals were stored on digital tape, at 1024 points per waveform. The phase
shift error analysis on this data was repeated and the results are shown as
the upper curve (solid line) of Figure 4-17. Controlling the phase shift
error to within one degree results in an error of less than 10% in power.

Displacer Gas Spring

The phase shifts on both pressure and motion traces for the displacer gas
spring were 11.50, so no adjustments were required. Since the displacer
gas spring power is about one-half of the compression space power, its
sensitivity to a phase difference is approximated by the lower (dashed)
curve on Figure 4-17.

Second Gas Spring
The anomalies and scatter in second gas spring power measurements led to a

check of the signal conditioning equipment. Drifting of the pressure zero
was observed, and the transducer was re-calibrated. This only partly
corrected the problem. Further checking uncovered a malfunctioning switch
on the signal conditioning filter. The entire conditioning circuit was
replaced, and the signals re-calibrated. An examination of the phase shift
error showed both pressure and motion traces had an 11.5° lag, requiring

no correction.

An error analysis similar to the one for the compression space was performed
to ascertain the sensitivity of the second gas spring power to a phase
shift. The results are given in Figure 4-18. The absolute value of the
error is about 0.07 kw/degree of phase shift, about the same as for the
compression space. However, the second gas spring power is much Tlower, so
the relative (%) error is considerable: about 50%/degree. Second gas
spring power was, therefore, carefully interpreted 1in the reduction and
interpretation of test results.
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Compressor

The compressor sensors and signal conditioning equipment are all from one
manufacturer (the same as the second and displacer gas springs, which did
not show phase shift mismatches). Error trends were, therefore, estimated
to be similar to those discussed above (i.e., ~ 0.07 kw/degree).

Compressor Power Algorithm

The observed anomalies in the compressor power calculations noted earlier
were found to be caused by the particular integration algorithm used. The
pressures within the compressor were measured as absolute pressures (all
others used in PdV integrations were pressure differences), and entered the
algorithm in the following manner:

ty
J/’ [P(t)+P] (dv/dt)dt,

t

where P = the mean pressure, This was verified by splitting the
integration into its two components:

f[P(t)] (dv/dt) dt + /E (dv/dt) dt

Separate integrations were performed onm the oscilloscope for the complete
equation and of each component. As expected, the individual component power
values added up to the power calculated by the initial equation. This
confirmed the approach to modify the algorithm.

The mean pressure of each trace was subtracted/added to the original values

and the vresulting +trace was then used in subsequent P(dv/dt) dt
integrations.
Checks on this technique showed consistent results, which agreed with

planimeter integrations of PdV traces.

Additional Error Analyses

The digital oscilloscope provides many features and options in acquiring and
storing waveforms: the number of points per waveform; waveform averaging
over a number of cycles; and waveform smoothing. The sensitivity of the
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power calculations to these parameters was examined, and is presented in
Table 4-7. As shown, the differences between options was small. 128
points/waveform acquisition, with no additional waveform processing, was
chosen for all test runs. This minimized the data acquisition and
processing time, while maximizing memory use (i.e., 40 waveforms can be held
in RAM at this resolution).

The effect of engine housing motion on second gas spring power was also
evaluated. The results show that about half the power dissipated in the
second gas spring is contributed by housing motion. This effect was not
evaluated further for its design implications, but warrants further
investigation.

Error Summary

During the DAS checkout phase, the principa] sources of errors and
inaccuracies were investigated and corrected. Instrument error was
minimized by calibrating all LVDTs and pressure transducers. Errors on
these instruments are approximately + 2% and + 0.5% respectively. Signal
conditioning equipment drift was minimal as it is never turned off. The DAS
introduces some additional error (+ 2%, on the amplifiers), including the
somewhat coarse quantization of 128 points/waveform used.

In general, the total error between power measured/calculated appears well
within + 5%. A review of the test data (Section 5) bears this out;
comparison of the two high power points (tests #30 and 33) shows very
consistent results and trends. However, the second gas spring power does
vary significantly: observation of the P-V diagram on the oscilloscope
during testing showed an unsteady P-V diagram. Since the total power
consumption of the second gas spring is relatively small, the overall effect
on total system power is small. However, when interpreting small changes in
engine/compressor operation, the variability of second gas spring power must
be taken into account. A further discussion of this effect is presented in

Section 5.
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Table 4-7. Sensitivity of Power Calculation to Waveform Parameters
AVERAGING OF WFM SMOOTHED NORMALTZED
CASE NO. POINTS /WAVEFORM OVER 10 CYCLES WAVEFORM POWER
128 NO NO 1.0
512 NO NO 1.022
! 128 YES NO 0.997
128 NO YES 0.971
128 NO NO 1.0
512 NO NO 0.989
‘ 128 YES NO 1.017
128 NO YES 0.986

*Represents an average of

10 computations, performed at slightly different
times around the data point (analog tape used for signals)
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The results of the Phase IIIB test program and interpretation of those
results are presented in this section. Much of the interpretation is based
on previous Phase II results and analyses which are only briefly capsuled
here for completeness. Reference 1 presents the detailed results of the
Phase II program.

5.1 TEST PLAN

The Phase IIIB test plan established the procedure and test matrix to be
followed in conducting the Phase IIIB integrated tests of the Proto 2
FPSE/Linear Compressor Unit.

5.1.1 TEST OBJECTIVES
The objectives of Phase IIIB testing, Tisted in order of their priority were:

1) To verify compressor performance as previously established on the
compressor test stand. Compressor performance was to be determined by
measurements of compressor power, compressor piston stroke, and
compressor piston phase angle.

2) To verify engine/compressor matching. Matching was to be determined by
recording frequency, stroke, and power level as a function of compressor

conditions and heater head temperature.

3) To tune engine/compressor dynamics to achieve maximum engine
performance. Engine power was to be measured as the sum of second gas
spring power plus total compressor power absorbed. Engine efficiency
was to be measured as power delivered divided by heat into the heater
head.

4) To obtain component level test data on the regenerators, heater head,

cooler, displacer gas spring, and combustor.

5-1



5.1.2 TEST MATRIX

The test points required to fulfill the purposes outlined above are
discussed in this section. Test points were established for each area of
priority. However, to make the most use of test time and resources, the
data from individual test points were used in satisfying more than one test

objective.

Compressor Performance

The linear inertial compressor had been operated on a component test stand
in Phase II which excited the compressor housing at specified strokes and
frequencies. Compressor power and compressor piston stroke and phase angle
were measured. Stroke was held constant while frequency was increased.
Such maps were compared to theoretical predictions of compressor performance
determined from the compressor code. The code was calibrated in this
fashion. Typical code predictions for compressor performance are shown on
Figure 5-1. In integrated testing (with the engine), compressor housing
strokes and frequency cannot be independently held constant. 1In Phase II
integrated testing, the compressor piston motion was not measured. In the
testing planned for Phase IIIB, this motion was to be measured.

To verify compressor performance, the engine was to be operated over a range
of strokes and frequencies and the code run for the conditions of each test
point. Code predictions of useful power, gas spring power consumption,
piston stroke, and phase angle, were then to be compared with test
measurements, and the compressor performance 4] verified. The
engine/compressor confiquration during this testing was to be that of Build
1-64, as shown in Table 5-1. This would allow comparison with previous
integrated tests and component test results. The test points to be run to
generate this data are shown in Table 5-2.

Engine/Compressor Matching

The understanding of engine/compressor matching prior to the tests is shown

in Figure 5-2. For a given heater head temperature and frequency, the free
piston engine delivers power along a single power versus stroke curve.
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TABLE 5-1
CONFIGURATION OF BUILD 1-64

ENGINE TYPE PROTO 2 BASELINE
DISPLACER ROD DIAMETER 1.416 IN.
DISPLACER GAS SPRING VOLUME 12.57 IN3
SECOND GAS SPRING AREA 11.6 IN2
SECOND GAS SPRING VOLUME 81 N3
REGENERATOR MATRIX POROSITY 80%

COMPRESSOR PISTON WEIGHT 9.65 LBS.



TABLE 5-2
TEST POINTS FOR COMPRESSOR PERFORMANCE VERIFICATION

BUILD HEATER HEAD SUCTION DISCHARGE REGULATOR
CONFIGURATION TEMPERATURE PRESSURE PRESSURE PRESSURE
1-64 12500F 80 PSIA 160 PSIA NONE
1-64 12500F 8 " 200 " NONE
1-64 12509F 8 " 240 NONE
1-64 12500F 9 " 288 " NONE
1-64 12500F 9% * 200 " NONE

FIRING RATE AS REQUIRED
COOLANT TEMPERATURE - 700F

G-G



POWER

OPERATING
POINTS

ENGINE POWER
1250°F

ENGINE POWER
1050°F

/ COMPRESSOR POWER
ABSORBED CURVES FOR
VARIOUS SUCTION AND
DISCHARGER CONDITIONS

__ SECOND GAS SPRING
—_— POWER ABSORBED

POWER PISTON STROKE

Figure 5-2. ENGINE-COMPRESSOR MATCHING CHARACTERISTICS
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For given compressor suction and discharge conditions and driving frequency,
the compressor and second gas spring absorb power along a single power
versus stroke curve. The operating point of the engine will be where these
curves intersect. As frequency or compressor conditions change, the
compressor curve will shift and a new operating point will occur. If firing
rate is controlled to insure a constant heater head temperature, the new
operating point will remain essentially on the same engine curve (frequency
has a much smaller effect on the engine curve than it does on the compressor
curve). If firing rate is held constant, the heater head temperature Wi11
change until the engine curve (at the new temperature) intersects the new
compressor curve at the original firing rate.

To evaluate this technique for engine/compressor matching, and to quantify
its predictive usefulness, the test matrix shown in Table 5-3 was to be
conducted. This matrix was designed to move the operating point to the six
locations shown in Figure 5-2. After this series of tests, the compressor
conditions were to be changed while maintaining a constant firing rate. It
was expected that the engine would operate at a lower heater head
temperature. Based on the quantitive understanding of matching at the time,
a change to the compressor configuration would then be made to raise the
heater head temperature to the original level. This test 1is defined in
Table 5-4 and described graphically in Figure 5-3.

Maximum Engine Performance

Following the compressor performance verification and engine matching tests,
the engine was to be run for maximum power output. It was expected that
this would occur at the highest allowable stroke and heater head
temperature. Based on the engine/compressor matching results, a compressor
configuration was to be chosen which would permit the engine to operate in
this range. This test point is shown in Table 5-5.

Component Level Performance

For the entire series of integrated tests described above, component level
instrumentation installed on the engine would measure hot side gas
temperature, pressure and temperature drops across the regenerator,

displacer gas spring heat flux, combustor heat loss, and compressor piston

stroke.



TABLE 5-3
ENGINE/COMPRESSOR MATCHING TEST POINTS

BUILD HEATER HEAD SUCTION DISCHARGE REGULATOR
CONFIGURATION TEMPERATURE PRESSURE PRESSURE PRESSURE
1-64 12500F 80 160 NONE
1-64 12500F 80 200 NONE
1-64 12500F 96 288 NONE
1-64 10500F 80 160 NONE
1-64 10500F 80 200 NONE
1-64 10509F 96 288 NONE

FIRING RATE AS REQUIRED
COOLANT TEMPERATURE - 70Q0F

8-G



TABLE 5-4
CONSTANT FIRING RATE ENGINE/COMPRESSOR MATCHING TEST POINTS

BUILD HEATER HEAD FIRING SUCTION DISCHARGE  REGULATOR
CONFIGURATION TEMPERATURE RATE PRESSURE ~ PRESSURE PRESSURE
1-64 12500F AS REQ'D 80 200 NONE
1-64 18D UNCHANGED 96 288 NONE
TBD 12500F UNCHANGED 96 288 T8D

COOLANT TEMPERATURE - 709F



POWER

Figure 5-3.

POWER PISTON STROKE
ENGINE-COMPRESSOR MATCHING WITH CONST. FIRING RATE
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TABLE 5-5
MAXIMUM ENGINE POWER TEST PQINT

ENGINE
BUILD HEATER HEAD STROKE SUCTION DISCHARGE  REGULATOR
CONF IGURATION TEMPERATURE RELATIVE  PRESSURE  PRESSURE PRESSURE
TO HSG.
T8D 12500F ~1.3 IN. T8D TBD TBD

COOLANT TEMPERATURE - 70°F
FIRING RATE AS REQUIRED
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These were to be monitored during the testing described above and would
allow estimates of regenerator effectiveness, flow work, heater head
conductance, displacer gas spring Tlosses, and combustor efficiency. The
equations used in making these estimates are shown in Table 5-6. The
component Tlevel data taken during the previous tests were then to be
reviewed when these tests were completed. Those data which appear to be
most fruitful in evaluating the underlying physical mechanisms of the real
Stirling cycle would then be supplemented by a final series of tests. A
separate plan was planned to be issued at this time. (Due to rescoping of
the program, these supplemental tests were not run. However, the component
test data obtained during the preceding tests were used to address this test
objective.)

5.2 TEST DATA AND MAJOR RESULTS
Tests were run to meet the requirements of the approved Test Plan after the

check-out tests were completed. Each test has a complete DAS output data
set, such as the example given in Section 4.2.3, where available (in some
tests, complete output data sets could not be obtained due to instrument
failures, data logger failure, etc.). The data sets are presented in
Appendix B.

The objectives and general results of the tests are summarized in Table
5-7. Table 5-8 presents a summary of test results, highlighting the major
test parameters and adding several calculated values to the results,
including the Beale number. Table 5-9 gives the definitions for the terms
used in Table 5-8.

As noted in Table 5-7, tests 1 through 6 have some questionable results due
to minor signal conditioning and algorithm errors. These data have been
used only to supplement the data obtained in Test 7 through Test 33. Tests
7 through 13 were run according to the test matrix at design charge pressure
with no compressor pressure regulator (compressor gas springs fed by
compressor suction gas). Tests 14 through 21 were run at similar conditions
but with the compressor regulator installed and set at various levels. From
these tests a compressor regulator pressure of 95 psia was determined to be
near-optimum for most test conditions. Tests at higher engine charge
pressures were then run (Tests 22-30). These tests achieved the highest
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Table 5-6.

TEST MEASUREMENTS AND DATA REDUCTION MODELS

PRIME TRANSDUCERS

EQUATIONS OR MODELS
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(b)

(c)

(d)

TABLE 5-6
NOTES
Touax = MAXIMUM FLUID TEMPERATURE @ HEATER END OF REGENERATOR
Tyry = MINIMUM FLUTD TEMPERATURE @ COOLER END OF REGENERATOR
Tyury = MINIMUM FLUID TEMPERATURE @ HEATER END OF REGENERATOR
oo Crax * Ty
AVG 2

THERMODYNAMIC EFFECTS (I.E., HEATING/COOLING FROM FLUID COMPRESSION/EXPANSION)
ARE IGNORED; THE ERROR SHOULD BE SMALL (SEE A. SCHOCK "STIRLING ENGINE NODAL
ANALYSIS", J. ENERGY 2, 354 (1978))

QIN CAN BE COMPUTED, IF THE COMBUSTOR n AND CONDUCTION LOSSES ARE KNOWN, THUS:

(MFUEL) (HHV) - COMBUSTOR LOSSES

NcoMB
(mFUEL)(HHV)

AND CONDUCTION LOSSES ALONG ENGINE =(K)(A)(aT). ALSO,THE FLUID TEMPERATURE Ty IS
A TIME-AND-POSITION AVERAGE ONE.

QOUT = me AT OF CQOLING WATER.

ALTERNATELY, FROM AN ENERGY BALANCE ON THE HEATER CONTROL VOLUME, ASSUMING

WORK ~ 0, KINETIC ENERGY ~ 0, AND IDEAL GAS BEHAVIOR (He IN THE PRESSURE/TEMP-
ERATURE RANGE OF INTEREST HAS COMPRESSIBILITY ~ 1; ALSO, ITS ENTHALPY # f (PRESS),
AS FOR AN IDEAL GAS, THEREFORE IDEAL GAS ASSUMPTION VALID):

dQ + h dmIN - h dm = dU

ouT
WHERE dU = Cy (Tgy - Tour), AS FOR AN IDEAL GAS AND THE MASS FLOWS CAN BE
(APPROXIMATELY) DETERMINED FROM THE DISPLACER AND PISTON MOTIONS. THE ENTHALPIES,
h, CAN BE DETERMINED (AS FOR IDEAL GAS) SINCE TIME - VARYING INLET AND OUTLET GAS
TEMPERATURES WILL BE MEASURED.
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TABLE 5-6
(CONT.)

NOMENCLATURE

T = TEMPERATURE

P = PRESSURE

X = STROKE

W = WORK

t = TIME

A = AREA

FREQ = OPERATING FREQUENCY

U, K = HEAT TRANSFER COEFFICIENTS

Q = HEAT
m = MASS
h = ENTHALPY

NOTE: A PERIOD ABOVE A PARAMETER DENOTES A DERIVATIVE WITH
RESPECT TO TIME

SUBSCRIPTS

H = HEATER; HOT FLUID; HOUSING

C = COOLER; COLD FLUID; COMPRESSOR

D = DISPLACER

P = PISTON (POWER)

/G = WITH RESPECT TO GROUND (I.E., ABSOLUTE)
W = WALL

GS = GAS SPRING

CH = CHARGE (I.E., AVERAGE)



Table 5-7. PHASE IIIB TEST HISTORY
TEST NO OBJECTIVES RESULTS !
PRIOR TO Check-Out Runs ® Corrected Signal Conditioner Errors
11/5/82 @ Corrected Algorithm Errors
1 -6 Test Matrix Points & Corrected Remaining Signai Conditioning Errors
(Incomplete & Used @ Corrected Remaining Algorithm Errors
Only as Supplemental) @ Engine Overstroking Due to Compressor Mis-Match
® Ran Low Compressor Suction Pressure Cases
7 -13 Test Matrix Points e Data With No Gas Spring Regulator
¢ Established Compressor Stall Limit
14 - 21 Test Matrix Points e Data w/Gas Spring Regulator @ Various Settings
e Optimized Gas Spring Reguiator Setting
© Established Part of Compressor Map
22 - 30 Test Matrix Points @ Data with Engine at Various Charge Pressures
® Achieved Maximum Power Points
e Establish Rest of Compressor Map
¢ Established Engine Map
31 - 33 Test Matrix Points ¢ Repeated Maximum Power Point
& Dynamic T/C Test ¢ Ran Constant Firing Rate Tests
Attempt © Dynamic T/Cs Installed - Inconclusive Tests

9L-9



Table 5-8. TEST RESULTS SUMMARY

TEST# 1 2 3 4 5 8 7 8 9 10 11 12
BUILD# 1-65 1-65 1-65 1-65 1-65 1-65 1-65 1-65 1-65 1-65 1-65 1-65
DATE 11/5/82 11/5/82 11/11/82 11/16/82 11/16/82 11/16/82 11/19/82 11/19/82 11/22/82 11/22/82 t1/22/82 11/22/82
TIME 14219 15:21 11322 10:59 11:57 13100 9101 10:286 10:50 11341 13:17 13:54
PCHARGE, PSIA 885, 00 885.00 885.00 888.00 885,00 928.00 885.00 885.00 885.00 885.00 885.00 885.00
Q FIR. RATE,KBTU/H 49.81 60.41 49.67 53.13 64,08 66.66 38.566 47.68 §2.22 65.38 66.60 68.22
Q COOLER,KBTU/H 23.82 31.21 24.82 23.69 26.38 32.48 13.69 23.85 23.68 27.92 29.19 27 .63
COMBUST ETA(HHV) % 69.90 538,95 66.88 53.40 53.51 56.80 67.09 60.21 61.00 65.86 54,90 657.81
T HOT,DEG F 1045.00 1056.00 1063.00 1221.00 1245.00 1142.00 1063.00 1037.00 1042.00 1237.00 1236.00 1242.00
COMP DISCH P,PSIA 201.00 269.00 176.00 167.00 203.00 255.00 163.00 197.00 237.00 201,00 220.00 207.00
CoMP SUCT P,PSIA 95.00 103.00 8z2.00 77.00 82.00 85.00 81.00 81.00 82.00 95.00 90.00 79.00
PRESS RATIO 2.12 z2.61 2.15 2.17 2.48 3.00 2.01 2.43 2.89 z2.12 2.44 2.62
R-22 FLOW,LBM/H 231.00 188.00 217.00 368.00 417.00 6886.00 254.00 190,00 183.00 418.00 353.00 301.00
GAS SPRG REG,PSIA 108.00 108.00 108.00 - - - - - - - - -
FREQ, HZ 26.81 28.41 26.47 25.2% 26.23 28.16 25.17 26.01 27.36 26.687 27.00 26.25
X P/G,IN 0.93 1.11 0.94 0.89 1.02 1.05 0.80 0.89 0.94 1.03 1.08 1.00
X P/H,IN 1.12 1.32 1.11 1.05 1.19 1.24 0.94 1.05 1.11 1.22 1.25 1.18
X D/H,IN 1.563 1.63 1.67 1.77 1.85 1.74 1.54 1.62 1.44 1.87 1.88 1.87
DISPL/PIST,DEG 72.00 70.00 66.00 54.00 54.00 568.00 63.00 66.00 72.00 54.00 565.00 56.00
X C/P,IN 1.24 1.27 1.38 1.51 1.62 1.35 1.33 1.386 1.45 1.47 1.51 1.67
COMP/P1ST,DEG - - - - - - - - - - - -
HTR DELP,PSI 13.60 16.08 13.54 13.13 165.17 17.06 10.84 13.07 13.42 16.88 16.70 15.41
REG DELP,PSI 16.93 23.28 16.76 14.00 16.82 21.68 12.83 16.12 17.83 17.48 18.40 16.82
CLR DELP,PSI 28.77 34.28 28.42 22.50 27.13 33.87 21.33 27.83 28.66 27 .48 29.47 27.83
coMp SP DELP,PSI 318.00 387.00 303.00 262.00 298.00 362.00 244.00 288.00 322,00 313.00 328.00 308.00
SECOND G5 DELP,PSI 155.00 239.00 180.00 147.00 188.00 214,00 117.00 145.00 172.00 187.00 197.00 177.00
COMP SP POWER,KW - - - 1.38 1.65 1.57 0.92 1.08 1.04 1.82 1.67 1.61
DISPL GS POWER,KW - - - 0.686 0.82 0.94 0.54 0.67 0.72 0.83 0.87 0.80
INDICATED POWER,KHW - - - 2.01 2.47 2.51 1.48 1.72 1.77 2.45 2.53 2.41
INDICATED EFFIC,% - - - 24.20 24.61 22.58 22.63 20.48 18.93 22.87 23.99 20.88
COMP CYL POMWER,KHW 0.88 0.78 1.12 1.39 1.62 1.45 0.99 1.00 1.10 1.87 1.867 1.58
COMP G5 POWER,KW 0.17 0.18 0.28 0.22 0.25 0.27 0.186 0.18 0.23 0.25 0.z8 0.28
COMP TOTAL PHWR,KW 1.05 0.98 1.40 1.61 1.87 1.72 1.15 1.18 1.32 1.92 1.95 1.85
SECOND GS POMWER,KN - - 0.20 0.18 0.21 0.23 0.15 0.26 0.13 0.25 0.22 0.26
OTHER DISSIP,KW - - - 0.22 0.39 0.56 0.186 0.28 0.32 0.28 0.38 0.30
BEALE NUMBER - - - 0151297 .01575660 .0137248 .0123148 .0125686 .0116311 .0150269 .0149600 .0155271
2GS VOL MODUL ) - - .0794815 .0751852 .0852099 .0887801 .06873086 .0751852 .0794815 .0873880 .08385062 .0844938

-
4 nn s nTe Ane = na Foged NANAY LR 4 NOATA NN ana nna Aao
zes Q!ECTD V'I'L‘IZ - = 10075557 .007:2 7 -cc.l's '8 a Vv AQ 10 IVV\JSSS\J -V\IBSSDL .VV"lslU AOVOQIQ .vOoJ‘voA .vv33\)'vo

SoaAr yRu /T

AR



TEST# 13
BUILD# 1-65
DATE 11/22/82
TIME 14134
PCHARGE, PBIA 885.00
Q FIR. RATE,KBTU/H 61.64
G COOLER,KBTU/H 26.64
COMBUST ETA(HHV) X% 56.73
T HOT,DEG F 1225.00
COMP DISCH P,PSIA 211.00
COMP SUCT P,PSIA 65.00
PRESS RATIO 3.25
R-22 FLOW,LBM/H 200.00
GAS SPRG REG,PSIA -
FREG,HZ 26.04
X P/G,IN 0.99
X P/H,IN 1.15
X D/H,IN 1.81
DISPL/PIST,DEG 59.00
X C/P,IN 1.63
COMP/PIST,DEG -
HTR DELP,PSI 14.83
REG DELP,PSI 16.12
CLR DELP,PSI 26.84
COMP SP DELP,PSI 307.00
SECOND GS DELP,PSI  160.00
COMP SP POWER,KW 1.51
DISPL GS POWER,KW 0.77
INDICATED POMWER ,KW z2.28
INDICATED EFFIC,% 22.20
COMP CYL POMWER,KM 1.35
COMP GS POWER,KW 0.33
COMP TOTAL PWR,KW 1.68
SECOND 65 POWER,KW 0.35
OTHER DISSIP,KK 0.25
BEALE NUMBER .0151943
2G5 VOL MODUL,(-) .0B823457
265 DISSIP,KJ/HZ  .0134409

14
1-85

11/30/82

10:27
850.00
66.47
27.65
54 .97
1232.00
197.00
80.00
2.48
330.00
80.00
26.56
0.99
1.18
1.79
59.00
1.56
28.00
i5.12
17.05
28.24
319.00
182.00
1.65
0.83
2.489
23.22
1.69
0.30
1.89
0.13
0.37

.0157662
.0844338

15
1-65
11/30/82
11209
885.00
73.93
32.66
57.54
1210.00
233.00
58.00
3.95
179.00
80.00
27.00
1.08
1.28
1.90
61.00
1.68
z0.00
i7.35
18,40
33.11
355.00
207.00
1.83
0.98
2.81
22.53
1.43
0.40
1.83
0.13
0.85
.01622863
.0918543
.0048148

Table 5-8. Continued
i6 17 18 19 20

1-65 1-66 1-68 1-65 1-85
12/02/82 12/10/82 12/10/82 12/10/82 12/10/82
13:3% 8364 91561 10:39 11:39
885.00 885.00 890.00 890.00 885.00
54.42 42.39 51.08 855,21 58,20
23.29 21.13 2%5.44 29.31 25.28
53.27 55.03 60,29 58,94 54.43
1243.00 1049.00 1040,00 10568.00 1260.00
163,00 158.00 185.00 228.00 160.00
77.00 80.00 82.00 82.00 80.00
2.12 1.99 2.38 z2.79 2.00

327.00 243.00 186.00 140.00 -

80.00 95,00 9%.00 85.00 896.00
25.46 25.75 26.50 27 .54 26.00
0.94 0.88 0.88 1.03 0.98
1.10 1.04 1.13 1.23 1.15
1.79 1.62 1.87 1.74 1.85
53.00 61.00 66,00 66.00 54,00
1.54 1.31 1.32 1.36 1.50
32.00 26.00 18.900 16.00 29.00
13.306 iZ2.48 i4.08 i8.00 i4.65
14.41 15.12 17.63 20.04 15.59
21.74 23.56 29.83 33.22 24.79
274.00 277.00 323.00 363.00 297.00
166.00 142.00 167.00 193.00 173.00
1.44 1.05 1.16 1.25 1.56
0.67 0.61 0.76 0.86 0.78
2.11% 1.65 1.92 2.11 2.31
24.84 24.16 21.24 22.08 24 .48
1.44 1.01 0.98 0.97 1.45
0.27 0.20 0.21 0.21 0.18
1.71 1.2¢ 1.19 1.18 1.83
0.14 0.14 0.32 0.29 0.20
0.26 0.30 0.41 0.64 0.48
,0150355 .0122959 .0127238 .0123610 .0154180
.0787654 .0744691 ,0809136 .0880741 ,0823457
.00%54988 .0054369 .0120755 .0105301 .0076923

21
1-65
12/10/82
12:36
885.00
66.96
30.08
56.25
1218.00
200.00
80.00
z2.50
279.00
86.00
27.00
1.07
1.26
1.90
68.00
1.47
24.00
i6.7%6
19.28
31.23
3562.00
187.00
1.87
0.89
2,586
23.18
1.48
0.28
1.78
0.35
0.45
.0161374
. 0885062
.0129630

22

1-65
12/13/82
11:20
985.00
§8.89
25.186
54.09
1251.00
163.00
80.00
2.04
318.00
85.00
26.56
0.91
1.07
1.72
§3.00
1.49
27.00
id.z4
16.486
24.20
288.00
173.00
1.50
0.72
2.2z
23.79
1.49
0.28
1.78
0.17
0.27
.0140066
.0766173
. 0064006

23

1-65
12/13/82
11:568
1085.00
59.87
26.07
66.07
1247.00
162.00
81.00
2.00
318.00
85.00
26.85
0.84
¢.98
1.62
§0.00
1.43
33.00
i5.53
17.75
27.25
309.00
152.00
1.49
0.74
2.23
23.05
1.38
0.286
1.61
0.40
0.22
.01379654
.0701728
. 0148976

24
1-65
12/14/82
9:56
1185.00
39.38
19.12
69.54
996.00
160.00
8z .00

.0090623
.052z27186
.0044759

o
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TEST# 25
BUILD# 1-65
DATE 12/14/82
TIME 10:37
PCHARGE, PSIA 1185, 00
Q FIR. RATE,KBTU/H 52.35
Q@ COOLER,KBTU/H 24.84
COMBUST ETA(HHV) % 61.82
T HOT,DEG F 1042.00
COMP DISCH P,PSIA 205.00
COMP SUCT P,PSIA 82.00
PRESS RATIO 2.50
R-22 FLOW,LBM/H 171.00
GAS SPRG REG,PSIA 95.00
FREQ, HZ 28.47
X P/G,IN 0.75
X P/H,IN 0.30
X D/H,IN 1.35
DISPL/PIST,DEG 75.00
X C/P,IN 1.30
COMP/P1ST,DEG 21.00
HTR DELP,PSI 15.06
REG DELP,PSI 19.57
CLR DELP,PSI 32.76
COMP SP DELP,PSI 349,00
SECOND 65 DELP,PSI  146.00
COMP SP POMER KW 1.05
DISPL G5 POWER,KM 0.72
INDICATED POWER KW 1.77
INDICATED EFFIC,% 18.68
COMP CYL POWER,KN 0.95
COMP GS POWER,KW 0.22
COMP TOTAL PWR,KH 1.17
SECOND GS POWER,KW 0.19
OTHER DISSIP,KW 0.41
BEALE NUMBER .0102957
2GS VOL MODUL,(-) .0644444
2GS DISSIP,KJ/HZ  .0066737

26
1-65
12/14/82
11116
1185.00
€1.15
25.54
55.0¢6
1257.00
164,00
80.00
2.05
292.00
85.00
27.713
0.75
0.89
1.50
60.00
1.43
37.00
16.12
17.05
26.89
313.00
148.00
1.51
0.72
z2.23
22.64
1.41
0.27
1.69
0.18
0.38
.0134672
.0637284
.0084812

27
1-65
12/14/82
11:59
1185.00
68.98
29.46
66.00
1251.00
198.00
80,00
2.48
287.00
95.00
28.286
0.85
0.99
1.58
63.00
1.48
29.00
18.16
20.86
34.16
356,00
173.00
1.81
0.91
2.72
24.03
1.54
0.30
1.84
0.50
0.38
.0144801
.0708889
.01768289

Table 5-8.
28 28

1-65 1-65
12/14/82 12/14/82

12:41 13:41
1185.00 1185.00
798.05 74.88
33.08 34.18
59.44 65.31
1239.00 1254.00
240,00 232.00
79.00 64 .00
3.04 3.63
226.00 141.00
96.00 85,00
29.45 29.08
0.80 0.88
1.07 1.086
1.62 1.65
63,00 64.00
1.52 1.54
23.00 23.00
20.10 20.45
23.20 22.79
38.62 39.32
399.00 408.00
204.00 19€.00
1.83 1.90
0.96 0.95
2.78 Z2.85
20.22 23,48
1.49 1.36
0.36 0.36
1.85 1.72
0.23 0.23
¢.70 0.380
.0131488 .0137765
.0766173 .0788012
.0078088 .0079065

Continued

30
1-85
12/14/82
14124
1185.00
76.12
35.28
56.66
1213.00
281.00
95.00
2.96
239.00
95.00
30.21
0.98
1.18
1.68
€4.00
1.42
18.00
21.27
26.42
42.95
452.00
229.00
1.96
1.07
3.03
23.99
1.43
0.32
1.75
0.28
1.00
.0128868
.0830617
. 0082685

31
1-65
1/6/83
8156
880.00
61.20

1258.00
164.00
78.00
2.10
96.00
25.90
1.00
1.18
1.87
62.00
1.51
28.00
14.24
15.88
23.50
306.00
180.00
1.65

0.74

2.39

1.50
0.27
1.77
0.28
0.34
.0156860
.0844938
.0108108

32
1-65
1/6/83
10137
885.00
61.20

1180.00
198.00
80.00
2.48
85.00
26.80
1.03
1.20
1.77
60,00
1.48
22.00
14.88
17.58
28.30
342.00
180.00
1.58
0.84
2.43
1.41
0.28
1.69
0.29
0.45
.0150791
.0859259
.0108209

33
1-85
1/6/83
11:38
1185.00
81.80

1202.00
281.00
88.00
3.189
85.00
30.20
0.96
1.13
1.60
64.00
1.44
17.00
19.87
25.84
41.89
448.00
224.00
1.89
1.10
2.99
1.48
0.34
1.81
0.42
0.78
.0130686
.08091386
.0139073

«
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TEST#

BUILD#

DATE

TIME

PCHARGE, PSIA

Q FIR. RATE,KBTU/H
Q COOLER,KBTU/H
COMBUST ETA(HHV),%
T HOT,DEG F

COMP DISCH P,PSIA
COMP SUCT P,PSIA
PRESS RATIO

R-22 FLOW,LBM/H
GAS SPRG REG,PSIA
FREQ, HZ

X P/G,IN

X P/H,IN

X D/H, IN
DISPL/PIST,DEG

X C/P,IN
COMP/PIST,DEG

HTR DELP,PSI

REG DELP,PSI

CLR DELP,PSI

COMP SP DELP,PSI
SECOND GS DELP,PSI
COMP SP POWER,KW
DISPL GS POWER ,KW
INDICATED POWER,KW
INDICATED EFFIC,%
COMP CYL POWER,KW
COMP GS POWER ,KW
COMP TOTAL PWR,KW
SECOND GS POWER ,KW
OTHER DISSIP,KW
BEALE NUMBER

2GS VOL MODUL,(-)
2GS DISSIP,KJ/HZ

5-20

Table 5-9. NOMENCLATURE FOR TABLE 5-8

# in present test series

Defines HAHP parameters (geometry)

Of test

Of test

FPSE working fluid (He) average pressure, @ TH

Combustor firing rate (HHV)

Heat rejected by FPSE cooler

Combustor efficiency (HHV)

FPSE hot side metal (i.e., heater head tube) temperature
R-22 pressure at compressor discharge

R-22 pressure at compressor inlet

Compressor discharge/suction

Refrigerant mass flowrate

Setting of compressor gas spring regulator

Operating frequency

Absolute power piston stroke (i.e., relative to ground)
Relative power piston stroke (i.e. relative to FPSE housing)
Displacer stroke relative to FPSE housing
Displacer/power piston phase angle

Compressor piston stroke relative to FPSE power piston
Compressor piston/power piston phase angle

A P across FPSE heater head tube

A P across FPSE regenerators

A P across FPSE cooler tubes

FPSE compression space A P

FPSE second gas spring A P

Power developed in FPSE compression space

Power developed by FPSE displacer gas spring

Power available at FPSE power piston

Indicated Power/Q into Engine Heater Head

Sum of power developed in both compressor cylinders

Sum of power dissipéted by both compressor gas springs
Sum of COMP CYL POWER & COMP GS POWER

Power dissipated by second gas spring

Indicated Power - Second GS Power - Comp Total Power
(Indicated Power,W)/(PCharge,Bar)(Freq, HZ) (Xp/H*BoreZ,cm3)
Second GS Volume Modulation = (Xp,y)(GS Area)(2*GS Volume)
Work done (dissipated) by second gas spring per cycle
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operating frequencies and power levels of the test series. Finally, tests
31-33 were run to verify the maximum power point (3 Kw) and to operating the
engine at a fixed firing rate while varying the compressor load. These last
tests incorporated the fast response thermocouples which had been returned
to the vendor because they did not meet the size specifications. The
reworked thermocouples unfortunately did not yield useable data and there
was insufficient test time available to conduct further checkout of the

thermocouples or their installation.

Significant results of the tests are highlighted below. Subsequent sections
discuss these results in greater detail.

1) Engine performance was repeatable and closely followed basic Stirling
engine trends. Power increased with stroke, heater head temperature,
and charge pressure.

2) Peak engine power was 3KW.

3) Engine heat exchanger flow Tlosses were considerably larger than
predictive models indicate.

4) Compressor power was significantly less than predicted for a given set
of conditions.

5) Trends of engine/compressor matching were as expected and could be
predicted with basic dynamic models.

5.3 COMPRESSOR VERIFICATION
5.3.1 COMPRESSOR TEST DATA
Compressor testing on the integrated test stand was performed over a range

of suction and discharge pressures representing HAHP operating conditions.
The compressor natural frequency was also varied by means of the compressor
gas spring pressure regulator. Two operating characteristics somewhat
restricted the possible test range:

1) At high compressor pressure ratios and Tow engine power levels, the
compressor piston tended to stall.

2) Simultaneous high compressor pressure ratio and high (108 psia)
compressor gas spring regulator conditions caused the engine to stroke
to its physical limits at low engine heater head temperatures.
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Compressor test data is summarized in Table 5-8. Raw test data is contained
in Appendix B. Figures 5-4 and 5-5 show plots of this data in terms of
compressor power versus power piston (compressor housing) absolute stroke.
Compressor power is taken to be the PdV diagram of all four compressor gas
volumes (two working spaces, two gas springs). Trend lines are drawn
through points with approximately the same discharge pressure, suction and
excitation freqguency. These lines give the power versus stroke
characteristics for given operating conditions. Figure 5-6 shows the same
data for specific compressor suction/discharge conditions.

5.3.2 COMPARISON OF TEST RESULTS TO PREDICTIONS & COMPRESSOR COMPONENT TESTS
A second order compressor code was developed in Phase II of this project
(Reference 1). It correlated quite well against compressor component test
data, as shown in Figure 5-7. However, it was observed in the Phase II
engine/compressor integrated tests that this code overpredicted compressor
performance on the integrated test stand. Several possible explanations for
this were examined. The effects of excessive suction superheat, and of
non-sinusoidal motion during integrated tests (compared to component tests)
were examined and found to be small (see Reference 1). Other explantions
were also considered, but the lack of a compressor piston LVDT to trace
piston motion restricted interpretation of integrated test data. This
deficiency led to the modification of the compressor and housing for
installation of a compressor LVDT in Build #1-65.

The compressor code (which represents compressor component performance) was
run for the present Phase IIIB compressor test conditions, and a performance
map was generated as shown in Figure‘5-8. A comparison of the test data of
Figures 5-4 and 5-5 versus the prediction of Figure 5-8 discloses
significant differences. In general, the code predicts about twice the R-22
flow and compressor power observed. The compressor piston stroke s
overpredicted by about 30%.

The short compressor piston strokes measured suggested that friction within
the compressor could be higher than anticipated. The code was run again,
with much higher (viscous) friction forces assumed. As shown on Figure 5-9
for Test No. 17, if the assumed friction level is increased to approximately
10 times the estimated value, the predicted and tested compressor results
match closely.
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BUILD #3-4
[~ (REG. PRESS. = 102 PSIA)
/7
X
,E/ 3 ¢
s
N
o
x
/" /
TEST DATA

95°F AMB. CONDITION

S

80°F AMB. CONDITION

O - STROKE = 1.35 IN
x - STROKE = 1.16 IN

S

/ 0O — STROKE
B + — STROKE

[t

e ©® —COMPUTER PREDICTIONS
| ® -
& .-
i 1 i L i i J
23 24 25 26 27 28 29

FREQUENCY, Hz

1.35 IN
1.16 IN

Compressor Model/Test Data Correlation for Flow Rate

4 BUILD #3-4 (10.7 LB. PISTON)
B (REG. PRESS. - 102 PSIA)

Q COMPUTER PREDICTION

o)

TEST DATA

95°F AMB. CONDITIONS

O STROKE = 1.35 IN
X STROKE = 1.15 IN
1 80°F AMB. CONDITIONS
. O STROKE = 1.35 IN
4 STROKE = 1.16 IN
0 ] | [ 1 | J
23 24 25 26 27 28 29

FREQUENCY, Hz

Compressor Model/Test Data Correlation for Power

Figure 5-7. COMPRESSOR CODE/COMPONENT TEST CORRELATION
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However, the friction power dissipated at this level is approximately 0.75
kw, much higher than the "Other Dissipation" value of 0.3 KW given in Table
5-8. (See Section 5.4.3) Another test (#27) was similarly modelled, with
the same large frictional power. Therefore, friction (or purely viscous
dissipation) was ruled out as the sole contributor to the discrepancy
between predicted and measured compressor power. Another possibility
considered was the effect of the compressor piston operating somewhat
off-center, the more so at high pressure ratios. It was difficult to
measure the precise shift in compressor piston centering by means of the
LVDT; the LVDT installation and tolerance stack-up prevented a precise
determination of electrical versus geometrical zero. The pressure
transducers were also somewhat inadequate to this task. Differential
pressure readings are precise, but the absolute value of pressure is less
certain, as the temperature-compensation circuitry at the transducers does
not fully compensate for operating temperatures. Therefore, to examine this
possibility, the power measurements from the upper and lower cylinders were
used for this task. Figure 5-10 illustrates the imbalance in power
measured, versus total power and versus pressure ratio. Although some
imbalance is evident, it is not enough to invalidate code predictions (the
code 1is correlated against a compressor operating in a centered mode but
code cases run with the piston off center show low sensitivity to this mode

of operation).

5.3.3 INTERPRETATION AND EVALUATION

The Phase IIIB integrated engine/compressor tests confirmed the comparable
Phase II tests: The compressor output R-22 mass flow and power absorbed
from the engine are below that observed in compressor component tests.
Installation of the LVDT for the Phase IIIB tests confirmed that the
compressor piston stroke was less in the engine/compressor integrated tests
than that measured in the compressor component tests, thereby accounting for
the reduced flow and power absorbed. Off center compressor piston operation
and simple high friction causes were ruled out as single acting causes of
the reduced piston motion.

The principal factors that could affect the reduced motion of the compressor
piston are listed in Table 5-10. Aside from the possible acoustic effects
of the coil spring R-22 tubes on mass flow, the most likely factor that may



CYLINDER

OW IZ =R

{'D

FROM UPPER

FRACTION

COMPRESSOR

POWER (2 CYLINDERS) |, Kw

FIGURE 5-10. CYLINDER POWER BALANCE IN COMPRESSOR

COMPRESSOR PRESSURE Q/—\T\O/ ARSOLUT =
z 2.2 2.4 2.6 2.8 3.0 3.2 3.4 2.6 e
1: T
TN
G %Y FESEOWR AXZHZ )il ; 5N
AT = N E4 A
s f LS = )
©
5
=+ g
ST 17 i) T * =t
4 = e i 4
Lia ?
B P~y
3
‘ L.

-Z. ‘2

._(.’ 1] B

1 &

NE/TER =11 44 <
, I =235 L »]
O

0.2 4 e 8 1.0 r.2. V.4 1.6 2.0

0€-G



Table 5-10.

PRINCIPAL DIFFERENCES BETWEEN COMPRESSOR COMPONENT TESTS
AND ENGINE COMPRESOR INTEGRATED TESTS

FACTOR OR FEATURE

COMPONENT TEST

ENGINE/COMP, INTEGRATED TEST

ENVIRONMENT

AMBIENT PRESSURE & TEMPERATURE

SUBJECT TO CHARGE PRESSURE &
BOUNCE SPACE TEMPERATURE
CONDITIONS

STEEL SPRING COIL TUBES NONE 3 ON SUCTION, 1 ON DISCHARGE
POTENTIAL TUNING EFFECT ON
R-22 MASS FLOW

3-RING, 10.7 LB PISTON YES YES

GAS SPRING REGULATOR YES YES

OIL LUBRICATION YES YES, BUT MAY BE DIFFERENT

LVDT ROD YES YES, BUT MAY HAVE MORE FRICTION

Le-9
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affect compressor piston motion would be the high pressure on the compressor
housing in the integrated tests. The component tests in ambient air
resulted in a net pressure differential between the R-22 inside of the
compressor and the medium surrounding the compressor of between 50 psi
(suction to ambient) and 250 (discharge to ambient). When in the integrated
test stand, the pressure differential 1is reversed to about 800-900 psi
(helium to freon). Thus, it is possible that distortion of the compressor
housing would cause leakage of freon past seals and/or excessive mechanical
friction on sliding parts, thereby reducing delivered flow and (hence)
measured power absorbed by the compressor. However, the "loss" would not be
great enough to explain the complete difference between compressor/component
test data and engine/compressor integrated test data. This leaves open the
possibility that additional factors may be causing (or contributing) to the
deficiencies. This could include value distortion, thermal choking in the
R-22 flow passages, thermal effects on regulator operation and others.

Additional diagnostic testing on the compressor would be required to
determine the performance (low stroke) deficiency. The existing compressor
would have additional thermocouples added to several housing locations and a
few selected pressure transducers would also be added. These would be used
to pinpoint high loss areas or operating anomolies in the compressor when
operated with the engine in the integrated test configuration. Some
selected hardware changes to the compressor would also be made for
diagnostic purposes. Other pressure regulators (developed in Phase 11)
would also be tested and different piston ring configurations (also
developed in Phase II) would be tested to alter the configuration and
provide additional diagnostic data. Tests might also be run on the
compressor component test stand to determine the effects of the external

environment.

5.4 FPSE PERFORMANCE TESTS
5.4.1 ENGINE TEST DATA
For a given build (geometry), FPSE hot and cold side temperatures, charge

pressure, and compressor conditions fully determine FPSE operation and
dynamics. These parameters were varied in order to characterize FPSE
performance over the entire regime of potential operating conditions. The
resulting test data was presented in Table 5-8 1in summary format. The
detajled test data is given in Appendix B.



5-33

Figure 5-11 shows the resulting FPSE map. The engine side parameters
determine the specific curve along which the FPSE can operate. Compressor
conditions set the exact operating dynamics (frequency and stroke). Stable
operation occurs at the intercept of the FPSE and compressor operating

curves.

5.4.2 COMPARISON TO PHASE II DATA

A comparison of build #1-65 engine performance with earlier Phase II builds
is shown in Figure 5-12. This figure shows the Phase II and the present
Phase IIIB test high power points. Differences in performance between the
Phase II "Baseline Engine" and the "Modified Engine" are primarily due to
differences in heat exchanger designs. This 1is explained in detail in
Reference 1.

For the Phase IIIB tests, the heat exchanger designs are identidal to the
"Baseline Engine". The Phase IIIB tests were conducted on Build #1-65,
which was configured to be nearly identical to Build #1-52 of Phase II.
Build #1-65 is also very similar to Builds #1-50, 1-51, 1-53 and 1-54. The
differences in performance between Build #1-65 and Builds #1-50 through 1-54
are due to:

1) Build #1-65 test data was acquired and processed by a digital DAS.
Earlier Phase II test data acquisition was partly manual and data
reduction was also manual.

2) Engine power computations for Build 1-65 are direct, obtained by
numerical integration of digitized Fdx diagrams for the engine working
space and displacer gas spring. For Builds 1-50 through 1-54, engine
power was taken as the sum of the power absorbed by the compressor and
the engine second gas spring.

3) Power dissipated by the engine second gas spring was measured 40 to 50
percent lower on Build 1-65 than on previous builds. This was not due
to hardware changes but rather careful matching of pressure and position
signal shifts to improve calculation accuracy (see Section 4.3.2).

4) Engine efficiency calculations in Phase II utilized an estimated heat
loss from the combustor outer surface in calculating engine efficiency.
Tests on Build 1-65 accurately measured this heat loss, leading to a

more accurate engine efficiency estimate.
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BUILD NO. (RUN)

30 r
1250°F HEATER TUBE 1-50
110°F COOLANT INLET O
3-30(1) 1-31 1-51
® a O
3.29(1) 3-10 1.52 1.47
25 | o9 O O
117 1-19 1-31 >
&mmﬂdp Py O 1t]
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@ 1.26 HIGH POWER
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17 1-26
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®
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INDICATED POWER (KW)

Figure 5-12. POWER/EFFICIENCY RELATION FOR PROTO 2 ENGINE
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consumption for various frequencies, strokes, second gas spring volumes and
second gas spring piston areas.

The second gas spring geometry of Build 1-65 is identical to that of the
"chamfered piston" used in the Phase II tests (the lower curve of Figure
5-14). Comparing the Phase IIIB test results of Figure 5-13 with the
previous Phase II tests of Figure 5-14 shows that the recent tests exhibit a
significantly Tlower energy dissipation and more scatter. Due to the
sensitivity of the second gas spring P-V integration to signal phase
matching (see Section 4.3.2), the scatter is to be expected. A curve fit of
the Phase IIIB data is plotted in Figure 5-15 with the results of Phase II.
As shown, there is a significant difference, showing lower work dissipation
for the Phase IIIB tests.

Due to the care taken in properly matching the second gas spring pressure
and displacement signals, and the digital acquisition and integration of the
signals, it is believed that the Phase IIIB tests are more representative of
the actual second gas spring dissipation than the Phase II tests. It is
also suspected that a faulty signal conditioning module may have introduced
additional phase shift errors during the earlier Phase II tests.

The power loss due to the second gas spring is still above the design goal
of 150 watts and additional refinement in the second gas spring design would
be required to reduce the Tlosses. However, the option of eliminating the
second gas spring and, hence, the losses, is also an attractive approach.
This could be accomplished by significantly reducing the compressor housing
weight, resizing the displacer/piston bores, or by combinations of several
options aimed at increasing the operating frequency of the
engine/compressor. These options would be examined as part of a redesign of
the FPSE/linear compressor unit.

Indicated Power Versus Brake Power

An examination of the test data shows a substantial difference between
engine indicated power and the power actually available to drive
compressor. Part of the engine power is required to drive the second gas
spring where, through throttling, between 100 and 500 watts are dissipated

(see Table 5-8 and the discussion in the previous section). Losses in the



0.04[
BUILD NQ. (RUN)
/
1-59
0.03 Dy i
A
3-27 ((i)é/ 3-27 (1)
/9 3-26
WORK DISSIPATION, v
K JOULES/CYCLE 0.02 | - T 3-16 (2)
//
/ [ 3-16 (
AJ
0.01f 7
, 7
1 1 1 ] 1 1 I

0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
' X _A
DIMENSIONLESS VOLUME MODULATION 6V ="p

2V

Phase II Tests

/

N

Phase IIIB Tests
(Build 1-65)

Figure 5-15. COMPARISON OF PHASE II AND PHASE IIIB SECOND GAS SPRING WORK DISSIPATION

0v-§



5-41

second gas spring are much higher than originally designed for, thereby
reducing the power available to drive the compressor.

If the power dissipated by the second gas spring and the compressor are
subtracted from the engine indicated power, the difference should be the
frictional losses of the power piston, second gas spring piston, compressor
piston, the support bearing at the upper end of the pressure vessel, the
LVDT rods and miscellaneous mechanical parts. These have been previously
estimated at Tess than 300 watts at design stroke and frequency. The actual
difference, labeled as "Other Dissipation" in Table 5-8, is considerably
higher, particularly at higher frequencies and strokes.

One possible explanation for the high "Qther Dissipation” value is excessive
friction in the compressor, which also would help to explain the low
stroke/flow/power of the compressor. However, as noted in Section 5.3.2,
simpie friction on the compressor piston is not enough to explain the
compressor performance differences between component tests and integrated
engine/compressor tests. A more complex set of factors are contributing to
the compressor performance anomolies.

These results do indicate a probable 1link between the Tlarge "Other

Dissipation” values and the compressor performance deficiencies in
integrated engine/compressor testing. The diagnostic testing for the
compressor issues described in Section 5.3.3 would be used to address the
"Other Dissipation" question as well through thermocouple measurements of
suspected high friction areas. Additional interpretive analyses would also
be conducted to determine the feasibility of other explanations and to
interpret test data from the diagnostic tests.

Test Versus Predicted Indicated Power

A second order thermodynamic code, described in Reference 1, was used to
predict the Build #1-65 performance obtained in the Phase IIIB tests. The
results are shown in Figure 5-16 superimposed on test results. As in the
Phase II tests (see Figure 5-17) the code overpredicts indicated power.
Previous interpretations of Phase II test data had identified the principal
reason for this being that the code overestimates heat exchanger
effectiveness. However, the Phase IIIB tests .also showed that the code
significantly underestimated heat exchanger flow losses {see Section 5.6).
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The detailed heat exchanger loss data given in Section 5.6 can be used to
modify the second order code to qbtain better test correlation. However,
these heat exchanger data only represent a single configuration and it is
known that the cooler losses are exceptionally high due to the use of a
spiral spring insert in the cooler tubes. A far more comprehensive approach
would be to conduct additional tests on the Build 1-65 unit by varying the
engine dynamic part geometries (with existing hardware) to generate heat
exchanger data over a wider range of conditions. This data could then be
used to establish a more general heat exchanger model for the code. A
further step would be to instrument the Phase II "Modified Proto 2" engine
housing with the same sensors used in Build #1-65. This would provide heat
exchanger test data on a significantly different set of heat exchangers.
The modified Proto 2 unit has double heater head tubes, a larger, higher
effectiveness regenerator, and shell and tube cooler assemblies with no
spiral spring inserts. The modified Proto 2 unit has lower heat exchanger
flow losses and higher effectiveness components: test data on this unit
would provide a significantly broader data base for the code heat exchanger
models.

5.5 MATCHING ANALYSIS VERIFICATION
The basic engine/compressor matching procedure was described in Section

2.3. The principals of the technique were validated using the Phase IIIB
test data, as described below. This provides a method for both predicting
the coupled operation of a FPSE and a linear free-piston compressor (a
four-body dynamic system) and for evaluating and designing control systems
and components.

5.5.1 ENGINE/COMPRESSOR MATCHING TEST DATA

The Phase IIIB test data taken on the Proto 2 engine follows the trends
predicted by the matching analysis of Section 2.3. Figure 5-18 shows engine
indicated power versus power piston stroke for two charge pressdres and two
heater head temperatures. For a given charge pressure, the engine power
levels are higher at higher heater temperatures (for the same stroke).
Also, for a given heater head temperature, engine power levels increase with
charge pressure. For a fixed heater head temperature and change pressure,
engine/compressor match points occur at longer or shorter strokes depending
on the location of the compressor power (absorbed)'curve. This behavior is
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best illustrated in those cases where the compressor operates at the same
suction pressure, discharge pressure and frequency but at two different
strokes.

Figures 5-19 and 5-20 present simplified engine/compressor matching curves
from the Phase IIIB tests. Figure 5-19 shows operation with no gas spring
regulator on the compressor. Figure 5-20 shows operation with the
compressor gas spring regulator set to 95 psia. In Figure 5-19, with the
engine operated at either a 1250°F or a 1050°F heater heat temperature,
matched operation with the compressor occurs at longer strokes as the
discharge pressure on the compressor is increased (suction pressure held
constant in these tests). As discharge pressure 1is increased, the
compressor natural frequency increases, causing an increase in operating
frequency and stroke of the engine/compressor unit. Power output of the
engine increases along withvthe power demand of the compressor until a new
stable operating point 1is reached. With the compressor gas spring
regulator, the compressor natural frequency is increased (for the 95 psia
requlator setting), thereby shifting the match points to the right (Figure
5-20). Since this results in longer strokes, the engine power deve]opéd is
higher and compressor output increases atcording]y. Figures 5-19 and 5-20
111ustréte the effects heater head temperature (controlled by combustor
firing rate) and compressof gas spring regulator pressure (controlled
directly) have on éngine/compressor operating points and highlights the
control options available for the -unit.

5.5.2 MATCHING FLEXIBILITY AND HAHP CONTROL v

Matching analyses are especially important in desighing ovéral] control
approaches for the HAHP. The basic control approach for the Proto 2 HAHP
consists of two combustor firing rates (same heater head temperature). The
high firing rate is used for the hot and cold extremes of ambient
temperature where maximum engine power is required. The low firing rate is
used for the mid range of ambient temperature where the unit is run at Tow
capacity. This control system requires that the compressor power absorbed
curves cluster near the full stroke and full power areas of the engine map
for the extreme ambient temperature day cases and near the half power area
of the engine map for the mid-range ambient temperature day cases. The

compressor gas spring pressure regulator could then be used to fine tune the

compressor dynamic characteristics to achieve the required match point.
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The Phase IIIB tests verified the feasibility of this control system
concept. The data of Figures 5-19 and 5-20 showed that without compressor
gas spring pressure regulation, the engine firing rate would have to be
modulated to maintain full stroke/power conditions as ambient temperature
changes caused changes in compressor suction and discharge conditions. With
regulation, the position of the compressor load curve can be controlled to
minimize the shift in engine/compressor cperating stroke or to effect a
change in operation. This 1is illustrated in Figure 5-21. If ambient
temperature changes cause a shift in compressor/discharge pressure from 160
psia to 200 psia, the match point shift can be minimized by decreasing
regulator pressure setting from 95 psia to 80 psia. If, however, a higher
power output is required, regulator pressure setting can be held constant
(as illustrated in Figure 5-21), reduced only slightly (to say 90 psia) or
increased further (to say 100 psia).

5.5.3 EVALUATION OF MATCHING AND CONTROL TECHNIQUE
Whether or not an active compressor gas spring regulator control is required

or not depends on the specific operating characteristics of the FPSE/linear
compressor unit. An active control system would consist of a regulator
physically similar to the units tested, but instead of being set to a fixed
pressure, the regulator pressure would be varied with ambient conditions
according to a preset schedule. Compressor discharge pressure could be used
as both the feed pressure for the regulator and as the control signal. Or,
ambient temperature might be used directly as the control input signal.
Whatever the specific design, it appears that the basic HAHP control concept
can meet the product operating requirements with, at most, the addition of

an active control on compressor gas spring pressure.

The basic engine/compressor matching technique developed for analyzing unit
operation was verified by the Phase IIIB tests and would appear to have
potential for use in other FPSE/load units. If the engine and load are well
characterized, the preparation of the matching maps would be
straightforward. Since the 1linear free-piston compressor represents the
most dynamically complex load for the FPSE, other types of 1loads may prove
to be easier to characterize, leading to simplified engine/load matching and
control systems.
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5.6 HEAT EXCHANGER LOSSES
One of the principal goals of the Phase IIIB test program was to generate

engine heater head, regenerator and cooler performance data. These data
could then be used to upgrade engine performance predictions and design
tools for both evaluating the potential performance of the FPSE and for
redesigning the engine.

Unfortunately, the fast response thermocouples which were to be used to
directly measure heat exchanger and regenerator thermal performance were not
fabricated to specification by the vendor and were not reworked
satisfactorily until the tests were completed. However, pressure loss data
was obtained over a broad range of test conditions and were analyzed as
described below.

5.6.1 MEASURED LOSS DATA

One of the major Tlosses affecting the Proto 2 engine efficiency is the flow
friction losses through the heater head, regenerator and cooler. Contrary
to predictions, the pressure drop across the cooler constitutes the major
pressure Tloss among the three sections (See Table 5-8). The power Tloss
across the cooler is almost 50% of the total loss while the heater and the
regenerator split the remaining losses almost equally. The total flow
friction Tlosses, as percentage of the indicated power, are between 30 to
40%, which is significantly higher than the 10% range for optimized engine
designs.

Figure 5-22 is a compilation of all Phase IIIB test data on the total flow

2 2
op)(xp)( Pey)e  For

a given set of hardware, the pressure drop and the flow friction loss will

friction 1losses, plotted against the parameter (f
vary in the following relationships depending on the types of flow:
2 .
Loss ~ (P v) : Laminar

1.2 1.8: Turbulent
b v

gv3 : Entrance and exit losses
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The test results for total friction loss, as indicated in Figure 5-22,
correlates closest to the turbulent flow relationship. This reinforces the
observation that the dominant losses are attributable to the turbulent skin
friction along the cooler and the heater tube walls.

5.6.2 COMPARISON TO PREDICTIONS

The analytical predictions of the pressure drops across the heat exchangers
and the regenerator, using quasi-steady state equations, often under-predict
the true values as illustrated in the examples shown in Table 5-11.

In this table, test cases are compared to previous calculations made for
similar frequency, piston stroke, and displacer stroke conditions.
Calculation technique 1 is a GE code which uses a stepwise calculation
technique through time in which steady state equations for pressure drop are
applied at each time interval. Calculation technique 2 is a steady state
pressure drop calculation based on average flow rate and mean gas properties
prepared by Sunpower, Inc. for the Proto 2 engine. As can be seen,
considerable improvement is required in the models to improve accuracy. For
the cooler, the presence of the spiral Spring insert, added to promote heat
transfer, is suspected to be a large contributor to the high Tlosses and to
the large discrepancy between test and prediction. However, the regenerator
losses are substantially underpredicted and additional analyses are required
to determine how much of the higher losses are due to the specific design
and how much is due to model deficiencies.

5.6.3 INTERPRETATION OF RESULTS

The heat exchanger 1loss data provided insight into the performance
deficiencies of the Proto 2 FPSE and the models used to design the engine.
The data confirmed the conclusions of the Phase II program (Reference 1):

1) The flow Tlosses in the engine heat exchangers must be reduced
substantially to realize the engine efficiency goals.

2) The effectiveness of the regenerators must be increased to meet thermal
performance requirements, even at the expense of some additional

pressure 10ss.



Table 5-11. Comparison of Measured Versus Predicted Heat Exchanger Flow Losses

; 1y PUMPING POWER LOSS (KW)
' f D P :

CODE (HZ) (IN) (IN) HEATER REGEN. COOLER TOTAL
TEST (#4) | 25.25 1.77 1.05 0.19 | o.21 0.33 0.73
CALC. 1 24.7 1.65 1.06 0.279 0.059 0.06 0.398
CALC. 2 24.7 .65 1.06 0.1N 0.041 0.06 0.272
TesT (#11){  27.0 1.88 1.25 0.28 0.31 0.49 1.08
CALC. 1 27.2 1.7 | 1.26 0.496 0.081 0.089 0.666
CALC. 2 27.2 | 1.75 1.26 0.199 0.041 0.045 0.285

Calculation 1: Step-wise integration of steady-state equations. (GE-TDP)

Ca]cuTation 2: Steady-state equation using average flow rate and mean gas properties. (SUNPOWER)

¥9-9
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However, the Phase IIIB test also pinpointed the cooler as the major
contributor to the heat exchanger losses and provided guidance on which
component models needed revisions to improve predictive accuracy.

Use of the Proto 2 heat exchanger test data for revising the design models
and, subsequently, the engine design, must be tempered by the deficiencies
of the design itself. Since a new engine design would be significantly
different than the existing design, models correlated to the Phase IIIB test
data might be too far from an "optimum" design to achieve the predictive
accuracy required. In addition, the lack of direct measurements of engine
heat exchanger dynamic temperatures limits better thermal modelling of these
components.

The next logical step in improving the engine models and increasing engine
performance would be to broaden the test data base. This would be
accomplished by:

1) Limited testing of the Phase IIIB instrumented Proto 2 engine with the
fast-response thermocouples installed.

2) Installation of the same dynamic  pressure and  temperature
instrumentation and DAS 1in the existing "Modified" Proto 2 engine
housing (Reference 1 describes this design and its performance).

The first tests would simply be an extension of the Phase IIIB tests with
use of the originally planned dynamic thermocouples. The second test would
be a program similar to the Phase IIIB tests, although on a smaller scale.
The Modified Proto 2 engine had a double tube heater head design, larger,
more effective regenerators and shell and tube type cooler sections without
spiral spring inserts. Steady state fiow tests indicated that the heat
exchanger pressure losses were substantially lower than for the original or
"Baseline" Proto 2 engine, and performance tests showed high heat exchanger
thermal performance. Engine efficiency was higher, but power output was
lower due to the significant increase in void volume. Tests on this engine
would provide data on a significantly different set of heat exchanger
models. These tests would also be combined with the diagnostic compressor
tests discussed in Section 5.3.3 to accomplish both objectives within a

single test series.
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SECTION 6
CONCLUSIONS AND RECOMMENDATIONS

The conclusions and recommendations reached through the Phase III test and
analysis program are summarized below. Included is an estimate of the
performance potential of the existing FPSE hardware without a major
redesign/rebuild.

6.1 RESULTS AND CONCLUSIONS
6.1.1 FPSE INDICATED POWER
The maximum FSPE indicated power obtained from the test was over 3 KW at a

12500F heater heat temperature and 80 Bars charge pressure, as shown in
Figure 6-1. At lower charge pressures and heater head temperatures, the
power output 1is reduced accordingly. At 60 Bars charge pressure, the
maximum indicated power is about 2.9 KW at 1.08" power piston stroke. It is
believed that higher power levels could be achieved at longer strokes but
attempts to operate at a longer stroke resuvited in mechanical collision of

the dynamic components on their stops.

Tne effect of expansion to compression space phase angle and their swept
volume ratio is shown in Figure 6-2. It 1is seen that the power output is
strongly influenced by the volume phase angle and the swept volume ratio.
The volume phase angles of the Proto 2 appear to far exceed the optimum
value, wnich l1ies between 100 to ]200. The swept volume ratio is too low
and should be brought up to a ratio of about 1.0. Changes in the engine
dynamic components thus appear to be capable of significantly improving
indicated power.

6.1.2 ENGINE INDICATED EFFICIENCY

The maximum engine indicated efficiency achieved was 25%, as indicated in
Figure 6-3 which shows indicated efficiency plotted against the power piston
stroke of various test points. The scattering of efficiency data when
correlated with the piston stroke appears wider than that of other
performance parameters, such as the indicated power. Part of the scatter
occurs because the calculation of efficiency is an end result of all other
measurements, including the fuel input, combustion efficiency and the engine
indicated power. Nevertheless, Figure 6-3 does illustrate the trend of
engine efficiency, indicating an efficiency plateau of 25% for the existing

Proto 2 hardware. 6o
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Another reason for the scatter shown in Figure 6-3 1is that operating
frequency has a significant effect on engine efficiency. As the frequency
is increased, the engine efficiency descreases rapidly. It appears that the
increase of heat and power Tlosses within the engine exceeds the rate of
power gain as the operating frequency is increased. This is due to the high
loss levels in the engine heat exchangers. If the heat exchanger were
redesigned for Tlower Tlosses, the indicated efficiency would be higher and
less sensitive to freguency.

6.1.3 ENGINE HEAT EXCHANGER FLOW FRICTION LOSSES

One of the major losses affecting efficiency is the flow friction loss
through the heater head, regenerator and cooler. Contrary to early
predictions, the pressure drop across the cooler constitutes the major loss
among the three components. The power loss across the cooler is almost 50%
of the total loss while the heater and the regenerator split the remaining
losses almost equally. Total flow friction Tlosses, as a percentage of
indicated power, are between 30-40%, significantly higher than the 10% range
for optimized engine designs.

The tested total friction 1loss correlates closest to a turbulent flow
relationship. This reaffirms the observation that the dominant Jlosses are
attributable to the turbulent skin friction along the cooler and the heater
tube walls. The high cooler loss appears largely due to the use of spiral
spring inserts in the cooler tubes, originally added to enhance heat
transfer. Redesign of the engine heat exchangers to improve performance
would concentrate on reducing flow Tosses in the cooler and heater. Flow
losses 1in the regenerator would be increased due to a higher effectiveness
matrix, but total flow losses for the heater head, regenerator and cooler
would be reduced significantly.

6.1.4 OTHER POWER LOSSES

The engine second gas spring, installed on the power piston to boost
operating freguency, caused a significant penalty in output power. Energy
dissipation by the second gas spring ranged from 200 to 500 watts, depending
on stroke and frequency. Other losses (seal and bearing friction) are
estimated to be in the range of 150 to 200 watts.
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Significant reduction 1in second gas spring power dissipation will be
required to achieve higher engine brake efficiencies. This can be
accomplished by redesign of the second gas spring, but a more productive
approach may be to alter the compressor housing design (lighter) or to
change the displacer/power piston geometry so that the secong gas spring
could be eliminated.

6.1.5 COMPRESSOR PERFORMANCE

The Proto 2 compressor performed with shorter compressor piston strokes when
driven by the FPSE than when tested on its own test stqnd. This resulted in
reduced output refrigerant flow and somewhat lower efficiency. The prime
candidate explanation is the different test environments between the tests
with the engine and those on the test stand. When tested with the engfne,
the compressor housing is subjected to a high externhal pressure which may
distort portions of the housing and cause excessive piston friction.
Analyses indicate this would pe only one factor, however, and additional
diagnostic testing is required to determine the source(s) restricting piston
motion.

The compressor met its performance goals on its own test stand. Therefore,
if the cause of restricted compressor piston motion can be corrected, it is
expected that compressor performance goals can be met when driven by the
engine. However, in addition to the two freon compression spaces, the
compressor also contains two gas springs to ensure centering of the
compressor piston and boost compressor natural frequency to the required
level. The two gas springs are connected to each other and to other fluid
compariments through clearance or vent holes. These small flow passages
contribute to throttling losses in addition to the heat transfer 1loss
associated with the gas springs. These losses represent~about 20% of the
brake input power for the compressor. Design refinements in the compressor
gas springs and flow passages could improve overall compressor efficiency 5
to 10 points (up to 80%).

6.1.6 ENGINE/CUMPRESSOR MATCHING ANL CONTROUL

The Phase IIIB tests confirmed both the engine/compressor matching analysis
and the control concept for the HAHP. Figure 6-4 shows tne engine and
compressor map derived from some of the Phase IIIB tests. The engine power
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output as a function of piston stroke and heater head temperature is shown
superimposed on the compressor power requirement for various compressor
suction/discharge conditions and two different compressor gas spring
pressure regulator schedules. (The compressor power curves include the

engine second gas spring dissipation.)

As shown in Figure 6-4, stable operating points were achieved as predicted.
Also shown is the ability of compressor gas spring regulator pressure to
shift the match point of the engine and compressor to longer strokes and
higher power. This confirms the use of a simple 2 step engine combustor
firing rate control with a compressor regulator to control operation of the
HAHP system over the heat pump ambient temperature range, throttling the
system at intermediate temperatures to maximize COP at low load conditions.

6.1.7 PREDICTIVE DESIGN TOOLS

The individual heater head, regenerator and cooler loss data from the Phase
I1IB tests significantly differed from the values predicted by models from a
variety of sources. Table 6-1 shows a comparison of'these losses for two
test points to predictions from the GE model used to design tne engine and
an independent analysis conducted by Sunpower, Inc. As shown, the models
seriusly underpredict the losses for both the regenerator and cooler.

The high levels of losses in the engine heat exchangers probably contributes
to the predictive discrepancies, since most Stirling engine models are
correlated to more optimized engines. However, more fundamental
experimental data on FPSE heat exchangers 1is required to improve the
test/analysis correlation. This step will be necessary to establisn
sufficient confidence in the model to permit an engine redesign.

6.2 PERFORMANCE POTENTIAL
Based on the performance trends obtained from the Phase IIIB test data, it

is possible to estimate the system performance potential with design changes
to the engine. If an absolute piston stroke of 1.2" can bpe obtained
(without mechanical collision) at a 28 Hz operating frequency and a 60 Bars
charge pressure, the estimated power breakdown of this operating point is
shown in Table b6-Z, compared with two typical test data points. As shown,

it is estimated that with & slight increase in stroke (and the attendant



Table 6-1. Comparison of Measured Versus Predicted Heat Exchanger Flow Losses

PUMPING POWER LOSS (KW)

X X
D p

CODE (HZ) (IN) (IN) HEATER REGEN COOLER TOTAL
TEST (#4) 25.25 1.77 1.05 0.19 0.21 0.33 0.73
CALC. 1 24.7 1.65 1.06 0.279 0.059 0.06 0.398
CALC. 2 24.7 1.65 1.06 0.171 0.041 0.06 0.272
TEST (#11) 27.0 1.88 1.25 0.28 0.3 0.49 1.08
CALC. 1 27.2 1.75 1.26 0.496 0.081 0.089 0.666
CALC. 2 27.2 1.75 1.26 0.199 0.041 0.045 0.285

Calculation 1:

Calculation 2:

Step-wise integration of steady-state equations. (GE-TDP)

Steady-state equation using average flow rate and mean gas properties. (SUNPOWER)
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Table 6-2. POWER AND LOSS BREAKDOWN FOR PHASE IIIB TEST & POTENTIAL ENGINE PERFORMANCE

Charge Pressure, Bars
Frequency, Hz

Piston Stroke, In
Heat Input, KW

Basic Power, KW

HX/Reg.
Flow Friction, KW

Ind. Power, KW

2nd G.S. Loss, KW
Other Losses, KW

Work to Compressor, KW
Ind. Eff. (%)

Brake Eff. (%)

TYPICAL TEST DATA TO DATE

POTENTIAL WITH
EXISTING HARDWARE ~ HARDWARE MODIFICATION*

60

26.3
1.02

10.0
3.51

.94
2.57
0.55
0.15
1.87

25.7
18.7

80

30.2
0.98

12.62
4.67

1.50
3.17
1.22
0.20
1.75
25.1
13.9

60 60

28 27

1.2 1.1

16.5 10.0

5.8 3.9 P
’ (@]

1.4 0.4

4.4 | 3.5

0.8 0.4

0.2 0.2

3.2 2.9

26.6 35.0

16.4 29.0

*98% Regenerator Effectiveness; HX Flow Work = 10% (Basic Power)
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frequency), a significant increase in the engine power could be realized.
However, both indicated and brake efficiencies would still be low, due to
high heat exchanger flow Tlosses, low regenerator effectiveness and high

second gas spring dissipation.

Additional, more substantial hardware modifications to the engine would be
required to achieve a significant improvement in engine efficiency. A
reduction of heat exchanger flow losses from 30 to 40% of indicated power to
approximately 10% should be possible, based on existing optimized engine
designs. In addition, the regenerator effectiveness would be increased from
the present 92-93% to 97-98% by increasing its size and using a finer wire
matrix (at some increase in regenerator flow losses). This could result in
the indicated efficiency improvement shown in Figure 6-5.

To improve engine brake efficiency, it will be necessary to reduce the power
dissipated in the second gas spring (or eliminate the gas spring entirely).
A detailed discussion on the second gas spring and its potential
improvements is given in Reference 1. If the second gas spring loss can be
reduced to its original design value (less than 200 watts), then a prake
efficiency of 29% or bpetter could be realized. A breakdown of tne
“improved" design is also given in Table 6-2.

The improved Proto ¢ engine design projected in Table 6-Z2 is for the basic
Proto 2 configuration, with changes to the externally mounted neater head,
regenerator and cooler, and some modifications to the internal dynamic
components. The basic engine concept and housing design would be the same
and could be accomplished with existing hardware. More extensive changes to
the engine design would require a complete engine rebuild, but would have
the potential for higher performance (elimination of the second gas spring,
for example). However, this step would only follow improvement of the
engine design tools and wuse of the existing hardware to validate the

projected improvements shown in Table 6-2.
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6.3 RECOMMENUATIONS

6.3.1 GENERAL RECOMMENDATIUNS

Based on tne results of the Phase II, Pnhase IIIA and Phase IIIB HAHP
programs, the following general recommendations have been formulated.

1) Developmment of the FPSE/Linear Inertia Compressor Heat Activated Heat

Pump Concept should be continved. This concept offers:

e High potential performance
e Low production cost
¢ Mechanical simplicity (high potential reliability and low
maintenance costs)
o Hermetically sealed engine/compressor wunit (the standard for
residential and light commercial heat pumps)
The concept 1is technically reasonable and capable of successful
development, as verifiea by the NASA Lewis Research Center. Additional
technology development work is required, not only to achieve target
performance levels put also to develop long life seals and bearings.

2) The dynamic complexity issue facing the FPSE/Linear Inertia Compressor

concept should be solved directly. Resorting to additional mechanical

or electrical complexity to reduce the dynamic complexity of the
FPSE/Vinear compressor wunit increases production costs and degrades
reliability 1in the final product. Tests in the Phase IIIB program
validated the technique for matching the existing engine/compressor unit
over the range of operating conditions and permitted evaluation of the
simple HAHP control system. This effort should be continued in parallel
with further engine/compressor development.

3) Engine/compressor performance must be increased to competitive levels.

“"Competitive" performance goals for the engine and compressor will vary
depending on the performance of competing products, the cost of gas, o0il
and electricity, and the climate where the HAHP competes. For the
engine, a short term goal of 32% efficiency, evolving to 37-38% is
generally required. These goals are modest compared to other Stirling
projects and the HAHP program would benefit from these other, more
demanding projects. For the compressor, the current goal of 70%
efficiency has been achieved. The longer range goal of 80% appears to
pe achievable with normal evolutionary improvements in compressor design.
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To improve engine performance, the engine heat exchanger designs must be

improved:
® Regenerator effectiveness must be increased from the 92 to 95%

range of the Proto 2 vnits to 98%.
@ Heater head and particularly cooler flow losses must be reduced.

In addition, power dissipation of the second gas spring must be reduced

from 500 watts to less than 200 watts.

FPSE simylation model accuracies must be significantly improved.

Current models can overpredict FPSE efficiencies by as much as a factor
of 60%. Better models of the engine heat exchangers are required, and
should be developed using component test data generated over a wide
range of engine operating conditions. Thermal loss models for internal
components of the engine must also be improved.

6.3.2 SHORT TERM PROGRAM RECOMMENDATION
Several short term tasks have been identified to address the next step in
the development of FPSE/Linear Inertia Compressor concept. In these tasks,

emphasis has been placed on utilization of existing hardware and test

facilities to the extent possible. The scope and approach of these tasks

are summarized in Figure 6-6 and a realistic schedule is shown in Figure 6-7.

Task 1: Extended Compressor Testing. The objective of this task is to

isolate and identify the causes of restricted compressor piston
motion when driven by the FPSE. This would require additional
thermocouplies on the compressor hovsing and, perhaps, some
additional pressure transducers to aid in diagnostic testing.
Testing on the compressor test stand alone may also be utilized to
provide a set of reference data on the compressor hardware tested
in Phase IIIB with the engine. Additional testing of the
compressor wunder variations in suction/discharge pressures and

compressor regulator settings would also be conducted.

Task 2: Modified Proto 2 Housing Testing. The objective of these tests

would be to generate engine/compressor performance data and
individual engine heat exchanger performance data on the Modified
Proto 2 engine last tested in the Phase II program. This engine
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utilizes larger, more effective regenerators, double tube heater
head units, and individual shell and tube cooler units. Phase II
tests indicated higher thermal performance and lower pressure
losses for the Modified Proto 2 engine than for the Baseline Proto
2 engine. The tests performed in Phase IIIB on the Baseline Proto
2 engine would be repeated for the Modified Proto 2 engine, thereby
significantly broadening the data base for correlating the engine

design tools.

Preceding these tests, the existing instrumented baseline Proto 2
engine would be tested with the dynamic thermocouples to verify
their capabilities. If the dynamic thermocouples are validated,
selected repeat tests of the Pnase IIIB program would be run to
provide direct engine heat exchanger performance data for these

cases.

Parametric Engine Data Tests. The objective of this task would be

Task 4:

to proviae engine performance and engine heat exchanger performance
data over as broad a range of thermal and flow conditions as
possible. For these tests, the existing instrumented baseline
Proto 2 engine housing would be used. Selective changes to the
engine dynamic components would be made to force the engine to run
over a wide range of volume ratios, strokes, phase angles, etc.
Tne data would then be available for correlating the engine design
tools. Additional tests would also be conducted on configurations
with modified compressor pistons. This would enlarge the matching
analysis base for future work and provide load/match variations for
the engine tests.

Proto 3 Engine/Compressor Tests. The objective of this task would

be to maximize engine/compressor performance within the current
envelope of the Proto 2 engine housing and compressor hardware. In
this task, results of Tasks 1, 2 and 3 would be used to upgrade the
engine and compressor design simulation models and the
engine/compressor matching analysis. Using the wupgraded models,
feasible cnanges would be made to the engine heat exchangers and
dynamic components. The rebuilt engine/compressor would then be
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tested with the same instrumentation and DAS used in previous tests

to confirm the predictive accuracy of the design simulation models.

If successful, the Task 4 effort would permit a redesign of the basic
FPSE/Linear Inertia Compressor unit to meet or exceed the performance goals
shown in Table 6-2. The program of Tasks 1 through 4, including analytical
model improvements, would maximize the technology development on the
FPSE/1inear compressor concept using existing hardware and low cost test

programs.
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APPENDIX A
NOMENCLATURE AND ABBREVIATIONS

This appendix lists the frequently used symbols and abbreviations used in
this report. For equation symbols, the units used in the text are noted.
Special symbols and abbreviations used in only one table or figure are
defined in the table or figure.



Cv
Cp
CRT
DAS

F.S.

op
FPSE

2G.S.

GPM

HHV
HX

LVDT

A-3

TERMS
specific heat at constant volume, BTU/IbOR
specific heat at constant pressure, BTU/]boR
Cathode Ray Tube (DAS display screen)

Data Acquisition System

Force, 1bf

Full Scale {of instrumentation)
frequency, Hz

operating frequency, Hz

Free Piston Stirling Engine
gravitational constant, 32.174 ft/sec2
second gas spring of engine (also G.S.)

gallons per minute (engine coolant flow)

enthalpy, BTU/1b

higher heating value (of fuel)

heat exchanger

spring constant, 1b/in (also K)

Linear Variable Differential Transformer

mass, 1b

pressure, psi, psia

peak to peak (instrumentation)

compressor pressure ratio (pDISCH/pSUCT)

engine charge pressure, psia, Bars

thermal energy, BTU or kw

Random Access Memory (for DAS)

Read Only Memory (for DAS)

engine regenerator or compressor gas spring pressure regulator
standard cubic feet per minute

entropy, BTU/OR

displacement (used with Fds to denote force integration)
%

engine heater tube temperature, O

temperature, 0F, OR,

time, sec., min., hrs.
thermocouple
fluid internal energy, BTU

one dimensional gas velocity, ft/sec.
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v volume, ft3, in3

v gas velocity, ft/sec (used in Sections 2.2.2 and 5.6 to be
consistant with fluid flow terminology)

W work, ft-1b

WFM waveform (DAS processing)

displacement, in.
body force, 1b.
distance from gravitational datum, in.

N

effectiveness, dimensionless
thermocouple time constant, sec.
gas density, 1b/ft3

period, sec.

Ed=o®

. ‘ -1
temperature excursion frequency, sec

SUPERSCRIPTS

« time rate of change (as in m = dm/dt)

— averaged value of quantity (as in m =‘f}dm/dt)dt

SUBSCRIPTS
amb ambient
avg average
o cold (engine cold side)

compressor piston
displacer
D,DISCH compressor discharge
force
hot (engine hot side)
mass

natural (natural frequency)

T = 3 I —H

engine power piston

REG compressor gas spring pressure regulator setting
rms root mean square

S,SUCT  compressor suction
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