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Section 1

OVERVIEW

Section 1 provides a program overview which includes an introduction, a summary
of the system approach, a description of the Stirling hydraulic engine concept,
highlights of system performance, conclusions, and recommendations. Section 2
provides a more detailed description of the system and the conceptual design.
Section 3 addresses reliability and maintenance. Sections 4 and 5 include
references and appendices. The appendices provide technical detail in specific
areas including the complete cost report from Pioneer Engineering in Appendix I.

1.1 INTRODUCTION

The overall objective of this NASA/DOE contract (DEN3-371) is development of
a high confidence conceptual design for a free-piston Stirling engine system
designed to deliver 25 kW of three-phase electric power to a utility grid
when coupled to the 11 meter Test Bed Concentrator (TBC) at SNLA. Further
specific objectives include a design life of 60,000 hours, minimum life cycle

cost and dynamic balancing.

The approach used to achieve these objectives is a hermetically sealed Stirling
hydraulic engine concept based on technology developed to an advanced level
during the past 20 years for a fully implantable artificial heart power source.
Such engines and critical components have demonstrated operating times in

the desired range. This approach provides full film hydrodynamic lubrication
of all sliding parts, simple construction with conventional automotive
manufacturing tolerances, proven hydraulically coupled counterbalancing,

and simple but effective power control to optimally follow insolation
variations. This concept maximizes use of commercially available components
including hydraulic motors and rotary induction generators which can optionally
be mounted at the focus or placed on the ground or behind the mirror to
minimize or redistribute suspended weight. The output from several engine
concentrator modules can optionally be directed to one large motor/generator.



The final conceptual design is a simple, rugged system which can be prototyped
with a high degree of confidence. The design was supported by solid engineering
analysis and was carried through to a higher level of detail than is typical

for conceptual designs.

1.2 SUMMARY

Section 1.2 briefly describes the major aspects of the conceptual design. It
is broken into three subsections which address the overall system, the Stirling
hydraulic engine, and the overall performance.

1.2.1 System Approach

The stand-alone version of the advanced solar thermal Stirling power system
is depicted in the artist's sketch of Figure 1-1, It illustrates a parabolic
concentrator which focuses the incident solar energy into a cavity receiver.
This thermal energy is converted by a Stirling hydraulic engine to provide
pumped hydraulic fluid which generates conditioned electrical output directly
from a commercially proven hydraulic motor and rotary induction generator.

A separate fan coil heat exchanger provides the necessary thermodynamic heat
rejection to the ambient air. These components can be mounted adjacent to
the concentrator focus as illustrated, or any of them except receiver and

the Stirling hydraulic engine may be mounted remotely, either behind the
mirror or on the ground.

An example of the remote mounting option is illustrated in the artist's
concept of Figure 1-2. This shows the central region in an array of twenty
engine/concentrator units where the hydraulic output of twenty engines is
used to drive six commercial hydraulic motor/induction generator units.

The primary motivation for this approach was to realize both economies of
scale and some improvement in system efficiency by grouping the components.
The final results of the Pioneer cost study however, show that extra piping
and other components in the array system actually increase the per kilowatt
capital cost by 11.5 percent. The stand-alone version is therefore the
standard.



FAN COIL HEAT EXCHANGER

HYDRAULIC MOTOR
= % STIRLING HYDRAULIC ENGINE
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rg\\g RECEIVER

Figure 1-1. Artist's Concept of Stand-Alone Dish Solar Stirling Hydraulic Power System
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The relationship of the system elements can be visualized by the block
diagram of Figure 1-3, The insolation reflected by the concentrator is
absorbed in the receiver where it is transferred to the Stirling engine
heater head by a simple, rugged and reliable, pool boiler reflux heat pipe.
Pulsatile hydraulic flow from the Stirling hydraulic engine is smoothed by
the pulsation suppressors for use by the hydraulic motor. Engine waste heat
is rejected to the atmosphere by the cooler. A simple, energy conservative,
automatic control system adjusts engine power to maintain constant hot end
temperature over a wide range of insolation power levels. The output shaft
of the hydraulic motor couples directly to the induction generator, which
easily switches to or from the grid and produces inherently conditioned
power. The cooler, surge suppressors, hydraulic motor, and induction generator
are all proven, reliable, commercially available components. Thus, major
portions of the system have an established track record and provide total

confidence in their performance and cost parameters.

Figure 1-4 illustrates the system configuration on the left side with a
simplified representation of the major components shown on the right. The
receiver at the bottom left absorbs the solar flux from the concentrator

on a surface backed by liquid potassium. The heat boils the potassium which
then transfers the heat to the Stirling engine by condensing on the heater
tubes. This heat transfer mechanism is described as a reflux boiler heat
pipe. It is analogous to the function of a conventional double boiler in
which heat from a cook stove boils water in the lower kettle. The water
vapor condenses on the bottom of the upper kettle to provide uniform heat at

a constant temperature.

The STC Stirling hydraulic engine is a simple but dynamically stable free-piston
engine which, in small sizes, has demonstrated years of maintenance-free
operation without performance degradation. It is functionally described in
Section 1.2.2 with more detailed description in Section 2. Scaling evaluation
of the basic Stirling cycle, fluid flow losses, and bellows dynamics show

that the proven small engines can be scaled to the required power level.

The high pressure hydraulic fluid output from the Stirling hydraulic engine
is used by commercially proven components to generate the desired three-phase

5



weysAg Jojeseuen euibuz euojy-puels jo wesbeiq yoojg -g-1 esnbigy

‘a3dIiND3H LON
NOILD3IHHOOD HOLOVA
H3aMOd "avO1 aNv
HVYIOHOLIMS OL
H3aMOd Di410313

FTNAOW INIONI

HOLYHINID
TVYNOIS THNLYHIJWIL

HIMOd L4VHS ﬁ T ]

-JOHLINOD “
HOLOW 3did HOLVHLINIONOD
OINYHAAH mmw,_mﬁvm_wwmm__um %h_m_,_%m 1V3H | H3AI303Y jeg—o a3g 1S3l
Q3 TI0HINOD-313S XM43y WOk 1VIH HY109
HIMOd OIMNVHAAH ﬁ

H31009




-Aponduwig ydesuo) juasayu) sajensny)) sjusuodwo) weishs D1S Jo noxealg ‘v-i ainbi4

=N

3did LV3H 3371108 XN143yd

i

ANIONI DITNVYAAH ONITYILS

=

|

b NOLLVYINID

— .

e\\ 4IMOd TVIDHINNOD

NOILVINIS3IHd3H a3ldiNdnIS NOILYVINDIINOD Ld3DNOD



electric output with Tow harmonic distortion and high power factor. These
components include a Volvo hydraulic motor connected to a GE induction
generator which are off-the-shelf components with field proven reliability,

performance, and cost,

These elements combine to produce a high confidence, high reliability, high
performance, cost effective system design which can be developed with minimal
risk.

1.2.2 Stirling Hydraulic Engine

A free-piston Stirling engine which delivers power as pumped hydraulic fluid

is referred to in this report as a Stirling hydraulic or STIRLIC™ engine.

This is the key developmental area of the design developed under this contract.
The free-piston Stirling hydraulic engine is quite simple. A functional
comparison with the more familiar Free-Piston Stirling Engine/Linear Alternator
(FPSLA) is illustrated in Figure 1-5. The heater, cooler, regenerator and
displacer for both systems are conceptually identical.

The difference in displacer drives is that, whereas the FPSLA drive rod
resonates through a gas clearance seal against the displacer gas spring with
no positive means of amplitude stabilization and control, the STIRLIC™ drive
rod is hydraulically coupled to the displacer gas spring by means of the
stabilizer/controller which stabilizes the displacer amplitude. Throttling
this hydraulic coupling flow with a spool valve provides a well proven,
remarkably simple and energy efficient method of engine speed and power

control over a turndown ratio of five or more.

The stabilizer/controller prevents damaging overstroking of the displacer and
consequently the power piston under all operating conditions and load changes.
It also perfectly counterbalances the displacer, since it is on axis with

the displacer in the conceptual Tayout design.

The power pistons are conceptually the same, with a variation in how power is
extracted. The FPSLA typically attaches permanent magnets (or, moving copper
or moving iron) to the power piston which interact with electromagnetic fields
to generate electricity. The Stirling hydraulic power piston has an integral
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pumping intensifier piston which directly produces high pressure hydraulic
flow. As with the displacer drive rod, the FPSLA power piston operates
entirely in the helium working fluid with gas bearing support and clearance
seals while the STIRLIC™ power piston operates in hydraulic fluid with
hydrodynamic lubrication and hermetic bellows seals.

In both cases, the motion of the free power piston is accommodated by the
power piston gas spring or buffer gas volume. One advantage of the Stirling
hydraulic concept is that the hermetic bellows seals allow use of an optimum
gas in the buffer and displacer gas springs. This can reduce the gas spring
hysteresis losses by as much as 97 percent (Reference 1) and/or allow a
reduction in the size and therefore cost of the gas spring pressure vessels.

1.2.3 Performance Summary

The key performance parameters for the solar thermal Stirling hydraulic
system are summarized in Table 1-1. The insolation levels are as specified
in RFP3-117122, Conceptual Design of a Solar Electric Advanced Stirling Power
System., The engine was designed to operate continuously at the peak insolation
of 1100 W/m2. The specific requirement was for the engine to survive this
flux for 15 minutes, but designing it to operate continuously at this level
allows generation of significantly more kW-hr per year. The nominal receiver
input power was specified in the RFP as 75 kW for an insolation of 950 W/me.
This linearly extrapolates to 86.8 kW at the peak survival flux. According
to analysis by Sanders Associates, at the controlled hot engine temperature
of 700°C, the receiver loses 7.5 kW regardless of heat input level. This
determines engine heat input for the two conditions in Table 1-1.

The output to the grid is determined on the basis of thermodynamic engine
analysis by Gedeon Associates and STC, hydraulic losses, and published
commercial specifications for the hydraulic motor, rotary induction generator,
and fan coil heat exchanger. The net result of 25.2 kW delivered to the

grid for nominal conditions is right on the target objective of 25 kW, while
the peak output of 29.6 kW maximizes the overall annual system effectiveness.

Component efficiencies relating to the above energy flows are also provided
in Table 1-1. Other pertinent information is highlighted at the bottom.
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Table 1-1

SUMMARY OF KEY PERFORMANCE PARAMETERS

DESIGN POINT NOMINAL POWER
OPERATION OPERATION
(SURVIVAL POWER) (75 kW TO RECEIVER)

Insolation W/m@ 1100.0 950.0
Receiver Heat Input kW 86.8 75.0
Engine Heat Input kW 79.3 67.5
Qutput to Grid kW 29.6 25.2
Receiver Efficiency % 91.4 90.0

Engine-Generator
Efficiency % 37.3 37.3

Receiver-Engine
Generator Efficiency % 34.1 33.6

System Annual Net Output
65,200 kW hr to Grid

System Annual Gross Input (from RFP)
206,800 kW hr

Annualized Energy Efficiency
A = 65,200/206,800 = 31.5%

Stand-Alone System Weights
Suspended Weight 320 kg 705 1b
Optionally Suspended or Ground Based Weight 549 kg 1209 1b

Weights Per Engine for 20 Engine Array
Suspended Weight 320 kg 705 1b
Ground Based Weight 807 kg 1770 1b

11



The net annual system output of 65,200 kW-hr is based on the annualized
insolation table provided in the RFP. It represents the maximum practical
level obtainable by any machine with the indicated efficiencies, since it
takes advantage of virtually all insolation levels with a highly efficient
power control mechanism,

1.3 CONCLUSIONS

Conclusions reached in development of the dish solar Stirling hydraulic engine
concept are the following:

+ A1l of the technical requirements of the RFP are satisfactorily addressed
by the present conceptual design.

+ The present conceptual design is based on technology which has been
proven on other programs and/or in the commercial marketplace.

+ The STC free-piston engine is similar in many ways to gas bearing
free-piston engines, but incorporates specific, distinct improvements.
STC suggests that these improvements be given significant weight in the
comparison of the STC engine with gas bearing engines.

* The simple hermetically sealed Stirling hydraulic engine is based on
20 years of development of reliable long-life engines. Engines of this
type have demonstrated unattended operating times in the range of
60,000 hours with completely internal Tubrication and makeup systems.

« The primary concerns of scaling from small engines with long term 1ife
tests to the engine for the present 30 kW system involve the Stirling engine
gas circuit, bellows dynamics, and hydraulic fluid flow losses. These
concerns have been addressed in the present design.

* The heat transport system is a simple potassium reflux boiler, which is
inexpensive, rugged, predictable, and provides excellent performance.

12



Potassium is clearly preferred over sodium as the heat transport medium
of choice for the 700°C heat source.

The stand-alone configuration and the multi-engine-generator array
configuration both meet the suspended weight criteria of the solicitation.

Engine-generator efficiency is 37.3%. Receiver-engine-generator efficiency
is 34.1%.

Annual net energy generation is 65,200 kW hr,

Demonstrated engine balancing methods completely eliminate vibration
at all operating conditions.

System operation is fully automatic.
A simple and 1ightly loaded stabilizer/controller eliminates stability
and control problems which often complicate operation of non-stabilized

free-piston Stirling engines.

A simple control provides smooth and efficient variation of engine power
from very low levels to peak survival conditions while precisely regulating

receiver temperatures.

In the stand-alone version the hydraulic motor self regulates. External

control is not required.
The rotary induction generator requires no control,

The clearance between the displacer and the cylinder liner is an
effective displacer seal.

The baseline concept employs a proven porous wire screen regenerator.

The selected concept is highly manufacturable. Piston diametral clearances
up to 1.5 mils per inch of diameter are acceptable.

13



« The engine and generator require zero maintenance for 60,000 hours of
operation. The hydraulic motor requires less than 12 man hours of
maintenance in 60,000 hours of operation. Although the engine is designed
for zero maintenance, replacement of most engine components is possible.

» The system is designed to handle operation at survival power for the
entire 60,000-hour 1life.

« The system employs a commercial hydraulic motor, a commercial rotary
induction generator, and a commercial cooling system. These commercial
components provide the advantages of zero development cost and well
characterized performance, life, and operating characteristics.

+ Hydraulic power systems have proven to be very reliable and easy to use
in field applications, as exemplified in Appendix H.

Extensive design trades were conducted for the heat transport system before
selecting the simple, rugged, reliable pool boiler approach. Several versions
of wicked and reflux heat pipes were evaluated, but it was concluded that they
were more costly (fine mesh screen), more complex (wick and artery installation),
and less reliable {(wick imperfections, burnout and thermal cycling sensitivity).
For space applications, these problems are minimized by lack of pumping against
a gravity head. Since a reflux boiler requires gravity, a wicked heat pipe is
the obvious choice for space applications. For terrestrial use in limited
orientations with high heat fluxes and low cost objectives, the pool boiler is

a similarly obvious choice.

Early hot end work on this contract used a nominal 800°C operating temperature,
but practical materials problems led to reducing hot end temperature to 700°C.
Sodium was clearly the optimum choice for heat transport at 800°C, but at

700°C its low vapor pressure and consequent low mass transport capability make
sodium impractical. Potassium, on the other hand, has excellent properties at
700°C, making it the obvious choice.

The Stirling hydraulic engine design went through a series of iterations to
improve manufacturability and to make it more cost effective. The final design,

14



as described in Section 2, is a simple design with relatively loose tolerances
and large clearances which should adapt well to reasonable cost mass production.
The engine technology is well grounded with years of maintenance-free operating
experience on small Stirling hydraulic engines providing a high level of

confidence that design objectives can be met.

One of the major advantages of the Stirling hydraulic concept is that the
power generation mechanism consists entirely of highly refined field proven
commercial components requiring no development., Hydraulic motors have
demonstrated long life and high reliability in such diverse and demanding
environments as food processing facilities, sewage treatment plants, and heavy
construction and farming equipment. Rotary induction generators (identical
with induction motors) are used in a very wide variety of applications.

One of the most relevant uses is with thousands of wind turbines where the

generator output is connected to the grid.

1.4 RECOMMENDATIONS

This contract has resulted in a conceptual design with outstanding potential

for meeting the specified reliability and performance objectives. The stability,
control, conventional tolerances and manufacturing, fully developed power
generator, straightforward pool boiler heat transport, and proven muitiyear
lifetime of conceptually similar engines cannot be duplicated by any known
alternative system. The following categories of recommendations can be
objectively supported by the results of the contract.

General Recommendations
1. Implement optional Task 3, ASCS Reference Design. This will allow
consolidation of all design options considered into a complete and fully

consistent set of layout drawings, with consideration for the results of
the manufacturing cost and manufacturability study.

2. Initiate follow-on effort to complete the detail design, fabrication and

testing of a prototype Stirling hydraulic system suitable for testing on
the Sandja National Laboratories 11 meter Test Bed Concentrator.

15



Specific Recommendations

1.

Implement coupon tests of CG-27 in a closed potassium reflux capsule which
simulates the surface-to-volume ratio and material combinations to be used

in the end system,

Conduct heater tube braze joint compatibility tests under conditions similar

to those for the CG-27 coupon tests.

(Long term option for maximum cost and performance potential.) Conduct
technology development of the annular foil regenerator concept evaluated
for the Preliminary Design Review. Such development should include
demonstration of fabrication practicality and measurement of regenerator

performance in a suitable test rig.

16



Section 2

CONCEPTUAL DESIGN DESCRIPTION

Section 2 of the report discusses all aspects of the conceptual design. Topics
include the system approach, system performance, receiver, reflux heat pipe,
Stirling Hydraulic engine, commercial components, system integration, and

controls.

2.1 SYSTEM APPROACH AND PERFORMANCE

This subsection explains the overall approach from a system viewpoint,
discusses the advantages provided by the chosen system, and briefly summarizes
overall performance. The numerous and significant advantages specific to

the Stirling hydraulic engine, are discussed in Section 2.2, Engine Module

Design,

2.1.1 System Approach

The STC conceptual design takes advantage of a remarkable long life Stirling
engine technology demonstrated for artificial heart and portable compressor
applications. In the selected system approach, Stirling engines produce
hydraulic power which is converted to electric power by motor-generator sets
employing commercial hydraulic motors driving commercial induction generators.
The system can be configured as a stand-alone power plant, in which a Stirling
engine, a commercial hydraulic motor, and a commercial induction generator

are supported by the concentrator, or can be configured as an array in which
the hydraulic output from twenty engines is connected in parallel to feed

six centrally located ground mounted motor-generator sets.

At the conclusion of the technical effort, STC selected the array configuration
as the baseline design over the stand-alone configuration partly because the
cost per kilowatt of motor-generator components, particularly the hydraulic
motor, is reduced in larger component sizes. Also, five of the six hydraulic
motors in the array are fixed displacement motors with higher efficiency than
the variable displacement motor used with the stand-alone configuration. This

17



gives the array system an efficiency advantage of about one percentage point
over the stand-alone unit. Basing the motor-generator sets on the ground to
minimize the concentrator supported weight is another point supporting the
array as the baseline concept. However, the supported weight for both the
stand-alone and the array system is within the limits established for the
Test Bed Concentrator,

The array configuration was the baseline design for the cost analysis by
Pioneer and the stand-alone configuration was an alternative. Final results
of the Pioneer study, included in total in Appendix I, concluded that the
stand-alone system offered manufacturing costs 10.3% below those of the
array system. Therefore, the Stirling hydraulic stand-alone configuration
is preferable to the array.

The stand-alone system is be discussed before the array. The stand-alone
system is shown in the artist's concept in Figure 2-1 and in the block diagram
of Figure 2-2,

As shown in Figure 2-2, heat delivered to the receiver is used by the engine
to produce a flow of hydraulic fluid which drives a hydraulic motor coupled
directly to an induction generator. Control is simple, A key advantage of
this concept is a remarkably simple engine control system which varies engine
frequency, thereby modulating heat input and power output. High efficiency
is provided over a very wide insolation range, taking advantage of very

Tow to very high levels of incident solar heating. The energy efficient
engine power output turndown ratio exceeds 5 to 1. The controlled variable of
the engine control system is the temperature of the potassium surrounding the
heater head. The engine control system precisely regulates heater head
temperature, which is important because all candidate heater head materials
lose strength dramatically above the design operating temperature. The
alternatives to precise control of heater head temperature are premature
heater head failure or lower efficiency than predicted, both of which are
unacceptable,

Pursuing the subject of system control further, the engine produces a flow
rate of hydraulic fluid which is roughly proportional to the heat input rate

18
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Artist's Concept of the Stand-Alone System

Figure 2-1.
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delivered by the receiver. In the stand-alone system shown in Figure 2-1,
the variable displacement hydraulic motor self regulates by using a factory
engineered control option to maintain constant hydraulic system pressure
difference and adjusts to the flow rate delivered by the engine. The motor-
generator set runs at a constant pressure difference established by the
hydraulic motor controller and slightly above 1800 rpm as established by
the slip speed of the induction generator. Thus heat input is transformed
by the engine to variable hydraulic flow rate at constant pressure. This
flow is transformed to variable current at constant line voltage by the
combination of the self-controlled hydraulic motor and the induction
generator, both operating near generator synchronous frequency. As with
any rotary induction machine, the generator can be switched onto the grid
with no concerns for phasing and will operate as a motor or generator,
slightly below or above synchronous speed, depending on the torque applied
to the generator shaft.

The array configuration is shown as an artist's concept in Figure 2-3 and as
a block diagram in Figure 2-4. An array of twenty engine modules, each
mounted on its respective concentrator, supplies hydraulic power to an array
of six motor-generator sets located on the ground in a location central to
the cluster of concentrators.

Control of the array is very similar to control of the stand-alone system.
The difference is that the combined output of twenty engines is consumed
entirely by up to six hydraulic motors. This is accomplished by a motor-
generator array controller which senses the hydraulic pressure delivered to
the hydraulic motors and adjusts the combined hydraulic motor displacement
of the array by valving fixed displacement hydraulic motors into and out of
operation. The combined hydraulic motor displacement is increased or decreased
as required to maintain the one variable displacement hydraulic motor within
its pressure control band, where it can automatically regulate its own
displacement to accommodate small variations in flow. In summary, the fixed
disptacement motors turn on and off to handle large flow variations. The
variable displacement motor modulates to handle small flow variations. In
the array concept, heat is transformed into variable flow rate at constant
pressure by an array of engines, and flow rate is transformed into variable
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Artist's Concept of the Array System

Figure 2-3.
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electric current by a variable displacement array of motor-generators
operating at the constant voltage and frequency provided by the grid.

2.1.2 System Performance

System thermodynamic performance is summarized by Figure 2-5 which shows the
total insolation heat flow to the concentrator, the heat flow to the receiver,
the heat flow to the engine, and the net electric output to the grid. These
parameters are plotted in kW as functions of the time in hours power is
available above a given level. Areas under the curve represent annual energy
in kilowatt-hours.

The design parameters of the engine and power generation equipment were
established to allow routine operation of the system at the survival power
level. In addition, the excellent stability and control provided by the
engine concept allow the engine to operate routinely at any available power
down to very low levels. Thus the ability of the system to utilize the entire
spectrum of insolation levels is outstanding.

Two particular system power levels are identified on the graph. The first

of these is the survival power case with 86.8 kW available to the receiver
and nearly 30 kW delivered to the grid. The second is the nominal power case
with 75 kW available to the receiver and Jjust above 25 kW delivered to the
grid.

Table 2-1 lists key power throughput and efficiency terms for design point
operation and nominal power operation. The overall efficiency is about 34%
for the combination of the receiver, the engine, and the generator, which are
the components defined by the conceptual design process. Weights are given
for the stand-alone configuration and the 20 engine array configuration. In
the stand-alone configuration, the 320 Kg engine module must be suspended at
the receiver mounting ring. The remaining 549 Kg can be suspended at the
mounting ring, behind the mirror, or on the ground. The ground based weight
for the array is larger than that for the stand-alone configuration primarily
because of pipe runs. The weights given in Table 2-1 tend to be estimated

on the high side,
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Table 2-1

SUMMARY OF KEY PERFORMANCE PARAMETERS

DESIGN POINT NOMINAL POWER
OPERATION OPERATION
(SURVIVAL POWER) (75 kW TO RECEIVER)

Insolation W/mZ 1100.0 950.0
Receiver Heat Input kW 86.8 75.0
Engine Heat Input kW 79.3 67.5
Output to Grid kW 29.6 25.2
Receiver Efficiency % 91.4 90.0

Engine~Generator
Efficiency % 37.3 37.3

Receiver-Engine
Generator Efficiency % 34.1 33.6

System Annual Net Output
65,200 kW hr to Grid

System Annual Gross Input (from RFP)
206,800 kW hr

Annualized Enerqgy Efficiency
= 65,200/206,800 = 31.5%

Stand-Alone System Weights
Suspended Weight 320 kg 705 1b
Optionally Suspended or Ground Based Weight 549 kg 1209 1b

Weights Per Engine for 20 Engine Array
Suspended Weight 320 kg 705 1b
Ground Based Weight 807 kg 1770 1b
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Annual energy delivery to the grid is 65,200 kW-hours. The annual solar
insolation distribution was specified in the original request for proposal
(RFP). The specified insolation ranges and the time spent in each range are
repeated from the RFP in Table 2-2. Also included in Table 2-2 are the

thermal input at the mid-point of each range and the net electrical output
associated with each thermal input Tevel. Thermal input values were calculated
by a linear extrapolation from the nominal operating point of 75 kW thermal
input to the receiver at an insolation level of 950 W/ml. Output power was
determined by subtracting all fixed heat losses at 700 C, then multiplying
thermal input by all component efficiencies at the given power level.

Annualized thermal input and net electrical output were determined by plotting
the thermal input and net output as function of the number of hours in a year
and integrating the areas under the curves, as shown in Figure 2-5. These
figures were determined by the evaluation of system efficiency at all operating
power levels, in conjunction with the annual solar insolation distribution as

described below.

2.2 ENGINE MODULE DESIGN

This section discusses the design of the engine module, shown in outline form
in Figure 2-6, It consists of the receiver, the reflux boiler heat pipe, and
the Stirling hydraulic engine. Topics covered include the receiver and reflux
boiler heat pipe, the Stirling hydraulic engine, evaluation of materials
considered in the design, computer simulation, and other analyses performed

in support of the design.

2.2.1 Receiver and Reflux Boiler Heat Pipe

Alternatives investigated for the heat transport system include the reflux
boiler heat pipe, discussed in Appendix A, the capillary heat pipe, discussed

in Appendix B, and other concepts, discussed in Appendix C. Receiver analysis
is discussed in Appendix A. A chart comparing the various concepts considered
is presented as Figure 2-7. The reflux boiler was chosen over the other heat
transport system alternatives for the reasons given below. All other candidates

had serious disadvantages.
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Table 2-2

ANNUAL SOLAR INSOLATION DISTRIBUTION AND RESULTANT POWER LEVELS

THERMAL INPUT

NET ELECTRICAL

INSOLATION TIME AT MEAN ISOLATION OUTPUT

WATTS/m2 HOURS/YEAR kW kW
0 to 99 5,091 3.9 -

100 to 199 276 11.8 1.5
200 to 299 201 19.7 4.4
300 to 399 216 27.6 7.4
400 to 499 181 35.5 10.3
500 to 599 229 43.4 13.2
600 to 699 261 51.3 16.1
700 to 799 444 59.2 19.0
800 to 899 674 67.1 21.9
900 to 999 1,021 75.0 24.8

1,000 to 1,099 168 82.9 27.8
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ENGINE /

HEATER-RECEIVER

36.00 IN. DIA B.C.

8.0 IN. DIA
APERTURE

Figure 2-6. Engine Module Qutline
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. Satisfies design requirements
« Rugged

+ Inexpensive

« Manufacturable

. Good confidence in performance
. Insensitive to dynamic loads

. Does not require priming

+ Negligible variation in heater tube temperature
. Minimal development testing

. Starts without difficulty

« No active components

A disadvantage of the reflux boiler is weight (25 kg) of the potassium
inventory. A minor concern regarding the potassium inventory is the question
of fire hazard. Much larger 1iquid metal inventories are used in fast nuclear
reactor cooling systems where the requirement for safe systems is heightened
by nuclear safety questions. Further, the spacing between concentrators is
sufficient to virtually eliminate the risk of a fire spreading.

A cross section of the receiver and reflux boiler heat pipe is shown in
Figure 2-8. In principle, the system is no more complex than a stove top
double boiler. The heat pipe container is formed by the absorber surface,
the heat pipe enclosure, and the engine hot end. The system is configured so
that the heater tubes are never submerged in the potassium pool, regardless
of the concentrator elevation angle.

The weight of the engine is transferred to the support cone by the heat pipe
enclosure. The combined weight of the engine, the receiver, and the reflux
boiler is transferred to the aperture plate mounting ring by the support
cone. The heat pipe, the absorber, the support cone and the insulation
retainer are a welded assembly of formed and sheet parts fabricated from

AISI 316 stainless steel. Blanket insulation is held in place by the stamped

aluminum clamshell cover.

Greater detail on the receiver and the reflux boiler heat pipe system is
provided in Appendix A which provides a more detailed general description and
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Figure 2-8. Receiver and Reflux Boiler Cross-Section
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also covers the topics of liquid metal containment, joint construction,

structural loading, stress analysis, working fluid selection, flooding limit,

heat pipe materials and materials compatibility.

2.2.2 Stirling Hydraulic Engine

The hermetically sealed Stirling Hydraulic engine employed in the

conceptual design is based on technology developed to an advanced level during

the past 20 years for an artificial heart power Source. Such engines and

critical metal bellows components have demonstrated operating times in the

desired range. This approach provides full film hydrodynamic lubrication of

all sliding parts, simple construction with conventional manufacturing

tolerances, proven counterbalancing, and simple but effective power control

to follow insolation variations.

The principle of operation is jdentical to that of a free-piston Stirling

engin

e linear alternator with the following exceptions:
Power output is in the form of hydraulic power.

The power pistons, the displacer rod and the stabilizer/controllier are

immersed in hydraulic fluid for jdeal lubrication.

Engine working gas is sealed from the hydraulic fluid (which provides
lubrication and power transfer) by metal bellows, which are pressure
balanced to provide virtually unlimited bellows 1ife as proven by
extensive component and system tests to 1010 cycles.

A proven stabilizer/controller is incorporated into the design. This
feature eliminates the stability and control problems that often complicate
operation of non-stabilized free-piston Stirling engines. These problems,
which have not been generally discussed in the literature or project
reports, include limited and difficult control of power output, dropout of
oscillations at low power levels, destructive collisions resulting from
overstroking, and difficulty in debugging engines because of stability

and control problems. Reference 2 provides some elaboration on the

stability issue.
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An illustration explaining the Stirling hydraulic engine concept is shown

in Figure 2-9, Heat exchangers have been omitted from this figure for
clarity, but are included in subsequent figures. The displacer employs a
clearance seal. The helium working gas in the engine is separated from the
hydraulic fluid by the moving cold plate assembly, which employs two bellows
seals. The moving cold plate assembly acts as a diaphragm to communicate
pressure-volume work between the engine gas and the hydraulic fluid. The
fluid delivers net cyclic work to the opposed power pistons and to the
displacer rod. The displacer rod is hydraulically coupled to the counterweight
whose stroke is limited by the stabilizer, which is a very lightly loaded
Scotch yoke. The stabilizer is so lightly loaded, as shown in Appendix F,
that it is expected to meet the specified lifetime goals without difficulty.

The power pistons have equal masses and act in symmetrical opposition, thereby
producing no vibration of the engine housing. The displacer and counterweight
have equal masses and act in symmetrical opposition, so they likewise produce

no vibration of the engine housing.

It is rationally demonstrable, and has been repeatedly demonstrated by STC
development engineers for many operating engine designs and in many computer
simulations, that addition of resistance to displacer motion will slow a stable
engine in a controllable manner while simultaneously reducing heat input and
power output in a manner that maintains high efficiency. Reference 4 discusses
this issue in some detail. Addition of controlled resistance to the motion

of the displacer is accomplished by the speed control spool valve, which is

an inexpensive and simple device to manufacture and is simple to operate.

The method of construction and operation of the valve is shown in the schematic
diagram of Figure 2-10. A simple spring loaded spool valve with large-clearance
Tow-cost construction is pressurized with high hydraulic pressure at the end

of the spool opposite the spring. Actuation of solenoid valves adds or

removes fluid to or from the spring loaded end of the spool, moving the

spool and varying the flow resistance of the valve, which changes engine

speed, heat input, and power output, while maintaining high engine efficiency.
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Figure 2-10. Engine Frequency Control Valve
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The advantages of the engine concept presented include the following:

Stability and Control

A key advantage of the present concept is a remarkably simple engine control
system which varies engine frequency, thereby modulating heat input and power
output. High efficiency is provided over a very wide insolation range, taking
advantage of very low and very high levels of incident solar heating. The
engine power output turndown ratio exceeds 5 to 1. The controlled variable

of the engine control system is the temperature of the potassium surrounding
the heater head. The engine control system precisely regulates heater head
temperature, which is important because candidate heater head materials lose
strength dramatically above the design operating temperature. If heater

head temperature is not precisely controlled, heater head failure or decreased
efficiency will result.

As discussed above, instability of free-piston Stirling engines can be a serious
problem. Past experience in operating small free-piston Stirling engines

and in simulating free-piston Stirling engines in the target power range
indicates that dropouts, damaging collisions, limited turndown ratio, and
development difficulties are likely unless a stabilizing element, such as

the stabilizer of the present design, is employed. A stabilizer similar to

that used with the present design was used with the System 4 engine which
underwent seven years of life testing. Reference 2 discusses Stirling engine
stability in detail.

Despite the mechanical simplicity of free-piston Stirling engines, stability
and control are significant technical problems which must be addressed to
achieve a system which will provide fully automatic unattended operation in
field use. That the present design fully addresses the stability and control
issue is an important fact which should be given significant weight in
comparison with alternative approaches.

Hermetic Sealing

The STC team has demonstrated with repeated long life engine designs that
bellows designed with low stress levels will demonstrate essentially unlimited
cycle life. Low stresses are achieved by pressure balancing the bellows.
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Life tests of up to seven years operation of engines employing bellows seals
have been demonstrated by the STC team. Hermetic bellows seals similar to
those of the present conceptual design are approaching 1010 cycles in 27
continuing component life tests. Engine 1ife tests and bellows component
life tests are discussed in detail in Reference 3.

Demonstrated Internal Lubrication and Makeup Systems

The STC team has executed years of successful 1ife testing of engines which
require no external lubrication supply and which have internal hydraulic

fluid makeup systems. These lubrication and makeup systems

are conceptually identical with those incorporated into the present design.
Operation of engines with completely automatic internal lubrication and makeup
systems is an important consideration, which should be given significant

weight in comparison of this approach with alternative approaches.

Perfect Balancing

The present conceptual design provides perfect balancing at all operating
speeds for complete elimination of vibration.

Proof-of-principle of the dual opposed power pistons is provided by the Space
Power Demonstrator Engine which has operated with nearly perfect balance
with two matched opposed power pistons driven by the same engine pressure.

Proof-of-principle of the hydraulically coupled displacer counterbalance is
provided by the System 8 artificial heart engine which operates with nearly
imperceptible vibration. The use of proven counterbalancing systems which
balance completely and are insensitive to line frequency variations is an
important fact which should be given significant weight in the comparison of
this approach with alternative approaches.

High Efficiency

In addition to the high efficiency provided by the basic engine parameters,
high efficiency hydraulic components, and a high efficiency commercial rotary
induction generator, the present concept enhances system efficiency by
operating over a wide range of insolation levels, from very low levels up to

continuous operation at the survival insolation level.
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High Reliability and Long Life
The hermetic metal bellows and hydraulic lubrication features which have made

possible years of continuous operation of the artificial heart power source
are employed in the present design. Solid experience underlies the expectation
of high reliability and long 1life for the present design.

Displacer Clearance Seal

Study of a displacer gas seal to prevent displacer blowby indicates that with
careful control of tolerances it is possible to use the clearance between the
displacer and the cylinder liner as an effective clearance seal. In addition to
this approach, a self-aligning clearance seal which was investigated is a promising
alternative. From these studies, it is clear that a preloaded or pressure-loaded
seal will not be required, and that a true clearance seal will suffice.

Fully Automatic- Unattended Qperation

The engine control is so simple, and the engine so stable, that fully automatic
unattended operation should be easily achieved.

Manufacturable Design

Analysis of the design shows that the engine will function with high efficiency
and low wear with diametral clearances up to 1.5 mils per inch of diameter

for all hydraulic piston clearance seals and an initial diametral clearance

of 1 mil per inch of diameter for the stabilizer journals. Careful work has
been done throughout development of the conceptual layout to establish very
simple, manufacturable configurations.

Allowable seal clearances in oil lubricated systems and gas bearing systems
are limited primarily by seal leakage power losses, which are inversely
proportional to viscosity and are proportional to the cube of clearance.
The viscosity of the oil used in the present design is 10 centipoise, which
is 560 times the viscosity of helium at engine cold end conditions. For a
given seal diameter, length, and power 10ss, clearance of an o0il seal can be
the cube root of 560, which is 8, times the clearance of a gas seal. It
seems an inescapable conclusion that 0il system clearances can be larger
than gas bearing clearances, a fact related to manufacturing cost that should
be given weight in the comparison of this approach with alternative approaches.
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Maintainable Design; No Planned Maintenance

The engine concept presented is intended to operate for 60,000 hours with no
planned maintenance. Nonetheless, the use of a Stirling hydraulic engine makes
it practical and favorable in terms of initial cost to design the engine with
demountable O-ring sealed interfaces between subassemblies. The hydraulic
fluid employed is sufficiently viscous, and therefore resistant to leakage,
that 0-ring seals suffice in the place of welds for all of the assembly
interfaces in the engine except the hermetic gas seals. This allows access

for maintenance of most engine components, reduces the cost of engine assembly,
and allows factory corrective action if production problems are discovered
after engines are assembled. The maintainability of this engine is an important
fact, which should be given weight in comparison of this approach with other
approaches.,

Compatiblity with Commercial Components

The hydraulic output engine allows the use of commercially developed hydraulic
motors, hydraulic motor automatic controls, and rotary induction generators,
all of which have zero development time, zero development risk, immediate
availability from an established production and marketing base and proven

and quantified performance and life. These are important facts which should
be given weight in comparison of this approach with alternative approaches.

Protected Bellows

The bellows of the present design are protected against loss of hydraulic
pressure by a makeup pump and an automatic isolation valve, both discussed in
Section 2.3.1 of this report. STC considers these elements to be adequate
protection against oil depressurization. In addition to these elements, it
is possible to add an automatic gas depressurization system for further
protection if desirable.

A conceptual engineering layout of the engine module is shown in Figure 2-11.
Details provided by the layout which was not included in earlier figures
include assembly and maintenance interfaces, the heat exchangers, the
regenerator, and simple inexpensive startup positioning springs on the power
pistons, on the displacer rod, and on the counterweight. More detail is
also provided on the stabilizer and the hydraulic starter motor, which is
controlled by a solenoid valve.
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The heat exchangers and regenerator are discussed in detail in Section 2.2.4
on analysis. Care was taken in the design to achieve a simple U-tube heater
geometry and a simple M-tube cooler geometry, with all heater tubes identical
and all cooler tubes identical. Gas flow diffusers are cast into the heater
head to reduce the velocity pressure of flow from the heater and cooler tubes
impinging upon the regenerator matrix. The velocity pressure is reduced to a
small fraction of the matrix pressure drop. This minimizes the potential for
performance loss from regenerator flow irregularities. The baseline regenerator
geometry for initial demonstration on the Test Bed Concentrator is 1 mil wire
screens with 70 percent porosity. Foil regenerators were investigated and are
favorable as a low cost advanced technology approach which is particularly
insusceptible to flow irregularities and which packages well in the low cost
annular regenerator arrangement of the present engine design.

Design details on the conceptual engine design are presented in Section 2.2.5.

2.2.3 Materials Evaluations

Early in the conceptual design a target temperature limit for the heat
transport system was established at 800°C, primarily on the basis of objectives
established by the RFP, Stress analysis of heater tubes and the heater head

at 800°C indicated that the wall thicknesses would be larger than desirable,
and that thermal stresses associated with thick walls might be a problem.

Information provided by G. D. Johnson, Manager of Materials Engineering at
Westinghouse Hanford Company, also indicated that materials compatibility
problems with liquid metals could be formidable at 800°C. The concern

for materials compatibility with liquid metals was reinforced through
discussions with materials experts on the staff of the NASA Lewis Research
Center. On the basis of materials compatibility concerns, the heat transport
system design temperature was reduced to 700°C. At 700°C, wall thicknesses
become reasonable and liquid metals compatibility concerns, while not trivial,
come into a range with a good experience base.

The high temperature alloys of choice are AISI 316 for the high temperature
receiver and heat transport system components, CG-27 for heater tubes, and
XF-818 for the heater head casting. The creep rupture and fatigue safety
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factors for engine components using these materials meet or exceed the value
of 1.5 specified by NASA for design criteria. Potassium compatibility for a
60,000-hour 1ife for these materials at 700°C (and probably any other materials)
will require testing, the more prototypic the better. Successful tests with

sodium for other applications offer a good likelihood of success.

Exterior surfaces of the heat transport system will be coated with nickel
aluminide which is easily applied and becomes an Al203 oxidation barrier upon
heating.

More detailed information on materials evaluations is provided in Appendices
A and D.

2.2.4 Computer Simulation and Other Analyses

This section discusses computer simulation methods for analyzing engine
dynamics and thermodynamics and computer analyses to establish basic engine
design parameters. Also discussed briefly are other supporting analyses
performed to verify that the performance of the engine will be high and to

quantify overall system performance.

Computer Simulation of Engine Performance

This is a complex subject because the development of an engine design involves
both synthesis and analysis, generally interwoven. An engine cannot truly

be analyzed until it is specified, but conversely, an engine cannot be specified
without analysis. This is therefore a trial and error process which requires
much experience and has to factor in the realities of mechanical engineering

analysis and of mechanical engineering design.

The computer codes used in synthesis and analysis of the basic engine parameters
are SCALE and MCP, which are STC codes operated by STC personnel, and GLIMPS and
SCALING, which are Gedeon Associates codes operated by David Gedeon.

The STC code SCALE is a simple but powerful algebraic computer code based upon
a linearized isothermal model of a free-piston Stirling engine. Given trial
values of important parameters and dimensionless ratios which are relatively
invariant for free-piston Stirling engines, SCALE can generate a family of
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trial designs in the power, pressure, volume, and frequency range of interest.
These designs can be checked for reality with hardware designers and an
appropriate design selected for dynamic simulation. In the process of dynamic
simulation, parameters are adjusted to arrive at a design which operates
stably, controllably, and without collisions. This design can then be used

as a dynamically correct input base case to SCALE to produce a large family

of dynamically similar and dynamically correct designs at the power level of
interest, exploring tradeoffs in pressure, volume, frequency, and the ratio

of stroke to diameter.

In addition to the very fundamental information just mentioned, the list of
candidate engine designs produced by SCALE includes parameters of major
interest to both the design analyst and the mechanical design engineer.
These include displacer and piston weights and dimensions, hydraulic flow
inefficiencies, and stabilizer loads. Review of the output of SCALE leads
to selection of a reference engine design which is stable and controllable,
has low hydraulic flow losses, and has desirable mechanical dimensions. The
ability of SCALE to produce dynamically correct designs has been checked by
dynamically simulating designs produced by SCALE and verifying that the
dynamic simulation output parameters match the input parameters.

The STC code MCP is an isothermal dynamic simulation method which has been
used to design a number of hydraulic Stirling engines and analyze many more.
Dynamic operating parameters of engines designed by MCP and tested in the
laboratory agree well with the MCP predictions.

The Gedeon code GLIMPS is a remarkable fast running Stirling engine nodal
thermodynamic analysis code that uses a personal computer to do Stirling
engine simulations that would normally require a considerable amount of time
on a mainframe computer. GLIMPS is a design point analysis code as opposed
to an optimization code. Geometry, source and sink temperature, pressure,
frequency, and sinusoidal piston motions were input from SCALE and MCP to
GLIMPS. Engine thermodynamic performance was calculated. Parasitic heat
loss and parasitic power output losses were calculated independently by STC
and used to modify the GLIMPS results. More detail on GLIMPS is provided

in Appendix E.
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The Gedeon code SCALING allows the basic cycle power and the heat exchanger
performance of a successful GLIMPS run to be constrained while changing some
of the dimensions of the machine. SCALING was used in conjunction with GLIMPS
to optimize the heat exchangers of the present design.

The final results of the engine synthesis and analysis work performed using
SCALE, MCP, GLIMPS, and SCALING are well summarized by the subcontractor
report prepared by David Gedeon, which is included as Appendix E. Referring
now to Tables 3 and 4 of the appendix, Case 7.4 is designated the baseline
design, with a 1 mil wire screen regenerator of 70 percent porosity. Case
7.1 is a foil regenerator engine which is comparable in performance to the

baseline design.

A number of areas of concern in which studies by STC and Gedeon led to
satisfactory conclusions are discussed at some length in the Gedeon report.

These include:

. Validation of the GLIMPS code

. Selection of the heater concept

. Selection of the porous regenerator for the baseline design
. Selection of the volume allocation for heat exchangers

. Minimization of regenerator flow distribution problems

. Selection of operating pressure and frequency

. Optimization of the heater, regenerator, and cooler

Other Analyses

General analyses performed in support of the design effort include those

listed below. The results of these analyses are reflected in the hardware
designs presented in this report and submitted to Pioneer for cost evaluation,
and in the engine and system performance projections made in this report.

STC is satisfied with computational methods used to perform these analyses

and believes the analyses provide sufficiently accurate estimates of performance
for the purposes of the present design activity. In particular STC has done
substantial theoretical and experimental investigation into flow losses
associated with Stirling hydraulic engines and found the methods to be
reasonably accurate.

45



GENERAL DESIGN ANALYSES

* Analysis of engine parasitic heat leaks

* Analysis of engine parasitic mechanical Tosses

* Analysis of stabilizer/controller mechanical losses

+ Displacer clearance seal analysis

* Displacer gas spring sizing

* Buffer sizing

« Efficiency effect of heater tube-to-tube temperature differences
* Engine design power level requirement

« Analysis of power turndown capability

* Heat rejection system analysis

« Stabilizer bearing pressures

+ System integrated annual energy production

* Bellows life analyses

+ Stress analyses, including creep, fatigue and buckling
« Heat pipe analyses

* MWeight analysis

Appendices A, B, and C provide details on analysis of heat pipe and other
heat transport options. Stabilizer bearing pressure analysis results are
presented in Appendix F. Heater tube stress analysis is presented in
Appendix G.

2.2.5 Engine Design Details

A substantial amount of careful layout work and mechanical design analysis
underlies the final concept design presented in this report. A conceptual
Tayout of the heat transport system is included on the second page of
Appendix A. A detailed conceptual layout of the 30 kW Stirling engine and
selected detailed drawings prepared for cost evaluation purposes are provided
in Appendix F. Also included in Appendix F is an automatic internal leakage
makeup diagram, a diagram showing the very simple and easily produced components
of the stabilizer, a table showing that the stabilizer bearing pressures are
very light compared to automotive practice, and a table of engine and heat
transport system suspended weights.
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2.3 COMMERCIAL COMPONENTS, SYSTEM INTEGRATION AND CONTROLS

An important advantage of the selected approach is the use of commercial

power generation components with zero development cost and well characterized
performance, life and operating characteristics. This section of the report
discusses the integration of the Stirling hydraulic engine and the commercial
power generation components into an efficient, reliable, unattended, automatic
power generation system.

2.3.1 System Schematic

A schematic for the integrated system is presented in Figure 2-12. The
stand-alone system is shown for ease of representation and for simplicity of
discussion. The engine module, Item 1, includes the receiver, the heat
transport system, the Stirling hydraulic engine, and the engine speed control
system, which regulates heater head temperature. The engine pump hydraulic
fluid at a flow rate roughly proportional to engine heat input. The coolant
radiator, Item 2, is similar to an automotive unit and includes a coolant

pump and a fan. Two pulsation suppressors, Item 3, include one at the engine
intake, and one at the engine discharge. The pulsation suppressors are small
and inexpensive oil/gas accumulators with the 0il separated from the gas by

a simple rubber bladder. They produce steady flow in the external hydraulic
circuit. Five micron filters, Item 4, are immediately upstream of the engine
module and the hydraulic motor to keep the engine and motor clean, assuring low
wear rates for very long life. Item 5 is a small priming and makeup pump with
a discharge check valve. The pump is turned on and off by a diaphragm-type
pressure switch. The automatic isolation valve, Item 6, closes to protect the
engine bellows if the engine discharge hydraulic pressure drops to the 2600 psi
engine charge pressure. A relief valve, Item 7, accepts engine flow if the
engine is running when the generator is off line. The hydraulic motor, Item 8,
includes a factory optional back pressure control unit, which adjusts hydraulic
motor displacement to accept the flow rate of hydraulic fluid produced by

the engine over the engine's entire power range. Motor torque is proportional
to flow rate. The induction generator, Item 9, operates at line voltage and
near synchronous frequency. Generator current is proportional to motor

torque.
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The oil reservoir, Item 10, is a simple, low-pressure tank containing
hydraulic fluid pressurized by a volume of dry gas above the fluid. The oil
cooler, Item 11, includes a fan to force air past the cooler.

The dashed lines in the system schematic represent pressure feedback for
automatic unattended control of the priming and makeup pump, the relief valve,
and the hydraulic motor.

For the array configuration, 20 concentrator-mounted engines are hydraulically
connected in parallel to six sets of motors and generators. The method of
connecting and controlling the array has been discussed in some detail in
Section 2.1.1. In particular, it is useful to review the block diagram of

the array shown in Figure 2-4. More details on the array hardware are included

in an engineering schematic of the hydraulic circuit in Appendix F.

2.3.2 Control for Automatic Unattended Operation

Control concepts for the power generation system were discussed in Section
2.1.1 and were reviewed in the above System Schematic discussion. This
subsection discusses sensors, control circuits, and final control elements
for the power generation system and overall concentrator and generation
system control for automatic unattended operation.

Engine Speed Control

The engine speed control, which simultaneously varies engine heat input and
flow thoughput, operates to maintain constant temperature in the heat transport
system. The sensing element will be either a thermocouple or a gas bulb
thermometer, selected on the basis of life and reliability. The intermediate
circuit will be a simple electronic circuit and two solenoid valves, as shown
in Figure 2-9. Current flows in only the first solenoid if the potassium
temperature is too low, in only the second solenoid if the potassium temperature
is too high, and in neither if the potassium temperature is acceptable. The
final control element for engine speed is the spool valve shown in the figure.
The engine speed controller will be attached directly to the engine module

for easy access to the sensing and final control elements.
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Engine Starter Control

The engine starter is a small hydraulic motor powered by hydraulic fluid flowing
through the motor from the high pressure pulsation suppressor to the low pressure
pulsation suppressor. The starter engages through an extremely simple long

life clutch which is operated by the same pressure which powers the starter. A
logic circuit in the engine power control module momentarily engages the starter
by opening a solenoid valve when the potassium temperature sensed by the engine

speed control system enters the temperature control band during heat up.

Hydraulic Motor Control

The hydraulic motor control adjusts displacement of the constant frequency
motors to increase or decrease fluid consumption thereby regulating hydraulic
motor inlet pressure. This also establishes and regulates the engine outlet
pressure. The process of regulating hydraulic inlet motor pressure also

matches the hydraulic motor flow rate to the engine flow rate.

For the stand-alone system a factory control option provided with the hydraulic
motor causes the motor to automatically regulate its own inlet pressure.

Control of the hydraulic motors in the array concept utilizes a motor-generator
array controller discussed in Section 2.1.1.

Switchgear Control

The switchgear should be closed any time the pressure to the hydraulic

motors is above the lower 1imit of the pressure control band of the hydraulic
motor control system and opened any time the supplied pressure is below the
Tower 1imit. A limit switch on the controller of the variable displacement
hydraulic motor will provide the information needed for switchgear control.

Concentrator Control

A possible control algorithm for the concentrator controller is to track-on
when the sensed insolation exceeds a preset limit, and track-off when the
sensed insolation falls below a preset limit. In addition, the concentrator
should track-off if the temperature of the heat source exceeds a preset
limit. The signal for track-off on overtemperature will be transmitted

by wire from the engine speed controller to the concentrator controller.
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2.3.3 Engine Cooling System

The engine cooling system parameters were selected to provide a 37°C nominal
heat rejection temperature difference between the metal-to-gas interface

of the Stirling cycle cooler and the ambient air temperature. The ambient
air temperature was assumed to vary from -7°C to 33°C as specified in the
request for proposal. The nominal ambient air temperature was taken to be
13°C. Adding the rejection temperature difference to the ambient temperature
range gives an engine cold metal temperature ranging from 30°C to 70°C. A 50°C
nominal cold metal temperature was used in engine performance simulations.
The system performance given in this report takes into account reductions in
electrical output of 1.85 kW per engine for cooling fan motor power and 70
watts for cooling pump motor power. The final heat rejection is through a
commercial fan cooler similar to that depicted in Figure 2-13.  The coolant
is a 50/50 water glycol mixture.

2.3.4 Hydraulic Motors

The hydraulic motors selected for the baseline array design are the Volvo
V11-250 variable displacement motor and the Volvo F11-150 fixed displacement
motor. A fixed displacement motor is depicted in Figure 2-14. In the array,
five fixed displacement motors and one variable displacement motor utilize
the hydraulic power from 20 engines. The hydraulic motors are designed to
operate at up to 5000 psig inlet pressure and up to 2500 rpm. The present
design, at 3000 psig and 1800 rpm, provides a long operating life between
bearing replacements. On the average, the hydraulic motors will require
less than three replacements of main bearings in the 60,000 hour life of the
plant. The labor required to exchange a hydraulic motor and replace its

bearings is estimated to be 4 man-hours.

2.3.5 Commercial Induction Generators
The rotary induction generator is clearly the preferred machine for connection
to a utility grid with established frequency and voltage. Induction generators

provide the following advantages.

1. The induction generator has a cost advantage over the synchronous
generator in sizes up to several megawatts. In the size range of present
interest, the cost of an induction machine is about half that of a

synchronous machine.
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Operation of an induction generator supplying power to a grid is the
essence of simplicity. With an induction generator, the circuit breaker
can be opened or closed at will at any time without concern for
synchronization. This is not true for a synchronous generator operating
into a grid. If an induction generator is below synchronous speed, it
acts as a motor and draws power from the grid. At synchronous frequency
no power flows. Above synchronous frequency power flows to the grid. At
the 1,800 rpm synchronous frequency of the present design, the required
slip for rated current is about 20 rpm. Thus, the hydraulic motor and
the generator will operate at 1,820 rpm.

In the power range of interest the development, production, market base,
availability, and price competition for rotary induction generators is
incomparably larger that for competing equipment. For most intents and
purposes, an induction motor is also an induction generator. There is
little or no hardware difference between an induction motor and an
induction generator. Therefore, for most purposes, a standard induction
motor with specified parameters can be sold and put to work as an
induction generator with the same specified parameters. This greatly
broadens the commercial base.

In addition to its other advantages, the induction generator is efficient,
simple (brushless), and rugged.

Polyphase rotating generators in general produce essentially zero harmonic
distortion,

Commercial rotary induction generators in the size range of interest are
three phase machines, and therefore are very compatible with a conventional
three-phase grid.

The generators for the present design have an efficiency of 96% over a

wide power generating range.

Generators are typically designed to provide eight to ten years of continuous

operation at rated temperatures. Typical operation is below rated temperature,
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so the lifetime is typically greater than eight to ten years and thus well
beyond the 60,000 hour design life specified for the reference design.

Drip-proof construction is considerably less expensive and slightly more
efficient than totally enclosed fan-cooled construction. Drip-proof
construction is routinely used in the open in severe environments such as
0il fields and demonstrates no problems from blowing sand and driving rain.
Flooding cannot be tolerated. Screens are sometimes provided in air flow
passages to exclude insects and rodents. Drip-proof construction is

expected to meet the requirements of the proposed application.

2.3.6 Generator Control and Power Factor Connection

There is no control required for the generator apparatus or the power output
circuit with induction generators operating into a grid. Control is achieved
through the automatic variation of hydraulic motor displacement, which is
proportional to hydraulic fluid flow, hydraulic motor torque, and output
current. Frequency and voltage are established by the grid.

The generator power factor for the array configuration is around 90% at high
power, dropping to 85% at the full turndown condition. Therefore power factor
correction is not required for the array configuration. For the stand-alone
configuration, 94% of the energy generated is at a power factor above 0.85.
The approach to be taken regarding the 6% of the available energy generation
which is at a power factor below 0.85 will be resolved in the next phase.
Primary alternatives include the following:

1. Addition of a small amount of capacitance to raise the power factor above
85% at all times,

2. A reduction in power revenue rates for the small amount of power generated
at a power factor below 85%, or

3. A decision not to generate the 6% of the energy which would be at a power
factor below 85%.
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Section 3

RELTABILITY AND MAINTENANCE

A1l the components specified in the conceptual design have 60,000 hours of
maintenance-free 1ife expectancy with the exception of the hydraulic motor.
On the average, the motor will require taper bearing replacement less than
three times in the 60,000 hour 1ife of the power generation system, Taper
bearing replacement will require four man-hours per replacement including the
time to exchange hydraulic motors and the time to replace the bearings.

The engine is designed for zero maintenance, but most engine parts are easily
replaceable. A number of small engine configurations which are similar to the
proposed concept have been developed and employed as artificial heart power
sources. Two of these have been extensively life tested with outstanding
results. Only one sample of each engine was tested, so the results are all
the more impressive.

The System 4 engine operated unattended for 35,900 hours in one continuous run
until retirement from service because of damage from a machining operation to
remove a burned out electric heater.

The System 6 engine ran 22,700 hours in one continuous run finally interrupted
by wear of a magnesium check valve poppet. In retrospect, the valve material
was a questionable choice. On disassembly, all components except the valve
were in excellent condition, The valve has been resurfaced and the engine
reassembled for continuation of the tests. System 6 is expected to demonstrate
many thousands of hours of additional 1ife.

In assessing the remarkably low number of failures per hour in the tests cited
above, it is important to remember that these are development tests intended
to find the weakness in these designs. After development testing and related
design improvements, much lower rates of failure can be expected.
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As discussed in Section 2.3.5, rotary electric induction generators have
maintenance-free lives on the order of 90,000 hours.

On the subject of reliability, it is important to note the high level of
satisfaction commonly expressed by users of hydraulic equipment. Appendix H

is a technical article entitled, "Plant Uses 53 Hydraulic Motors--No Motor
Downtime in 2 1/2 Years."
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Appendix A
RECEIVER AND REFLUX BOILER HEAT TRANSPORT SYSTEM - SELECTED SYSTEM

The system is shown in Figure A-1. Solar energy impinges upon the 10.6-inch
radius spherical absorber which conducts heat to the potassium pool contained
by the absorber and the 10.5-inch spherical radius aft closure. Nucleate
boiling of the potassium at the back side of the absorber surface converts the
incident energy which is delivered to the heater tubes by condensation of the
vapor. The engine is supported by the support tube which is welded to the

aft closure. The engine is welded to the support tube at the heater head
providing a hermetically sealed system. Evacuation and fill ports (not shown)
are provided. The assembly, weighing approximately 706 pounds, is supported by
the support cone which attaches directly to the mounting ring at the 36-inch
diameter bolt circle with twelve 9/16 diameter bolts. The aperture plate is
sandwiched between the support cone and the mounting ring with its major support
by the twelve 9/16 bolts.

The absorber surface is a 20-inch diameter 140° spherical segment with a peak
solar heat flux of 46 watts/cm2 (see Figure A-2), chosen because of its favorable
geometric compatibility and an edge slope sufficient to preclude blanketing

the lower extremity of the boiler surface with vapor. Lower heat fluxes for

the same heat load can be realized with increasing the included angle and

deeper cavities, but it is believed that this is a satisfactory flux and the
choice an acceptable compromise. Further evaluation would likely result in

a more optimum design. In Table A-1, the receiver energy losses are summarized.

The complete assembly is surrounded by cerawool insulation (Manville). The
insulation is contained by a clamshell aluminum housing where the clamshells are
joined by either spot welds or sheet metal screws. The potassium inventory

is 54 1bs and the spacing between the spherical segments provides sufficient
area for vapor flow and liquid return. Differential thermal expansion is
accommodated by a slip joint between the aluminum insulation housing and

the engine cylinder.

Liquid Metal Containment

The 1iquid metal container is made up of the absorber, the aft closure, and
the support tube, all of 316 stainless steel. The absorber and aft dome are

59



"1-y 24nbLy

INIONT IMITHIS VWS "MASS | imcmanm

— Y

s ¥ mump
L304SNYHL LYIH — 23AI1303 ¥ Ve
¥ vt
oon-ai0-00e o o S T e § e 0via
ANVEWNOD ADCIORHOBL ORITYILE el
O w0 — e — 'OM 1WVe

il i >/ T
0413 wds AR RRALEN
v — m c : —— o e S EERCEL e Q1IM  Woas
.3 omar] e B902] SIM I Qpprrrred 708 - 219000

\I Il IynLydov

(rssy s maAIRO9N)
SN wop et

Wny 91L-v202 020"

QI 3IM TWANLONALS
NOILUBLINIY VWS

TIIM WYINLINBLS
N

(Ava 1839NT ! oo M)
NOILBATII Xv3g LY TuDILa3A

3A3Y OINdN
RUEIFE S TN

TY
Q
T
W
x
o
]
[
Q
w
T
w
2
3
2
"]
&

FIARTY Oy
7 IViNOL 130H

ORIGINAL PAGE TS
OF POOR QUALI
"2

(rssu oNIa ONILNNOW / 29AIIDIY)
X2 -~32% qudD Ou DOS INN 9t -

el & O

o2 »vly
i
Gart

/ NOILYINSM
TINYTIE TOOM HaID
ad - g Mg ) + v
a ¢ . .
NO/LYINSN L 3XANGTIG TTOOM  YNID N A \ -
1S 1S %6 8~ 300 Lav 'y .
. |
TIMS WHID Dd Z-DNIDWULS  WNNIWNTY 050" v
NAS LS oI5 ,0%0" - ¥3G YOS QY . - -7
-
Q1NOIN WhISSVLOd g . <
FINMLIY s
F 4 | /3803 30wainy /
U L ’
SIXNY oL I T4 - 3301339y
us us ore Y vra o'e
» 3804 1L300dNS
.

'2'9 Y10 0096

ONIGWYLS T DINOD
VLS AS UE OO
| ——3INOD 1L3Caans

TIIY FYEBO
SAMIIOS TTULIN L IIHS

Covtrs Qurm 04 dresri o)
-4.MOL ou?

REEIBCT R A

60



QRIGINAL PAGE IS
OF POOR QUALITY,

70 !

i

;r
gll

60—

|
50 ,J 1{ ) |
{ N /40 -E-l Ls INCHES

\AFT DOM

'/ ‘GEOMETRY
|

AN 40
=
o
~
=
>
=)
-
b 3o

20

10

0 T

0 5 10 15 20 25

CAVITY HEIGHT (cM)

Figure A-2. Solar Flux Profile for 20 Inches Spheric Sections

61




Table A-1

RECEIVER ENERGY LOSS MECHANISM

% OF THERMAL INPUT
20-INCH DIAMETER
140 DEGREE SPHERICAL SECTOR

SHELL INSULATION 1.0
CAVITY RERADIATION 2.6
DISH SHADING 0.7
TRANSIENT STARTUP 2.0
CAVITY REFLECTION 2.3
CAVITY CONVECTION 1.0

NET RECEIVER EFFICIENCY (HORIZONTAL) 90.4

T, = 25 C

WIND SPEED = 6 MPH

TOTAL SOLAR ENERGY INPUT ON 950 W/MZ DAY = 2.1 X 106 KkJ
6 INCH INSULATION ON EACH DESIGN

REFLUX VAPOR TEMPERATURE = 730 C
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formed spherical sectors joined by a double roll seam weld as shown in the
inset detail. The major advantage of this type construction is its relative
low cost. An alternate approach to joining is identified in the following section.

The support tube has a formed conical section and is welded to the aft closure.
This intersection is circular which enhances ease of manufacturing.

Joint Construction and Welds

Two approaches to joining the absorber surface to the aft dome as shown in
Figure A-3 are considered. The double roll seam weld could be made in two
steps to minimize oxidation in the regions which will be in contact with
potassium, The outside weld would be made first to form a seal. The joint
can then be cleaned and baked out under vacuum as required, and a cover gas
incorporated during the final inside seam weld. Some development and testing
would be required to qualify this construction.

Because there is yet concern regarding the ability to sufficiently clean the
region immediately adjacent to the inner seam weld and in the crevice, an
alternate method of construction is shown. It is believed this joint will
be more costly. A weld qualification program will be necessary and a method
of inspection devised.

Welding of the support tube to the aft closure is by a full penetration fusion
weld. As the intersection of the cone and the spherical segment is circular,
it is possible to perform a second weld pass on the inner surface to assure
integrity of the weld.

Welding of the engine cylinder head to the support tube will also be by fusion
weld with care taken in the design to assure acceptable internal conditions
after weld. Because with execution of this weld all significant sized openings
will be closed, visual inspection is not possible and x-ray or ultrasonic
inspection will be necessary.

Container Structural Loading

Stress levels in the container are in general minimal with sizing set by
manufacturing and handling, and corrosion and material transfer. In the case
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of the absorber, thermal diffusivity is a consideration.

Loads are induced by differential pressure during loading and operation, and

by gravity and inertial forces imposed by the engine and the receiver assembly
itself. During loading and shutdown conditions, a vacuum exists in the container
with atmospheric pressure external to it. During operation, potassium vapor
pressure at 6.6 to 8.1 psi is the internal pressure with atmospheric pressure
external. The absorber experiences cyclic thermal stress, a portion of which
will relax with time.

For the absorber the nominal membrane stress is given by
Pr

J E e—
2t
where
P = pressure = 14.7 - 6.6 = 8.1 psi (max)
r = radius of curvature = 10.6 in.
t = material thickness = 0.06 in.
giving in operation

3 = 716 psi

First cycle thermal stress is, for the nominal heat load

[of =1/2(X/\TE
T
where
ot
AT = — = temperature differential
k
¢ = heat flux - 46 watts/cm2
t = material thickness = 0.06 in.
« = coefficient of linear expansion = 10.6 x 1078 in./in. °F
E = modulus of elasticity 20 x 106 psi
k = thermal conductivity = 1.03 BTU/hr-in. °F

which gives

o = 6260 psi
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In reality, this is the thermal stress that the absorber would experience if

it were completely restrained. As this is not the case, it is a qualitative
measure of the severity of the effect of the heat load. Further evaluation

of stress due to non-uniformity of incident heat flux and of localized stresses
should be made in the next phase of design. In general, these stresses

are considered sufficiently small to not warrant concern.

The aft closure and the support tube will experience external pressure during
operation and shutdown and are subject to buckling. For the aft closure the
allowable external pressure is

26t ?
O%r = >
r V3(l-\)]
and for the support tube
E t 3
op = ———— (=)
4 (1-v%)  r

t = material thickness

r = radius of curvature

v = Poissons ratio = 0.3

E = modulus of elasticity
= 20 x 108 psi at 700°C

} 316 stainless steel
= 30 x 108 RT

These relationships show allowable external pressures far in excess of those
applied--the minimum being 49 atmospheres for the absorber.

Gravity and intertia loads were considered for the structure. A 1.5 dynamic
load factor was applied to gravity forces to cover inertial effects, with an
additional 1.5 overall factor safety.

Maximum stress in the support tube is 2670 psi and the maximum membrane load
per unit length at the intersection of the support tube conical section and
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the aft closure dome is 155 1bs/in. giving a stress of 1240 psi. As the cone
elements feed tangentially into the spherical aft closure dome, very little

kick or lateral components exist. These stress and load levels are sufficiently
low to be considered non-problems.

Support Cone

The support cone is of 0.040-inch 316 stainless steel, the thickness set by handling.
For crippling, the required thickness is conservatively given by the relationship
t
¢ =03E —
cr r
where the terms are as given earlier. The required thickness with a 1.5 dynamic

load factor in addition to a safety factor of 1.5 is 0.014 inches. Design of
this component is thus ultraconservative.

Heat loss by conduction to the mounting ring is estmated by first order analysis

to be 151 watts. This could be reduced by reducing cone wall thickness. Longitudinal
stiffness formed into the material to provide rigidity is transmitted to the mounting
ring by twelve 9/16-inch bolts which are lightly loaded. A stiffener ring will

spread the concentrated bolt loads to the thin conical shell.

The location of critical loads and stresses is given in Figure A-4 along with
a summary in Table A-2 of loading and margins of safety. The structure can be
further optimized for weight removal if the tradeoff with cost would warrant it.

Liquid Metal Working Fluid
Potassium was selected as the liquid metal heat transport fluid because of its
favorable vapor pressure at 700°C. This pressure, 418 mm Hg (0.057 MPa), should

be sufficient to assure steady nucleate boiling at the absorber back face.

There is concern that the vapor pressure of sodium at 700°C (0.014 MPa) is
insufficient to prevent unsteady boiling (bumping). Critical heat flux will

be higher for potassium than sodium as the product of vapor density and heat

of vaporization at this temperature is greater for potassium than for sodium
resulting in a much lower volumetric vapor flow. A comparison of the properties
of potassium and sodium at 700°C is in Table A-3.
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The potassium inventory is 54.0 pounds. This is mainly influenced by the
size of the flow passage required for the liquid and vapor flow which is
addressed in the next paragraph.

Flooding Limit

The required flow passage for vapor flow to the heater tubes and liquid return
is given by the Kutateladze relationship.

v ¢’ [ov2 g (Sin a) v (py - )]

¢ = 7757 5
1+
[ (Dv/p])

0.25

where

=
<
]

= heat of vaporization

py = vapor mass density

P liquid mass density

= surface tension

<
[l

a = angle of flow to horizontal

g = gravitational constant

¢ = dimensionless constant = 3.2
¢ = allowable heat flux

For the design presented, the critical region appears to be at the midplane

for the system in both the horizontal and vertical orientations (see Figure A-5).
By the above relationship, for horizontal operation (a =90°) the allowable

heat flux is 6.42 x 10% BTU/hr-ft2. For 29,610 BTU/hr (86.75 kW) total

heat Toad the required flow area is

1/2 (29,610)
A = (12)2 = 33.2 in.2
6.42 x 104
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The current design has a flow area of 88.8 in.2 giving a factor of safety

s - 88.8
Ut T T332

N
[e)]
\‘

|

For vertical orientation (reflector axis 12° off zenith at Albuquerque, New
Mexico, lTongest day at high noon) o =12° giving an allowable heat flux of

4.33 x 104 Btu/hr-ft2 resulting in a factor of safety of 1.8. In a subsequent
design phase (the angle between the engine centerline and solar reflector
centerline could be reduced along with an increase in diameter of the conical
section of the support cone) a minor modification of the geometry would increase
the margin of safety for the vertical orientation.

Materials and Material Compatability

The materials selected for the heat transport system are discussed below.
While cost and ease of manufacture is a fundamental and driving consideration,
reliability and 1ife is an overriding factor.

« POTASSIUM CONTAINER--The absorber, aft closure dome, and support tube are
of AISI 316 stainless steel. This is a molybdenum alloyed 18-8 stainless
steel of relatively good strength with extremely good performance in
Tiquid metal environment and with a large amount of substantiating data
and service experience. With potassium of reasonable purity, loss on
the order of 0.001 inches/year could be expected based upon data
presented in Appendix D.

» HEATER TUBES AND CYLINDER HEAD ASSEMBLY--This assembly completes the
potassium containment. The cylinder head is of XF-818, an iron-based
cast chrome/nickel/molybdenum alloy. The nickel content is moderate
(19%) with no titanium or aluminum. It would therefore be expected to
behave well in the potassium environment, although as yet, substantiating
data has not been found.

The heater tubes are tentatively of CG-27, an iron-based chrome/nickel/molybdenum
wrought alloy with significant amounts of titanium and aluminum. The nickel
content is quite high (38%) which gives rise to concern regarding material
transfer. Appendix D, Table D-3 shows for a very similar alloy (D66) a
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rather high rate of intergranular attack but moderate material transfer
(0.0006 inches/year). An 8,000-hour test conducted by Stirling Thermal
Motors (STM) of Ann Arbor, Michigan, of CG-27 coupons in a sodium heat pipe,
however, reportedly showed little material degradation. The testing reported
in Appendix D on D66 was for sodium flowing in an open lToop and it is noted
that CG-27 in a closed system may react quite differently. On the other
hand, the validity of the STM test has been subject to some question because
the coupons were reportedly loose (not electrically connected and therefore
without the conductive path to form an electrochemical cell, and were located
in the evaporator section. Further considerations are that 1) the tube 0D
which is exposed to potassium is not quite as highly stressed due to pressure
as the ID because of the thick/thin cylinder effect, and 2) thermal stresses
will be compressive at the 0D. These factors tend to be beneficial. However,
with relaxation of thermal stress, the tube OD will go into tension during
shutdown which would give rise to concern regarding Tow cycle fatigue,
although it is unlikely this would be critical.

With such conflicting and questionable information regarding compatibility
of CG-27 in a potassium environment, it would appear premature to discard it
as a prime candiate for use as heater tube material. Its exceptionally high
strength (45,000 psi stress rupture at 60,000 hours at 700°C), potential

Jow cost, and absence of strategic materials makes it ideal. 0f all other
materials considered, only Udimet 700 (15-20% CO) exceeds it in strength.
Rene 41 compares well (39,000) but is costly and of high nickel content.
Inconel 625 has sufficient strength but very high nickel content and high
rates of material transfer are reported. Alloy D979 has very good strength
but is similar to CG-27 in chemical constituency. Multimet N-155 (21 Cr,

20 Ni, 20 CO) and other cobalt alloys are likely candidates as cobalt tends
to behave well in the alkali metal environments.

Stress rupture vs. temperature at 60,000 hours and stress vs. percentage

creep in 1000 hours is shown in Figures A-6 and A-7 for some of the materials
considered.
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The end conclusion regarding heater tube material at this point in the
preliminary conceptual design phase is to retain CG-27 as the prime material
candidate contingent upon compatibility testing. A true evaluation can only

be made in a closed system which operationally and chemically closely simulates
the actual configuration. Material transfer is not only dependent upon the
alloys and their combination but upon the relative surface area exposure and
the thermal conditions.
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Appendix B
CAPILLARY HEAT PIPE
This Appendix was developed for sodium heat transport systems at 800°C.

The conclusions reached are generally valid for potassium at 700°C.
Introduction

In the following study the effect of varying absorber diameter upon superheat

in the wick of a sodium heat pipe is evaluated. The one dimensional flow
model used represents the most vertical element of the circular absorber/
evaporator and is shown in Figure B-1. It is a circular sector of small
included angle cut from the absorber/evaporator.  The wick is fed at its
upper extremity by a feed artery of sufficient size that the flow loss in it
is negligible, and at its lower extremity by the Tiquid pool. It is assumed
that the flow in the model wick is symetric, that is, the flow upward equals
the flow downward. As flow is on demand from the evaporator and solar flux
is nominally symetric, this is not an unreasonable assumption as a first
approximation. Cross flow from other portions of the absorber/evaporator
which would feed liquid to the wick is ignored. The absorber surface is
taken as a flat disk for simplification of analysis.

Evaporation from the wick is assumed to be uniform. If this is the case,

flow of liquid in the wick across any radius will be proportional to the area
bounded by that radius. For uniform pressure gradient in the liquid flow
stream it can be shown that a wick that varies linearly in thickness from
maximum at the outer diameter to zero at the center satifies this requirement.
While this may not be economically or physically practical, it was taken as

a baseline case and is presented for completeness. The study is mainly for

wicks of uniform thickness.

Failure of a heat pipe is generally by burnout in the wick. Thix occurs when

a sufficient supply of 1iquid is unable to reach the evaporator heat transfer
surface. This can result from a clogged wick or by vapor in the wick preventing
flow of liquid to the heat transfer site. Once nucleate boiling has commenced
and a bubble formed, it is difficult to recover stable operation. Nucleate

boiling is promoted by excessive superheat in the 1iquid.

In general there are two components which contribute to superheat in the
wick, that due to the temperature gradient required to transfer heat through
the wick to the liquid vapor interface (designated herein as ATT), and that
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Figure B-1. Heat Pipe One-Dimensional Model
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due to reduced pressure in the wick relative to the equilibrium vapor pressure
(designated ATP). In the presentation of the data a factor of 2.0 is applied
to the superheat resulting from thermal gradient to account for localized
variation in solar heat flux incident on the absorber surface which reportedly

can vary by that amount.

Some margin is necessary in the pumping pressure required to distribute the
liquid relative to the capillary pumping pressure available. If the maximum
pressure differential which the 1iquid surface tension will support is developed
at the liquid-vapor interface, small perturbations such as dynamic forces can
cause catastrophic failure. Pumping ratio is therefore defined as the ratio

of capillary pressure used to drive the fluid system relative to the maximum
available based upon the capillary pore size and the liquid surface tension.

A pumping ratio of 0.5 means that one-half the available capillary pressure

js used to move the fluid through the wick.

Results and Presentation
In Figures B-2 through B-6, the following parameters are shown.

« Incident solar heat flux ¢

. Superheat due to thermal gradient in wick (aTT)

» Superheat due to pressure differential across meniscus (aTp)
. Total max superheat (2ATT + ATp)

+ Wick thickness

+ Capillary pumping limit

Figure B-2 is a plot of the above parameters for wicks that taper from zero
at the center to maximum thickness at the outer edge. It is seen that total
maximum superheat (2aTy + ATp) is minimum at a value of 35°F for an

absorber of 17-inch radius. In this case the full capillary pumping pressure
is used with no margin (n = 1,0). It is clear that at this superheat and
with no pumping margin, there are no satisfactory absorber proportions. The
capillary pumping limit shown indicates the maximum absorber radius imposed
by the capillary pumping limit without regard for superheat in the wick.
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Figures B-3 through B-5 present the same data for wicks of uniform thickness
for pumping ratios of n = 1.0, 0.75, and 0.5. Total maximum superheat is shown
for center and edge locations.

Figure B-6 is a summary plot of Figures B-3 through B-5 showing superheat at
the optimum absorber radius as a function of proportion of pumping capacity
used (for wicks of uniform thickness). Absorber radius for capillary pumping
1imit is also shown.

Conclusions

Tolerable superheat is dependent upon factors that are difficult to access or
control. For the reliability required of the proposed system, a superheat of
not more than 10 to 15°F with a pumping ratio not greater than 0.5 would be a
minimum requirement. Figure B-6 shows the sensitivity of superheat to the
percentage of capillary pumping capacity which is committed to distributing
the liquid in the wick. It is seen that for n = 0.5, superheats at the outer
edge and particularly at the center are above what would be considered safe
1imits. Superheat due to thermal gradient can be reduced by increasing wick
permeability and thus reducing wick thickness. Permeability is increased,
however by increasing the sub-surface pore size. This reduces the capacity
of the wick to sustain its charge under dynamic conditions or to recover

from impending burnout.

A further overriding factor prevails. There is no apparent way to sense a
wick burnout until catastrophic failure occurs. The margins required to
accommodate this risk would be prohibitive.

While it may not be impossible to build a wicked system to provide the required

function, it is doubtful that it can be done economically with the reliability
required for the proposed 30 year/60,000 hour Tifetime.
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Analytical Approach

The heat pipe model was described earlier and is shown in Figure B-1. The
nomenclature used is as follows where the numerical values for sodium are
taken at 800°C.

Py = vapor pressure
P = static pressure in general

P. = max capillary pumping pressure = —él;
Y
n = pumping ratio (ratio of capillary pumping pressure to maximum available)}
R = absorber/evaporator radius
S = absorber surface area
q = heat flow (4266 Btu/min at 75 kW level)
¢ = solar heat flux
Q = volumetric flow
A = flow area 2
u = absolute viscosity = 2,39 x 10-8 1b-sec/m
w = weight density = ,0266 16/in.3
K = wick permeability = 1,20 x 1077 in.2 (for 200 mesh St St1 screen)

rp = pore radius

surface tension = 7,02 x 10-4 1b-in.
heat of vaporization = 1812 Btu/1b
w = wick thickness

= effective thermal conductivity = 2.22 Btu/hr in °F
(for sodium and St st1 wick of 67% porosity)

x~ o+ T <
® "

Subscripts

= vapor

= liquid

» 2, 3, etc. = locations noted
unit value

wick

1]

temperature
total
0D = outside diameter

&t 4 T O P o <
[}
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In general, for flow in a wick the viscous flow loss is given by

dp u
— = —Q
dx KA

The total liquid flow to the wick for uniform heat flux is
Q, = (Cy4) ™7

1
where C1 = —

or %~

The flow across any radial element of the model (Figure B-1) is

Qt

Qp = [ 1 r(re)

~2mR2
The driving pressure in the wick for flow from Station 3 the Station 2 is

i (P1)3 - (Py)2
3-2 i R

dp
dr

+w

and for flow from Station 1 to Station 2

(P11 - (P1)2

dp _
1-2 R

dr

- W

Liquid pressures in the wick at Stations 1, 2, and 3 are
(P11
(P1)2
(P])3 = Py - 2wR

L]

Py

PV - npc

Substituting these values gives driving pressures in the wick

T3P =P - W
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For a tapered wick where the wick thickness var

ies linearly from zero at the
center to maximum at the edge (0D)

dp

—

dr

o Q
K A

where A = t (re)

(tw)oo
ty = ————— r
W R
giving
dp Y Qt 1
— = = ]
ar K " o (tw)op
and the total pressure drop is
y Q
- — dp u t
AP = AP = f (~—=)dr = —
3-2 1-2 f( i K 2n(ty)op
4]

Equating pressure drop and driving pressure for steady flow gives the required
wick thickness

HQt 1
K2n e . wR

(tw)OD =
where

_ 4266 Btu/min

q .3
Z — = = 1,47 in.”/sec
% h (60sec/min) (1812 Btu/1b)(.0266 1b/in.3) /

(for 75 kW input)
For a wick of uniform thickness it can be shown that

1
ty 'E‘ (tw)OD
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Superheat in the wick due to thermal gradient is given by

KeATT S
q = T —————
tW
AT T 4266 Btu/mi
= 5 qQ = u/min
T keTrR2 g

Superheat in the wick due to pressure differential across the meniscus is:

at outer edge

Py - P1(3)
(8Tp)3 = —(@p7am),
at center
Pv - P1(2)
(&Tp)y = —Ta7an)y

where (dP/dT), = vapor pressure/temperature gradient for sodium at the
operating temperature = 0.0919 Psi/°C from Figure B-7.
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Appendix C

This Appendix was developed for sodium heat transport systems at 800°C.
The conclusions reached are generally valid for potassium at 700°C.

HEAT TRANSPORT SYSTEM OPTIONS

The chosen approach of a conventional tubular heater head involves multiple
tubes connecting the upper end of the regenerator to the cylinder head, with
the tubes passing through a plenum region where heat is picked up from the
absorber. Five passive systems and one active system employing a pumped loop
were considered as means to deliver the heat to the tubes. The alternative
approaches are described briefly below.

A. Wicked Heat Pipe (Self-Priming)
This approach utilizes a conventional non-nucleate boiling wicked heat

pipe. The absorber back surface is covered with wicking material and

constitutes the boiler or evaporator. Sodium vaporizes from the surface

and condenses on the heater tubes delivering heat to the engine. Condensate

returns by gravity to the small liquid pool. Liquid is delivered to the
upper regions of the boiler by a circumferential feed wick. For this
system to be self-priming in all orientations, it was determined that a

feed wick with a cross-section in excess of four square inches is required.

B. Wicked Heat Pipe (Non-Self-Priming)
This system is identical to A above except that a smaller feed wick is

used and the all-orientation self-priming feature is foregone.

Wicked heat pipes are discussed in Appendix B.

C. Pool Boiling

This approach is a nucleate boiling reflux capsule. It utilizes nucleate
boiling at the absorber back surface with the boiler cavity completely
submerged in 1iquid sodium. An open area allows the heated vapor to
circulate and condense on the heater tubes which are located above the
pool. Condensate returns to the pool by gravity. The engine and its
heater tube array is mounted so that it is above the sodium pool for all
dish orientations.
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D. Pool Immersion

A fifth system would have the heater tubes in the boiler cavity with the
cavity filled with 1iquid sodium and pressurized to approximately one
atmosphere to supress boiling. Convection cells would develop allowing
heat transport by free convection in the Tiquid sodium pool. Atmospheric
pressure would be maintained by argon or another inert gas with pressure
regulation or a membrane interface with the atmosphere.

E. TIwo-Phase Boiling

This approach would have the tubes located in the boiler cavity which is
partially filled with sodium. Under steady state conditions, violent
boiling at the absorber back surface would cause the cavity to be filled
with a two-phase liquid-vapor system which would wash both the absorber
back surface and the heater tubes providing the required heat transport.
Startup may be a problem requiring auxiliary heat,

F. Pumged Loog

This system employs an electromagnetic pump to supply liquid to the boiler
surface in place of the capillary driven feed wick. Liquid sodium is
picked up at the sump and delivered to circumferential feed tubes which
supply the boiler surface. Sufficient flow and perhaps external cooling
would be required to prevent premature vaporization of the liquid as it
leaves the feed tubes. The boiler wick could be of minimal thickness to
minimize superheat. Delivery of heat to the engine heater tubes by
condensation will assure the uniform temperature requirement of the

heater system,
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Appendix D
MATERIALS

The following brief report on materials and material compatability is included

as a supplement to the earlier discussion on materials and material compatability
provided in the discussion of the receiver and reflux boiler in Appendix A.

The report was submitted by G. D. Johnson, Manager of Materials Engineering

for the Westinghouse Hanford Company.

The report focuses to a large extent on CG-27 as a candidate material for
the heater tubes. While no data involving CG-27 explicitly is available,

there is data for similar alloys.

Two concerns were addressed. One is the credibility of the extrapolation of
creep rupture data for cG-27 at 60,000 hours. The other is the compatability
of CG-27 with potassium in a closed system at 700°C.

Data for alloy D-979, which is very similar to CG-27, were generated in
60,000-hour tests and compare well with the extrapolated data for €G-27. This
verifies to a first order the extrapolated data of Figure A-6, Appendix A.

Corrosion data were reported for similar alloys tested in an open plumbed
sodium loop at 700°C. The most similar alloy to CG-27, D-66, did not perform
too well. However, Johnson points out that CG-27 may perform extremely
differently in a closed system. As compatability tests are proposed as part
of the next design phase, it is considered premature to discard CG-27 in

view of the advantages of high strength and low projected cost. CG-27 has
therefore been retained as the primary choice of material for the heater

tubes.
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MATERIALS ISSUES FOR THE RECEIVER AND HEAT PIPE OF A 25 KW(e)
SOLAR ELECTRIC ADVANCED STIRLING POWER SYSTEM

DESIGN REQUIREMENTS

The basic design requirements that directly impact the choice of
materials for the receiver and heat pipe system are listed below.

Required Life: 30 years (calendar)
60,000 hours (at temperature)
Startup/Shutdown Cycles: 20,000
Operating Temperature: 700°C
Heat Pipe Fluid: Potassium

MATERIAL PROPERTIES

Selection of a material for the high temperature components of the
Solar Electric Advanced Stirling Power System requires information on
mechanical properties, corrosion behavior, weldability, fabricability,
etc. During the conceptual design phase, the most important properties of
concern are creep strength, stress rupture 1ife and resistance to liquid
metal corrosion. As the program progresses from a conceptual to a
preliminary design, other properties need to be evaluated. They are Tow
cycle fatigue, creep-fatigue interaction, oxidation behavior and weld-
ability.

For the conceptual design study, the material to be used is CG27.
The choice of this alloy was based on its excellent high temperature
properties for application in automotive Stirling engines.(l) This alloy
was produced by the Crucible Steel Corp. of Syracuse, New York. Since
this alloy is no longer produced, other superalloys of similar composition
should be considered for the purpose of providing material property data
when such data are not available for C627. Table 1 provides a listing of
a few alloys that are similar in composition to CG27.

Y
¢ K
{
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Creep and Stress Rupture Behavior

Information presented at the Preliminary Design Review in February
1987, included stress rupture and creep curves for several high temper-
ature alloys. The stress rupture curves were for a time of 60,000 hours.
In the short time spent on reviewing materials, it was not possible to
locate the actual data base for CG27. In many cases correlations are
provided for creep and stress rupture properties where actual test times
are much less than those being considered for a given application. In an
investigation conducted on alloy D-979,(2) data were generated to times of
60,000 hours at temperatures in the range of 1000-1500°F. Figures 1 and 2
show the properties of D-979 in comparison to CG27. This provides
verification from actual data that the expected creep and stress rupture
properties can be achieved for the conceptual design.

Liquid Metal Corrosion

A brief review of the Titerature did not provide any data on the
corrosive interaction between potassium and superalloys (iron or nickel
base). The behavior of alloy CG27 in potassium at 700°C can be inferred
only from data for iron and nickel base alloys obtained with sodium loop
tests. Numerous alloys were evaluated by several DOE contractors from
1975 to 1978 for the purpose of screening potential fuel pin cladding
materials for use in liquid metal reactors. Most of these tests were
conducted by Westinghouse at the Hanford Engineering Development Labora-
tory and the Advanced Reactors Division. Sodium compatibility tests were
performed at 600°C and 700°C with 1 ppm oxygen. Sodium velocities ranged
from 2.4 to 4.8 m/s and the Reynolds Number ranged from 2.28 x 104 to 4.5
x 104. Tests were conducted on commercial alloys and developmental alloys
("D"). Alloy compositions are given in Tables 1 and 2. Sodium exposure
of tubular samples generally resulted in mass loss, wall thinning,
chemically depleted zones, subsurface attack and intergranular attack
(IGA). The depleted zone in D9 and AISI 316 is a uniform layer of
ferrite. Subsurface porosity was observed in PE16, Inconel 706 and D68.
Intergranular attack was observed for D9, D21, D25, D66 and PEL6. Results
of tests at 700°C are summarized in Table 3. The worst behavior was
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exhibited by alloy D66. This alloy is very similar to CG27. Sodium
wastage correlations were developed for each alloy. The calculated
performance for each alloy at 625°C for a time of 18,000 hours is shown in
Table 4. Although these conditions do not apply to the heat pipe-Stirling
engine system, these values are consistent with those in Table 3 with
respect to ranking the alloys for comparative Purposes. Solute strength-
ened austenitic alloys (AISI 316, D9) and ferritic alloys (HT9) show
superior sodium corrosion behavior compared to the precipitation hardened
alloys. It should be pointed out that the formation of a ferrite layer
does not imply a total loss in strength in the layer. From a strength
consideration, a porous depleted zone and intergranular attack would have
a more deleterious effect. If these results from sodium Toop tests
indicate what might occur in a potassium heat pipe system, then alloy CG27
would appear to be a poor choice for 60,000 hour service at 700°C. 0On the
other hand, a case could be made that the potassium heat pipe system is
quite different than the sodium loop. The only way to evaluate CG27 for
this case would be to run a series of refluxing capsule tests at 700°C.
Destructive examination of the capsules at various times would be required
to assess the long term behavior.

Low Cycle Fatigue-Creep Interaction

The evaluation of steady state creep and rupture life are valuable in
a preliminary scoping evaluation. As the design becomes more rigid, it
will be necessary to evaluate the interaction between creep and low cycle
fatigue. The ASME design procedures for fatigue at high temperatures are
based on Nuclear Code Case N47. The procedure for damage evaluation is a
linear summation of creep and fatigue damage. "Safety factors" are
applied to the stress (factor of 2) or the life (factor of 20). Many
people use a strain range partitioning approach and several good papers on
this subject can be found in Reference 3. In addition, several papers on
this subject are listed in the literatuyre survey, which is included as an
attachment to this report.
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Oxidation Resistance

The surface of the receiver will be subject to oxidation. Reaction
between air and the alloy can be minimized with a protective coating.
Nickel aluminide coatings’ are commonly used for this purpose and are
applied by a diffusion process. A protective layer of Alp03 is formed
when the component is heated.

It has been reported(4) that oxidation can be enhanced under condi-
tions of low cycle fatigue strain. During cycling, regions of intense
local oxidation develop. This arises because of repeated rupture of the
oxide film by the localized fatigue. Also, it has been shown that some of
the degradation observed in low cycle fatigue-creep tests is really due to
an interaction with the environment.(s) Thus, future evaluations of low
cycle fatigue (LCF) data should pay careful attention to the test environ-
ment. If the receiver is to be coated, then the LCF data should be for
tests run in vacuum or in an inert atmosphere.

Weldability

Most of the superalloys can be welded by conventional techniques.
Since these alloys obtain their strength from a multiple step heat
treatment, the welding will result in a very weak zone of material. A
post-weld heat treatment would be required to maintain the high creep
strength of the alloy.
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Table D-3

SODIUM CORROSION OF VARIOUS ALLOYS AT 700°C
AND ONE-YEAR EXPOSURE

WALL DEGRADED FERRITE

MASS LOSS THINNING ZONE LAYES 1.G.A.
ALLOY mg-dm-2 pm um um um
Inconel 706 2600 6.0 48.5 - 0
Inconel 706 2880 12 55 -- 0
PET6 2000 5.6 13.5 -- 100
M-813 (Arc 2000 3 3 - 51

Cast)

AIST 316 1442 18 -- 12 0

09 1482 18 -- 22 olc)
021 2160 5(0) 58 - 30
025 2000 5(b) 45 -- 45

D66 4320 15 37 - 75.4

Applicable to AISI 316 and D9 where ferritic layer is solid. Note that degraded zone
is also ferritic, but it is porous and follows a linear time dependence.

Estimated Values.

No IGA seen in the short exposure time in ITF. IGA was observed at longer times in
STCL, however.
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Table D-4

SODIUM CORROSION OF ALLOYS AT 625°C
FOR 18,000 HOURS

Alloy Total Damage Depth (microns)
HT9 13
AISI 316 14
D9 29
D68 32
D25 39
IN 706 39
D21 46
PE16 47
066 56
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1 Background

This report covers work performed by Gedeon Associates for Stirling Technology
Co. (STC) on a 25 kW solar electric Stirling power system. Under an overriding
contract with NASA Lewis Research Center, STC subcontracted with Gedeon
Associates to perform computer simulations of the Stirling thermodynamic cycle
and to help with detailed heat exchanger design. Details of the solar absorber,
hydraulic system, alternator and overall mechanical design are not covered in
this report.

2 Method of Approach

Two key computer programs were used in the course of this work: A nodal-
type Stirling thermodynamic analysis and a linearised scaling analysis. The
GLIMPS (GLobally IMPlicit Simulation) nodal analysis (3] allowed fast and
accurate simulation of trial designs while scaling analysis allowed designs to be
varied to achieve performance trade-offs and design changes.

GLIMPS

This program is described in great detail in reference (3] and will not be re-
described here. However, suffice it to say that GLIMPS solves the gas energy,
momentum and continuity equations and is thereby better able to resolve some
of the subtle effects of Stirling thermodynamics than isothermal or adiabatic
analyses. For example, the problem of incomplete flow through heat exchangers
(gas-element tidal excursion less than heat exchanger length) is resolved by
GLIMPS but not by simpler analyses.

There is, however, at least one limitations of GLIMPS. Since the model
assumes one-dimensional flow, it does not assess flow distribution or flow non-
uniformity problems in heat exchangers. In spite of new 2-dimensional software
currently under development (discussed in more detail later on), the best al-
ternative remains to follow steady-flow manifold design guidelines and try to
minimize flow non-uniformities as much as possible. For example, side-inlet
manifolds feeding large frontal-area heat exchangers should be avoided.

Validating GLIMPS is an ongoing process, but the results look good so
far and there is every reason to expect good accuracy with the type of engine
chosen for the STC solar design. In an independent test of GLIMPS on Re-
1000 engine data by Roy Tew at NASA “the code predicted 1.19 kW power at
31.2% efficiency” compared to %0.94 kW power and 27.2% efficiency” for the
experimental data. These results are fairly good considering no parasitic losses
(leaks, appendix loss, etc.) were simulated.

Lately there have been some concerns that GLIMPS (as well as most other
Stirling analysis programs) have trouble matching data for low temperature-
ratio space-power type engines. This type of engine is tough to simulate for
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several reasons. First, because of low temperature ratios, errors in gas-to-wall
temperature drops in heat exchangers are more significant than for more con-
ventional engines. Second, because of low tidal-amplitude-to-volume ratios in
the heat exchangers, heat transfer tends to concentrate near the regemerator
inlets. Third, the low phase angles between pressure wave and piston position
mean that small errors in pressure phase angle result in relatively large changes
in power. In contrast, the STC solar engine has

1. A high temperature ratio (T/T. = 3 vs Ti/T. = 2 for space engines).

2. High tidal-amplitude ratios in the heat exchangers (swept tidal volume /
heat exchanger volume = 3.2 in the cooler and = 2.1 in the heater).

3. A very large pressure phase angle (= 50 degrees vs ~ 10 degrees for space
engines).

for all these reasons, GLIMPS is expected to do well when modeling the STC
solar design.

Scaling

Scaling is based on linearized isothermal analysis. Stated broadly, the goal
in scaling is to constrain certain dimensionless groups related to basic cycle
power and heat exchanger performance while simultaneously changing some
dimensional aspect(s) of the machine. The methodology of scaling is described
in reference [4]. More detail on the specific problem of scaling the Solar engine
can be found in section 7 of this report.

STC did not allow Gedeon complete freedom for the thermodynamic engine
design but rather provided temperature, stroke and volume specifications and
constraints to insure compatibility with their hydraulic system, free-piston dy-
namics and general mechanical design. Each specification set — of which there
were several over the course of the work — consisted of values for the following:

o Power.

Hot and cold metal temperatures.

Pressure.

Frequency.

Piston and displacer strokes.
o Piston, displacer and drive-rod diameters.

e Heat exchanger volume ratios (compared to expansion space swept vol-
ume).
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Within the guidelines of each data set was the freedom for Gedeon to chose
heat exchanger details and displacer phase angle as needed to achieve the power
determined by dynamic analysis at STC. There was also the freedom to reap-
portion volumes among the heat exchangers so long as the total gas mass within
the system remained constant.

GLIMPS simulations and scaling were used together in a hands-on pseudo-
optimization process. Upon receipt of the first data set, heat exchanger variables
were chosen using rules of thumb and previous design experience, and a nodal
simulation was run. Performance deficiencies were noted and corrected by scal-
ing the design of the heat exchangers with appropriate constraints. The scaled
design was then re-simulated and the entire process repeated until acceptable
performance was achieved.

3 The Design Search

This section discusses the logic behind some of the design trade-offs made in
the evolution of the thermodynamic design.

Pressure and frequency are two important design parameters confronting
any Stirling engine designer. Fortunately, high pressure and moderate frequency
designs seemed best to both STC and Gedeon. From STC’s point of view, these
designs tended to have low hydraulic losses. From Gedeon’s point of view, the
scaling trends indicated that high pressures and moderate frequencies would
help to keep heat-exchanger tube counts low. Although moderate frequency
runs somewhat counter to current aerospace practice, it makes sense in a solar
application because weight is not a critical factor — particularly for the STC
design, which has a ground-mounted electric generator.

Regenerator type was another important choice. The idea of using a rolled
foil regenerator was originally suggested by STC in light of its potentially low
cost and similarity to the simple annular gap regenerators (between the displacer
and its cylinder) used in their artificial heart engines. STC also concluded that
the absence of radial porosity would eliminate radial flow irregularities; and that
there was potential for eliminating circumferential flow irregularities too by in-
serting longitudinal partitions between foil layers. Gedeon was quickly won over;
especially after a review of the work done by Andy Ross suggesting that foils
down to 25 micron (1 mil) thickness could be used. Also, foils sidestep the issue
of enhanced axial gas conductivity which is a problem in flow through porous
materials that has only recently been recognized by the Stirling community.
More on this later.

Offsetting the cost and analytically perceived thermodynamic advantages of
the rolled foil regenerator is the fact that experience with rolled foil matrices is
quite limited. In consideration of this point, made by many of the reviewers at
the preliminary design review meeting held at NASA Lewis Research Center, the
wire screen matrix was eventually designated the baseline design with the foil
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regenerator as an advanced-technology backup. Prior to this decision, however,
considerable effort had gone into designing a foil based machine. So instead of
starting all over, we looked into the possibility of simply substituting a screen
type regenerator in the existing design. The conclusions regarding foil- and
screen-regenerator engines are discussed separately in sections 4 and 5.

The heater design was another open question. Early on, the proprietary
heater design initially proposed by STC was judged to be too risky and the
consensus was that a tubular design should be used. After a brief discussion be-
tween Gedeon and STC during which a straight-tube package in a shell-and-tube
arrangement was considered, we quickly decided that, for packaging reasons, a
hairpin-tube design was best.

Another issue was heat exchanger swept-to-dead volume ratio which was
considered in great detail. Current problems in some of the NASA sponsored
aerospace engines are, in part, directly traceable to the relatively small volu-
metric flow excursions in the heat exchanger volumes. Fortunately, Seume and
Simon {10] have recently tabulated values for swept volume ratios in the heat
exchangers of a wide variety of Stirling engines — some successful, some not.
We decided to design the solar engine with its heater and cooler swept volume
ratios well into the range of the most successful Stirling engines developed to
date.

Regenerator flow distribution problems were yet another important issue to
consider. We did our best to avoid potential problems although exact analysis
was not possible. A compact, low void/swept volume design was generally
helpful in avoiding flow distribution problems. The interface between the heat
exchanger tubes and the regenerator was examined in minute detail and some
suggestions for flow distribution improvements in this area are discussed later
on.

Another issue was hot-end temperature. For the 800C hot-end temperature
initially specified by NASA, the low allowable thermal stresses in hot compo-
nents made for relatively thick pressure walls. At 800C, a maximum stress of
somewhere between 70 and 100 mPa (10,000 and 15,000 PSI) was appropriate
based on creep-rupture and desired lifetime critera. This led to the investigation
of lower temperature 700C designs.

4 TFinal Designs for Foil Matrix Engines

This section documents the final — and best — foil-regenerator design points
that were achieved. Run 3A.3 represents a 193 bar (2800 psi) design with
somewhat-optimized heat exchangers and is the direct ancestor to all the other
designs in this section — that is, all the other designs were obtained by sim-
ple scalings starting with 3A.3. To avoid confusion, a complete discussion of
all the preliminary designs that led up to run 3A.3 are not reported. Easen-
tially, 3A.3 evolved from heat exchanger geometric optimisation and volume
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re-apportionment starting from a set of dynamically consistent temperatures,
strokes and volumes provided by STC. The progression from run 3A.3 to 4A.2
was

3A.3 — 4A.1 Pressure reduced to 138 bar (2000 psi); volumes increased to
hold power fixed.

4A.1 — 4A.2 Reduced heater tube count from 104 to 60 by scaling NTU by
0.83 but fixing heater volume and pressure drop.

Around the time run 4A.2 was completed, it was found that the 800C heat source
temperature was too high for structural integrity and liquid metal compatability.
Also, to generate power at the system survival heat input (rather than shut
down) required an increased engine power output capablity.

STC then provided scoping set 5 for further thermodynamic analysis — a
700C, 138 bar (2000 psi), 35 kW design. The most notable effect of reducing
the heat source temperature was a slight increase in the ratio of displacer swept
volume to power piston swept volume. The ratios of heat exchanger volumes to
displacer swept volume were maintained at the values selected for scoping sets
3 and 4. The progression from run 4A.1 to run 5A.3 was

4A.1 — 5A.1 Reduced hot-end temperature from 1045K to 973K increased
power (volumes) slightly to provide a buffer above nominal power rating.

5A.1 — 5A.3 Reduce heater tube count from 171 to 75 by scaling NTU by
0.75 but fixing heater volume and pressure drop.

The remaining two runs, 5A.2 and 5A.4 are half-power points obtained by re-
ducing frequency, piston stroke and displacer phase angle of runs 5A.1 and 5A.3
in accordance with STC dynamic analysis. Tables 1 and 2 summarise the key
engine specifications and performance of the selected designs.

At this point the preliminary design review meeting took place, resulting in
the following conclusions regarding the direction the engine design should take:

1. Use 700C as the design heat source temperature.
2. Freese the displacer and power piston stroke volumes.

3. Increase the design mean pressure to achieve the engine power needed for
operation at survival levels of insolation.

4. Use a screen or screen-like matrix in the baseline design.

Design points which reflect these conclusions are discussed in the following sec-
tion.
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Run ID number

Mean pressure (mPa)
Frequency (He)

Gas type

Piston amplitude (mm)
Displacer amplitude {mm)
Displacer Phase (deg)
Displacer appendix gap (mm)
Displacer length (mm)
Displacer diameter {mm)
Displacer rod diameter (mm)
Piston diameter {mm)
Cooler wall temperature (K)
Cooler tube length (mm)
Cooler tube number

Cooler tube internal diameter (mm)

Regenerator length (mm)

Regenerator canister area (cm?)
Regenerator foil thickness (um)

Regenerator foil gap (um)
Heater wall temperature (K)
Heater tube length (mm)
Heater tube number

Heater tube internal diameter (mm)
CS volume at mean Xp and Xd (cm?)

ES volume at mean Xd (cm?)

3A3
19.3
50
He
5.08
10.2

4A.1
13.8
50
He
5.08
10.2
45
0.15
150
151
52
182
323
100
122
2.74
59
102
25.4
37.8
1045
194
104
3.34
255
240

4A.2
13.8
50
He
5.08
10.2
45
0.15
150
151
52
182
323
100
122
2.74
59
102
25.4
37.8
1045
215
60
4.18
255
240

SA.1
13.8
50
He
5.08
109
45
0.17
150
174
58
208
323
100
170
2.73
58
147
254
36.7
973
184
171
3.18
356
335

5A.2
13.8
38.5
He
4.09
10.9
34
0.17
150
174
58
208
323
100
170
2.73
58
147
25.4
36.7
973
184
171
3.16
358
335

5A.3
13.3
50
He
5.08
10.9
45
0.17
150
174
58
208
323
100
170
2.73
58
147
25.4
36.7
973
214
75
4.42
356
336

5A.4
13.8
38.5
He
4.09
10.9
34
0.17
150
174
58
208
323
100
170
2.73
58
147
25.4
38.7
973
214
75
4.42
356
335

Table 1: Key engine parameters for final designs. Displacer appendix gap was
chosgen for minimal efficiency loss considering shuttle heat transfer and appendix

power losges.
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Run ID number 3A3  4All 4A.2 BA.1 5A.2 §A.3 BA.4

POWER
GLIMPS Total PV power (kW) 34.36 34.55 3385 42.04 21.43 4065 2093
Displacer rod power (kW) 364 363 326 336 130 240 093
Appendix gap PV loss (kW) 0.17 0.13 0.13 0.17 0.17 0.17 0.17
Piston PV (kW) 30.55 30.T9 30.47 3851 19.98 38.08 19.8
EFFICIENCY
Piston indicated (%) 51.5 51.7 51.6 49.9 51.8 50.0 51.9
HEAT INPUT
Basic heat input to heater (kW) 59.30 59.55 59.03 77.24 3854 76.19 38.16
Shuttle heat transfer (kW) 0.17 0.17 0.17 0.17 0.04 0.17  0.04
Other thermal losses NA NA NA NA NA NA NA
PRESSURE
CS pressure amplitude {mPa) 2.99 2.13 2.13 2.00 1.35 1.99 1.35
CS pressure phase (deg wrt piston) -49.3 -498 -49.3 -504 -733 -498 -727
COOLER
Flow friction dissipation (kW) 0.56 0.51 0.51 0.81 0.30 0.81 0.30
Available energy loss (kW) 197 196 198 270 096 275 0.96
Mean gas-wall JT (K) 23 23 24 23 16 23 16
REGENERATOR
Flow friction dissipation (kW) 3.02 3.04 3.06 4.22 2.36 4.25 2.36
Available energy loss (kW) 1.68 1.70 1.68 2.26 1.39 2.23 1.38
Enthalpy transport (kW) 1.39 1.57 1.58 2.37 1.60 2.36 1.81
HEATER
Flow friction dissipation (kW) 1.26 1.19 1.49 159 0668 221 0.92
Available energy loss (kW) 1.40 1.41 150 181 051 201 0.58
Mean gas-wall JT (K) 43 43 52 38 21 49 27

Displacer rod power is the power transmitted by the displacer rod required for overcoming
mechanism losses outside the Stirling working gas; rod power = GLIMPS total PV
power — GLIMPS piston PV power.

Appendix gap PV loss is an external calculation not included in GLIMPS.
Basic heat input to heater does not include parasitic losses.

Available energy loss is a Second-law power loss due to irreversibility associated with gas-
to-wall heat flow across finite AT. Roughly, the net work a Carnot engine could deliver
in a reversible process with equivalent heat flows across the gas-to-wall AT.

Table 2: Performance of final designs predicted by GLIMPS version 1.1.
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5 Final Designs for Screen Matrix Engines

Several months elapsed between the simulations of this section and those of
section 4. During this time a new version of GLIMPS was developed. A major
difference in the new version is that gas + solid-mode axial conductivity in the
regenerator is now built into the simulation rather than added in later as a
parasitic calculation. The values of heat input tabulated in this section reflect
this fact. To bridge the gap between this and the previous section, run 4A.2 was
re-simulated with the new version of GLIMPS and the results tabulated as run
4A.2*. Based on this comparison, the new version of GLIMPS predicts lower
efficiency by about 2.5%, of which less than 1% can be accounted for by the
added axial conductivity. Tables 3 and 4 summarize run 4A.2* and the other
results of this section.

STC suggested that target power might be satisfactorily met at 700C by
simply increasing the pressure of the 4A.2 design from 138 bar (2000psi) to
179 bar (2600psi). This is run 6.1 although pressure was actually simulated as
174 bar due to a data entry error. Run 6.1 still has the same heat exchangers
and foil regenerator as run 4A.2. The results appeared promising although no
attempt was made to insure validity of the free-piston dynamics of run 6.1.

STC then provided scoping set 7 to re-establish the validity of the free-piston
dynamics at 179 bar and 700C. The volume ratios and stroke ratios are the same
as scoping set 5. Run 7.1 continues to use the same heat exchangers and foil
regenerator as run 4A.2. A volume adjustment was made in the compression
space to keep the total gas mass content consistent with the STC scoping guide-
lines. Compared to runs 5A.1and 5A.3, run 7.1 shows about 4% lower efficiency,
although only about half of this is due to thermodynamic effects, the remainder
being due to the new version of GLIMPS. With the compact design of case 7.1,
it is a strong contender for the baseline foil-regenerator design.

Screen-regenerator simulations begin with run 7.2 which represents an effort
to package a screen regenerator into the same canister as in run 4A.2. Some
hand optimization was done on wire diameter and porosity. A wire diameter
of 50.8 um (2 mil) and a porosity of 70% was chosen. Unfortunately, flow
friction dissipation for the regenerator was not constrained and it turn out
about 3kW higher than expected. Therefore run 7.2 is not consistent with
the STC dynamic analysis and, as a result, the piston indicated efficiency is
meaningless (it implies a small power input through the displacer rod). However,
the gross indicated efficiency (ratio of total PV power to heater heat input) is
meaningful; unfortunately, it was down about 4% due to large enthalpy flux and
axial conduction the regenerator.

Another attempt to package a screen regenerator in the foil canister of 4A.2
is run 7.5. In this case the wire diameter was constrained at 25.4 um (1 mil)
and the regenerator pumping dissipation to about 3kW for consistency with the
STC dynamic analysis. This case was a dismal failure. The porosity consistent
with the above constraints was about 95%, giving very large values for enthalpy
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Run ID number 4A.2* 6.1 7.1 7.2 7.4 7.5

Mean pressure (mPa) 13.8 174 179 179 179 179
Frequency (Hs) 50 50 50 50 50 38.5
Gas type He He He He He He

Piston amplitude (mm) 5.08 508 608 508 6508 508
Displacer amplitude (mm) 10.2 102 109 109 109 109
Displacer Phase (deg) 45 45 45 45 45 45

Displacer appendix gap {mm) 0.15 0.15 0.15 0.15 0.15 0.15
Displacer length (mm) 150 150 150 150 150 150
Displacer diameter (mm) 151 151 152 162 162 152
Displacer rod diameter (mm) 52 52 51 51 51 51

Piston diameter (mm) 182 182 182 182 182 182
Cooler wall temperature (K) 323 323 323 323 323 323
Cooler tube length (mm) 100 100 100 100 100 100
Cooler tube number 122 122 122 122 122 122
Cooler tube internal diameter (mm) 2.74 274 274 274 274 274
Regenerator length (mm) 59 59 59 59 27 59

Regenerator canister area (cm?) 102 102 102 102 190 102
Regenerator foil thickness (um) 25.4 254 264 NA NA NA
Regenerator foil gap {um) 378 378 378 NA NA NA
Regenerator wire diameter (um) NA NA NA 51 25 25

Regenerator porosity (%) 60 60 60 70 70 96

Heater wall temperature (K) 1045 973 973 973 973 973
Heater tube length (mm) 215 215 215 215 215 215
Heater tube number 60 60 60 60 60 60

Heater tube internal diameter (mm) 4.18 418 418 4.18 4.18 4.18
CS volume at mean Xp and Xd {em3) 255 255 295 296 295 295
ES volume at mean Xd (cm?) 240 240 260 260 260 260

Table 3: Key engine parameters for final designs. Displacer appendix gap was
chosen for minimal efficiency loss considering shuttle heat transfer and appendix
power losses.

flux and axial conduction and large temperature swings in the regenerator gas
— in other words, poor thermal performance.

Run 7.4 is the result of an effort to optimize a screen regenerator in its own
canister. An intermediate result (run 7.3) is not tabulated. The length and
frontal area of the regenerator were allowed to vary while the void volume was
kept the same as run 4A.2. Regenerator pumping power was again constrained
to about 3kW. The results of this case look pretty good showing about the same
power and efficiency as run 7.1. Run 7.4 was designated the baseline STC solar
design.
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Run ID number 4A.2* 6.1 71 7.2 7.4 7.8

POWER
GLIMPS Total PV power (kW) 3434 39.93 4215 36.12 42.20 22.23
Displacer rod power (kW) 3.06 457 343 -030 388 1.10
Appendix gap PV loss (kW) 0.13 0.17 0.18 0.18 0.18 0.18
Piston PV (kW) 31.16 35.19 3854 NA 38.14 21.0%
EFFICIENCY
Piston indicated (%) 49.0 44.9 45.9 NA 45.7 28.2
HEAT INPUT
Basic heat input to heater (kW) 63.56 78.33 83.88 78.03 83.43 74.67
Shuttle heat transfer (kW) 0.17 0.19 0.22 0.22 0.22 0.22
Other thermal losses NA NA NA NA NA NA
PRESSURE
CS pressure amplitude (mPa) 2.23 2.70 2.70 2.56 270 2.00
CS pressure phase (deg wrt piston) -476 -435 -48.1 -476 -4768 -33.2
COOLER
Flow friction dissipation (kW) 0.29 039 049 051 049 0.60
Available energy loss (kW) 2.44 338 372 368 366 5.63
Mean gas-wall JT (K) 27 28 29 29 29 36
REGENERATOR
Flow friction dissipation (kW) 3.09 295 345 6.44 3.05 3.29
Available energy loss (kW) 1.67 252 313 300 178 8.60
Enthalpy transport (kW) 2.70 400 518 446 169 7.54
Axial conduction (kW) 0.94 0.82 0.82 3.08 3.45 12.0
HEATER
Flow friction dissipation (kW) 1.07 1.34 1.73 1.69 1.72 1.56
Available energy loss (kW) 1.60 218 221 189 222 179
Mean gas-wall JT (K) 59 58 57 53 57 51

Displacer rod power is the power transmitted by the displacer rod required for overcoming
mechanism losses outside the Stirling working gas; rod power = GLIMPS total PV
power — GLIMPS piston PV power.

Appendix gap PV loss is an external calculation not included in GLIMPS.

Basic heat input to heater does not include parasitic losses. It does include regenerator
axial conduction which was not included in table 2.

Available energy loss is a Second-law power loas due to irreversibility associated with gas-
to-wall heat flow across finite AT. Roughly, the net work a Carnot engine could deliver
in a reversible process with equivalent heat flows across the gas-to-wall AT.

Axial regenerator conduction includes gas molecular + eddy + solid-mode conduction.

Table 4: Performance of final designs predicted with GLIMPS version 2.0. Run
4A.2* is a rerun of case 4A.2 for comparison. Case 7.4 is the baseline.
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6 Detailed Discussion of Components

Heater

The heater is arranged as a tube bundle, each tube having a hairpin bend at
about the midpoint — tube count and length were held to reasonable values
within the constraints of geometry and allotted volume. Scaling trends indicate
that high pressure and moderate frequency were important in the success of the
design.

Heater volume was carefully considered to avoid the problem of low swept/void
volume ratio. As the tidal excursion in a heat exchanger is reduced, the distri-
bution of heat lux becomes concentrated near the regenerator end, with adverse
consequences on gas-wall temperature difference and efficiency. The distribu-
tion of heat flux along the heater length in the 3A.3 design point varies by only
about +20% as simulated by GLIMPS — which is good.

Regenerator

Although woven-screen regenerators are more widely used than foil regenerators
the latter have some unique advantages. With the present lack of good empirical
heat transfer and pressure drop data for screens, foil enjoys the luxury of exact
solutions in the laminar flow regime of interest. Even for oscillating flow, laminar
parallel flow between parallel plates is well understood [5|. Foil is inherently
cheaper to manufacture than screens, requiring only a rolling process rather
than a wire drawing process followed by weaving. Foil regenerators of 25.4
micron (1 mil) foil thickness have been successfully used in Stirling engines
(Andy Ross); the spacing between layers being maintained by an array of raised
dimples on the foil. With foil of this thinness it is possible to achieve surface-
area-to-volume ratios comparable to the best screen regenerators.

About the only potential disadvantage to foil is its unbroken metallic con-
duction path from the hot end to the cold end. At least this conduction can be
accurately calculated in contrast to the current state of affairs in screen regen-
erators where metallic conduction is known only approximately and enhanced
gas conduction (due to microstructure of flow field) is potentially significant.
In the various foil regenerators simulated in the 25 kWe solar engine, metallic
conduction is acceptably low and enhanced gas conduction in laminar flow is
not a problem.

Enhanced axial conductivity in flow through porous materials has been well
documented in the chemical engineering literature. Molecular conduction is
not really enhanced; the effect amounts to an accounting adjustment in one-
dimensional models. In porous flow there are microscopic fluid eddies which, in
the presence of an axial temperature gradient, exchange heat with each other in
a sort of shuttle heat transfer mode. This results in an increased axial energy
flow not accounted for by the enthalpy of the bulk flow. A correlation given in
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reference [2] shows that for Reynolds numbers R, above about 10, the enhance-
ment factor Ny is roughly N. =~ 1.3R.. With Reynolds numbers of 10-100
common in Stirling engines, axial conductivity enhancements are potentially
serious losses.

There is always the potential for flow maldistribution in the regenerator —
in this case the flow jets emerging from the adjacent heat exchanger tubes were
thought to represent a potential problem. A jet is essentially a boundary-layer
separation phenomenon that occurs when a fluid stream encounters an abrupt
area increase — as when flow enters from a tube into the regenerator. For flow
in the opposite direction no separation occurs. Therefore in the vicinity of tube
inlets net flow circulations result over the course of a cycle.

An obvious question is: How do these flow circulations affect regenerator per-
formance? An attempt was made to model flow jetting with the two-dimensional
flow program (MANIFEST) under development by Gedeon Associates for NASA
Lewis. Unfortunately MANIFEST was not able to model jets successfully, pre-
sumably as a result of the necessary viscous terms required for boundary layer
separation effects having been ignored in its momentum equation. MANIFEST
was shelved for the time being until funding becomes available to continue its
development. Meanwhile the jet problem was addressed from a more simplified
point of view.

Clearly the ratio of velocity head (@ = pv?/2) in the heater and cooler
tubes compared to pressure drop (AP) across the regenerator is important.
A value of Q/AP = 1.0 would clearly represent a problem while Q/AP =
0.01 would probably be OK. For the typical design 3A.3 the ratio for both
the cooler and heater turned out to be Q/AP = 0.1, which is probably in
the range where further analysis would be wise. It is possible that jet-induced
flow circulations might have some detrimental effects near the entrances of the
regenerator matrix.

One way to reduce the ratio Q/AP is to reduce @, by incorporating tapered
diffusing sections at the cooler and heater tube entrances adjacent the regen-
erator. The tapered diffuser feature is incorporated into the baseline design of
the heater and cooler tubes by incorporating a 7.5 degree taper into the casting
for the housing. The taper is sufficient to double the flow area of the heater
and cooler tube exits, reducing @/AP to .025 for design 3A.3, which should go
a long way toward elimination of potential jetting problems.

Under ordinary conditions, the total included angle of a comical diffuser
should be limited to about 8 degrees to avoid boundary- layer separation in the
diffuser itself [7]. However, the presence of the regenerator matrix downstream
of the diffuser will probably allow included angles significantly greater than 8
degrees. Successful flow-fillings of conical diffusers having included angles of 28
and even 90 degrees are reported in reference [9] by use of discrete screens within
the diffuser, although a pressure drop penalty {on the order of Q) is paid. A
general principle seems to be that complete flow- filling can be achieved at any
diffuser angle by canceling the ideal static pressure recovery with appropriate
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flow resistance within the diffuser. After all, it is the adverse pressure gradient
of decelerating flow that causes boundary-layer separation in the first place.
Perhaps this idea is patentable in the context of Stirling engines? Anyway, if
placing flow restrictions in the diffusers is too difficult, there are still beneficial
effects to be had [9] by merely having the regenerator flow resistance at the
extreme downstream end of the diffuser; although no quantitative guidelines
have been located to date.

If further analysis indicates that there is indeed a jetting problem in the re-
generator then it seems likely that the problem can be solved by flow diffusers.
However, to obtain precise diffuser design information will require either a com-
prehensive literature search and some luck or some careful analysis. Perhaps
the modeling of the diffuser-regenerator flow field might eventually fall within
the capabilities of the MANIFEST computer program.

Cooler

The cooler is a tube-bundle design with the tubes in the form of a shallow U.
Again, tube count and length are reasonable and the swept volume ratio low
enough that the distribution of heat flux is uniform along the length within
+35% in design 3A.3.

At one point a finned annular cooler configuration was considered. In such
a design the cooler is the finned inner surface of the pressure vessel and heat
passes through the pressure vessel wall by conduction to the finned outer wall
and eventually to the coolant. The main advantage of this design is mechanical
integrity — the cooler can be a monolithic casting and the possibility of leaks
at tube bragze joints is eliminated. However, the Achilles heel proved to be the
problem of getting the rejected heat through the pressure wall without excessive
temperature drop and associated thermal stresses. As it turned out it could not
be done within the constraints of the high power density solar engine design.

Displacer Gap

There is great confusion in the Stirling literature regarding the losses in the dis-
placer gap, however, they can be broadly classified as thermal (heat-flow) losses
and PV power loss. Heat-flow losses were approximated using the shuttle-heat-
transfer formula given by Rios in reference (8], and the PV loss using a simple
formula derived by Berchowits in reference [1]. A proper analysis of the losses
in the displacer gap is even more complicated than the analysis for the main
Stirling cycle itself. Most recently, Huang and Berggren [6] have developed a
computational solution to the appendix problem, however, no analytic formulae
are available from that work and besides, they seem to lump thermal and PV
losses together. At any rate, all displacer gap analyses start out by assuming
the presence of a linear temperature gradient along the length of the displacer
and that the displacer has a seal element at the cold end of the gap.
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In the shuttle mechanism heat is carried by the moving displacer and alter-
nately picked-up and deposited to the cylinder wall across the gap. So long as
the longitudinal temperature gradient can be maintained the shuttle loss varies
inversely with the gap. Shuttle heat transfer is relatively easy to estimate and
the following formula was used.

xDk, 1+ A
Qahuttle = -Z—L—SET:_—/\—Q AT
where
D = Displacer diameter
k, = gas conductivity
k, = solid conductivity
L = Displacer length
X; = Displacer amplitude (1/2 stroke)
5 = Radial gap
AT = Temperature difference
A = 14 (ky/k,)Va./(wé?)
a, = k,/{pc); Solid thermal diffusivity
w = angular frequency (rad/s)

For the solar engine the A parameter is very close to 1 which simplifies the loss
calculation.

The appendix PV power loss is due to a sort-of minature Stirling cycle in
opposition to the main cycle. The motion of the displacer along the cylinder
causes the gas in the gap to alternately heat-up and cool-down roughly 180
degrees out of phase with the main Stirling cycle. Meanwhile, a compression
and expansion of the gas in the gap occurs because of the pressure wave im-
posed by the expansion space. The result is a small heat pumping cycle in the
gap which tends to pump heat from the cold to the hot end (in opposition to
the shuttle loss) and develops a negative PV power. Berchowitz [1] derived the
following formula for the PV power loss, however, the great number of simpli-
fying assumptions used suggest that it is valid only for an order of magnitude
estimate.

PV Loss = H — P,eat

where

i

P,oa 1/2(1rD5)Pamp(de)sin(¢)
H = —1/2(CprerT,)(l/1r—-cos(¢m)/4)

and
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Gas specific heat

M = Mean gas mass in appendix

Pamp = Expansion space pressure amplitude

r = lrpcos@) - )i+ (rpsin(@))?

ro =  Pamp / mean pressure

e = Xd/(zL)

T; = Temperature gradient in appendix

¢ = Expansion space pressure phase — X, phase
bm = arctan(~ '_c’"":." 5

The results of Tables 1 and 2 reflect the choice of an optimal displacer gap
as far as shuttle heat transfer and the appendix loss go. A small computer
program was written to calculate the shuttle loss and appendix PV power loss
over a range of gaps. The overall effect on efficiency was noted and the optimal
gap selected. In all cases a displacer active length of 150mm (6 in.) was assumed.
It turned out that the optimal gap was always about 0.001D.

7 Detailed Discussion of Scaling

The scaling program used for the solar design is a general purpose tool which
can be customized to a particular application. Essentially, the scaling program
allows the user to define an arbitrary number N of scaling variables that cor-
respond to scaling ratios for the basic Stirling variables of interest. The user
then defines V arbitrary equality constraints which are functions of the scaling
variables. Each constraint C is restricted to the log-linear form (log(C) is linear
in the variables log(X;))

C=XIXP.. Xy

where the X, represent the scaling variables and the 7 arbitrary exponents.
Scaling is accomplished by solving for the scaling variables that simultaneously
satisfy all equality constraintas.

For the case of the solar engine the scaling variables were the ratios of the
following parameters.
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Nh
Dh
Lh

i

It

I

]

I

Expansion space volume

Pressure

Frequency

Hot temperature

Cold/hot temperature ratio
Compression/expansion space swept volume ratio
Expansion — compression space phase angle
Expansion space/unswept volume ratio

Regenerator flow area
Regenerator foil gap
Regenerator length
Regenerator fill factor

Cooler tube number
Cooler tube diameter
Cooler length

Heater tube number
Heater tube diameter
Heater length

and the scaling constraints were ratios of
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Ve

Expansion space volume

P = Pressure

F = Frequency

Te = Hot Temperature

T = Cold/hot temperature ratio

K = Compression/expansion space swept volume ratio
a = Expansion - compression space phase angle
o = Expansion space/unswept volume

w = Power

VrVe = Regenerator volume/Ve ratio

NTUr = Regenerator NTU

DPr = Regenerator flow dissipation/Power ratio
a, = Regenerator solid/gas heat capacity ratio
VcVe = Cooler volume/Ve ratio

NTUc = Cooler NTU

DPc = Cooler flow dissipation/Power ratio
VhVe = Heater volume/Ve ratio

NTUh = Heater NTU

DPh = Heater flow dissipation/Power ratio

Note that the variables and constraints are grouped into the categories of (1)
general Stirling, (2) regenerator, (3) cooler and (4) heater. It turns out that
due to the simplified form used for the constraints that each grouping forms an
independent scaling sub-problem ~ that is it can be solved independently of the
other groupings.

The general Stirling category is somewhat special. Because of the design
guidelines provided by STC all of the variables in the general Stirling group
appear again as constraints in the constrasnts list. An extra constraint power
also appears. Since there are only 8 general Stirling variables, only 8 of the 9
constraints were used at any one time, although the selection varied depending
on the needs of the problem under consideration.

Scaling Trends

Scaling trends were established to quantify the effects on scaling variables of
independent variations in scaling constraints. These trends help to answer ques-
tions like: What happens to heat exchanger tube count and diameter if pressure
is increased? Although the trends are not universally valid, they are probably
relevant for any Stirling engines having turbulent-flow tubular heat exchang-
ers, laminar flow foil-type regenerators, and similar volume ratios and displacer
phasing to the STC solar engine.

122



Pressure Frequency Vdead NTU Flow loss

Ve 091 0.91 1.08 1.0 1.0
P 1.10 1.0 1.0 1.0 1.0
F 1.0 1.10 1.0 1.0 1.0
Te 1.0 1.0 1.0 1.0 1.0
T 1.0 1.0 1.0 1.0 1.0
K 1.0 1.0 1.0 1.0 1.0
a 1.0 1.0 1.0 1.0 1.0
o 1.0 1.0 1.10 1.0 1.0
Ar 0091 1.0 1.12 1.05 0.95
Gr 0.95 0.95 1.05 095 1.0
Lr 1.0 0.91 1.06 095 1.05
a, 110 1.0 0.91 1.0 1.0
Nc 0.93 1.18 1.03 1.32 0.89
De 0.99 0.92 1.05 0.80 103
Lc 100 0.91 1.05 0.95 105
Nh 093 1.18 0.02 1.32 0.89
Dh 0.99 0.92 1.05 0.8 103
Lh 100 0.91 1.05 0.95 1.05

Table 5: Scaling ratios for isolated multiplication by 1.1 (10% increase) of: (1)
pressure, (2) frequency, (3) heat exchanger and regenerator volume/ Ve ratios,
(4) heat exchanger and regenerator NTU and (5) heat exchanger and regenerator
flow friction dissipation. Power is constant in all cases.

Table 5 below gives some important scaling trends in a condensed format.
The body of the table contains scaling ratios for the indicated variables. Each
column pertains to the isolated variation of some constraint(s) by a scaling factor
of 1.1 — all other constraints are constant (multiplied by 1.0). In all cases Ve
of the general Stirling category is allowed to float (not constrained). Column 1,
for example, answers the question: What happens to the scaling variables when
pressure is multiplied by a factor of 1.1 (increase by 10%).
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Appendix F

DESIGN DETAILS
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STABILIZER COMPONENTS

CLEARANCE SEAL
MAIN BEARING
{(JOURNAL TYPE)

CRANKPIN BEARING
{(JOURNAL TYPE)

4130 STEEL
WEIGHT = 7.04 KG (15.5 LB)

TWO-PIECE SLIDER BEARING

l
|
|
J
! /(SQUEEZE FILM TYPE)
| ‘
L
I j
| 7{?
ys ”, H
1. SPACER TUBE
| —/
N

TIE BOLT

LOWER CAP (BAR)

FLAT SLIDER SURFACES
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INTERNAL HYDRAULIC LEAKAGE MAKEUP

~—17.93 MPa
/(2600 PSI)

— 17.05 MPa
;i (2473 PSiH)

§s
17.93 MPa —

(2600 PSI)

- 1 \
18.62 MPa _— } i - MAKEUP
(2700 PSI) .




ENGINE MODULE WEIGHTS

PRELIM. WEIGHT | FINAL WEIGHT

NO. COMPONENT MATER IAL KG | (LB.) K6 | (LB.)
1 | HEATER TUBES CG-27 1.27 | (2.8) 81 | (1.8)
2 | HEATER HEAD XF-818 12.42 | (27.4) 7.33 | (16.2)
3 | REGENERATOR/SPOOL “300" ST. STL. 2.59 | (5.7) 2.59 | (5.7)
4 | COOLER TUBES LOW C. STL. .23 (.5) .30 (.7)
5 | COOLER HOUSING CAST STEEL 14.78 | (32.6) | 13.30 | (29.3)
6 | DISPLACER/DRIVE PISTON | INC 625/15-5PH 4.90 | (10.8) 7.04 | (15.5)
7 | MOVING COLD PLATE AM-350 ST. STL. .36 (.8) .36 (.8)
8 | MAIN HOUSING CAST STEEL 53.84 |(118.7) | 53.84 |(118.7)
9 | POWER PISTONS (2) 434071020 STL. 16.00 | (35.2) | 20.16 | (44.4)
10 | POWER HOUSINGS (2) CAST STEEL 18.00 | (39.6) | 22.68 | (49.9)
11 | BUFFER ASSEMBLIES (2) | 4130 STEEL 11.65 | (25.7) | 13.10 | (28.8)
12 | DRIVE HOUSING CAST STEEL 16.43 | (36.2) | 12.32 | (27.2)
13 | LOWER HOUSING/COVER CAST STEEL 27.83 | (61.3) | 27.83 | (61.3)
14 | SPEED CONTROL 15-5PH STL. 1.87 | (4.1) 1.87 | (4.1)
15 | SCOTCH YOKE/BALANCE 4340 STL. 4.90 | (10.8) 7.08 | (15.5)
16 | BOLTS STEEL 8.01 | (17.7) | 10.41 | (22.9)
17 | SPRINGS STEEL 1.48 | (3.3) 1.92 | (4.3)
18 | FLYWHEEL CAST STEEL - - 4,08 | (9.0)
19 | STARTER STEEL/ALUMINUM - - 3.20 | (7.0)
20 | HYDRAULIC FLUID MIL H-8446/ATF-F - - 3.22 | (7.1)
21 | PULSE DAMPERS (2) STEEL/RUBBER - - 7.25 | (16.0)
22| FILTER ST. STL. - - 4.54 | (10.0)
ENGINE SUBTOTAL |196.56 |(433.2) [225.19 |(496.2)
23 | SUPPORT CONE/RING "300" ST. STL. - - 2.41 | (5.3)
24 | ENTRANCE CONE “300" ST. STL. - - 6.36 | (14.0)
25 | ABSORBER DOME "300" ST. STL. - - 5.13 | (11.3)
26 | AFT DOME “300" ST. STL. - - 11.35 | (25.0)
27 | SUPPORT TUBE "300" ST. STL. - - 10.21 | (22.5)
28 | INSULATION CEREWOOL (8 PCF) - - 31.10 | (68.5)
29 | INSULATION SHELL ALUMINUM - - 4,09 | (9.0)
30 | LIQUID METAL SODIUM/POTASSIUM | 36.32] (80.0) | 24.52 | (54.0)
HEAT TRANSPORT SUBTOTAL - - 95,17 |(209.6)
GRAND TOTAL 320.36 | (705.8)
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Appendix G

HEATER TUBE STRESS EVALUATION

Heater Tube Stress Analysis

The heater tubes are subjected to fluctuating internal pressure of 2,600

+ 397 psi. The candidate material is CG-27 with the following properties at
700°C.

oc = 45,000 psi 60,000 hr creep rupture strength
E = 20.0 x 100 psi
A preliminary evaluation indicates the critical failure mode will be creep

rupture. Fatigue does not appear to be critical although further evaluation
should be made in the next design phase for low cycle fatigue in startup and
shutdown, and high cycle fatigue in the normal operating mode. A first order
stress analysis follows.

Hoop stress is given by: op = PD/2t

where op = hoop stress
P = Pressure
Dp = mean tube diameter
t = tube wall thickness

Applying this relationship and allowing 0.0015 inches per year material
loss results in a hoop stress o = 24,700 psi. This includes a 1.5 factor
applied to the nominal operating pressure. The margin of safety is

M.S. = (45,000/24,700) - 1 = 0.82 (in addition to 1.5 load safety factor)

First cycle thermal stress is calculated as a measure of the severity of
this type loading. While a rigorous analysis would include a consideration
of ratcheting, it appears that sufficient relaxation will occur that thermal
stress will not be an overriding problem, although some accounting of it
should be made. The beneficial effect of relaxation is discussed further.
First cycle thermal stress is calculated as follows.

The temperature gradient across the tube wall is given by
AT qoln(Do/Di)/Z Tk
where ¢, = radical heat flux/unit tube length
D, and Dy = tube 0.D. and I.D.
k

n

thermal conductivity
137 !
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Stress is given by
or = (1/2)a ATE

where a = coefficient of thermal expansion

E = modulus of elasticity
for g, = 504 BTU/hr-in
(263 in tube area and 75 Kw heat load)
k = 1.05 BTU/hr °F in
A = 10.6 x 10% in/in °F

o7 = 2,140 psi
These stress levels are considered satisfactory for initial sizing. An
estimate was made of the rate of relaxation of heater tube thermal stress
over the 60,000 hour 1ife. The approach is very approximate in that
relaxation of only the outer fiber was considered. The restraining effect
of adjacent inner fibers, stressed less highly and thus relaxing at a slower
rate, was not considered.

The initial stress differential assumed to be 7,600 psi with a corresponding
.038% strain. Creep rate was from Figure A-7 of Appendix A, for CG-27.
Relaxation was allowed in tenative steps of 10,000 hours. The tenative
process is tabulated in Table G-1. with dimensional and stress relaxation
plotted in Figure G-1.

A true assessment of the effect of thermal gradient on the tube stress levels
is a very complex problem complicated further by 20,000 cycles of startup
and shutdown,

During steady state operation the tube experiences a fluctuating pressure
stress. The OD of the tube is at a higher temperature than the ID causing

a thermal stress gradient of tension at the ID and compression at the 0D,

The relaxation throughout the tube wall is not uniform because of the varying
stress level, which is dependent not only upon the thermally induced stress
but also, and probably mainly, on the pressure stress. The restraint and
interaction between successive fibers is not easily determined.

A further complication comes with startup and shutdown. On cooling, the
tube 0D (which had thermally induced compressive stress components at
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temperature) will go into tension. If stress concentration or notch
sensitivity develops due to intergranular corrosion, low cycle fatigue could
become a problem with startup and shutdown cycling. This question should

be addressed in follow up work.
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Table G-1

STRESS RELAXATION ANALYSIS

INE&EEENT RESIDUAL STRESS RESIDUAL
(10,000 HRS.) % RELAXATION STRAIN RELIEF STRESS HOURS
0 - .0380 - 7,600 0
1 .013 .0250 2,600 5,000 10,000
2 .004 .0210 800 4,200 20,000
3 .0025 .0185 500 3,700 30,000
4 .002 .0165 400 3,300 40,000
5 .0017 .0148 340 2,960 50,000
6 .0015 .0133 300 2,660 60,000
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STRAIN RELAXATION

.014

—_ —— = — — - .038%

RESIDUAL STRESS

&STRAI N RELAXATION

10 20 30 40 50 60

TIME (1000 HRS)

Figure G-1. Stress and Strain Relaxation
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HYDRAULIC MOTOR RELIABILITY

Plant uses

53 hydraulic motors—
no motor downtime

in 2'2 years

AOBERT LUKARIS, General Manager
Cut & Ready Foods

~ KARL ROBE,
SANITATION & MAINTENANCE Associate Editor

NEW SOLUTIONS OF PLANT PROBLEMS

PROBLEM: Irequent washdowns and
sprav cleaning of yroduct and equipment in
« potato processing plant make it a difficult
environment  for  electrical  equipment.
Shorting and shock hazards reqyuire extra
precattions.

Cut and ready Foods, subsidiary of Del
Vonte Corp., winted Lo minimize shock
hazards as well as downtime from motor
failure when buildir g their plant at San Lo-
renzo, Calif.

SOLUTION: The 33 motors driving con-
veyors, elevators, sorting  belts, and
processing equipment are hydraulic. They
are driven by hyvdraulic fluid continuously
circulated from a central pumping'station in
the engine room. Electrical components ave
thus isolated from processing arcas.

Five 50 hp electric maotors drive a series

o variable colie, constant pressare
pumps (see dagron and - photo). Pumps
are vane tvpe with o twalking ring” that re-
volves the swear s irfuce during use to dis-
tribute vane wear cqually, and thus extend
piumyp life betweer averhauls. A separate in-
line filter continuously removes  particles
larger than 10 mic ons,

Three pipelines and manifolds  deliver
Huid to motors it processing room. There
are two return tes. Fach small hydraulic

Small hydraulic motor (arrow). 1ne of 53 .

at Cut and Ready Foods, ruiis vertica PAGE ] "fj- ING ONALT Bomi

elevator. Similar motcr nd drive 143 e ENHIUNALLY Rinivr.
operates Niancher MARCH 1172 @ FOOD PROCESSING
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Header —+ Shut-off /
Relief - Driven
‘T°'F”e Equipment
Limit) Pressure
Header ]i
ey [

Gear Reduction
Direct Drive

Hydraulic Motor
Ry
(Speed)
PC Flow Control
\ y

Return ~—e

L

N
|
(1)1"00 gal Check Vaives
1
Reservoir |'
h 1 50 hp
I M Electric Motor
!

~N N

Variable Vo’ ime,
Constant Pr>ssure,
Vane Pumgs,

90 gpm, 7)) psi

i _

10 Micron Filter
(Continuous)

Typical hydraulic r-otor driven equipment
layout. No chains 3r sprockets to adjust,
lubricate, or protect

motor and rugged gear reduction drive unit
mounts directly to sha™ of driven equip-
ment.

Rotary hydraulic mo.ors are a unique de-
parture  from  conveitional piston-and-
evlinder design. Moving fluid drives an or-
biting gerotor mechansm which converts
Huid power to rotary potver.

Several  inherent  livdranlic features
provide built-in contial that wonld require
separate svstems in elestrical or mechanical
designs. For instance, variahle speeds at
high torgue are achiev: d simply by adjust
g a pressure compes sating fow  control
valve in the hvdraulic .ine to or from each
individual motor. Control valves are self-
contained, pressure coripensated flow con-
trol units which vary inflow (or outflow) to
preset rate regardless of change in line
pressure. Valves requir: no solenoids, wir-
ing, auxiliary air or pner matics. Speed is ad-
iusted simply by turning knurled knob.

Cushioned acceleration and deceleration
are inherent in a proerly designed hy-
draulic system. When tluid flow is shut off
to stop equipment, back pressure dampens
forward otion of gew motor, effectively

144

smoothing deceleration.

When equipment s, hydraulic motor
stalss against a greater than normal load or
countertorque. By placing a pressure relief
valve dn the line, flowing fluid automatically
bypasses miotor vl countertorque  gets
too high This nhierent torgue limiting
dirnaec o motar und gears
Cut and Ready hy-

prevents
antematically oy the
diaulic system

e pinps e central engime room have a
wgue. bailtan seiteregulating contiol de-
sign that also reduces need for elaborate ac-
Cessory contrals.

RESULTS: There has not been a production
shutdown due to wotor failure in over 2%
vews. Previously, several electric motors
would fail euch year, causing downtime and
replicement expense running into thou-
sanas of dollars. (Because this was a new
plart. comparison cannot be made  with
opet: tion at old site.)

Aatomatic  torque  limiting  has  saved
nitey howss formerly spent clearing jammed
cou pment. Hw machine or eonvevor jams
now, il does no Turther harm because mo-
tor =lops antomaticallv Operator then shuts
ol et Hovweor he canr e eirse 1t Lo free Jam
Pt cases, e othe attention s needed.

WhHED w4 i progresses gradually, ay
when aconveyar belt strts to get out of
alignment, additional friction slows motor,
giving operator advance warning of failure.
Motors themselves give advance warning of
impending failure by slowing down. This al-
lows motor to be removed during non-oper-
ating hours for repair, without lost produc-
tion time.

Only major preventive inaintenance
needed is to check condition of oil filter ev-
ery 5 months and to add replacement oil to
rese voir. Yearly lab tests show no degrada-
tion of hvdraulic oil. which has not yet
reqired replacement.
suipment cleaning s now safer. sim-
plerand faster. Motoes ccan be hosed
dire b without special precantions against
shock or motor dumage. Electrical Compo-
nents are housed in separate room. tended
by experienced personnel.

Cost of basic hydraulic motor system plus
instullation is roughly same as one using
comparable, totally enclosed, fan-cooled
drive, fixed speed electric motors. Cost will
be slightly higher than system using stan-
dard open, drip-proof, fixed speed electric
moto; and up to 20-30% less than electric
systens using more claborate variable drive,
geai-head motors with dvnamic braking and
torque limiting options, according to survey
mace by Cut and Ready about three years
ago.
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Char-Lynn_Qrbit® ligh torque rotary hy-
draulic motors are manufactured by _Eaton
Corp., Fluid Power Div., 15151 Highuway S5,
Eden Prairie, Minn. 55343 and are described
in Cat 11-811.

Circle 277 opposite lust puge.

Hydraulic drive system and gear reduction
units were designed and installed by PTE
Corp., 1345 N. 10th St., San Jose, Calif.
95112.

Circle 278 opposite last page.

Variable volume, pressure  compensating
vane pumps with “walking ring” vane hous-
ing are products of Continental Hydraulics,
Savage, Minn, 55378, Bul HD-264 de-
scribes pumps.

Circle 279 opposite last page.

Notes on hydraulic motor systems

When high surge loads are encoun-
. tered, with peaks 20 per cent above
normal load, a stall condition results.
Torque limiting feature has advantages
mentioned in article. When stall occurs
and conveyor or equipment stops, in-
coming product continues to pile up until
infeed conveyors and equipment ere
stopped. If this is regular problem, ove:r-
load sensors should be installed. Stalls
have not been much of a problem at Cut
and Ready.

A central hydraulic pumping system is
not economical if used to replace an
existing electrical system and motors. In
existing plants, if hydraulics are used (o
replace outmoded electrical systems, or
in critical areas, individual pumping sys-
tems should be installed close to hy-
draulic motors.

Range of equipment on which supplier

of hydraulic system at Cut and Ready has Two motors on silver remover machines
applied hydraulic motor drives is from withstand reqgular washdowns with high
one rev/hr to 1800 rpm, with majority up pressure watar

to 1800 rpm. Above 1800 rpm, larger diamn
oil lines or higher oil pressure (or both)
are needed to get adequate amount of oil
through motor to maintain high torques

145






Appendix 1

COST ANALYSIS FOR STIRLING
TECHNOLOGY 25 KW SOLAR DRIVE
ELECTRICAL GENERATOR AS
FORECAST UTILIZING PARETOS LAW

FINAL REPORT

OCTOBER 1987

PREPARED BY

M. Stewart
W. Jackson
R. Osen
R. Heitsch

Pioneer Engineering & Manufacturing Company
Research & Development Division
32384 Edwards
Madison Heights, Michigan 48071
(313) 588-4440

PREPARED FOR
- STIRLING TECHNOLOGY COMPANY/NASA LEWIS RESEARCH CENTER

M. A. White R. K. Shaltens

Stirling Technology Company Project Manager

2952 George Washington Way NASA Lewis Research Center
Richland, Washington 99352 21000 Brookpark Road

Cleveland, Ohio 44135
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NASA LEWIS DISCLAIMER

LEGAL NOTICE: This report was prepared by Pioneer Engineering
and Manufacturing Company as an account of work sponsored by the
NASA Lewis Research Center (NASA). Neither NASA, member of
NASA, or any person acting on behalf or either:

a. Makes any warranty or representation, express or implied, with
respect to the accuracy, completeness, or usefulness of the
information contained in this report, or that the use or any
apparatus, method, or process disclosed in this report may not

infringe privately owned rights; or

b. Assumes any liability with respect to the use, or for damages
resulting from the use, of any information, apparatus, method,

or process disclosed in this report.
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3. Acthor(s) L Performing Organlzation Rept No. |
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PIONEER ENGINEERING & MANUFACTURING COMPANY

ress 10 Project/Task/Work Unk No.

CLEVELAND, OHIO 44135

RESEARCH & DEVELOPMENT DIVISION 11. Contract(T) or Gram(G) Mo.
32384 EDWARD @
MADISON HEIGHTS, MICHIGAN
[{=}
17 Sponsoring Organizstion Name and Addrexs 11. Type of Report & Period Covered
NASA LEWIS RESEARCH CENTER
21000 BROOKPARK ROAD FINAL REPORT

14

15 Suppiementary Notes

16 Abetract (Uimit 200 words)
element in a competitive

designs were & product of

NASA Lewis is engaged in extensive solar stirling research. This cost exercise is one

contractor interacted at the concept level in an effort to assure that manufacturing

proposed design effort. The costing contractor and the design
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Title
Contractor
Principle

Investigators

Objective

Results

RESEARCH SUMMARY

Cost Analysis For Stirling Technology 25 KW Solar Drive Electrical
Generator As Forecast Utilizing Pareto's Law

Pioneer Engineering & Manufacturing Company, Research & Develop-
ment Division

M. Stewart, W. Jackson,
R. Osen, R. Heitsch

To analyze cost by functional groupings for competitive comparison.
This costing technique to utilize Pareto's Law, where deemed applicable,
10,000 units per annum was the given volume,

AREAS OF COMPARISON

M.T.L S.T.C.
RECEIVER
Receiver Shell Receiver Shell
Arteries Reflux Boiler
Wicking

CONVERSION SYSTEM
Stirling Engine With Stirling Engine
Vibration Assembly

POWER GENERATION
Linear Alternator Hydraulic Output
and Generator

POWER CONDITIONING AND CONTROLS
Temperature Sensors
Accelerometers
Auto Transformer
Tuning Capacitors

AUXILIARIES
Radiator Filter 2/10 Micron
Fan and Driver Isolation Valve
Water Pump and Driver Fan and Driver
Pump and Driver
Radiator

This device was processed and costed from dimensioned layouts and
detail drawings. Tolerances were, in most cases, given by the design
contractor. Where tolerances were not given, discussions with the
design contractor were held and tolerances were assigned. Where
exotic materials were encountered, availability was deemed to be
market driven and the assumption that there would be adequate capacity
available. All manufacturing processes considered are current state-of-
the-art and do not reflect any forecast outreach. Final costs, as
estimated by Pioneer, are based upon Pareto's Law which basically
states that 20% of the major items constitute 80% of the whole.
Identical approaches were taken on the competitive designs.
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Technical
Approach

Components were analyzed for complexity and 20% of the total detail
were selected to be cost representative, utilizing Pareto's Law. These
selected components were detail processed and costed utilizing Pioneer's
computerized asset center costing method. Verbal and written dialogues
were maintained with design contractors. Total costs were generated
utilizing Pareto's Law and these cost reflect Michigan labor and
material cost as we know for the year 1986. Extrapolations were
made to reflect 1984 cost as well
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STIRLING TECHNOLOGY COMPANY
STAND ALONE COST ANALYSIS

As an adjunct to the base study, Pioneer was requested to summarize a cost of the
STC unit &s a stand alone unit for direct comparison to the MTI unit. The following
summary reflects our costing. A quotation schedule is included to show the development

of our cost. There was not time for factory negotiated prices, so an average of 55%

off list was used as a basic assumption. The component selection was done by STC.
We have included dealer quoted prices and the STC estimates in our quotation schedule

for comparison.

LIST -559%
Area #3 $6,529.96 $2,938.48
Area #5 $2,048.99 $ 922.05

All summeries include cost developed from the quotation study in Areas 3 and 5, where

applicable.
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PIONEER ENGINEERINS

FT60z: PROJECT - 14 BilL OF MATERIAL WITH COST 48,43
VOLU®E - 10,000 PAST - 40 DESC - ASSY AREA & 1 RECEIVER VEKED
COMPORERT  DESC - TRUNCATED €TY MATERIAL  LAR MIN LABDR § BURDEN SCRAF MARK-LF
TDBLING BEI6HT
2 REEY RECEIVER i 85.97 17,19 381y .00 .00
VENDZR 14,9 60,4958 t 1.3 .97 0
i AFERTURE PLATE t .69 5,45 IR (0 A
VENLD= 2.0 7. 4451 K474 A L
3 SUF%GET TURE RECEVER 4.5 6.57 146y 0 L0
VERDCH 7.0 15, 0004 B 383 .27 B
COMPERENT TCTAL CCST £2.9419 117,19 29,01 6. 42V 00 G0
AR 15.88 1.4& g
RECEMBLY [C8T 09 L 00 0 Y R A
W M 0 Rus RS
TOTAL CE5T gz.q419 117,19 29,01 640\ Rt G
¥ 15.88 1.4 B¢
TOBLINS 23.¢
ERUTPMENT §,519.700
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ORIGINAL PAGE 8
OE POOR QUALITY.

FIONZER ENGINEERING PReE 1
RTBGZ! PROJECT - 1) BILL OF MATERIAL ¥17H CGET 40,43 Bi/i0/16
yoLUME - 10,000 PART - 2 FESC - ASSY RECEIVER VENLGE
COXPONENT  DESC - TRUKCATED OTY FRATERIEL  LAE MIK  LRBOR § EURIEN  SCRAP MARY-UF TCT CUST
TOOLING KEIGHT
2-k RESORRER RECEVER t .3 2.8 ALY N (¢ 00
VENDDR 6.0 22,0968 S P .33 A0 A
2-F AFT DOME RECEVER 1 9. &0 2,47 LAY A0 L0
VENDOF 5.0 38,4000 K159 .57 S0 5124
COMPOXENT TOTAL COST Eh, 4848 £5.97 4,09 LG8V A R .57
11,0 I LG RUGEEN R
ASSEKELY COST A 131 28TV .00 .00 D
e o434 A7 L0 7,38
TOTAL CEST g, 498 £L.97 17,19 LELW A0 00 gs.%v
oo 97 L8 8B
TOOLIKS FLAE
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FIOKEER ERSINEERINE PREE {
RTEC14 PROJECT - 11 MANUFECTURINE CDST ANARLYSIS 32,15 B7/1071¢E
VoLume- 10,000 Fi&- !
FEST &~ 2-A DESC- ABSCRBER RELEVER UPg-
QFER OFERATION DESCRIPTION
EDUIE K STL LAE COST OCC HRS  EUSDEN BURGEN VAR COST TCOLING
P ¥IN  LAE RATE 4TE  COST  MFE COST
045
gl? L 020 Radit 003 ¥ 00 L0000 Radily Ne
ALY) N 29,04 L0087 . 0087
agn
gc2 f.0 0 L0206 0T RO N L0000 L0000 o
2157 N 8I.17 L0247 L0264
020
JESE LG Z.000 L8550 LIV L0 L0000 RUGK 1.6
2798 b 45,53 L0494 2,009¢
hk‘r L REC- 10,000 LAE KN - 2.6260
K1 Euut - ET/5TL ECCK YR-LOC LAECR § - Ab43
- 1. 400 FT TYFE - VENROE BUEDEN V- LOUG0 TOOL $00D &
F F&E - 1.0% BERi-UF FAO- 0.0%  BURDEN H- 1,5826

Rove~ w1 - ZZ.4047 ¥aRr-le - LGl BCheP - L3341 TOTAL VER
FINGL BT - 22,09iE OTHEF - L0060 MRTERIAL- 11,3666 TOTAL KFE

163



RIBOL4

VOLUME-

PART $- 2-E
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ANNURL REE-
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SCRAT FAC
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PIOKEER ENSINEERING FAEE 1

RTG014 PROJECT - 11 MAKJFACTURING COST ANALYSIS 12,15 B7/10/1¢
VoLUME- 10,0060 Fra- 1
PART §- 3 DESC- SUPPGRT TUEE RECEVER lipg-
OFER OFEKATION DESCRIPTION
EOUIP ¥ B0 LAR COST ODCC MRS BURDEM BURLEN VAR COST TOOLING
P KIXN LAB RATE FATE  COST  MFG COST
005
BLZ o .20 L0000 L0003V .00 LOGE0 L0000 .0
. 2357 M 25,04 L0087 L0087
010
87 1.0 020 L0047 L0300 L0000 0000 5.0
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020
JESR L0 2,000 L45%¢ 033[VL00 0000 N G
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SCRAP FAC - 1.0 MARK-UF FAC- 0.0%  BURDEX M- 3,832
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RISG2L PROJECT - 1

VOLUKE - 10,000 PART - ¢

COMFONINT  DEST - TRUNCATED
TODL ING
4 HEATEF: HEAD
VENDOR 3.0
Z REGENERATOR
VNGO 27,0
° DOME-DISPLACER
VEKTOK 10.0
10 BRFFLE
VENDIR 5.0
b CaLh PLATE-DISRL
VENDOE .
1 DRIKE FISTON
VENDD® 0
1 ASSY BUFFER
VERIOR 1i.5
It PCAEF CYLINDER
VIKIIE ne
7 FOWET FISTOK
VERDZE 2.0
18 PUNP HOUSINE
VIKGOR 0
19 BUFFER HOLSING
VENCOR 2.0
2 BOUNCE PISTON
VENDDE 1.5
2 CRANKSHAFT
VEKDOR 0
23 SLIDER BLOCK
VENDOR 1.5
u COVER
VENTOR e
25 CAP-SCOTCH YOKE
VENDOR 1.0
33 HERTER TUBES
VENDOR 3.0

Y

METEHT

2,150

7.7000

1068

ACER

2,09438

1,309%

61,8150

[y

32,9740

31,777

15,2000

5. 0987

13,0164

1.7453

40, 4000

3.6390

2.3940

Y

10

1

1
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80

PIDNIZR ENSINIERINS
BILL CF YATERIAL ¥1TH 2027

LIS - RESY ARER 42 COKVERSIDM
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Irb2é

27.4¢4

11,903

2.17%

5,001

31,444

1,333

21.960
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RTEOZ] PROJECT - 1 EILL OF MATERIAL WITH COST
VOLUME - 10,000 PART - &0 DESC - ASSY AREA #2 CONVERSION
COMPONEKT  DESC - TRUNCATED BTY MWATERIAL  LAB MIN
TOOLING WEIBHT

34 COOLER TUBES 60 3.360 27,60 .00V

VENEOR 5.0 1.4100 N

12 BELLOKS - DRIVER 1 23,000 L0 .00V

PURCHASEL .0 0000 4

3t BELLONS - POEER 1 70,000 G0 gy

FURCHASED 0 L0000 K

39 BELLCKS - BUFFER 2 104,000 00 L0V

PURCKASED 0 . 0009 K

45 BELLORE - BOUNCE 1 25,009 .00 00V

FURCHASED 0 NucLy ¥

CoMPORENT TOTAL COST  345.32627  ZBI7.B2Z 13611 30,88V

80,5 K

ASSENELY COST .00 L0 L0

(0 ¥

TOTAL COST O 315,3280 2ei7.822 136t l0.BEV

¥

TOOLINE B0.5
EQUIPNENT 4,379,700

PIONEER ENGINZERINE
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k6024

VOLUME-
PART &~ 4

QOFEER

010

020

030

040

05

NJ L REE-

T LODE

£ u,/LB
SCRAP FAC
ROUBH T
FINAL N7

PRCIELT - 1I

10,044 P/A-

1

NAKUFACTURINE COST ANALYSIS
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PIONEER ENBINEERINS

E5C- HERTER READ

OPERATION DESCRIFTION

LAE COST
LAF RATE

NILE
L2298

- VENECE

EEUIF M BT
P KN
TEST 1.0 2,500
766 1.0 1040
148 10,050
&8 10 250
195 f0 L0380
20,000
£ STL BTN YE-LTZ
R FT TYFE
i.0% WR=E-LiP FRC-
b4, (950 BARI-UF -
33.2485 DTHER -

0.0
L0004
GO0

174

-4
on
(o]

UPE-

OCC HRS  BURIZN BURDIN VAR CDST
kiTE  COET  MFG COST

L4417V L 00,0000
¥5LAE L1459 2,7204

NOT. YA L el L00n0
LY 4 . S802 L7920

008V L L0000 L0000
¥ 3579 L0285 L0393

OMIV G e L6000
¥ 25 073 L1604
N O o R
¥ ROSEINNNN 0g.
LEE RIK - JLER
PE.: f - 1 LC E
BUEDEN V- L T00L #0200
BURDEN X- (5738

SCRAF -

18.BB1Y  TOTAL VAR
MATERIEL- 1,884

3930 TGTAL MFB

PRBE 1
B7/1111z

TOOLIKS

¢

1,807, 0085
1,907, 0085



ORIGINAL PAGE I3
OF POOR QUALITY,

RTGOL4

VOLUNE-
PART 8- 5

DPER

010

620

ANNUAL REQ-
AT CODE -
cost/tp -
SCRAP FAC -
ROUBH W1
FINAL ®T

PROJECT - 11

10,000

PIONEER ENBINEERING

P/A- 10
DESC- REGENERATOK

OPERATION DESCRIPTION
EQUIP M STD LAB COST OCC HRS  BURDEN BURDEN VAR Cost

P KIN LAB RATE

BC2 1.0 .080  .OIBS
2357

BL2 1.0 160 L0377

.2357
100,000
FELT ECON YR-LOC
75.000 PT TYPE - VENDOR
1,01 WARK-UP FAC- 0.01
L5761 MARK-UP - 0000
,2150 OTHER - 000

175

KANUFACTURING COST ANALYSIS

UPE-

RATE  COST

0013V 00 .0000
N 82.17 1068

L0027V .00 L0000
N 82.17 2219

LAB MIN - . 2400
LABOR ¢ - .0566
BUFDEN V- 0000
BURDEN - 3287
SCRAP - A3
MATERIAL- 43,3575

J.44.08

KF6 COST

L0000
1237

. 0000
2396

T00L $000

TOTAL VAR
TOTAL HFE

PREE
87/10/3)

TOOLING

2.0

27,0

44,1802
44, 1B0Z
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PIONEER ENBINEERING

RTE14 PRLJECT - 13 MANUFACTURING COST ANALYSIS
VOLUSE- 10,000 PIA- 1
PART §- § DESC- DOME-DISFLACER UFG-
OPER OPERATION DESCRIPTIODN
EGLIF X STD  LAB COST OCC KRS  BURDEN BURDEN
P KIN LAB RATE RATE  COST
005
ELS .0 050  .0000  LO00BY .0G 000
L2357 NI L0254
010 !
B3 L& .05  LO1E  L000BV .00 0000
2357 IS8T 1064
020
TEB L0 3000 L6702 L0500V .00 .000C
L2234 N48.75 24375
030
19 LB L05C L0107 L000B V.00 L0000
2146 NL62C L0114
ANKLAL RER- 10,000 LEE KIN - 3.1000
MeTCODE - SIS ECON ¥R-L0C LABOR § - 6527
COST/LE - 5.850 PT T¥PT - VENDLR BURDEN ¥- 0000
SLAAP FAL - 1,01 MARE-17 FAC- 0.0%  BURDEN -  2.590
ROLEH KT - L1000 MRE-LF - L0000 SCRAF - (8307
FINEL KT - 7,736 OTHER - 000 MATERIAL-  79.785(

176

PABE |
1.56.02 87711769

Vaz COST TOOLING
NF6 COST

0000 0
025
. 0000 0.0
1282
0000 8]
3.1077
0040 0
.0221
TOOL $uls 16, ¢

TCTAL VAR 83.889¢
TOTAL ¥FE 83.89¢1
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Filnztn ENGIHEERING FRBD
Rigoid FROJECT - 1 RonIERITORING [EST R vEls LTI A PR
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FIONEER ENSIKEERIGI
RT3024 PROGECT - 14 RENUFACTURING COST ARELYEIS
Bin- 2
DESC- FLANBE-BUFFER

VOLUME- 10,000
PRET 3- 15-R

OFER GFERATION DESCRIPTION
EGUiF M ST LAR LOST DLC MRS
P KIK  LAR RATE
g1
TBIE 3.0 1000 LEZ30 L0leT
L2230 i

RNNUAL REL- 20,000 LARE KIN -

BT CO