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1. SUMMARY

The DOE Office of Conservation, Division of Transportation Energy Conservation,
has established a number of broad programs aimed at reducing highway vehicle
fuel consumption. The DOE Stirling Engine Highway Vehicle Systems Program is
one such program. This program is directed at the development of the Stirling
engine as a possible alternative to the spark-ignition engine.

Project Management responsiblity for this project has been delegated by DOE to
the NASA-Lewis Research Center. Support for the generation of this report
was provided by a grant from the Lewis Research Center Stirling Engine Project

Office.

For Stirling engines to enjoy widespread application and dacceptance, not only
must the fundamental operation of such engines be widely understood, but the
requisite analytic tools for the simulation, design, evaluation and optimization
of Stirling engine hardware must be readily available.

The purpose of this design manual is to provide an introduction to Stirling cycle
heat engines, to organize and identify the available Stirling engine literature,
and to identify, organize, evaluate and, in so far as possible, compare non-
proprietary Stirling engine design methodologies. As such, the manual then
represents another step in the long process of making available comprehensive,
well verified, economic-to-use, Stirling engine analytic programs.

Two different fully described Stirling engines are presented. These not only
have full engine dimensions and operating conditions but also have power outputs
and efficiencies for a range of operating conditions. The results of these

two engine tests can be used for evaluation of non-proprietary computation

procedures.

Evaluation of partially described Stirling engines begins to reveal that some

of the early but modern air engines have an interesting combination of simplicity
and efficiency. These show more attractive possibilities in today's world

of uncertain fuel oil supply than they did 20 years ago when they were developed.

The theory of Stirling engine is presented starting from simple cycle analysis.
Important conclusions from cycle analysis are: 1) compared to an engine with
zero unswept gas volume (dead volume), the power available from an engine with
dead volume is reduced proportional to the ratio of the dead volume to the max-
imum gas volume, and 2) the more realistic adiabatic spaces can result in as
much as a 40% reduction in power over the idealized isothermal spaces.

Engine design methods are organized as first order, second order and third
order with increased order number indicating increased complexity.

First order design methods are principally useful in preliminary systems
studies to evaluate how well-optimized engines may perform in a given heat

engine application.

Second order design methods start with a cycle analysis and incorporate engine
Joss relationships that apply generally for the full engine cycle. This method

assumes that the different processes going on in the engine interact very little.

RSP it . et
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A FORTRAN program is presented for both an isothermal second-order design
program and an adiabatic second-order design program. Both of these are
adapted to a modern four-piston Siemens type of heat engine.

Third-order methods are explained and enumerated. This method solves the
equations expressing the conservation of energy, mass and momentum using
numerical methods. The engine is divided into many nodes and short time
steps are required for a stable solution. Both second- and third-order
methods must be validated by agreement with measurement of the performance

of an actual engine.

In this second edition of the Stirling Engine Design Manual the references
have beer brought up-to-date. There is a continual rapid acceleration of
interest in Stirling engines as evidenced by the number of papers on the sub-
Ject. A revised personal and corporate author index is also presented to aid
in locating a particular reference. An expanded directory lists over 80 in-
dividuals and companies active in Stirling engines and details what each
company does within the 1imits of the contributed information. About 800
people are active in Stirling engine development worldwide.
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2. INTRODUCTION

2.1 Why Stirling?

Development of Stirling engines is proceeding world-wide in spite of
their admittedly higher cost because of their high efficiency, particularly
at part load, their ability to use any source of heat, their quiet operation,
their long 1ife and their non-polluting character.

For many years during the last century, Stirling engines occupied a
relatively unimportant role among the kinds of engines used during that period.
They were generally called air engines and were characterized by high reliability
and safety, but low specific power. They lost out in the dollars-per-horsepower
race with other competing machines. In the 1930's some researchers employed
by the Philips Company, in Holland, recognized some possibilities in this old
engine, provided modern engineering techniques could be applied. Since then,
this company has invested millions of dollars and has created a very commanding
position in Stirling engine technology. Their developments have led to smooth
and quiet-running demonstration engines which have very high efficiency and
can use any source of heat. They may be used for vehicle propulsion to produce
a zero or low level of pollution. A great variety of experimental Stirling
engines have been built from the same general principles to directly pump
blood, generate electricity, or directly generate hydraulic power. Many are
used as heat pumps and some can be used as both heat pumps and heat engines
depending upon the adjustment. With a few notable exceptions of independent
individuals who have done very good work, most of the work on Stirling engines
has been done by teams of engineers funded by the giant companies of the world.
The vital details of this work are generally not available. The United States
government is beginning to sponsor the development of an open technology on
Stirling engines and is beginning to spend large sums of money in this area.

As part of this open technology, this design manual is offered to review all
the design methods available in the open literature.

Consider the following developments which show that interest in Stirling
engines is growing not just as a popular subject for research, but as a product
that can be scld at a profit.

United Stirling of Sweden is committed to quantity production of their
P-75, 75 kw truck engine.

Mechanical Technology, Inc., United Stirling and American Motors have
teamed up to develop and evaluat2 Stirling engines for automobiles.
The sponsor is the U.S. Department of Energy, via NASA-Lewis, at 4
million dollars per year.

The Harwell thermo-mechanical generator, a type of super-reliable
Stirling with three times the efficiency of thermo-electric generators
has now operated continuously for four years.

A Japanese government-industry team is designing and building a 800 hp
marine engine. Funding is 5 million dollars for 5 years. A 10 kw and
a 50 kw engine of reasonable performance have been built independently
by Japanese firms.
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Work has started by three organizations using the talents of long time
Dutch, Swedish and German Stirling engine developers to design and
eventually build a 500 to 2000 horsepower coal-firad Stirling engine
for neighborhood heat and power generation.

* Stirling Power Systems has equipped eight Winnebago motor homes with
an almost $ilent and very reliable total energy system based upon a
6.5 kw Stirling engine generator. These systems are now ready for
manufacture and sale.

Solar Engines of Phoenix, Arizona, have sold 20,000 model Stirling engines.

Sunpower of Athens, Ohio, has demonstrated an atmospheric air engine
that produces 850 watts jnstead of 50 watts for an antique machine.

2.2 What Is A Stirling Engine?

Like any heat engine, the Stirling engine goes through the four basic
processes of compression, heating, expansion, and cooling (See Figure 2-1). A
couple of examples from every day life may make this clearer. For instance,
Figure 2-2 shows how an automobile internal combustion engine works. In this
engine a gas-air mixture is compressed using work stored in the mechanical
flywheel from a previous cycle. Then the gas mixture is heated by igniting it
and allowing it to burn. The higher pressure gas mixture now is expanded
which does more work than was required for the compression and results in net
work output. In this particular engine, the gas mixture is cooled very little.
evertheless, the exhaust is discarded and a cool gas mixture is brought in
through the carburetor.

HEAT SOURCE >  EXPANSION ———s NET
| T WORK
| |
| l WORK
| I
| {
| HEATING - THERMAL COOLING
i REGENERATION |
: |

|
| )
| COMPRESSION ]  HEAT SINK

| HEAT LEAK

W AN CHSED PV GINNS SRR SUmWR GETES ENTER GEIP GHED GESD GIND GUNP GIND GUND CEE GEI, GG T S

Figure 2-1. Common Process for all Heat Engines.
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Another example of the general process shown 1n.Figure 3-1 is the closed
cycle gas turbine engine (See Figure 2-3). The working gas s compressed, '
then it passes through a steady-flow regencrative heat exchanger to exchange 1
heat with the hot expanded gases. More heat is added in the gas heater, The
hot compressed gas is expanded which generates more energy than 1. required
by the compressor and creates net work. To complete the cycle, the oxpanded

gas is cooled first by the steady flow regenerative heat exchanger and then
the additional cooling to the heat sink. 1

In the first example (Figure 2-2), the processes occur essentially !
in one place, one after the other in time. 1In the‘second example (Figure 2-?). i
these four processes all occur simultaneously in different parts of the machine. 1
/ In the Stirling machine, the processes occur seguent1a11y but pgr;1a11y over-
/ lapping in time. Also the processes occur in different parts of the machine l
- but the boundaries are blurred. One of the problems which has delayeq the ;
realization of the potential of this kind of thermal machine is the d1ff1cq1ty 1
in calculating with any real degree of confidence the complex processes which i
go on inside of a practical Stirling engine. The author has the a§s1gnment
to present as much help on this subject as is presently freely available.

A heat engine is a Stirling engine for the purpose of this book when:

1. The working fluid is contained in one body at nearly a common
pressure at each instant during the cycle.

2. The working fluid is manipulated so that it is generally com-
pressed in the colder portion of the engine and expanded
generally in the hot portion of the engine.

\ 3. Transfer of the compressed fluid from the cold to the hot
portion of the engine is done by manipulating the fluid
boundaries without valves or real pumps. Transfer of the

expanded hot fluid back to the cold portion of the engine is
done the same way.

4. A reversing flow regenerator (regenerative heat exchanger) may

be used to increase efficiency. :

The general process shown in Figure 2-1 converts heat into mechanical
energy. The reverse of this process can take place in which mechanical energy
is converted into heat pumping. The Stirling engine is potentially a better

cycle than other cycles because it has the potential for higher efficiency, low
noise and no pollution.

Figure 2-4 shows a generalized Stirling engine machine as described above.
That is, a hot and a cold gas space is connected by a gas heater and cooler and
regenerator. As the process proceeds tc produce power, the working fluid is 1
compressed in the cold space, transfeired as a compressed fluid into the hot ‘
space where it is expanded again, and then transferred back again to the co!?

space. Net work is generated during each cycle equal to the avea o€ inhe enclosed
curve.
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Figure 2-4. Essential Character of a Stirling Engine.

2.3 Major Types of Stirling Engines

In this publication the author would like to consider the classification
of Stirling engines from a more basic standpoint. Figure 2-5 shows the various
design arcas that must be addressed before a particular kind of Stirling engine
emerges. First some type of external heat source must be determined. Heat
must then be transferred through a solid into a working fluid. There must be
a means of cycling this fluid between the hot and cold portion of the engine
and of compressing and expanding it. A regenerator is needed to improve
o€€iciency. Power control is obviously needed as are seals to separate the
working gas from the environment. Expansion and compression of the gas creates
net indicated power which must be transformed by some type of linkage to create

useful power. Also the waste heat from the engine must be rejected to a suitable

sink.
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y ¥
WORK .
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L seasd |
¥ Y
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TRANSFER
¥ ¥
HEAT SINK USEFUL POWER

Figure 2-5. Stirling Engine Design Option Block Diagram.

A wide variety of Stirling engines have been manufactured. These old
engines are described very well by Finkelstein (59 ¢) and Walker (73 j, 78 dc).
Usually these involve three basic types of Stirling engines. One, the alpha
type, uses two pistons (See Figure 2-4 and 2-6). These pistons mutually
compress the working gas in the cold space, move it to the hot space where it is
expanded and then move it back. There is a regenerator and a heater and cooler
in series with the hot and col< gas spaces. The other two arrangements use a
piston and displacer. The piston does the compressing and expanding, and the
displacer does the gas transfer from hot to cold space. The displacer arrange-
ment with the displacer and the power piston in line is called the beta-
arrangement, and the piston offset from the displacer, to allow a simpler
mechanical arrangement, is called the gamma-arrangement. However, all large
size Stirling engines being considered for automotive applications employ what
is variously called the Siemens, Rinia or double-acting arrangement. (See
Figure 2-7.) As explained by Professor Walker (90 d, p. 109), Sir William Siemens
is credited with the invention by Babcock (1885 a). (See Figure 2-8.) However,
Sir William's engine concept was never reduced to practice. About 80 years later
in 1949, van Weenan of the Philips company re-invented the arrangement complete
with wobble plate drive. Because of the way the invention was reported in the
literature, H. Rinia's name was attached to it by Waiker (78 j).

Note in Figure 2-8 there are 4 pistons attached to a wobble plate which
pivots at the center and is made to undergo a nutating motion by a lever attached
to a crank and flywheel. This is only one way of getting these 4 pistons to
undergo simple harmonic motion. Figure 2-7 shows these same 4 cylinders laid
out. Not~2 that the top of one cylinder is connected to the bottom of the next

[N VPR = T ST .- . - ke ks A RN T RN JLO
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by a heater, regenerator and cooler, as in the alpha-type of Figure 2-6. In
the Siemens arrangement there are 4 alpha-arrangement working spaces with each
piston double-acting, thus the name. This arrangement has fewer parts than any
of the others and is, therefore, favored for larger automotive scale machines.
Figure 2-9 shows an implementation of the Siemens arrangement used by United
Stirling. United Stirling places 4 cylinders parallel to each other in a
square. The heater tubes are in a ring firea by one burner. The regenerators
and coolers are in between but outside the cylinders. Two pistons are driven
by one crank shaft and two pistons are given by the other. These two crank
shafts are geared to a single drive shaft. One end of the drive shaft is used
for auxiliaries and one for the main output power.

!jg‘%z R

ALPHA-TYPE BETA-TYPE

HEATER
REGENERATOR
COOLER

EXPANSION SPACE
COMPRESSION SPACE

Figure 2-6. Main Types of Stirling Engine Arrangements.

IEa\S)
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Nr-O X0
nan o nn

o PTTSETTETTR, T T R

PRI P PPV S,

Figure 2-7. A Rinia, Siemens or Double-Acting Arrangement.
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Figure 2-8. Four-Cylinder Double-Acting Engine Invented by Sir William
Siemens in 1863 (after Babcock (1885 a)).

2.4 OQverview of Report

The chief aim of this design manual is to teach people how to design
Stirling engines, particularly those aspects that are unique to Stirling
engines. To this end in Section 3, two engines have performance data and
all pertinent dimensions given (fully described). In Section 4 automotive
scale engines, for which only some information is available, are presented.
Section 5 is the heart of the report. Al1 design methods are reviewed. A
full list of references on Stirling engines to April 1980 is given in
Section 7. Sections 8 and 9 are personal and corporate author indices to
the references which are arranged according to year of pub1icat19n. Section
10 is a directory of people and companies active in Stirling engines.

Appendix A gives all the property values for the materials most commonly
used in Stirling engine design. The units employed are international units
because of the worldwide character of Stirling engine development. Appendix B
gives the nomenclature for the body of the report. The nomenclature was
changed from the first edition to fit almost &ll computers. Appendicies C, D
and E contain three original computer programs. Appendix F presents a discus-
sion of non-automotive present and future applications of Stirling engines.

10
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Figure 2-9. Concept for United Stirling Production Engines.
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3. FULLY DESCRIBZD STIRLING ENGINES

Definition of Term "Fully Desciibed"

Fully described does not mean that there is a complete set of prints and
assembly instruction in hand so that an engine can be built just from this
information. However, it is a lot more than is usually available which is power
output and efficiency at a particular speed. Sometimes the displacement of the
power piston and the operating pressure and the gas used in the engine are also
given. What is meant by "Fully Described" is that enough is revealed so that the
dimensions and operating conditions that the calculation procedure needs for
input can be supplied. Also required is at least the reliably measured power
output and efficiency for a number of points. If experimental measurements are
not available, then calculated power output and efficiency are acceptable if
they are done by an experimentally validated method. It is not necessary that
this method be available for examination.

Two engines are presently well enough known in the open literature and of
general interest to be "fully described." These are:

1) The General Motors GPU-3
2) The General Motors 4L23

A11 the necessary information for each engine will now be given.

3.1 The GPU-3 Engine

General Motors Research Corporation built the Ground Power Unit #3 (GPU-3)
as a culmination of a program lasting from 1960 to 1966 with the U.S. Army.
Although the program met its goals, quantity production was not authorized. Two
of the last model GPU-3's were preserved and have now been tested by NASA-Lewis.
One of the GPU-3's as delivered to the Army is shown in Figure 3-1.

3.1.1 Engine Dimensions

Figure 3-2 shows a cross section of the entire engine showing how the parts
all fit together. The measurements for this engine (78 ad, pages 45-51; 78 o)
have been superceded by later information (79 a). The following tables and figures
are from this latter source. Table 3-1 gives the GPU-3 engine dimensions that
are needed to input the computer program. Since dead volume is not only in the
heater and cooler tubes and in the regenerator matrix, but is also in many odd
places throughout the engine, the engine was very carefuliy measured and the
dead volumes added up (see Table 3-2.) The total volume inside the engine was
also measured accurately by the volume displacement method. By this method
Tabie 3-2 shows an internal volume of 236 cc. Measurements accounted for
232.3 cc. In addition to the information given in Table 3-1 and 3-2, more
information is needed to calculate heat conduction. This is given in
Figure 3-3.
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Figure 3-1. The General Motors GPU-3-2 Stirling Electric Ground Power Unit
for Near Silent Oporation (ref. 68 p.) Picture courtesy General
Motors research.

Figure 3-4 defines the geometric relationship between piston position and
crankshaft angle, which occurs in a rhombic drive machine.

3.1.2 Engine Performance

Besides engine dimensions, a fully described engine has information avail-
able on engine pertormance. The original performance data was obtained from
NASA-Lewis by private communication (78 q) to meet the operating point published
in the first edition (78 ad, page 47.) Table 3-3 shows the measured performance
for these eight points. In addition, NASA-Lewis did some additional tests which
were compared with the NASA-Lewis computation method. Tabular

1
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: : Table 3-1
o and Parameters (79 a)

H
v

vV
.

Cylinder bore at liner, cm (in.) . . .
Cylinder bore sbove liner,* cm (in.) .
Cooler

Tube length, em (In.) . . « . « .« «
N Heat transfer length, cm (in.). . .
Tube inside diameter, cm (in.). . .
Tube outside diasmeter, cm (in.) . .
Number of tubes per cylinder

Reater .

Mean tube length, cm (In.). . . . .
Heat transfer length, ca (in.). . .
Cylinder tube, om (in.) . . . . . -
Regenerator tube, em (in.). . . . .
Tube inside diameter, em (in.). . .
Tube outside diameter, cm (in.)
Number of tubes per cylirder

.
.

Cold end comnecting ducts
Length, cm (in.)
Duct inside diameter, cm (in.). . .
Mumber of ducts per cylinder. . . .
Cooler end cap, cm’ (in’) . . . . .
Regenerators
Length (inside), cm (in.) - . .
Diameter (inside), em (in.) . .
: Number per cylinder . . . . . .
d Material
Number of wires, per cm (per in.) .
Wire dismeter, cm (in.) . . . . . .
\ Number of layers
Filler factor, percent . . . . . -

* v e e + 8 4 a

TSR SR
.

e o & o ® = @ o o @

P L I )

Drive

Crank - radius, am (in.)
Eccentricity, cm (in.)

? Miscellaneous

Displacer rod diameter, cm (in.). .
Piston rod diameter, cm (in.) . . .
Displacer diameter, cm (in.). . . .
Displacer wall thickness, cm {in.).
Lo« Displacer stroke, em (in.). . . - .
. Expansion space clearance, cm (in.)
Compression space clearance, cm (in.

o o s a0

Total working space minimum volume,

ST

e e e —_

Angle of rotation between adjacent sc

Buffer space maximum volure, emd (in

(or number of tubes per regenerator)

(or number of tubes per regenerator)

. .
. -
.

.

-

3

cm

T e e s e

»

reens,

Connecting rod length, cm (in.}) . . . . .

e e s v s e

(in

.
R ERY

- e v

Stainless

e e e e

« s . -

.
.
.
.

s e e e a0
e v e e
e e 0
e 0 e e e

’Top of displacer seal is at top of liner at displacer TDC.

.

.

GPU-3-2 Engine Dimensions

. 6.99 (2.751)
. 7.01 (2.76)

. 4.61 (1.813)
. 3.55 (1.399)
0.108 (0.0425)
0.159 (0.0625)

. .. 312 (39)

24.53 (9.658)
. 15.56 (6.12)
11.64 (46.583)
12.89 (5.075)
0.302 (0.119)
. 0.483 (0.19)

e o . . 80 (5)

. 1.59 (0.625)
0.597 (0.235)
8

0.279 (0.0170)
. 2.26 (0.89)
. 2.26 (0.89)
L. 8
teel wire cloth

79x79 (200x200)
0.004 (0.0016)

e - . . . 308
e . .. . 303
R

. 5.60 (1.810)
. 1.38 (0.543)
. 2.08 (0.820)

0.952 (0.375)
. 2.22 (0.875)
. 6.96 (2.7460)
0.159 (0.0625)
. 3.12 (1.23)

0.163 (0.064)

0.030 (0.012)

521 (31.78)

233.5 (16.25)

Table 3-2 GPU-3 Stirling Engine Dead

Volumes (79 a)

Volumes are given in cu cm (cu

I. Expansion space clearance volume
Displacer clearance (around displacer)
Clearsnce volume above displacer
Volume from end of heater tubes into cylinder
Total

11. Heater dead volume

Insulated portion of heater tubes next to
expansion space

Heated portion of heater tubes

Insulated portion of heater tubes next to
regenerator

Additional volume in four heatexr tubes used for
instrumentation

Volume in header

Total

I1I. Regenerator dead volume

Entrance volume into regenerators

Volume within matrix snd retaining disks

Volume between regenerators and coolers

Volume in snap ring grooves at end oi coolers
Total

IV. Cooler dead volume

Volume in cooler tubes

s

Compression in space clearance volume

Exit volume from cooler
Volume in cooler end caps
Volume in cold end connecting ducts
Power piston clearance (around power piston)
Clearance volum2 between displacer and power piston
Volume at connections to cooler end caps
Volume in piston "notches™
Volume around rod in bottcm of displacer
Total

Total dead volume

Minimum live volume

Calculated minimum total working space
Volume

Measured value of minimum total working space volume
(by volume displacement)

Change in working space volume due to minor engine
modification

P - - i

in.)
3.3% (0.206)
7.61 (0.452)
1.74 (0.106
12.5 (0.762)

9.68 (0.591)

47 .46 (2.896)
13.29 (0.811)

2.74 (0.167)

7.67_(0.468)
80.8  (4.933)

7.36 (0.449)
53.4  (3.258)
2.59 (0.158)

2.18 (0.133)
65.5 (3.998)

13.13 (0.801)

3.92 (0.239)
2.77 (0.169)
3.56 (0.217)
7.29 (0.445)
1.14 (0.070)
2.33 (0.142)
0.06 (0.004)
0.11 (0.007

21.18 (1.293)

193.15 (11.787)

39.18 (2.391)

232.3  (14.178)

232.5 (14.25)
2.5  (0.15)

236.0 (14.40)
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0
2,858 (1, 125)
! r Healer
1,323 (0, 521) y !
1,323 0. 521) ¢/ 1.016 (0. 40)  Expansion
1,153 (0.454)— 4.115 (1. 62) _; space
1. 257 (0.495) 7 -’
\ o o

0.508 0.20 —= 3.9621.56) | Zod) ~ Regenerator

1,016 (0. 40 } . 13886 (1.531 4, 350

L9 0.4 1§ ! =

End plate / 3.505 (1, 380)

0.093%cm .4 83,480 13700 | §
in. ) thick R Y L.

AR YINK 3,32 1L3075) | =
Cooling =% ; Cooler
water

- Compression
space

Figure 3-3. Schemetic Showing Dimensions of GPU-3 Needed for Calculating Heat

Conduction, (Regenerator, housing, cylinder, and displacer are
310 stainless steel. Dimensions are in cm (in.).)

information as in Table 3-3 has not been released. Tables 3-4 to 3-8 give
approximate and incomplete information by reading the graphs (79 a). If brake
efficiency is given, it is notcalculated by dividing the brake power by the
heat input, but is determined by reading a separate g S

raph. Since this work was
done, a complete test report was published (79 b1) which includes 7 microfiche

Sheets of all the test data. The reader is referred to this report (79 bl) for
more exact information.

NASA-Lewis also determined mechanical losses due to seal and bearing

friction and similar effects. Figure 3-4 shows these losses for hydrogen work-
ing gas and Figure 3-6 shows the same losses for helium,

Percival (74 bc) gives two sets of curves for the power output and effici-
ency for the "best" GPU-3 engine tested in late 1969 (see Figures 3-7 and 3-8).

16
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.~ Displacer

Rod length, L~

Eccentricity, e 1

crank angle

\

1
| g
ve

Crank radius <~

|
|
|
l
Y L Y]
|
|
|
|
|
|

'y
+-

+ ]

”
L4

b~

_.~ Expansion space

)~ Compression space

++ U] — Power piston
1] -1-— Buffer space
i1 ~Power-piston yoke

.~ Projection of

rod length on
y=axis, Ly

_ .~ Position of power-

piston yoke, ¥;
Y

L1y

f

Position of
displacer

yoke, y;

l
{

e

- Displacer yoke

Figure 3-4 Schematic Showing Geometric Relations Between Piston
Positions and Crankshaft Angle

Table 3-3 Measured Performance of the GPU-3 Engine Under Test at NASA-Lewis

Measureoents
Working Fluld* Ha Hy
Engine Speed, Hz* 4.9 3312
Cooling water flow,g/sec.* 136 134
Cooling water T, C 5.8 7.0
Cooling Water inlec, K* 281.1 28..1
Mean Gas Press. MPa » 2,179 2.179
Brake Power, watts 1038 1291
Average Temperatures, K
Heater tube* 991.7 997.8
Expansion Space wall 876.1 883.9
Gas bezwesn heater 891.7 897.8
and exp. space
Gaz aidway thru heater 947.8 952.2
Gas between cooler and
comprassicn space 320.6 325.6
Brake Efficlency % 23.9 287

*ysed in CALCULATIONS.

S AN W

H2

41,75

- 14}

8.2
a8l.1
2,165
1560

1008.9
905.5
917.8
96%.7

;3« "
P

-
arim

» Ha He | He Re He

! |

$3.13 |50.0 25.50 49.97 26.95
135 136 132 126 14l
9.6 19.3 9.6 1.9 5.9

31,1 281.6 281.1 280.0 280.0
2,213 4.274  &.260 2.820 2.868
1715 2514 1853 1408 1208
1020 10$8.3 1023.9 1026.7 1007.8°
920 929.4 886.1 9l1.1 870.6
$31.6 950.6 912.8 917.2 887.8
$70 971.7 96l.1 965.0 950.6
378.3  348.3  360.0 335.6

338.°7

-

(W)

18.8 5.9 18.3 5.7
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Table 3-4 Measurements of GPU-3 Engine Performance
by NASA-Lewis - Part I (79a)
‘ Hydrogen Gas, 704C (1300F) Heater Gas Temperature,
‘ 15C (59F) Inlet Cooling Water Temperature
Pt Mean Press Engine SP Ind. Power Brake Power Heat Input* Brake Eff.;|
MPa PSIa HZ RPM KW HP KW HP KW HP %
3 1 1.38 | 200 16.67 | 1000 0.39 | 0.52 2.46 | 3.30 15.6
} 2 1.38 | 200 25 1500 0.58 | 0.78 3.06 | 4.10 17.5
| 3 | 1.38 | 200 33.33 | 2000 0.71 | 0.55 3.60 | 4.95 | 18.1
; : 4 1.38 | 200 41.67 | 2500 0.78 | 1.05 3.97 5.32 19.1 912:
7 5 1.38 | 200 50 3000 0.82 | 1.10 4,51 6.05 17.2 -é%

B 6 1.38 | 200 58.33 | 3500 0.56 | 0.75 4.83 | 6.48 11.0 Z;
N 7 2.76 | 400 16.67 | 1000 1.57 | 2.1 1.13 | 1.52 4.47 6.0 24.4 c;:‘_’:'é}
8 2.76 | 400 25 1500 2.05 | 2.75 1.49 | 2.00 5.64 7.57 25.7 2
S 2.76 | 400 33.33 | 2000 2.57 | 3.45 1.95 | 2.62 7.08 9.50 27.2
: 10 2.76 | 400 41.67 | 2500 3.13 | 4.2 2.39 | 3.20 8.58 |11.50 27.0
| 11 2.76 | 400 50 3000 3.47 | 4.55 2.61 | 3.50 9.88 113.25 25.7

12 2.76 | 400 58.33 | 3500 3.65 | 4.90 2.70 § 3.62 11.00 |14.75 23.9

13 4.14 | 600 58.33 | 3500 4.47 | 6.0 16.18 |21.70 27.0

*Based upon energy balance at cold end.
f
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Table 3-5 Measurements of GPU-3 Engine Performance

by NASA-Lewis - Part Il (79a)

?f Hydrogen Gas, 15C (59F) Cooling Water Inlet Temperature,
S 2.76 MPa (400 psia) Mean Pressure

- Heager Gas Jemp. Engine Speed Brake Power
i é Pt C F Hz RPM KW \ HP
B 1 704 | 1300 16.67 | 1000 1.13 | 1.52
ﬁ 2 704 | 1300 25 1500 1.49 | 2.00

' 3 704 | 1300 33.33 | 2000 1.95 | 2.6z
4 704 | 1300 41.67 | 2500 2.35 | 3.15

5 704 | 1300 50 3000 2.61 | 3.50

6 704 | 1300 58.33 | 3500 2.70 | 3.62

7 649 | 1200 16.67 | 1000 0.89 | 1.20

8 649 | 1200 25 1500 1.3 1.80

9 649 | 1200 33.33 | 2000 1.85 | 2.48

10 649 | 1200 41.67 | 2500 2.24 | 3.00

n 649 { 1200 50 3000 2.42 | 3.25

12 649 | 1200 58.33 | 3500 2.4 | 3.27

13 593 | 1100 16.67 | 1000 0.86 | 1.15

14 593 | 1100 25 1500 1.36 | 1.82

, 15 593 | 1100 33.33 | 2000 1.72 | 2.30
3 16 593 | 1100 41.67 | 2500 2.07 | 2.77

17 593 | 1100 50 3000 2.13 | 2.85

18 593 | 1100 58.33 | 3500 2.09 | 2.80

61
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Table 3-6
Helium Gas, 704C (1300F) Nominal Heater Gas Temperature

by NASA-Lewis - Part ITI (79a)

Measurements of GPU-3 Engine Performance

13C (56F) Cooling Water Inlet Temperature

Pt Mean Press Engine Speed Ind. Power Brake Power

MPa Psia HZ RPM KW HP KW HP

1 2.76 400 16.67 1000 1.34 1.8 0.88 1.18
2 2.76 200 25 1500 1.83 2.45 1.21 1.62
3 2.76 400 33.33 2000 2.15 2.88 1.40 1.88
4 2.76 400 41.67 2500 2.42 3.25 7.53 2.05
5 2.76 400 50 3000 2.50 3.3 1.42 1.90
6 2.76 400 58.33 3500 2.10 2.82 0.89 1.20
7 1.38 200 16.67 1000 0.25 0.34
8 1.38 200 25 1500 0.26 0.35
9 1.38 200 33.33 2000 0.37 0.50
10 1.38 200 41.67 2500 0.15 0.20
11 4.14 600 33.33 2000 2.35 3.15
12 4.14 600 41.67 2500 2.65 3.55
13 4.14 600 50 3000 2.55 3.42
14 4.14 600 58.33 3500 2.01 2.70
15 5.52 800 50 3000 3.77 5.05
16 5.52 800 58.33 3500 3.39 4.55

A.Lljlb’ﬂ?) 40ug 0
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Table 3-7 Measurements of GPU-3 Engine Performance
by NASA-Lewis - Part IV (79a)
Helium Gas, 395C (1100F) Nominal Heater Gas Temperature

13C (56F) Cooling Water Inlet Temperature

AR T P VR e ) ralp Il S by 7 s ek o

1<

Pt Mean Press Engine Speed Brake Power
MPa PSla HZ RPM KW HP
1 2.76 | 400 16.67 N 1000 0.69 0.93
2 2.76 | 400 25 ’ 1500 0.93 1.25
3 2.76 | 400 33.33 2000 1.01 1.35
4 2.76 | 400 41.67 2500 0.94 1.26
5 2.76 | 400 50 3000 0.70 0.94
6 2.76 | 400 58.33 3500 0.27 0.36
7 5.52 | 800 33.33 2000 2.59 3.47
8 5.52 | 800 41.67 2500 2.96 3.97
9 5.52 | 800 50 3000 2.73 3.66
10 5.52 | 800 58.33 3500 1.80 | 2.42
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Table 3-8
Helium Gas, 649C (1200F) Nominal Heater Gas Temperature,

by NASA-Lewis - Part V (79a)

Measurements of GPU-3 Engine Performance

13C (56F) Cooling Water Inlet Temperature

Pt Mean Pressure Engine Speed Brake Power Heat Input* Brake Eff.*
MPa PSla HZ RPM KW HP KW HP %
1 2.76 400 16.67 1000 0.82 1.10 3.95 5.3 20.5
2 2.76 400 25 1500 1.12 1.50 5.41 7.25 20.7
3 2.76 400 33.33 2000 1.21 1.62 6.64 8.9 18.0
4 2.76 400 41.67 2500 1.21 1.62 7.64 10.25 15.2
5 2.76 400 50 3000 1.04 1.40 8.95 12.00 11.8
6 2.76 400 58.33 3500 0.56 0.75 9.88 13.25 5.4
7 4.14 600 25 1500 1.79 2.40 7.23 9.70 24.8
8 4.14 600 33.33 2000 2.20 2.95 9.17 12.30 23.9
9 4.14 600 41.67 2500 2.42 3.25 11.33 15.20 21.3
10 4.14 600 50 3000 2.35 3.15 12.83 17.20 18.2
11 4.14 600 58.33 3500 1.73 2.32 14.32 19.20 12.0
12 5.52 800 41.67 2500 3.28 4.40 14.69 19.70 22.5
13 5.52 800 50 3000 3.28 4.40 17.45 23.40 18.8
14 5.52 800 58.33 3500 2.76 3.70 19.18 25.72 14.2
N 6.9 1000 50 3000 3.93 5.27 20.88 28.0 18.7
16 6.9 1000 58.33 3500 3.37 4.52 23.15 31.05 14.2
*Based upon energy balance at cold end.
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L5~ 2.0
4, 14x108 NIm? (600 psi)-,
2 2151 °
v L9 2. 76x108 N/m? (400 psi)-,
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é - § 5_ /
= = ° 9 2
“1. 38x109 /m? (200 psi)
ol % IR I N D
1000 1500 2000 2500 3000 3500
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i i | ! ] |

10 20 30 40 50 60
ENGINE SPEED, Hz

Figure 3-5 Mechanical Loss As a Function
of Engine Speed for Hydrogen Working Gas
{Determined from Experimental Heat Balance)
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Figure 3-6 Mechanical Loss As a Function
of Engine Speed for Helium Working Gas
(Determined from experimental heat balance.)
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Later in the General Motors papers on Stirling engines released in 1978, a graph
giving the calculated performance for the GPU-3 engine was published (78 bh,
section 2.116, page 6, March 1970). (See Figure 3-9.) Furnace and mechanical
efficiency are stated so the indicated power and efficiency calculated by most
design methods can be compared with the unpublished method used by General
Motors. Examinations show that Figures 3-7 and 3-8 agree well and are probably
different plots of the same experimental measurements. Figure 3-9 agrees fairly
well with measurement near the design point of 3000 rpm 1000 psia.

G.M. Calculation G.M. Measurement
Figure 3-9 Figure 3-8
Output BHP 11.6 11
Overall Efficiency 29.8 26

However, at 3000 rpm and 250 psi, the calculated power is 3.3 hp, but the
measured is only 1.5 hp.

The GPU-3 engine now has considerable data on it. It is not completely
understood but the engine has been thoroughly measured and carefully run. A
full test report on this is available (79 bl).

3.2 The 4L23 Engine

According to Percival (74 bc), design for a four-cylinder double-acting
engine was started in 1968. Eventually, the goal was to demonstrate an advanced
Stirling engine of about 150 hp. The engine became known as
the 4L23 because of the piston displacement of 23 cubic inches and having four
cylinders in a line. A single crankshaft was used with cross heads and only
one piston per cylinder was needed. Figure 3-10 shows a cross section through
one of these cylinders. In this Rinia, or Siemens, arrangement, the gas leaves
the hot space and goes through a series of tubes arranged in a circle similar to
the way the GPU-3 engine is designed. The tubes go from the hot space up to a
manifold at the top and then other tubes come down and enter one of six
regenerator cans grauped around each engine cylinder. Figure 3-11 shows a top
view of this engine showing the four cylinders and the 24 regenerator cans that
were used. Below each porous regenerator is the tubular gas cooler. As in the

GPU-3, the regenerator and gas cooler were made as a unit and slipped into place.

From the bottom of the gas cooler the gas is not inducted into the same cylinder
as in the GPU-3, but into another cylinder in the line. Figure 3-11 and 3-12
show the arrangement of these conducting ducts. Figure 3-11 shows how the cold
space of cylinder 1 is connected to the gas coolers of cylinder 3. The cold
space of cylinder 3 is connected to the gas coolers of cylinder 4. The cold
space of cylinder 4 is connected to the gas coolers of cylinder 2; and finally,
the cold space of cylinder 2 is connected to the gas coolers of cylinder 1 to
complete the circuit. This particular arrangement is done for the purpose of
balancing the engine. In addition to this "firing order" arrangement and the
counter-weights shown in Figure 3-10, engine 4L23 had two balance shafts on
either side of the main crankshaft which has weights on them that rotated in
such a way as to attain essentially perfect balance. This made the crankcase
wider at the bottom. Also from the drawings sent to NASA-Lewis from General
Motors (1978 dk) the crankcase was much less compact than that shown in Figure
3-10. Also the carregated metal air preheater sketched in Figure 3-10 turned

27

v ke - memdama ol s acrs




ORIGHSAL Fiv
OF POOR QurLtTY

|

.......

"‘W"—v.<,y_:_

h S
P

)

h‘

-

5' ‘l

b

i ; ZE?
b

E

| 1]
i ! // CROSSNE

-——2 COUNTLRYE I GNT

CONRECTING ROD

IR

Figure 3-10. Cross Section of Single Crank In-Line Engine.

i S e e e e Sl et

L e debeavbia



{LGHEL PACE 1S
OF PCOR QUALITY

CONNECTING DUCTS

Tom Viaw

F———

Figure 3-11. Arrangement of Regenerators and Hold Down Studs for In-Line
Crankcase.

29




ot

*sautbu3 sut-uy 404 s3ang Buildosuuo) 4o weuaberq Zi-¢ 3unbLy

|-2-%-€-1 , 4830490 ONIY 4,

SRR T

WO

\_ N
~~ \_ - J

SLONg 277002

Loty e 30
, 42180




out to be a shell and tube heat exchanger about three times as large. No

report quality cross sections or artists' renderings or pictures of hardware
were ever released on this engine. Nevertheless this engine is important

today because it is of a very modern design and has an adequate description

as to dimensions and calculated performance. It is very similar to the P-40

or P-75 engine that United Stirling is now building and testing. In order to
provide for future engine upgrading, the combustion system and crankcase,
crankshaft and bearings were designed to accept 3000 psi mean pressure. The
4L23 was General Motors Research's first computer design (optimized engine.)

The 4123 was the first engine with the sealed piston. In other engines a

small capillary tube allowed the inside of the piston to be pressurized at the
mean pressure of the engine working gas. This was done in order to minimize

the inventory of hydrogen gas and also to reduce heat leak by having air instead
of hydrogen in the piston dome. The 4L23 was optimized for the use of Met Net
regenerator material which was found by General Motors to be considerably less
expensive to produce than the woven wire regenerator material which had been used
up until that time.

Table 3-9 gives all the engine dimensions necessary to calculate the power
output and efficiency of the 4L23. Most of these numbers come from GMR-2690
section 2.115 (78 bh) report dated 19 January 1970. Some come from additional
drawings sent to NASA-Lewis from General Motors Research (78 dk). The list
given by %Ertini (79 ad) has been revised somewhat. The final 1ist is given
in Table 3-9.

3.2.2 Engine Performance

Insufficient data is given in the General Motors reports to calculate
static heat loss through “he engine. Second order theory indicates that if
the engine heat inputs are plotted against frequency the extrapolation to zero
frequency should give the static heat loss. This process was done for the
data given by Diepenhorst (see Figures 3-13 to 3-15.) It was found that the
heat inputs were exactly proportional to frequency, but that the zero intercept
was not consistent (see Figure 3-16.) Since the heat input was so perfectly
proportional to frequency of operation, it was a shock that the zero intercepts
did not follow any particular pattern. One would expect that the zero inter-
cepts for hot tube temperature of 1400 F would be always higher than those for
1200 F, which would always be higher than those for 1000 F. There is also no
reason for a dependence on average pressure because metal thermal conductivity
is not affected by this, and gas thermal conductivity is almost not affected.
This problem is only discussed in this section because there should be some
information given from which the static thermal conductivity can be calculated.
Table 3-10 gives the information needed to calculate static thermal conduc-
tivity. The engine cylinder and the regenerator cases are tapered to have a
smaller wall thickness at the cold end. However, at this level of detail only
an average wall thickness and an average thermal conductivity for the entire
wall is desired.

Percival gives a somewhat different calculated performance for the 4123
engine (see Figure 3-17.) Figure 3-15 and Figure 3-17 have the same operating
conditions and engine specifications, but the power output and efficiency are
slightly different. Figure 3-17 quotes 25 GPM cooling water flow which is for
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Table 3-9 - Specifications for the General Motors 4L23 Stirling Engine Type:

Working Fluid:
Design Speed:
Design Pressure:
Cylinders per engine:
Bore:
Stroke:
Displacement (per cyl):
Diameter of roll sock
seal
Piston end clearance
Cooler (per cyl.)
Tube Length
Heat Transfer Length
Tube I. D.
Tube 0. D.
Number of Tubes
Water Flow
Water Inlet Temp.
Heater (per cyl.)
Tube Length
Heat Transfer Length
Tube I.D.
Tube 0.D.
Number of Tubes
Inside Wall Temp.

Hydrogen

2000 RPM

1500 psia

4

10.16 cm (4.0 in.)
4.65 cm (1.83 in.)
377 cu. cm (23 c. in.)

4.06 cm (1.6 in.)
0.0406 cm. (0.016 in.)

12.9 cm (5.08 in.)
12.02 cm (4.73 in.)
.115 cm (0.045 1in.)
.167 cm (0.065 in.)
312

25 GPM

1350F

41.8 cm (16.46 in.)
25.58 ¢m (10.18 in.)
.472 cm (0.18 1in.)
.640 cm (0.25 in.)
36

1400°F

Cold End Connecting Ducts (per cyl.)

Length

I.D.

Number

Isothermal Volume
Adiabatic Volume

71 cm (27.95 in.)
.76 cm (0.30 in.)
6

5 percent

95 percent

4 cylinder, single crank drive with double acting pistons

Regenerators (per cyl.)

Length

Diameter

Number

Material

Filler Factor

Wire Diameter
Drive

Connecting Rod Length

Crank Radius
Cooling Water

Flow

Inlet Temperature
Mechanical Efficiency

For Bare Engine
Furnace Efficiency

Burner + air preheater

Hot Cap
Length

Gap
Fhase Angle
Velocity Heads due to

Entrance and Exit and Bends

2.5 cm (0.98 in.)

3.5 cm (1.38 in.)

6

Met Net .05-.20

20 percent

.00432 cm (.0017 in.)

13.65 cm (5.375 in.)
2.325 cm (0.915 in.)

25 GPM/cyl. 2000 RPM
1350F

90 percent
80 percent
6.40 cm (2.52 in.)

0.0406 cm (0.016 in.)
900

Heater
Cooler
Connecting T.

(@)
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4.4 Eg
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Table 3-10. 4L23 Engine Dimension for the Purpose of Calculating Static
Heat Conduction

Engine Cylinder

0D = ~12.7 cm (5 in.)
ID = ~10.2 cm (4 in.)
Length = 22.6 cm (8.9 in.)
Number per engine = 4

Hot Cap.
0D = 10.211 cm (4.020 in.)
ID = 9.45 cm (3.72 in.)
AT Length = 10.03 cm (3.95 in.)
Number of Radiation

Shields = 3

Regenerator

Number per cylinder 6

2.79 cm (1.1 in.)
3.5 cm (1.38 in.)
4,32 cm (1.7 in.)

Case Length (AT)
Case ID
Case 0D (avg.)

Matrix = Met Net .05 - .20
Thermal Conductivity of Matrix = 0.017 w/cmC*

*78 bm, Section 6.006, page 7.

each cylinder. Figure 3-16 quotes 100 GPM cooling water flow which is for
all 4 cylinders and is proportional to speed.

The same data given in Figures 3-13 to 3-15 are replotted in the form.of.
"muschel" diagrams in Figures 3-18 to 3-20. These are included because this is
the common way engines are described today.
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4. PARTIALLY DESCRIBED STIRLING ENGINES ~ Ci -~~f W ©il nild

In this section will be given as much information as available on complete well-
engineered engines which have some information on displacement, operating speed,
operating temperatures, power and efficiency, but not enough data so that they
can be classified as fully described engines. Information given elsewhere in
the Design Manual will be referred to instead of being duplica;ed: Thls‘lnfor-
mation will inform the readers what the state-of-the-art of Stirling engines is.

4.1 The Philips 1-98 Engine

About 30 Philips engines of this type have been built. They are the Rhombic
drive type with a single power piston and displacer. The power piston displace-
ment is 98 cm3, and there is one power piston. Thus the name 1-98. The design
of the heater, cooler and regenerator have not been disclosed. Probably there are
many different kinds of 1-98 engines depending upon the intended use. Michels
(76 e) has calculated the performance of the 1-98 engine for a variety of condi-
tions. In each condition the heat exchangers of the engine are optimized for

the best efficiency at each power point. Michels showed that for these optimized
engines the indicated efficiency depends upon the heater temperature and cooler
temperature and not upon the working gas used. Figure 4-1 shows this curve
correctly labeled. Another way of describing the performance of the 1-98 engine
is to relate the indicated efficiency to the Carnot efficiency for the particular
heater and cooler temperature employed. Table 4-1 gives such information for

the 1-98 engine. Table 4-2 gives similar computed information for the brake
(shaft) efficiencies for the 1-98 Rhombic drive engine. These are correlated

in Figure 4-2 in a way that might be applicable to other well-designed Stirling

0-6 1
0.5F Tc = ]
p0-4r Te = 100° ]
n 0.3 J
—H
L 2 i
0.2 — e
001' -
—-—N2
0.0 A1 1 1 ol
0 200 400 600 800 1000
THOC —

Figure 4-1. Indicated Efficiencies for Philips 1-98 Engine Vs. Heates Temperature
TH at Two Different Cooler Temperatures TC' Ergine Displacement 98 cm”.
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Table 4-1 7

P

Indicated Efficiencies of a
1-98 Rhombic Drive Philips Engine
(Raference 76 e)

Working Heater Cooler Indicated Indicated Percent of
Fluid Temp. C Temp., C Power at Efficiency Carnot
Maximum % Efficiency
Efficiency
Kilowatts
850 100 8 50 75
2 400 100 1 32 72
H2 250 100 .35 18 63
He 850 100 6 50 75
He 400 100 1 30 67
He 250 100 .18 17 59
N2 850 100 1.5 49 73
N2 400 100 .35 31 70
N2 250 100 Negative -- --
H2 850 0 10 57 75
H, 400 0 2.8 45 76
Hz 250 0 34 7
He 850 0 58 77
He 400 0 2 42 7
He 250 0 7 32 67
N2 850 0 2 55 73
N2 400 0 .48 42 A
N2 250 0 .18 33 69
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Table 4-2

Computed Brake (Shaft) Efficiencies for
a 1-98 Rhombic Drive Philips
Engine Optimized for Each Operating Point

(Reference 76 e)

Working Heater Cooler Shaft Power
Fluid Temp. C Temp. C at Max, Eff.

K. watt
:m 850 100 4
Im 400 100 0.8
zm 250 100 0.12
He 850 100 4
He 400 100 0.4
He 250 100 0.1
zN 850 100 1.0
zN 400 100 0.2
zN 250 100 Negative
Im 850 0 6
IN 400 0 1.8
xm 250 0 0.7
He 850 0 5
He 400 0 1.2
He 250 0 0.4
zN 850 0 1.3
zN 400 0 0.4
zN 250 0 0.17

*without auxiliaries

e e o o saeath AN el e ol tn 8 i

Brake*
Eff. %

"8

Q
40
25
12

40
24
12
43

26
47
36
26

46
36
27
49

38
29

% of Mechanical
Carnot Efficiency
Eff. zw
B W
e
60 0.80
56 0.78
42 0.67
60 0.80
54 0.80
42 0.7
64 0.88
58 0.84
62 0.82
61 0.80
54 0.76
61 0.79
61 0.86
56 0.24
65 0.89
64 0.90
61 0.88
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engines. Note that when the efficiency is related to the Carnot efficiency

for the temperatures over which the engine operates, this fraction of Carnot goes
from 65 + 6 percent at 250 C heater temperature to 75 + 2 percent at 800 C heater
temperature for the indicated efficiency. Lower numbers are shown for the brake
efficiency which shows that the mechanical efficiency for this machine is
generally about 80 percent (See Table 4-2).

4.2 Miscellaneous Engines

The size, weight, power and efficiency for a number of other engines mentioned

in the literature are presented in Tables 4-3 and 4-4. It should be emphasized
that the powers given are the maximum efficiency operating point, not the maximum
power operating point. Note that the brake efficiencies range from 46 to 69
percent of Carnot.

Finegold and Vanderbrug (77 ae) used the data from the Philips 4-215 engine to

conclude that the maximum brake efficiency is 52 percent of the Carnot efficiency.

This factor is based upon 1975 data. Improvements have been made since then.

Net brake efficiency--the information presented in Tables 4-3 and 4-4 is for
engines without auxiliaries. In Table 4-5 the performance and efficiencies are
given for the engine powering all auxiliaries needed to have the engine stand
alone. This includes cooling fan, the blower, the atomizer, the fuel burner and
the water pump for the radiator. Table 4-5 shows that the maximum net brake
efficiency is 38 to 65 percent of Carnot.

4.3 Early Philips Air Engines

The early antique Stirling engines, which were called air engines, were very
ponderous, operated at a siow speed and were very heavy for the amount of power
that they produced. They were operated at or near 1 atm pressure. In the late
forties and early fifties, Philips developed a high speed air engine which was
very much better than the old machines, but still was not competitive for the
times. Philips never published any information on their early air engines.
However, quite a number of these early machines were made and they were submit-
ted for evaluation by at least one external laboratory. Even though they were
not considered by Philips to be competitive, in today's world where the multi-
fuel capability of the Stirling is much more keenly appreciated, the simplicity,
the reasonable size for small scale stationary power using solid fuel and the
reasonable efficiency of these early Philips air engines are attractive. The
best documented account Of one of these early air engines is given by Walker,
Ward and Slowley (79 ao).

In the early Philips program, development of Stirling engines was concentrated
on small engines of 1 KW or less. One machine was sufficiently developed to be
made in quantities of several hundred. It was never put into regular production,
however, and in the late 1950's, Philips disposed of the entire stock, largely

to universities and technical institutes throughout Europe. A cross section

of this engine is shown in Figure 4-3. Scaling of this drawing shows that the
power piston has a diameter of about 4.8 cm and a gtroke of about 3 cm, giving

a displacement for the power piston of about 50 cm3. Twin connecting rods run
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Table 4-3

Maximum Brake Efficiencies for
Various Stirling Engines
(Reference 1975 t)

PRI et Mt b i it i

*without auxiliaries

LY

-~

Engine Working Mean Heater Cooler Maximum Efficiency Dimension Engine
Designation Fluid Pressure Temp Temp Operating Point cm Type
Manufacturer MPa C C KW RPM  Brake* % of wt, kg No. of cylinders

psia F F  BHP Eff. 42 Carnot

Prototype H 14.5 691 71 35 - 2 Piston

United 2 700 Tz55 Teo 26 2000 30 47 - B —
Stirling
4-235 He 22.1 683 43 175 o0 4 26 125 x 52 x 110 Piston-Displ. .. ;
Prototype 3200 1260 108 130 557 4 K

hilips
40 HP H 14.2 649 16 23 -—- Piston-Displ.
Prototype ¢ 258 Two 60 17 5 38 5 - 7 |
Philips o
Anal. Ph. 1 H 14.5 719 71 76 113 x 82 x 95 2 Piston
United Stirling ¢ 2100 1325 160 57 1200 35 54 651 —8
4-400 He 10.8 633 41 88 1000 32 49 153 x 70 x 131 Piston-Disp]l.
MAN-MWH 1570 1170 105 65 --- 4
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Table 4-4

Maximum Brake Efficiencies for
Various Stirling Engines

Desiomtion Pid Preceure Tem Tem " Oporating point Dinension — fqoine
Manufacturer %2%5 %_ %_ %55- RPM E;g?e; ga::Ot wt, kg No. of cylinders
B N, Y 1y &0 8.1 2000 39 53 28x29x27 Piston-Displ.
g%g%;igg ; Ha sl HMe O 6.0 2500 385 52 28x29x 27 Piston-Displ.
n, 8 B8 8 &5 00 7 50 28 x29x27 Piston-Displ.
n, nr fE 3 22 00 325 49 8x29x27 Piston-Displ.
s W, M3 B 35 uw s 69 44 x 43 x 86 Rinia
(Ref. 69 f) 8.3 816 10 17.2 Rinja 72
H, o Ty b9 3 1200 50 68 44 x 43 x 86 = -
n, 52 Bl& 10 122 w00 e 67 44 x 43 x 86 Rinfa E f
n, Hl B 10 1% 0 4 65 44 x 43 x 86 Rinia __,%g,’?
h, i 26 % & s s 61 44 x 43 x 86 Rina <@

* without auxiliaries




Table 4-4 (continued)

Engine Working Mean Heater Cooler Maximum Efficiency Dimension Engine
Designation Fluid Pressure Temp Temp Operating Point cm Type
Manufacturer MPa ¢ C KW RPM Brake % of wt, kg No. of cylinders

psia F  BHP Eff. & Carnot
150 HP 10.3 816 10 97 Rinia
General H, 1560 150 50 130 1400 4 60 94 x 50 x 84 4
Research H 8.3 816 10 78 455 44 60 94 x50 x 84 Rinia
6.2 816 10 75 Rinia
HZ 5'05 —'—'1500 ‘m TO—O- 1800 44 60 94 x 50 x 84 )
4.1 816 10 52 Rinia
2.1 816 10 30 Rinia
H2 30 1500 55 10 2000 40 54 94 x 50 x 84 e
10-36
General Motors 6.9 760 24 36 x 36 x 72 o
Research H,  1go0 s00 75 - 180 2.3 28 58 1
(Ref. 74 c)
451210
Research for 2 1500 1202 90 2300** 4
Navy (Ref. 74 c)
1-S1050
General Motors
Electro Motive "2 2 S8 3B - 100 28 30  AxTOx]6 ==
Div. (Ref. 74 c)
2W17A
General Motors 7.6 593 38 92 x 158 x 215 -—-
Flectro Motive M2 1o Tioo 10 - 0 284 3 1700 2
Div. (Ref. 74 c)
*Bare engine with preheater. ** ithout fTywheel.
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Table 4-5

Maximum Net Brake Efficiencies for
Various Stirling Engines

Engine Working Mean Heater Cooler Maximum Efficiency Dimension Engine
Designation Fluid Pressure Temp Temp Operating Point cm Type
Designation __cm —lype
Manufacturer MPa C C KW _RPM Brake* % of wt, kg No. of cylinders

psia F F  BHP- Eff. $ Carnot
4-215
= 19.6 705 80 56 ——- Rinia
sy Y2 z@0 moo s 58 100 32 50 380 K
Anal. Opt. Des. n . - . .
ef. - i --=
%‘;%a, Motors H 6.89 760 83 ~5.2 40 x 40 x 73 Piston-Displ.
(Ref. 75 ¢) 2 ~ 1000 T400 180 ~j 1900 26.5 40 75 1
P-40
T 15.2 721 52 - Double Acti
United H uble ACting
Sti,‘,’mg 2 2200 1330 125 1250 35 52 - Dual Crank
(Pef. 77 bj) 4
Model IV
= 5.0 594 23 -——- F Pist
MiT/Sunpower He - ree riston
(Ref, 79 :) 725 1100 3 960 25 38 -— Free Displ.
o) He 0.1 594 40 90315 333?.35 16.9  26.5 --- g?;:;:’lg;"r}g
min. dispiacer
1

* with auxiliaries
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Figure 43. Cross-section of Philips Type MP 1002 C Stirling Cycle Air Engine.

from the power piston to the crank shaft. In between these rods a flexible con-
necting rod drives the displacer through a bell crank linkage to a connecting rod
radiating from the crank at about 90° from the main power crank (See Figure

4-3). This bell crank also operates an air compressor needed to keep the engine
pumped up. Figure 44 shows the same engine installed in an electric power
generating package which was made in a self-contained unit designed for 200

W (e) output. This unit incorporated a gasoline or kerosene fuel tank, a cooling
fan, and engine controls by mean pressure. In the tests done by Walker, Ward

and Slowley at the University of Bath in Somerset, England, the engine was
removed from the frame of the generator set and was mounted on a test rig. The
engine was coupled to an electric swing-field dynomometer capable of acting as
a generator or as a motor. The combustion equipment was modified to allow the
use of liquified petroleum gas and air rather than the normal 1iquid kerosene
or gasoline as fuels. Provision was made for accurate measurement of the gas-
air consumption and engine shaft speed and brake power input or output of the

engine.

The principle modification of the engine was to substitute water cooling for
the originai air cooling around the compression space of the cylinder. The
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temperature and flow rate of cooling water was measured. Chromel-alumel thermo-
couples were brazed to the engine cylinder head to measure the nominal cylinder
heater head temperature. In normal practice the air acting as a working fluid

is compressed by a small crank-driven air compressor before delivery to the |
working space. For the tests reported here provision was made for the air pres- ;
sure to be supplied and controlled from laboratory air supplies. j

In the motoring tests the working space was connected to a large tank thereby

: increasing the internal dead volume of the engine by a large factor. Therefore,

3 during operation there was no substantial change in the pressure level of the ;

i working fluid throughout the cycle. Therefore, the work absorbed by the engine

! during these motoring tests was due to fluid friction and mechanical friction,

j the thermodynamic work being made essentially neglible by virtue of the large ]

; dead volume. Tests were run with this engine at 1200, 1400, 1600 and 1800 rpm. -

; At each speed the engine performance was observed with cylinder head tempera-

tures of 600, 700, 800 and 900 C with mean working space pressures of 4.14,

5.52, 6.90, 8.28, 9.66 and 12.41 bar. In the motoring tests measurements were

made at 800, 1000, 1200 and 1400 rpm. Mean working space pressures of 1.00,

_ 5.25, 8.28, 11.03 and 12.41 bar were made with the engine in all cases at

4 ambient temperature. The results of some engine power tests are shown in

- Figures 4-5 and 4-6. The maximum power observed during these tests was approxi-
mately .48 KW. The specific fuel consumption was based upon the combustion of
"Calor-Gas" with a lower heating value of 46,500 KJ/KG. A specific fuel con-

g sumption of 1 Kg/KW-hr isequivalent to an efficiency of 7.75 percent. It was

f claimed by the authors that at high cylinder head temperature, high working
space pressure and low operating speed, an efficiency of about 10 percent was
obtained. This efficiency was obtained with no attempt to preheat the incoming
air with the hot exhaust gases. They felt that in many applications for small
engines, efficiency is rarely as important as size, weight, reliability or
capital costs.

do e b iman

The results of the motoring tests are given in Figure 4-7. This shows the motor-
ing power required to drive the engine as a function of operating pressure at

3 four different speeds. Figure 4-8 separates the data into mechanical friction

- loss, which is taken to be that at 0 operating pressure, and gaseous pumping
power loss, which is seen to be proportional to gas pressure and only mildly

; dependent upon engine speed. By separating the losses in this way much of the

¥ seal drag which is dependent upon engine pressure is lumped with gaseous

) pumping power. Since the flow friction of the gas is proportional to the engine

speed for laminar flow and to the engine speed squared for turbulent flow, much )

of the so-called gaseous pumping power is seal drag. -

Tests of an even earlier Philips air engine are reported by Schrader of the U. S.
Naval Experimenting Station (51 r). The engine is identified as a Philips

model 1/4D external combustion engine, equipped as a portable generator set
rated at 124.5 W or more. The engine was operated as continuously as possible
for 1,015 hours. The engine had a bore of 2.5" and a stroke of the power_piston
of 1-7/32" and of the displacer 3/4". This gives a displacement of 98 cm3 for
the power piston (the same as the later Philips 1-98 engine.) An external
belt-operated air compressor was utilized. Sealing was with cast iron piston
rings. Average specific fuel consumption was 4.66 1b/KW-hr (2.12Kg/KW-hr).

The fuel was lead-free gasoline and the crank case was oil lubricated. The
engine operated almost silently. A microphone installed 24 feet directly above
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Figure 4-8. Possible Mechanical Friction and Gaseous Pumping Power of Stirling
Air Engine as a Function of Engine Speed and Various Mean Operating Pressures.

the engine gave a rating of 58.9 db with the engine operating under load and
54.4 db with the engine off. The engine design was, as far as could be deter-
mined, similar to the one previously described in that the heat exchangers were
multi-finned pressure vessels with many fins on the outside of the pressure
vessel as well as on the inside. During the 1,015 hour endurance test the oil
was scheduled to be changed and was changed every 150 hours. Chrome-plated
piston rings were used for the 1,000 hour test. However, unplated rings had
been used for a 600-hour test earlier and were also in good shape at the end of
that period. Immediately prior to thepost-trial disassembly inspection, a
measurement of maximum power output was made. The heater head temperature was
increased to 1150 F (nominal 1060 to 1075) and the crank case pressure was
raised to 108 psi (nominal 85 to 88 psi). Under these conditions, the engine
developed 185 W output as compared to the nominal 124.5 W rating. This was
considered to be proof of the excellent condition of the engine at the time of
the post-trial inspection. During the 1,015 hour test the engine had to be
secured (stopped) many times for minor problems. Problems detailed in Reference
51 r were heater head flameout, burner pressure cutout, air leaks, gasoline
tube breakage, compressor suction valve failure, compressor discharge valve
failure, crank case pressure regulator failure. These are all normal shake-
down problems that could be fairly well eliminated with experience. The
important thing to note is that the internal parts did not foul with decomposed
0il deposits. Possibly these deposits burned off because of the pressurized
air working fluid.
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4.4 The P75 Engine

United Stirling of Sweden (USS) plans to initiate 1imited production of
their 75 kilowatt P-75 engine by 1981-82. They plan to reach production of
15,000 engines per year by the late 1980's (79 i). Figure 4-9 shows this engine.
This engine has been installed in a light truck (78 aa). (See Figure 4-10.)

The installation has been successful.

4.5 The P40 Engine

USS is planning a group of related engines--the P40, a 40 kw four cylinder
double acting engine; the P75 (just mentioned), and the P150 which is a double
P75. The P40 is not now scheduled for serial production; however, production of
at least fiveis part of the DOE sponsored automobile engine programs administered
by NASA-Lewis. Figure 4-11 shows the first one of these engines. Figure 4-12
shows this engine as it was installed in an Opel (78 cu). It has been a success
as an initial demonstrator. Its drivability is good. It is quiet, but it shows
no advantage in fuel economy because the engine, transmission and vehicle were
not designed for one another (78 dt).

The second P40 engine has been tested by NASA-Lewis.

The third P40 is installed in a 1979 AMC Concord sedan. The sedan was
modified by AMC. Installation of the engine was done by USS. The fourth
P40 has been delivered to MTI for familiarization and evaluation. The fifth
P40 is a spare.

POWER
134

FULLY EQUIPPED INCLUDING ALL AUXILIARIES
0 4 SPECIFIC FUEL CONSUMPTION IN G xWH
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20 280
300
° T U
1000 2000  ENGIN
SPFED
PERFORMANCE P 75 ENGINE MARK I LI

Figure 4-9. The United Stirling P75 Engine.
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Figure 4-10. The P75
Engine Installed in a
Light Truck.

Figure 4-11. The P40
Engine.

Figure 4-12. The P40
Engine Installed in an
Opel.

59

e

i e ma

PSR R NN TIPS




60

5. REVIEW OF STIRLING ENGINE DESIGN METHODS

Othgr sections in this design manual describe what is going on in Stirling
engines today. This section outlines the mathematics behind the Stirling
engine process itself. Stirling engine cycle analysis will first be dis-
cus§ed. Th1§ subsection discusses what really goes on inside a Stirling
engine starting out with the most simple assumptions and then progressing to
more and more realistic assumptions. This subsection is the basis for the
subsequent three subsections that discuss first-order design methods, second-
order design methods and third-order design methods.

First-order design methods start with Timited information and calculate power
output and efficiency for a particular size engine. Use of the first-order
method assumes that others have or will actually design the Stirling engine.
First-order analysis is for systems engineers who want to quickly get a
feeling for the capability of a Stirling engine.

Second-order design methods take all aspects of the Stirling engine into
account and are for those who intend to design a new Stirling engine. A
wide spectrum of methods falls under the heading of second-order analysis.
In second-order analysis it is assumed that a relatively simple Stirling
engine cycle analysis can be used to calculate the basic power output and
heat input. It further assumes that various power losses can be cdeducted
from the power output. These power losses are assumed to be calculable by
simple formulas and do not interact with other processes. It is further
assumed that the separate heat losses can be calculated by simple formula
and are addable to the basic heat input. It is further assumed that each
one of these heat losses is independent of the others and there is no
interaction.

Third-order design analysis is what is generally called nodal analysis. The
engine is simulated by dividing it up into a number of sections, called

nodes. Equations are written which express the conservation of heat, mass,
momentum for each node. These equations are programmed into a digital com-
puter and the engine is simulated starting with an arbitrary initial condition
and going until the cycle repeats with a desired degree of accuracy. For
those designers who are embarking on the original design of a Stirling engine,
the choice must be made between second- and third-order design methods.
Generally, as the complexity and therefore the cost of computation increases,
the accuracy and general applicability of the result should also increase.
However, the state of information on Stirling engine design is still highly
incomplete. One cannot draw a graph of computation costs versus accuracy of
result and place the different computation methods upon it.
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In this subsection on cycle analysis the basic thermodynamics of a Stirling
engine will be explained and the effect of some necessary complications will
be assessed. The thermodynamic definition of a Stirling cycle is isothermal
compression and expansion and constant volume heating and cooling, 1, 2, 3,
4, 1 in Figure 5-1.

The thermodynamic definition of an Ericsson cycle is isothermal compression
and expansion and constant pressure heating and cooling, 1, 2', 3, 4', 1 in
Figure 5-1. This Ericsson cycle encompasses more area than the Stirling cycle
and therefore produces more work. However, the volumetric displacement is
larger, therefore, the engine is larger. There is a modern pumping engine
concept which approximates this cycle (73 p). The early machines built by
John Ericsson used valving to attain constant pressure heating and cooling

(59 c), thus the cycle name.

The thermodynamic definition of the Otto cycle is adiabatic compression and
expansion and constant volume heating and cooling, 1, 2", 3, 4", 1 in Figure
5-1. The reason this cycle is mentioned is that the variable volume spaces in
a Stirling engine are usually of such size and shape that their compression
and expansion is essentially adiabatic since 1ittle heat can be transferred

to the walls during the process of compression or expansion. An internal com-
bustion engine approximates the Otto cycle. In real Stirling machines, a
large portion of the gas is in the dead volume which is compressed and ex-
panded nearly isothermally so the loss of work per cycle is not as great as
shown.

STIRLING
ERICSSON

PRESSURE

TOTAL VOLUME

Figure 5-1. Theoretical Stirling, Ericsson and Otto Cycles.
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In Section 5.1 discrete processes of compression, heating, expansion and
cooling will be considered first. Numerical examples will be used to make the
processes clearer. The section starts with the simplest case and proceeds
through some of the more complicated cases. In the later parts of Section 5.1

cycles will be considered where the discrete processes overlap as they do in
a real engine.

5.1.1 Stirling Cycle, Zero Dead Volume, Perfect Regeneration

The Stirling cycle is defined as a heat power cycle using isothermal compres-
sion and expansion and constant volume heating and cooling. Figure 5-2 shows
such a process. Specific numbers are being used to make the explanations
easier to follow and allow the reader to check to see if he is really getting
the idea. Let us take 100 cm® of hydrogen at 10 MPa (~100 atm) and compress
it isothermally to 50 cm®. The path taken by the compression is easily
plotted because (P(N))(V(N)) is a constant. Thus, at 50 cm® the pressure is
20 MPa (~200 atm). The area under this curve is the work required to com-
press the gas and it is also the heat output from the gas for the cycle, If
the pressure is expressed in Pascals (Newton/sq. meter?(l atm ¥ 10°% N/m2) and
if the volume is expressed in m3, then the units of work are (N/m?)(m3) =

Nem = Joules = watt seconds. For convenience, megapascals (MPa) and cm3 will
be used to avoid very large and very small numbers.*

The equation of the line is
(P(N))(V(N)) = 100 x 10% Pa (100 x 10™® m3) = 1000 Joules
= 10 MPa (100 cm3) = 1000 Joules

The work increment is

AN)) = P(N)(dVIN)) = Jygy dCVin)) (5-1
Integrating
v(2) v(2)
W(1) = 1000 f Ut = 1000 Dn \!(N)]
V(1) V(1)
= 1000 1n G ?) ( 5-2
Thus
W(1) = 1000 1n(-1-%%) = -693.14 Joules

The answer is negative because work is being supplied. Also by the perfect
gas law,

PIN)(V(N)) = M(R)(TC(N))

*Note that the nomenclature is defined as it is introduced. A full 1list of
nomenclature is given in Appendix B.
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where P(N) = gas pressure at point N, N/m? or MPa
V(N) = gas volume at point N, m3 or cm3
M = number of moles, g mol
R = universal gas constant
= 8,134 Joule/K (g mol)
TC(N) = cold side temperature at point N, K
Thus

(10 MPa)(100 em3) = M(8.314)(300)
M = 0.4009 g mol
Therefore, the formula for work normally given in text books is:*

(1) = () (R)(Te(1))¥in (EE)= -693.14 doutes (5-3

This quantity is also the negative of heat of the compression of the gas or
the heat removed from the cycle.

Next from state 2 to 3 the gas is heated at constant volume from 300 to, say,
900 K. Assume for the moment that the regenerator that supplies this heat
has no dead volume and is 100% effective. The heat that must be supplied to
the gas by the regenerator matrix is:

QR(2) = M(CV)(TH(3) - TC(2)) (5-4
where

CV = heat capacity at constant volume, j/K (g mol)

For hydrogen
Cv

21.030 at 600 K average temperature
Therefore

QR(2) = 0.4009 (21.030)(900 ~ 300)

n

5059 Joules

Note that the heat transfer required in the regenerator is 7.3 times more than

the heat rejected as the gas is compressed.

The pressure at state 3 after all gas has attained 900 K is:
P(3) = M(R)(TH(3))/V(2)

0.4009(8.314)(900)/50

60 MPa

*Sometimes for clarity the asterisk (*) is used for multiplication as it is
in FORTRAN and BASIC.
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Isothermal expansion of the gas from state 3 to state 4 (Figure 6-1) is
governed by the same laws as the compression.

u(3) = R)(TH(a)) (L)
= ,4009(8.314)(900) 1n lg%.= 2079.4 JouTes

This quantity is also the heat input to the engine. The expansion 1line 1is
easily plotted when it is noted that P(N)(V(N)) = (60 MPa)(50 cm®)

= 300G.0 Joules

Finally the return of the expanded gas from state 4 to state 1 back through
the regenerator finishes the cycle. The same formula applies as for heating.

QR(4) = M(CV)(TC(1) - TH(4))
.4009(21.030)(-900 + 300) Joules
-5059 Joules

Note that since heat capacity of the gas is not dependent on pressure and
since the average temperature is the same, the heat transferred to and from
the regenerator cancel.
The net work generated per cycle is:

Wl = W(1) + W(3)
W(in) + W(out) = -693.14 + 2079.4

1386.3 Joules

The efficiency of the cycle therefore is:

net work W1l 1386.3
EF = “heat in - W(3) - 2079.4 = 0.6667

In general the efficiency is:

EF = Work in + work out M(R)(Tc(l)(]"(gé%%) +M(R)(TH(3))1n(%{%i-(5 .

heat in M(R) (TH(3))In ({354

_ TH(3) - TC(1) - 900 - 300 _ 5.
EF "i‘lTﬁ1§7j‘)‘ 200 ~300 - 0.6667 (5-6

This efficiency formula is recognized as the Carnot efficiency formula. There~

fore, the 1imiting efficiency of the Stirling cycle is as high as is possible.
We will consider the other cycles represented on Figure 5-2 after considering

the effect of the regenerator.
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5.1.2 Stirling Cycle, Zero Dead Volume, Imperfect Regenerator

Stirling engines require highly efficient regenerators. Consider an annular

gap around the displacer which acts as gas heater, regenerator and cooler (see
Figure 53). Assume that this engine operates in a stepwise manner and that
this annular gap has negligible dead volume. Let E be the regenerator effect-
iveness during the transfer. For the transfer from cold space to hot space:

COLD
'/ SPACE
i
éé i % ﬂﬁa¢§%%@¢4¢3/im
\:;',v//,///// ) ,/ . ‘EﬁR, i ’(/ Y z’/ﬁﬁ/ //// 7
HEATER REGENERATOR COOLER
Ty Te
Figure 53, Simple Stirling Engine with Annular Gap Regenerator.
Let TL = temperature of gas leaving regenerator
TC = TC(N) for any N
TH = TH(N) fcr any N
= JL = TC 5.
S IO () (57
Now during transfer the heat from the regenerator is:
QR = M(CV)(TL - TC) (5-8
and the heat from the gas heater is:
QB = M(CV)(TH - TL) (5-9

Therefore, the efficiency becomes:
() (10 % 1) - m) e (UL
F = ' N y

2)/
MR)(TH)T(jgd) + HEEVY(TH = TL)
which reduces to:

(5-10
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: - TH - TC
! BF = O /(A - 10 (L =) (5-11
ln(
zt)
For the numerical example being used here:
EF = 900 - 300 - 600
900 + 21.030 (900-300) (1 - E) 900 + 2189.5 (1 - E)
100
8.314 '|n—'s—0-

Figure 5-4 shows how the engine efficiency is affected by regenerator effec-
tiveness for this numerical example. Some of the early Stirling engines
worked with the regenerator removed. Figure 5-4 shows that at low regenerator
effectiveness, the efficiency is still reasonable. How ciose it pays to
approach 100% effectiveness depends on a trade-off which will be discussed
under Section 5.3.

TUe L T Tl T T T TR R T AT TS RENe T TR e e e

0.7 T l l T l l T T

0.6 |
GAS: HYDROGEN  Vy
VOLUME RATIQ = 2 = o = 2

0.5~ Ty = 900K 2 —
Te = 300 K

0.4 _

R R o A T A
& R

0.3

ENGINE EFFICIENCY

0.2

E 0.1 ~

| | | I | | ] | i
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
REGENERATOR EFFECTIVENESS

Figure 5-4. Effect of Regenerator Effectiveness on Efficiency.
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Rallis (77 ay) has worked out a generalized cycle analysis in which the com-
pression and expansion is isothermal but the heating and cooling can be at
constant volume or at constant pressure or a combination. The heating process
does not need to be the same as the cooling process. He assumes no dead volume,
but allows for imperfect regeneration. For a Stirling cycle he derives the

formula:
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(KK = 1)(TA - 1) 1n VR

EF = TT - E)(TA - 1) + TA(RK = 1) Tn VR (6-12
where
ORIGINAL pp o
EF = cycle efficiency OF Poog g,";f" s
KK = CP/CV AL
TA = TH/TC
VR = V(1)/v(2)

Equations 5-12 and 5-11 are the same, just different nomenclature. Note that
for E = 1, both Equations 5-11 and 5-12 reduce to the Carnot equation,
Equation 5+6.

Rallis (77 ay) also derived a formula for the Ericsson cycle efficiency:

KK = 1)(TA - 1) 1n VR
EF =RR(T - E)(TA - 1) + TA(KK = 1) Tn VR (5-13

Equation §-13 also reduces to Equations -6 when E = 1, that is, for perfect
regeneration. To attain Carnot efficiency, the compression and expansion ratio
must be the same. Rallis shows this using cycles which will not be treated here,

Rallis also gives a useful formula for the net work per cycle for the Stirling
cycle:

Wi _VR(TA - 1) 1n VR
TENERIANC S VR - 1 (5-14

For insténce, for the numerical example being used here:
Wl = (50 cc)(10 MPa)2(3 - 1) 1n(2/(2 - 1))
= 1386.3 Joules

which is the same as obtained previously.

5.1.3 O0tto Cycle, Zero Dead Volume, Perfect or Imperfect Regeneration

The variable volume spaces in Stirling engines are usually shaped so that there
is 1ittle heat transfer possible between the gas and the walls during the time
the gas is expanded or compressed. Analyses have been made by Rallis (77 az)
and also by Martini (69 a) which assume adiabatic compression and expansion

with the starting points being the same as for the Stirling cycle. For instance
for the numerical example in Figure 5-2, compression goes from 1 to 2" instead
of from 1 to 2. Expansion goes from 3 to 4" instead of from 3 to 4. It appears
that considerable area and therefore work per cycle is lost.

However, this process is not correct because the pressure at point 3 is not
the same as for the isothermal case. For the numerical example after compres-
sion to point 2" the pressure of the gas is 26.39 MPa and the gas temperature
is 396 K. As this gas moves into the hot space through a cooler, regenerator
and heater,all of negligible dead volume, it is cooled to 300 K in the cooler,
heated to 900 K in the heater. As the gas is transferred at zero total volume
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change from the cold space to the hot space the pressure rises. This pressure
rise results in a temperature increase in the gas due to adiabatic compression.
Therefore, at the end of the transfer process the mixed mean gas temperature
in the hot space will be higher than 900 K. Point 3 is calculated for all the
gas to be exactly 900 K. Adiabatic expansion then takes place. Then by the
same process as just described, the transfer of the expanded gas back into the
cold space results in a lower gas temperature than 300 K at the end of this
stroke. The computational process must be carried through for a few cycles
until this process repeats accurately enough. This effect will be discussed
further in Section 5.1.6.

5.1.4 Stirling Cycle, Dead Volume, Perfect or Imperfect Regeneration

An inefficient regenerator backed up by an adequate gas heater and gas cooler
will not change the work realized per cycle but will increase the heat required
per cycle. It will now be shown that addition of:dead volume which must be
present in any real engine decreases the work available per cycle.

Assume that the annulus between displacer and cylinder wall (see Figure 5-3)
has a dead volume of 50 cm®, that the temperature gradient from one end of
the displacer to the other is uniform and that the pressure is essentially
constant. The gas contained in this annulus 1is:

X=LR
= P(1 d(VA -
M R 17 (5-15
X=0
where
M = moles of gas
VA = total volume of annulus
d(VA) = XQ dX = differential volume of the annuius
X = distance along annulus
LR = total length of annular regenerator
TZ = temperature along regenerator
Now X
TZ = TH - R (TH - TC) (5-16
By substituting and integrating one obtains:
_P(1)(VA) In(TH/TC
W =R TH = TC 6-17

Thus the effective gas temperature of the regenerator dead volume is:
TR = (TH - TC)/In(TH/TC) (5-18
which is the log mean temperature. Thus for the numerical example:

900 - 300 _
S5 = 546.1 K

TR =

In 300
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+ TC _ 900 + 300
2 2

For the large dead volumes which will almost always result, it is important
to have the right gas temperatures for the regenerator and heat exchangers.

Quite often it is assumed that TR = 1o = 600 K.

Assume for the moment that the hot and cold gas spaces can be maintained at
900 K and 300 K and that the pr.ssdre at the end of the expansion stroke,
(Point 4 of Figure 5-2) 30 MPa (~300 atm), is maintained. The gas inventory
must b~ increased. It now is:

_P(4) [!ﬂ. VR .
M= Tt M (5-19

30 [100 50 ]

M =37314 | 900 * 536.1

0.7313 g mol.
The equation for the gas expansion is:

(M)(R) _ (0.7313)(8.314)

PIN) = JCm) VR~ = HL(N) . 50 (5-20
TH tTR 900 ' 546.1

P(N) = HL\NA 7§ Where A = 5472; B = 82.4
HL(N)

where

hot 1ive volumes at point N
The work output by expanding from HL(1) = 50 cm® to HL(2) = 100 cm3 is:
HL(2) HL(2)
_ _ A d(HL(N i
W(3) = /P(N)d(HL(N)) = fHL Ny B (5~21
HL(1) HL(1)

(ts)
100 + 82.4)
50 + 82.4

1753 Joules

n
x>
—
>

o

[ { o)

5472 In

The equation for gas compression is:

(M)(R) _ (0.7313)(8.314)

PIN) = ECINY , VR~ CL(N) 50
TC T TR 300  546.1
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where CL(N) = cold 1ive volume at point N

c
P(N) = GLTRY 57 where C = 1824.02, D = 27.4

Analogously, the work of compression is:
CL(2) + D
¢ ‘"(’H"‘CL 255

1824.02 1n (-—59—’-'—22—;—2-)

W(1)

-908.37 Joules

Therefore the net work is:
Wl = W(3) + W(1)
= 1753,08 - 908.37 = 844.71 Joules

Figure 5-5 shows how dead volume as % of maximum total gas volume affects the
work per cycle. For more generality the work per cycle is expressed as a %
of the work per cycle at zero dead volume. Note that the relationship is
almost linear. This curve differs from that published by Martini (77 h) in
that in Figure 5-5 the pressure at the end of the expansion stroke was made
the same (average pressure). In the previous Figure 2 of reference 77 h,

the minimum pressure was made the same. This caused the average pressure to
decrease more rapidly as dead volume increased. Figure 5-5 is more truly
representative of the effect of dead volume on work per cycle.

5.1.5 Schmidt Cycle

The Schmidt cycle is defined here as a Stirling cycle in which the displacer
and the power piston or the two power pistons move sinusoidally. It is the
most complicated case that can be solved analytically. A1l cases with less
restrictive assumptions have had to be solved numerically. The cycle gets its
name from Gustaf Schmidt (1871 a) who first published the solution.

The assumptions upon which the Schmidt analysis is based are as follows:

Sinusoidal motion of parts.

Known and constant gas temperatures in all parts of the engine.

No gas leakage.

Working fluid obeys perfect gas law.

At each instant in the cycle the gas pressure is the same throughout

the working gas.

O P WM H-
« o o .

Since Gustaf Schmidt did the analysis, a number of others have checked it
through and re-derived it for specific cases. A more accessable paper for
those who want to delve into the mathematics was written by Finkelstein (60 j).
In this manual the Schmidt cycle will first be evaluated numerically because
it is easier to understand this way. Also, the numerical method is easy to
generalize to more nearly fit what a machine is actually doing. Piston-
displacer engines will be discussed first and then dual-piston engines.
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Figure 5-5. Effect of Dead Volume on Work Per Cycle for Isothermal Spaces
and Constant Average Pressure.

5.1.5.1 Piston-Displacer Engines

5.1.5.1.1 Engine Definition

The nomenclature for engine internal volumes and motions is described in
Figures 5-6 and 5-7. The following equations describe the volumes and pressures:
The maximum hot, live volume is:*

VL = 2(RC)(DB)?(x/4) (5-22
The maximum cold, 1ive volume associated with the displacer is:
VK = 2(RC)[(DB)2 - (DD)2J (n/4) (5-23

*In Eguations.s-zo and 5-21, HL(N) is defined as an array of hot live volumes at
N points during the cycle. VL is the maximum hot live volume.
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DC = diameter inside engine cylinder
HD = hot dead volume, cm?
2(RC) = stroke of displacer
RD = regenerator dead volume, cm3
CD = cold dead volume, cm3
2{R2) = stroke of power piston, cm
TH = effective hot gas temperature, K
TR = effective regenerator gas temperature, K
TC = effective cold gas temperature, K
M = engine gas inventory, g mol
R = universal gas constant 8.314 J/g mol'K
P(N) = common gas pressure at particular point in cycle, MPa
F = angle of crank, degrees
AL = angle of phase, degrees

Figure 5-6. Piston Displacer Engine Nomenclature.

The maximum cold, 1ive volume associated with the power piston is:

VP = 2(R2) [(00)2 ] (DD)Z] (n/4) (5-23a

For any angle F, the array of hot volumes is:

H(N) = !%.[1 - cos(F)] + HD (5-24

For any angle F, the array of cold volumes is:

CN) = !zﬁ[l + cos(F)] + 0D+ %[1 - cos(F - AL)] (5-25

Therefore, the total gas volume at any crank angle is:

Therefore, by the perfect gas law the pressure at any crank angle is:

A(NY . C(N) . RD
T tTIC YT

V(N) = H(N) + C(N) + RD (5-26

P(N) = M(R) (5-27
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Figure 5-7. Phasing of Displacer and Power Piston.

The volume CD includes the dead volume in the cooler as well as the dead volume
between the strokes of the displacer and the power piston. According to the
classification of engines given in Figure 2-6, the gamma type machine must

have some volume between the strokes to allow for clearance and the flow pas-
sages between. In the beta type engine the strokes of the displacer and the
power piston should overlap so that they almost touch at one point in the
cycle. This overlap volume is subtracted from the dead volume in the cold

heat exchanger. For a beta type engine with this type of stroke overlap and

AL = 909 and VP = VK, then CD = VM - (VP/2)(2 - y2Z) = VM - VP(1 - (y2/2)) ]
where VM = cold dead volume in heat exchanger and clearances and ducts. For
the more general case, one should determine the clearance between the displacer
and power piston and adjust it to be as small as practical.
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5.1,5.1.2 Sample Engine Specifications

In order to check equations which look quite different, it was decided to
specify a particular engine and then determine if the work integral checks.
The specification decided upon was:

M(R) = 10.518 J/K
TH = 600 K
TC = 300 K
VL = VK = VP = RD = 40 cm3
HD = CD = 0
AL = 90°

TR is defined a number of ways, depending how it is defined in the analytical
equation that is being checked. It may be:
(1) Arithmetic mean (Walker)
TR = (TH + TC)/2 = 450 K
(2) Log mean, most realistic
TR = (TH - TC)/In(TH/TC) = 432.8 K
(3) Half volume hot, half volume cold (Mayer)

I
TR = 2(TH) © 2(TC)
TR = 400 K

The above sample engine specification 1is for a gamma engine. For a beta engine
assume in addition that VM = 0, Then:

CD = 0 - 40(1 - f%& = -11.715 cm

5.1.5.1.3 Numerical Analysis

Using the numbers given in Section 5.1.5.1.2, Equations 5-22 to 5-27 can be
evaluated for F = 0, 30, 60 ... 360, P(N) can be plotted against V(N) and the
resultant closed curve can be integrated graphically and the maximum and mini-
mun gas pressure can be noted. The author's experience with a number of dif-
ferent examples gives a result which is 4.5% low when compared with valid
analytical equations and with numerical calculations with very small crank
angle increments. If the reader has access to a programmable calculator or a
computer then the computation can be made with any degree of precision desired.
Figure 5-8 shows the flow diagram which was used for programming. The author
has used both an HP-65 and an HP-67 for this purpose. He has also used this
method as part of a larger second-order calculation written in FORTRAN and in

BASIC.

Using the 400 K effective regenerator temperature the following results were
obtained for the numerical example.

Angle Increment, Work Integral % Error
ND, degrees §P(N)dv%N)
30 314.36 Joules -4.5
20 322.56 -2.0
10 327.53 -0.50
5 328.78 -0,13
0.25 329.1994570 -0.0003
Mayer Equation 329.2005026 0
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¥
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P(N) IN SECOND ¥
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e -
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P DISPLAY WORK INTEGRAL
0P Je PX AND F AT PX

Figure 5-8. Flow Diagram for Work Integral Analysis.
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The Mayer equation will be given in Section 9.1.5.1.4 and discussed more fully
there. It uses the same assumptions as were employed in the numerical analysis.
One can see from the above table that the result by numerical analysis approaches
the Mayer equation result as ND approaches zero. The two check.

If the arithmetic average is used TR = 450 K, then:

ND 3EPdV Maximum Pressure, Crank Angle
PX F at PX
1 degree 360.45 Joules 58.10 MPa 117 deg.
If the 1og mean average is used TR = 432.8 K, then:
ND $ Pav PX F at PX
1 degree 350,04 Joules 56.99 MPa 117 deg.

For the case of the beta engine with essentially touching displacer and power
piston at one point in the cycle, CD = -11,715 cm®. For the arithmetic average
dead volume temperature TR = 450 K, then:

ND $rdv PX F at PX
1 degree 516.32 Joules 74.0862 MPa 117 deg.

Precision in calculating this work integral is mainly of academic interest
because the result will be multiplied in first-order analysis by an experience
factor 1ike 0.5 or 0.6 (one figure precision). Even in second- or third-order
analysis, no more than two figure accuracy in the final power output and
efficiency should ever be expected. Thus errors less than 1% should be con-
sidered insignificant. Therefore, ND = 15°% would be adequate for all practical
purposes. This error in evaluating the work integral by using large angle
increments seems to be insensitive to othSr engine dimensions. Therefore, one
could evaluate the work integral using 30" increments and then make a
correction of 4.5%.

5.1.5.1.4 Schmidt Equations

The literature was searched to find all the different Schmidt equations. Quite
a large number were found which lTooked to be different. In this section and in
Section 5.1.5.2.3 for the dual piston case these equations will be given and
evaluated by determining whether they agree with the numerical analysis just
described.

At McDonnell Douglas, Mort Mayer reduced the Schmidt equation to the following
relatively simple form (68 c):

w1 = MR)(TC) (n)Y(vP) [ X ] 1] (5-28

VZ + 72 2 - V2 - )%

where:
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Wl = work per cycle, J Gi PGOR Q
M = gas inventory, g mol
R = gas constant = 8,314 J/g mol:K

TC = effective cold gas temperature, K

TH = effec%ive hot gas temperature, K
= IC

X = XX + 2 (XY)
= YP VK , RD.

XK =234 0D+ 5 4 55

XY = Hp 5+ RO

v=%-(1-%) sin (AL)

Z = [VP - i1 - TG cos(AL)]/Z

AL = phase angle between displacer and power piston, normally 90°

From the sample engine specifications:

xx=4—g +o+4—g+4—g=60cm3=60x10'6m3

XY = 0 +i"—g+ 4—2=4o cm® = 40 x 1076 m3

60 x 106 + -g-g—g (40 x 1076) = 8 x 10~5 3

_ 40 x 10~ 300, _ -5 3
Y——-é—(l-m—lxlo m

>
n

-6
Z=&2‘-‘2£)—=2x10'5m3

Using these inputs the Mayer equation gives:
W = 329.2005026 Joules

The Mayer equation evaluates the integral exactly given the assumptions that
were used in its derivation, 1ike sinusoidal motion and half the dead space
at hot temperature and half at cold temperature. The numerical method (Section

5.1.5.1.3) approaches this same value as the angle increment approaches zero.
The Mayer equation must have VP = VK,

J. R. Senft (76 n) presents a Schmidt equation for finding the energy generated
per cycle. He assumes that the temperature of the dead space gas has the
arithmetic mean between the hot and cold gas spaces. This equation is for a
beta type engine with the displacer and power piston essentially touching at
one point during the cycle. His equation is:

w1 = z{l - AUPX(VL)(XY) sin(AL) [Y - X]*
Y+ (Y2 - x2)% Y+ X

{5-29

where:
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X = [(AU - 1)2 + 2(AU - 1)(XY) cos(AL) + (xv)?-]’E
Y = AU + 4(XX)(AU)/(1 + AU) + Z

Z = (1+ (XY)2 - 2(XY) cos{AL))*%
AU = TC/TH SRR Ry
(J{ P b ’/": ;".Y
yx = RO+ HD + CD '
VL
VL = VK
XY = VP/VL

In order to illustrate and check this equation it is evaluated for a specific
case previously computed by numerical methods. (See Section 5.1.5.1.3 for
TR = 450 K and CK = -11.715 cm®.)

AU =398 =0.5
XX = 40740 = 1
XY = 40740 = 1
AL = 90°
PX = maximum pressure attained during each cycle = 74.0862 MPa
Z=(1+1-2(1) cos 90%)% = v
Y = 0.5 #iill§9§§l + /7 = 3.247547
X = [(o.s - 1)2 +2(0.5 - 1)(1)(cos 30°) + 1]lﬁ = 1.118034
[%-5-§J% = 0.698424
Y + (Y2 - X2)% = 6.296573
W1 = m(1 - 0.5)(74.08326)(40)(1) sin (9P) (0.698424)

6.296573

516.33 Joules

This answer agrees very well with results obtained by numerical methods of
516.32 Joules. Senft (77 ak) also has adapted his equation for a gamma type
engine (without stroke overlap). In this case the equations for Wl and X are
the same and the equation for Y is:

= 4(XX)(AU 5.
Y %T¥m%+1+Au+m (5-30
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Therefore:
y =1 1102'5 +1+0,5+1 =3,833333

%
[}—;r%] = 0.740518

Y+ ( ¥2 - X2)%= 7.5000.

To agree with the numerical analysis of Section 5.1.5.1.3 for TR = 450 K,
PX = 58.10 MPa.

Thus:
g = xll= o.s)(ss.191§40) sin (90°)(0.740518)
s "50000

W

W1 = 360.45 Joules

This result agrees exactly with the numerical analysis for ND = 1°, TD = 450 K
and PX = 58,10 MPa. (See Section 5.1.5.1.3.)

This new Senft equation is also correct.

Cooke-Yarborough (74 i) has published a simplified expression for power output
which makes the approximation that not only the volume changes but also the
pressure changes are sinusoidal. The regenerator is treated as being half at
the hot volume temperature and half at the cold volume temperature. His

equation is:

P(p) (VL)(VP)(TH - TC) sin (AL) (531
xx[Tc + 3% (TH - TC)]

Wi =

where: _
P = mean pressure of working gas, or pressure with both displacer

and power piston at mid-stroke. (With the approximations
used, these two pressures can be regarded as identical.) If
the mean pressure is known, it can be used directly in
Equation 5-31. Otherwise, the mid-stroke pressure can be
calculated as follows:

__(M)(R)
RD

VL __RD VK VP
Z(TAY * TR *Z(Tey tzUTey

Substituting the assumed values,

F =
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P = 40,59 MPa
VL = 40 c¢m3
VP = 40 cm3
XX = total gas volume of system when output piston is at midstroke
= VL + RD + (VP/2) .
= 40 + 40 + 20 = 100 cm?
TH - TC = 600 - 300 = 300 K
AL = 90°
XY = cold gas volume with both piston and displacer at midstroke
and regenerator volume split between hot and cold volumes
VK
=Tttt T
40 40 40

5+ 3+ =60cm3
Therefore, substituting into Equation 6-31 we have:

Wl = 40.59(n) 4o§402 (300)1
300 + .90 (300)

100

318.79 Joules

Because of how XY is determined this result should be compared to the Mayer
equation, that is, to 329.20 Joules. Therefore, the Cooke-Yarborough equation
appears to be a reasonably good approximation \3 2% error). The accuracy
improves as the dead volume is increased because the pressure waveform is then
more nearly sinusoidal.

5.1.5.2 Dual Piston Engines

5.1.5.2.1 Engine Definition and Sample Engine Specifications

The nomenclature for engine internal volumes and motions are described in
Figure 5-9. Also given in Figure 5-9 are the assumed values for the sample
case. The following equations describe the volumes and pressures.

Hot Volume

HN) = L5 [1 - sin (F)] + HD (5-32
Cold Volume

c(N) = L5 [1 - sin (F - AL] + co (5-33

Total Volume
V(N) = H(N) + C(N) + RD (5-34
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regenerator dead volume

cold dead volume

hot piston live volume

cold piston live volume
effective hot gas temperature
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engine gas inventory
gas constant

common gas pressure
crank angles

crank angle increment
phase angle

PHI
le AL >
Units Assumed Values
cm?3 0
cm3 40
cm3 0
cm3 40
cm3 40
K 600
K 300
K 450
g mol 1.265
J/g mol-K 8.314
J/K 10.518
MPa to be calculated
degrees
degrees (ND)(N) = 360
degrees N = interger

Dual Piston Engine Nomenclature and Assumptions for Sample Case.
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Engine Pressure

(M) (R) i
P(N) = HINY _C(N) RD (5-35
TH *7TC *TR

5.1.5.2.2 Numerical Analysis

Using the assumed values given in Figure 5-9, Equations 5-32 to 5-35 were
evaluated for F = 0, 30, 60 ... 360. The results were:

F V(N) P(N)
Degrees cm 3 MPa
0 100.0 41.2
30 87.3 45,7
60 72.7 54.4 ]
90 60.0 67.6
120 52.7 83.0
150 52.7 91.9
180 60.0 86.1
210 72.7 71.2
240 87.3 57.0
270 100.0 47.3 3
300 107.3 41,9 ;
330 107.3 39.9 1
360 100.0 41.2

These data were graphed in Figure 5-10 and graphically integrated. A value of
695.3 J was obtained. As before, a numerical integration was carried along as
the points were calculated. This was 668.8 Joules, a 3.8% error which indicates
the accuracy of the graphical integration procedure. To approach the answer |
that should be obtained by valid Schmidt equations, ND should be reduced toward !

Lrmtar v andd

zero. The results obtained were:

Angle Work Maximum Effective ]

Increment, Integral, Pressure, Regen. Temp. Error
degrees Joules MPa K % :
30 668.8 91.87 450 -4.5 ]
10 696.8 450 -0.5 1
1 700.324 91.98 450 0 {
30 641.284 89.121 432.8 -4.5 {
1 671.517 89.220 432.8 0 i

30 587.9 400 -4.%
1 615.619 83.831 400 0 i

Note the difference in the result depending on what is used for the effgctive
temperature of the gas in the regenerator. If the regenerator has a uniform

temperature gradient from hot to cold, which it usually does, then the Tog

mean temperature (TR = 432.8 K) is correct. The arithmetic mean STR = 450 K)

gives a result for this numerical exampie 4.3% high. The assumption that the

regenerator is half hot and half cold (TR = 400 K) gives a result 9.1% low.
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Figure 5-10. Work Diagram for Dual Piston Sample Case (ND = 30°).

5.1.5.2.3 Schmidt Equations

Walker (73 j, 78
engine.

)

where

Wl
PX
VT
VL
VK

AU
TC
TH

84

dc) gives a Schmidt equation most adaptable to the two piston

A -1)f( -oL)\*%  BL sin (ET)
(PX) (VT {—-—————} (5-36
AACER ( 1+0 ) 1+ (1 - (DL)2)%

work per cycle, Joules

maximum pressure during cycle, MPa
VL + VK = (1 + K)VL

swept volume in expansion space
swept volume in compression space
swept volume ratio = (VK)/(VLg
TC/TH

compression space gas temperature
expansion space gas temperature
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TR = dead space gas temperature
= (TC + TH)/2

DL = ((AU)? + 2(AU)(K) cos (AL) + K2J%/(AU + K + 25)

AL = angle by which volume variations in expansion space lead those
in compression space, degrees

S = 2(RV)(AU)/(AU + 1) (This is where the arithmetic average

temperature for the regenerator enters.)

RV = VD/VL, dead volume ratio

VD = tota] dead volume, cm® = HD + RD + CC

ET = tan"! (K sin (AL) /(AU + K cos (AL)) (Note that ET is defined

incorrectly in Walker's table of nomenclature and on page 36,
but is right on page 28 of reference 73 j.)

Now in order to check this equation against numerical analysis, it should give a
work per cycle of slightly greater than 700.324 Joules when 91.98 MPa is used as

EP? ga;1ggm pressure. TR = 450 K is the same assumption for both (see Section

Therefore to evaluate:

VT = 40 + 40 = 80 cm3
K = VK/VL = 40/40 =
PX = 91.98 MPa
AU = TC/TH = 300/600 = 0.5
RV = VD/VL = 40/40 = 1
S = 2(1)50 52/(0 B+ 1 2/3
DL = (0.5%+ 12) /(0 + 1 +2(2/3)) = 0.39460
ET = tan~! (1/0.5) = 63. 3
Wl = -700.37 Joules

Thus the formula checks to 4 figure accuracy except for the sign.

Walker obtained the above equation along with most of the nomencliature from the
published Philips literature. Meijer's thesis contains the same formula (see
page 12 of reference 60 c), except Meijer uses (1 - AU) instead of (AU - 1) and
a positive result would therefore be obtained.

In Meijer's thesis (60 c), the quantity S is defined so that dead spaces in
heaters, regenerator and coolers and clearance spaces in the compression and
expansion spaces, all of which have different temperatures associated with them,
can be accommodated.

Thus:

(5-37

where V(S) and T(S) are the volumes and absolute temperatures of the dead spaces.
Using this formula it would be possible to use the more correct log mean tempera-
turc for the regenerator. Thus:
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_ _40(300) _
S = qo(31.8) = 0-693

The above equation then evaluates to:
P = 671.537 Joules

This is within 0.003% of the value of 671.517 computed numerically for 1 degree
increments (see Sectinn 5.1.5.2.2).

Finkelstein (61 e, 60 j) independently of Meijer derived the following formula
for the work per cycle:

(2m)(K)(1 - AU)(sin (AL))(M)(R)(TC) (5-38
(AU + K + (2)(s))2/ - (DDY*(1 + A - (DL D)
This equation looks quite different from Equation 5-36. It is somewhat simpler

but requires the amount of gas in the engine to be specified instead of the
maximum pressure.

Hl =

Using the last numerical example:

. 40(300) .
S ZﬁTé??T%T‘ 0.693

AU = 0.5
K=1
AL = 909

(M)(R)(TC)= 10.518(300) = 3155.4
DL = /I.25/(1.5 + 2S) = 0.38735
Therefore, the work per cycle is:
Wl = 671.55 Joules
This result compares with 671.537 by the Meijer formula and with 671.517 by

numerical analysis with 1 degree increments. Therefore, the above formula is
correct and is also useful in computing the work output per cycle.
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5.1,6 Finkelstein Adiabatic Cycle

The next step toward reality in cycle analysis beyond the Schmidt cycle is to
assume that the hot and cold spaces of the engine have no heat transfer capability
at all. That is, they are assumed to be adiabatic. For all but minjature

engines this is a better assumption than assuming they are isothermal as the
Schmidt analysis does. It is still assumed that the heat exchangers and the
regenerator are perfect. The cycle has been named by Walker (78 dc) the
Finkelstein adiabatic cycle because it was first calculated by Finkelstein

(60 v) who was the first to compute it using a mechanical calculator (one case
took 6 weeks). The assumptions Finkelstein used are as follows:

1. The working fluid is a perfect gas and the expressionpv=wRt applies.

2. The mass of the working fluid taking part in the cycle remains constant,
i.e., there is no leakage.

3. The instantaneous pressure is the same throughout the system, i.e., pressure
drops due to aerodynamic friction can be neglected.

4. The volume variations of the compression and expansion spaces are sinusoidal,
and the clearances at top dead center are included in the constant volume
of the adjacent heat exchangers.

5. The regenerator has a heat capacity which is large compared with that of the
working fluid per pass, so that the local temperatures of the matrix remain
unaltered, Its surface area and heat transfer coefficient are also
assumed to be large enough to change the temperature of the working fluid
passing through to the terminal value. Longitudinal and transverse heat
conduction are zero.

6. The temperature of the boundary walls of each heat exchanger is constant
and equal to one of the temperature 1imits. The heat exchangers are efficient
enough to change the temperature of the working fluid to that of the boundary
walls in the course of one complete transit.

7. The temperature of the internal surfaces of the cylinder walls and cylinder
and piston heads associated with each working space is constant, and equal
to one of the temperature limits. The overall heat transfer coefficient of
these surfaces is also constant.

8. Local temperature variations inside the compression and expansion spaces
are neglected--this assumes perfect mixing of cylinder contents at each
instant.

9. The temperature of the respective portions of the working fluid in each of
the ancillary spaces, such as heat exchangers, regenerators, ducts and
clearances, is assumed to remain at one particular mean value in each case.

10. The rotational speed of the engine is constant.

11. Steady state conditions are assumed for the overall operation of the engine,
so that pressures, temperatures, etc. are subject to cyclic variations only.

The analysis outlined by Finkelstein is very complicated (60 v). The results of
this pioneering analysis are given below because they give some understanding of

the effect the nearly adiabatic spaces of a real engine has on engine performance.
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Finkelstein evaluated a specific case which happened to be a heat pump with a
two~-piston configuration (see Figure 5-9). The specific parameters were specified
in dimensionless form as follows:

K=1= %%-= swept volume ratio

25 = 1 = temperature corrected clearance ratio

90° = phase angle

- temperature of heat rejection
temperature of heat reception

AL
AU

Finkelstein gives results based upon a dimensionless heat transfer coefficient
which is also called a number of transfer units. Whére:

HY ) (AH
T = T“J'é‘)‘z'gom M M'N—T%—YCP (5-40

where
HY = heat transfer coefficient, watts/cm2K
AH = area of heat transfer, cm?
O0M = speed of engine, radians/sec
(M)(MW) = mass of working gas, grams
CP = heat capacity at constant pressure, j/g K

Real engines can be built where TU in the hot and cold space is very low all
the time. Also real engines can be built where TU is very high all the time.
However, real engines can probably not be built where TU has a constant inter-
mediate value during the cycle. Nevertheless, the results at these inter-
mediate values calculated by Finkelstein are instructive to show where the
breakpoint is between adiabatic-like and isothermal-like operation. Table

5-1 shows the results of this analysis. A1l the mechanical and heat energies
are non-dimensionalized by dividing each by M(MW)(R)(TH). Note that for this
particular numerical example the adiabatic cycle is only about half as -efficient
as the isothermal cycle in pumping heat. However, this example is for a Tower
than usual temperature corrected clearance ratio, S, of %. It is not uncommon
for S to be much larger. For instance, in the GPU-3 engine, S could be
evaluated as follows: (see Table 3-2)

e (m R, )
S (TH+TR +T<:> (5-41

_ 330 [93.3, 65.5, 34.3
120.4 {1000 " &04.3 300

0.84

The larger S is,the less dramatic the effect of the adiabatic spaces.

Note that a small amount of heat transfer in the hot and cold space is worse
than none at all. This gas spring hysterisis effect has been noted by others
(78 as, 78 at). It also shows that if you want to gain all the advantages of
heat transfer in the variable volume spaces, the heat transfer coefficient must

be high.
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Table 51 CF FuGi: QuallTy

FINKELSTEIN ADIABATIC ANALYSIS

Dimensionless Isothermal Adiabatic
Quantities Regime Limited Heat Transfer Regime
Transfer units, TU o 1 0.5 0.1 0

Mechanical Energy Input
to Expansion Space -0.518 -0.455 -0.435 -0.443 -0.481

Mechanical Energy Input
to Compression Space 1.036 1,107 1.166 1.310 1.367

Net Mechanical Energy
Input 0.518 0.652 0.731 0.867 0.886

Heat to Gas in
Expansion Space 0.518 0.478 0.438 0.228 0

Heat to Gas in Heat

Exchanger Next to

Expansion Space 0 -0.023 -0.003 0.215 0.481
Total Heat In 0.518 0.455 0.435 0.443 0.481

Heat from Gas in
Compression Space 1.036 0.998 0.880 0.410 0

Heat from Gas in Heat
Exchanger Next to

Compression Space 0 0.109 0.278 0.900 1.367
Total Heat Out 1.036 1.107 1.158 1.310 1.367
Heat In

Mech. Energy Tn 1.000 0.698  0.595 0.511  0.543

Finkelstein also shows how the engine pressure changes during the cycle for the
cases shown in Table 5-1. (See Figure 5-11.) Note that the swing is largest as
would be expected for the adiabatic case and least for the isothermal case and
the other cases are in between. Figure 5-12 shows how the expansion space

gas temperature varies during the cycle. The bottom curve is for » or 7U = 0.
The labeling on the left-hand side of curve 5-12 is incorrect. Note that as the
heat transfer increases, the temperature generally gets close to the infinite
heat transfer case which does not vary from 1; that is, the expansion space
temperature remains infintesimally close to the heat source temperature. For
2zero heat transfer in the expansion space there has to be a discontinuity at a
crank angle of 1809 because this is the point when the expansion space becomes
zero in volume. After 180° the expansion space begins to fill again with gas
which is, by definition, at the heat source temperature. In Figure 5-13 the
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Figure 5-13. Compression Space Gas Temperature Relative to Heat Sink Tempera-
ture for the Cases Given in Table 5-1 (60 v).

same calculated information is given for the compression space. Here again the
more the number of heat transfer units,n, or TU, the closer the gas temperature
curve approaches to the perfect heat transfer curve which stays at a temperature
ratio of 1. Here the compression space volume becomes zero at 270° crank angle.
Thus, the discontinuity at this point for an entirely adiabatic case.

In reality the heat transfer coefficient in the compression space and the ex-
pansion space will get to be quite large when these spaces almost disappear
each cycle. Then the number of transfer units will smoothly get to be very
small during the rest of the cycle providing the engine is built in the conven-
tional way.

Most of the design methods of first-, second- and third-order designs start
out with some sort of cycle analysis to determine the basic power output and
basic heat input and then make the necessary corrections to get the final
prediction. One highly regarded method of doing this was published by Rios
(69 am). The author spent a considerable amount of time getting this program
which originally was supplied in punch card form to the author by Professor
J. L. Smith of MIT into working order on his own computer. The Rios analysis
uses the same assunptions as Finkelstein did but he does not require that the
two pistons move in sinusoidal motion. He starts with arbitrary initial con-
ditions and finds that the second cycle is convergent, that is, it starts at
the same point that it ends at, providing the dead volumes are defined so that
the clearance volume in the hot and cold spaces is lumped with the heat ex-
changers. Therefore, these volumes in these spaces go to zero at which point
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the gas temperature in these spaces can be re-initialized. Appendix D presents
the Rios program which has been modified by the author to be for a heat engine p
instead of a heat pump as the original thesis gave it. By the nature of the !
assumptions the temperature of the gases in all parts of the engine except the

hot and cold spaces is known in advance and it is also assumed that the

pressure is uniform throughout the engine each instant of time. As fn the

Finkelstein solution just described the temperatures of both the hot and cold

spaces are allowed to float. Also, similar to the Finkelstein analysis

there are four possible cases. [Each case requires a separate set of

equations. The four cases are: 1) mass increasing in both hot and cold spaces,

2) mass decreasing in both hot and cold spaces, 3) mass decreasing in cold space ,
and increasing in hot space and 4) mass increasing in cold space and decreasing 1
in hot space. The program employs a simplified Runge-Kutta integration approach.
For each of the four cases it calculates a pressure change based upon the con- 1
ditions at the beginning of the increment. Based upon this pressure change it
calculates the pressure at the middle of the increment and using this pressure,
it calculates a better approximation of the pressure change for the increment
using volumes that are true for the middle of the increment. This final
pressure change is used to determine the pressure at the end of the increment
and the mass changes during the increment. Based upon these mass changes the
decision matrix is set up so that for the next increment the proper option will ‘
be selected of the four that are available. The analysis in Appendix D was
done for one degree increments. Many modifications to the program would be
necessary to do anything different than one degree increments.

Martini has checked the Finkelstein adiabatic analysis for the particular case
published by Finkelstein (60 -v). The computation procedure is quite different
than any others and is explained in detail in Appendix E. It was found that
the pressure wave as shown in Figures 5-11 and 5-14 could be duplicated for the
adiabatic case with fairly large time steps, as large as 300, However, at the
point of maximum curvature the curve is not really too well defined. Using the
Martini method the adiabatic curve from Figure 5-12 is duplicated on a larger
scale in Figure 5-15. The calculated points for 159, 30° and 2° angie increments
are plotted. Note that degree increments of 15° and 30°, although adequate for
determining the pressure-volume relationship, are not adequate for determining
the temperature in the expansion space of the engine. However, 2° angle in-
crements do determine the temperature almost exactly, prubah., as closely and
as accurately as Figure 5-12 was drawn. Figure 5-16 gives a similar evaluuiion
for the adiabatic temperature curve duplicate from Figure 5-13. Note that 15°
angle increments and 30 angle increments give substantial errors in comparison

to the more exact 2° angle increments. Appendix E gives the method of cal-
culation and shows how accurate it is.

5.1.7 Philips Semi-Adiabatic Cycle

Extremely little has been published by the Philips Company on how they calculate
their engines. However, one of their licensees, MAN/MWM, discussed quite
generally their process in a lecture at the Von Karmen Institute for Fluid
Dynanics (73 aw). Mr. Feurer discloses that one of the Philips processes for
calculating a Stirling engine starts out with a semi-adiabatic cycle and then
adds additional corrections in a second-order design method. This second-

order method will be discussed in Section 5.3 and the semi-adiabatic cycle it
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is dependent upon will be discussed here. As opposed to the more ideal Finkelstein

adiabatic cycle, the Philips semi-adiabatic cycle is an adiabatic process that
allows for the fact that the gas properties and the heat transfer are not ideal,
that is, 1) the compressibility factor must be taken into account and 2) both
the heat exchangers and the cylinders have finite heat transfer coefficients.
These heat transfer coefficients result in different gas temperatures throughout
the cycle than were calculated in the Finkelstein adiabatic cycle. Taking these
effects into account the Philips licensee people arrive at what they call the
semi-adiabatic cycle. Feurer (73 aw) presents a number of efficiencies and
power outputs for the cycle for the conditaons given in Table 5-2. 1In addition
he varied the phase angle from zero to 180~ and gave results for additional

dead volumes of 40, 100 and 200 cm and diameters for the connecting spaces
which these additional dead volumes represented of 100, 50 and 20 mm. However,
this information is not judged to be of general utility because the description
of the heat exchangers and cylinders are not given and the heat transfer coef-
ficients that pertain to these parts of the engine are not given. A1l of this
information along with the compressibility factor which is known for a parti-
cular gas is needed to calculate the Philips semi-adiabatic cycle results.

It was surmised by Walker (78 dc, p. 4.16-4.17) that the Philips semi-adiabatic
cycle is the same as the Finkelstein adiabatic cycle. Further investigation by
Martini presented herein shows that that is not the case. The Martini formula-
tion of the Finkelstein adiabatic cycle given in Appendix E was used to generate
the information shown on Figure 5-17. Note that the indicated power or the
indicated efficiency is plotted versus the phase angle between the two pistons
of a dual piston Stirling engine. The Schmidt power given by Feurer is the same
as that calculated by Martini using the applicable computer program. Also, the
ideal efficiency is, of course, checked. Note that the Philips semi-adiabatic

Table 5-2

ENGINE CONDITIONS FOR THE
NUMERICAL EXAMPLE OF FEURER (73 aw)

Helium working gas

1500 rpm

120 atm mean pressure

75 C inside cooler tubes

750 C inside heater tubes

170.5 cm?3 heater tube gas volume
56.5 cm? cooler tube gas volume
145.3 cm3regenerator gas volume
0 cm?3 additional dead volume
100 mm pistons diameter

50 mm stroke

100 mm connecting rod length
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efficiency is the same as the ideal efficiency at a phase angle of 0 and 180°,
but drops down to only 50% instead of the ideal 67% at about 70° phase angle.
The cycle efficiency using the Finkelstein adiabatic analysis cycle is given
by the squares on Figure 5-17. There is a small difference depending upon
whgther purely sinusoidal motion is assumed or whether the crank motion spec-
if1gd in Table -2 is employed. It is interesting to note that the Philips
semi-adiabatic efficiency and the Finkelstein adiabatic efficiency agree in
thg region from 80° to 130° in phase angle. Beyond this region of agreement,
which may be fortuitous, the Philips semi-adiabatic efficiency tends toward

the ideal efficiency and the Finkelstein adiabatic efficiency tends toward
zero efficiency.

Qoncerning the power, Figure §-17 shows that the Finkelstein adiabatic power

is usually less than the Schmidt power. In both cases the crank geometry tends
to have the power peak at a lower phase angle than for the sinusoidal geometry.
However, the effect at this particular crank ratio is not pronounced. Note
that the Phiiips semi-adiabatic power is lower generally than the Finkelstein
adiabatic power and that the Philips power goes to O at O and 180° phase angle.

whereas the Finkelstein adiabatic power for this particular case goes to 0
10° and 180° phase angle. P P s °0at

It should be emphasized that this is not by any means a full disclosure of the

Philips semi-§diabatic cycle, but it does give all the information that is
available on it in the open literature.

5.2 First-Order Design Methods

5.2.1 Definition

A first-order design method is a simple method that can Titerally be done on
the back of an envelope. It relates the power output and efficiency of a
machine to the heater and cooler temperature, the engine displacement and the
speed. There is no need to specify the engine in any more detail than this.
Therefore, this method is good for preliminary system analysis. It is assumed
that an experienced Stirling engine design and manufacture team will execute
the engine. First-order methods are used to predict the efficiency as well as
the power output.

5.2.2 Efficiency Prediction

Efficiency of a Stirling engine is related to the cycle efficiency of a Stirling
engine which is the same as the Carnot efficiency, which of course is related

to the heat source and heat sink temperatures specified. Section 4 gives all
the information available on well-designed Stirling engines which have not

been fully disclosed and shows how the quoted efficiencies of these engines
relate to the Carnot efficiency.

Carlquist, et. al (77 al) give the following formula for well optimized engines
operating on hydrogen at their maximum efficiency points.
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where

Nagf = overall thermal or effective efficiency

net shaft power with all auxiliaries driven

Ep = fuel energy flow
= compression - expansion gas temperature, K

C = Carnot efficiency ratio of indicated efficiency to Carnot
efficiancy, normally from 0.65 to 0.75. Under special con-
ditions 0.80 can be reached.

Ty = heater efficiency, ratio between the energy flow to the
" heater and the fuel energy flow. Normally between 0.85
and 0.90.
Ty = mechanical efficiency, ratio of indicated to brake power.
Now about 0.85 should go to 0.90.
f, = auxiliary ratio. At maximum efficiency point fp = 0.95.

Thus the most optimistic figures:

Te T,
ers = (1= T(0.75)(.90)(.90)(.95) = (1 - £(0.58)

5.2.3 Power Estimation by First-Order Design Methods

Some attempts have been made to relate the power actually realized in a Stirling
engine to the power calculated from the dimensions and operating conditions of
the engine using the applicable Schmidt equation. Usually, the actual power
realized has been quoted to be 30-40% of the Schmidt power (78 ad, p.100).
However, the recommended way of ectimating the Stirling engine power output is
to use the Beale number method ax described by Walker (79 y). To quote from
Walker, "William Beale of Sunpower, Inc. in Athens, Ohio, observed several years
ago that the power output of many Stirling engines conformed approximately to
the simple equation: ___.

P=0.015pxfxV,

where .

engine power, watts

mean cycle pressure, bar

cycle frequency of engine speed, hertz
Vo, = displacement of power piston, cm

“HT O

"This can be rearranged as P/(pfvo) = constant. The equation was found by
Beale to be true approximately for all types and sizes of Stirling engines for
which data were available including free piston machines and those with crank
mechanisms. In most instances the engines operated with heater temperatures
of 650 C and cooler temperatures of 65 C.
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"The combination P/(pfVg) is a dimensionless group that may be called the Beale
number. It is self-evident that the Beale number will be a function of both
heater and cooler temperatures. Recent work suggests the relationship of Beale
number to heater temperature may be of the form shown in Figure 5-18 by the
full line. Although for the sake of clarity the relationship is shown as a
single 1ine, it must of course be understood that the relationship is a gross

approximation and particular examples of engines that depart widely may be cited.

Nevertheless, a surprisingly large number of engines will be found to lie within
the bounds of the confidence 1imits (broken 1ines) drawn on either side of the
proposed relationship. Well designed, high efficiency units with low cooler
temperatures will be concentrated near the upper bound. Less well designed
units of moderate efficiency with high cooler temperatures will be located at
the lower extremity.

"It should be carefully noted that the abcissa of Figure 5-18 is absolute tem-
perature, degrees Kelvin; engines with the hot parts made of conventional stain-
less steels (say 18-8) will be confined to operate at temperatures limited to
the region indicated by the line A-A. High alloy steels for the hot parts will
permit the elevation of heater temperature to the limit of B-B. Above this
temperature ceramic components would 1ikely be used in the heater assembly."

Figure 5-18 is the best information generated by Walker and his students based
upon information available to them, both proprietary and non-proprietary.
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Figure 518. Beale Number as a Function of Heater Temperature.

5.2.4 Conclusion for First-Order Methods

First-order design methods are recommended for those who would like to evaluate
the possibility of the use of a Stirling engine,
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5.3 Second-Order Design Methods

5,3.1 Definition

Secorid-order design methods are relatively simple computational procedures that
are particularly useful for optimizing the design of a Stirling engine from
scratch. An equation or brief computational procedure is used to determine J
the basic power output and heat input. The basic power output is then degraded ?
by various identifiable loss terms and the heat input is added to by evaluating

a variety of additional heat losses that are known to exist in real engines. .
Consequently, an estimate is made of the real power output and real heat input ,
using relatively simple means and not resorting to full-blown engine simulations

which are the domain of third-order design methods. In second-order analysis i
one of the Stirling engine cycles described in Section 5.1 is used as a basis.

PR e

What is known about the Philips second-order analysis (73 aw) will be given because -
although very little is known about this analysis procedure, very much has been f
done with it. Because of the practical successes of the Puilips engines, any

3 information that is known about their engine design methods is of importance.
Next the equations that have been used to evaluate power losses and heat losses
will be given in two separate subsections. It will be left for the designer

3 to decide what power losses and what heat losses pertain to his particular
design and to add them to the cycle analysis which is most realistic for this
engine to come up with his own second-order design method.

5.3.2 Philips Second-Order Design Method

This method starts with the Philips semi-adiabatic cycle as its basic power
output and efficiency and then makes corrections. The corrections in the
order that they are applied are shown in Table 5-3. Feurer (73 aw) shows the 3
‘ effect of the non-sinusoidal motion of the crank by Figure 5-19. Note that

k this is essentially identical to a portion of Figure 5-17 for the white and

3 black triangles. In Figure 5-20 the line labeled "0" is for the power output

: of the semi-adiabatic cycle. The curve labeled "I" is not drawn because it is

so close to the curve labeled "0" and this is for the power output based on the semi-
adiabatic cycle less the correction due to the crank motion. The curve labeled 1
"II" has the additional correction of adiabatic residual losses. Note that this
has a very large correction at low phase angles but none at phase angles
approaching 180°. The final curve labeled "III" in Figure 5-20 shows the
additional correction due to flow losses. Note that this correction is small ‘
at low phase angle and maximum at a phase angle of 180°. Note that for this f
case the phase angle of 90° is not necessarily optimum, but is reasonably close.
Figure 5-21 shows the adiabatic residual losses that are subtracted from

curve I in Figure 5-20 to get curve II. Figure 5-21 &¢so shows the flow losses {
which are subtracted frem curve II in Figure 5-20 to get curve III. In /
Figure 5-21 it is shown what happens to the efficiency of the engine as the }
various losses are considered. At the top of Figure 5-21 is the Carnot
efficiency which of course only depends on the temperature input and output of
the machine. By going from a strictly Schmidt cycle to a semi-adiabatic cycle
, the bow-shaped curve labeled "I" which has a minimum at 50% efficiency is

f . obtained. Going from sinusoidal to crank motion apparentiy has little effect
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Table 53
QUTLINE OF PHILIPS SECOND-ORDER
POWER QUTPUT CALCULATION

Start with basic power output computed by semi-adiabatic cycle (Section £.1.7).
Less: loss due to non-sinusoidal motion of cranks.
Less: adiabatic residual losses which is the difference between the

ideal temperature in the cylinders, heat exchangers and con-

necting spaces on the one hand and the actual temperature in

these components on the other which results in an additional

power loss.

Less: flow losses due to flow friction and entrance and exit losses and
additional losses.

Equals: indicated output.
Less: mechanical losses, seals, bearings, etc.
Less: power for auxiliaries.

Equals: net shaft output

on the efficiency. However, in adding in the effect of the adiabatic residual
losses the efficiency curve becomes the one labeled "II" which is much different
in shape which peaks at about 150° phase angle. (Compare curve Il with the
Finkelstein adiabatic efficiency shown in Figure 5-17.) Curve III is the effici-
ency after the addition of flow losses and curve IV is the final efficiency

after the addition of heat conduction losses. Note that the maximum efficiency
point when all losses are considered is at a larger phase angle than is the
maximum power point. It would seem reasonable for this machine to settle on a
phase angle of about 120° because this would be nearly the high point of the
power curve as well as nearly the high point of the efficiency curve.

This gives about all that is known about the workings of the Philips second-
order design program. There is probably a number of good second-order as well
as third-order design programs available to Philips as well as speciality
programs for particular parts of the machine. It should be pointed out that all
this information is from one paper by Feuer of MAN/MWM, a Philips licensee.
Nothing 1ike this has been published directly from Philips.

5.3.3 Power Losses
It would seem reasonable that when isolated groups wrestle with the problem of
analyzing a Stirling engine in a practical way, they would consider the various

identifiable losses in different orders. The work that follows is chiefly
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the result of the United States Air Force-sponsored work on cooling engines (70 ac,
75 ac) as well as HEW-sponsored work on the artificial heart machine (63 ¢). This
work starts out usually with a Schmidt cy.le analysis and then applies a number of -
corrections. Some work has started out with a Finkelstein adiabatic analysis and
then applies the corrections to that. (See Section 5.3.5.) This section iden-
tifies a number of power losses and presents the published equations which

describe them. Power losses fall under two headings: flow friction and

mechanical friction. The adiabatic residual losses which were so important in

the Philips second-order method described just previously have been either

included in this cycle analysis at the start of the evaluation or have been

added on the end as an experience factor,

5.3.3.1 Flow Friction Losses i

The basic power is computed as if there is no fluid friction. Energy loss due
to fluid friction is deducted from the basic power as a small perturbation on
the main engine process. If fluid friction consumes a large fraction of the
basic power the following methods will not be accurate but then one would not
choose a design to be built unless the fluid friction were less than 10% of
the basic power. 1

: Fluid friction inside the engine can be computed by pubiished correlations for
' 1uid flow through porous media and in tubes. These flow friction correlations
: are applicable for steady, fully developed flow. If the fraction of the gas
f‘ inventory found in the hot spaces and in the cold spaces is plotted against
» crank angle, it is apparent that to a good approximation this periodic flow can ,
be approximated by (1) steady flow, in one direction, (2) no flow for a period ‘
of time, (3) then steady flow back in the other direction and (4) then no flow
to complete the cycle. The mass flow into and out of the regenerator is not ]
quite in phase due to accumulation and depletion of mass in the regenerator. 1
Note that the mass flow at the cold end is much more than the mass flow at the H
: hot end mostly due to gas density change. The average mass flow rate and the i
; average fraction of the total cycle time that gas is flowing in one direction at
the hot end of the regenerator is used for the heater flow friction and heat
transfer calculations. The average mass flow rate and the average fraction of
the total cycle time flowing in one direction at the cold end of the regenerator
is used for the cooler flow friction and heat transfer calculations. For the ‘
regenerator the mean of the above two flows and of the above two fractions
has been used successfully. (See Appendix € and 79 ad, 79 o,)

Although the above approximation has been found to work, in each case graph the

fractions of the mass of gas in the hot and the cold space during the cycle to

determine if the approximations listed above of a constant flow rate, a stationary

time and another constant flow rate are really approximated. One should also be

certain that the computer algorithm for determining the flow rates and the times

of the assumed constant flows are properly evaluated. LY

It would be more certain to divide the regenerator ard even the heater and
cooler spaces into a number of sections and evaluate the mass flow rates and
the temperatures in each one of these sections for each time step. Then if one
can assume that steady-flow friction coefficients apply, the pressure drop and
finally the flow loss in each element can be computed and summed to find the

- it st dedih 27
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total flow loss for that increment. The flow friction correlations for each
part of the engine taking into account the different geometries will now be
given. The regenerator will be given first since it is the most important in
terms of pressure drop and then the heat exchangers second.

5.3.3.1.1 Regenerator Pressure Drop -- Screens

Kays and London (64 1, p. 33) give the formula for pressure drop through a
matrix as would be used for a regenerator: , i

- 7 {GR)2 AF\2\Ro(1 (CW(LR) (RO(1
0P = Ztan) (ROt é*(m))(m% 1> ¥ “(HR)(RM( (5-43

P

[
S e® S — ;
Flow Acceleration Core Friction J
where ;
DP = pressure, difference of, MPa |
GR = velocity, mass, in regenerator, g/sec cm?
Gl = constant of conversion = 107 g/(MPa.sec2-cm)
E RO(1), RO(2) = gas densitiies at entrance and exit, g/cmd
AF = area of flow, cm*
AM = area of face of matrix, cm2
CW = factor of friction for matrix
LR = length of regenerator, cm
HR = radius, hydraulic, of matrix = PQ/AS
RM = density of gas at regenerator, g/cm3 1
PO = porosity of matrix i
AS = ratio of heat transfer area to volume for matrix, em~1

The flow acceleration term can be ignored in computing windage loss for the
: full cycle because the flow acceleration for flow into the hot space very
L nearly cancels the flow acceleration for flow out of the hot space. However,
- the difference may be significant. One should really leave in the flow accel-
g’ eration term until experience shows that it does not make any difference.
E Nevertheless, with this simplifying assumption, the pressure drop due to regen-
' erator friction is:

_ CWXGR)Z (LR g
DP = 7(16%1 HR (RM (5-44

In the above equation the friction factor CW is a function of the Reynolds
number RR = 4(HR)(GR)/MU . Figure A4 shows the correlation for stacked screens
usually used in Stirling engines. Note that the relationship is dependent
somewhat upon the porosity. Since this calculation is already an approximation, .
it is recommended that a simpler relationship be used more adpated to use in {
simple computer programs (see Figure A4). To use this correlation the Reynolds

number must be evaluated correctly.

 iom el .y eia

HR = PO/AS (5-45
= hydraulic radius for matrix, cm

PO = porosity of matrix

AS = heat transfer area per unit volume, cm™l
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Also,
GR = WR/(PQ)(AM) _ . (5-46
= mass velocity in matrix, g/sec cmr
WR = flow through matrix, g/sec
AM = frontal area of matrix, cm?

Finally, the viscosity is evaluated at the gas temperature in the matrix. (See
Table A-6 for data on working gas viscosities.)

5.3.3.1.2 Heater and Cooler Pressure Drop

5.3.3.1.2.1 Tubular

Heater and cooler pressure drops are usually small in comparison with the regen-
erator. Heaters and coolers are usually small diameter,round tubes although an
annular gap is practical for small engines. Pressure drop through these heaters
and coolers is determined by Equations 5-47 or 5-48 with CW determined from the
Fanning friction factor plot (see Figure A5) and densities DH or DK being evaluated
at heat source or heat sink temperature and at average pressure. The length to
diameter ratio is usually very large so for simple programs the equations shown
with Figure A5 are:

_ 2(CW) (GH)?(LH)
DP = TGI)(IH)(DH) for heater (5‘47
p)
DP = 2(g¥ ?g ch for cooler (5-48

where in addition

CW = factor of frictions for tubes

GH = velocity, mass, in heater, g/sec cm

GC = velocity, mass, in cooler, g/sec cm

LH = length of heater tubes, cm

LC = length of cooler tubes, cm

IH = diameter, inside, of heater tubes, cm

IC = diameter, inside, of cooler tubes, cm

DH = density of gas in heater, g/cm

DK = density of gas in cooler, g/cm
5.3.3.1.2.2 Interleaving Fins (See Reference 77 h)

One of the advantages of this type of heat exchanger is that the gas flows into
it rather than through it. Also, it is rather complicated because the flow
passage area changes with the stroke. Experimental data are needed. One of
the best types of interleaving fins is the nesting cone because the cone like
the tube can have a thin wall and heat can be added and removed directly from
the outside of the cone. In this type of filling and emptying process the flow
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goes from maximum at the entrance to zero at the farthest pcint. This situa-
tion is equivalent to having all the flow flow half the discance volume-wise.
Note that the equivalent diameter for this geometry is two times the separation
distance between the cone surfaces. If the cone surfaces come close together
and if the equivalent length alorg the cone is quite large, the flow resistance
in a nesting cone isothermalize: can be large. There is no sure way of
designing a Stirling engine. Fach design concert has its good and bad points.

§.3.3.1.3 Heater, Cooler and Regenerator Windage Loss

Once the pressure drops are calculated, it should be noted that the product of
the pressure drop in MPa and the volumetric flow rate in cm3/sec is the flow
loss in watts. Increment by increment, as the engine is calculated, the in-
stantaneous flow loss as well as the average for the cycle should be calculated.
A peak in the flow loss during the cycle may slow down or stop the engine
depending upon the size of the effective flywheel.

5.3.3.2 Mechanical Friction Loss

Mechanical friction due to the seals and the bearings is hard to compute reliably.

[t essentially must be measured. However, if the engine itself were used, the
losses due to mechanical friction would be combined with power required or
delivered by the engine. If indicated and brake power are determined, then
mechanical friction loss is the difference. The friction loss should be measured
directly by having the engine operate at the design average pressure with a

very large dead volume so that very little engine action is possibie. The

engine need not be heated but the seals and bearing need to be at design temp-
erature,

5.3.4 Heat Losses

Power losses which need to be subtracted from the basic power output have just
been discussed. In this next section heat losses are defined which must be

added to the basic heat input. These are: reheat, shuttle, pumping, temperature
swing, internal temperature swing and flow friction credit.

5.3.4.1 Reheat Loss

One way that extra heat is required at the heat source is due to the ineffi-
ciency of the regenerator. The regenerator reheats the gas as it returns to
the hot space. The reheat not supplied by the regenerator must be supplied

by the heater as extra heat input. Figure 5-22 shows how the gas temperatures
vary in the heater, regenerator and cooler during flow out of the hot space as
well as flow into it. Note that at inflow, the gas attains cooler temperature,
then is heated up in the regenerator part-way. The temperature difference, A,
between the heat source temperature and the gas entering from the regenerator
is then multiplied by the heat capacity, the effective flow rate and the
fraction of time that this gas is flowing to obtain the reheat 10ss. The
methods derived from the literature and from the author's own practice are
given below. The formula for reheat once used by the author is:
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Effective Regenerator
Flow Rate Ineffectiveness OF POOR QUALITY
RH = FR(WR)(CV) (TH - TC) (5 (5-49
S~

Fraction Heat  Temp
Time Capacity AT

Flowing e ——
Into Hot A
Space

Each element in Equation 5-49 is a type of an approximation. The fraction of
time flowing into the hot space is estimated by extrapolating the maximum cycle
time that this process would occupy if the flow rate were always at its maxi-
mum value. This fraction, FR, turns out to be about one-third. FR will be
taken as 1/3 if an analytical Schmidt equation is used. If a numerical pro-
cedure is used, FR may be computed when the flow resistances are calculated
providing the approximation is found valid that regenerator flows can be appraxi-
mated by two steady flows interspersed by two periods of no flow. The effective
flow rate then is determired by the flow through the regenerator, WR. If these
two periods of constant flow approximation are not used, then for every time
step when flow is from the regenerator to the heater a partial reheat loss must
be calculated for each such increment and summed for the cycle.

REGENERATOR
HEATER COOLER
\\----:-;;-~ TC
—_— S

Figure 5-22. Reheat Loss.
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5 Neither heat capacity CVor CP is strictly correct. More complicated analyses

; can take into account more rigorously the effect of pressure change during gas

! flow through the regenerator (75 ag, 77 bl). The rationale for using CV in

g Equat]on 5-49 is that the transfer of gas takes place when the total volume is

: relatively constant. However only a small amount of the total volume is in the
regenerator at any one time. An equation suggested by Tew of LeRC (78 ad, p. 123) is:

RH = | FR(HR) (CP)(TH - T¢) - RRLCVI(PX - PN)(NU)(M”)} < 2 > (5-50

2 (R) NT + 2
”‘«_' Wy B s e - v
Pressure Change Ineffec-
Flow Heat Heat tiveress
where
3 RH = loss, reheat, watts
FR = fraction of cycle time flow is into hot space
WR = flow, mass, through regenerator, g/sec
CP = capacity of heat of gas at constant pressure, j/g K
TH = temperature, effective, of hot space, K
q TC = temperature, effective, of co%d space, K
3 RD = Volume, regenerator, dead, cm
: CV = capacity of heat of gas at constant volume, j/g K
§ PX = maximum pressure, MPa
f PN = minimum pressure, MPa
& NU = frequency of engine, Hz
: MW = molecular weight of gas, g/g mol
' R = constant, gas, universal = 8.314 j/g mol K

NT = number of transfer units in regenerator

= (HY) (AH)/((CP)(WR))
HY = coefficient of heat transfer, watts/cmeK
AH = area of heat transfer, cm

In Equation 5-50, the flow heat iswatts needed on a continuous basis to raise the
temperature of the gas passing into the hot space. The pressure change heat rec-
ognizes the fact that some of the heat required to raise the gas temperature can
come from increasing the gas pressure which happens at nearly the same time. How-
ever, it can happen that the pressure change heat can be larger than the flow heat.
In this case a more exact analysis should be employed. The net of the flow heat
and the pressure change heat is multiplied by the ineffectiveness of the regenera-
tor to ?btain the reheat loss. Equation 5-50 is used in Appendix C to calculate
reheat loss.

The temperature difference A in Figure 5-22 is represented by the total temp-
erature difference between the hot metal and the cold metal times the regen-
erator ineffectiveness. This ineffectiveness is one minus the effectiveness
of the regenerator material (see Equation 5-7). This formula for ineffective-
ness agrees with the simple equations in earlier standard references on regen-
erators such as Saunders and Smoleniec (51 q).

The idea of separating power output and the heat losses into a number of super-
imposed processes has been used by a number of investigators of the Vuilleumier
cycle. The details of this analysis have been given in a number of government
reports. The Vuilleumier cycle is a heat operated refrigeration machine which
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uses helium gas and regenerators very similar to the way the Stirling engine is
constructed. This superposition analysis has worked well in VM cycle machines.
In an RCA report (69 aa, pp. 3-37) the measured cooling power using this method
of analysis was found to be within 8.9% of that calculated. Crouthamel and
Shelpuk (75 ac) give the following formula for the reheat loss after it is
translated into the nomenclature used in this section.

RH = (1) (WR) (CP) (TM - TW) (j7—27-) (5-51

Equation 5-51 is written in the same order as Equation 5-49 and therefore can
be directly compared. The first term,one quarter, is specific for their
particular machine and therefore needs to be evaluated for another type of
machine. The flow rate is evaluated in the same way, but the heat capacity
is different. Probably this can be justified to be CP instead of CV because ~
the VM cycle machine undergoes a relatively small change in pressure during ]
its cycle. Also, the distinction between metal temperatures and gas tempera-

tures is also relatively small at this stage of analysis. i

More elaborate equations for the calculation of reheat 1oss have been given in
the literature. These are at least 10 times more complicated than those already
given and no studies have yet been made to show that they are better. Bjorn
Qvale (69 n, 78 ad, pp. 126-127) developed a formula which takes the pressure
wave into account. He tested his equation against some experimental results from
Rea (66 h) and found it to agree within +20%.

Rios (69 ar, 69 am) employed quite a different formulation to calculate reheat {
loss. It is also very complicated. It is included in the listing of the Rios
program in Appendix D. The reheat 1oss is calculated on Line 430, but many

lines preceeding this line are required to calculate values leading up to this
line.

5.3.4.2 Shuttle Conduction

Figure 5-23 shows how shuttle conduction works. Shuttle conduction happens
anytime a displacer or a hot cap oscillates across a temperature gradient. It
is usually not frequency-dependent for the speeds and materials used in , ]
Stirling engines. The displacer absorbs heat during the hot end of its stroke F
and gives off heat during the cold end of its stoke. Usually neither the
displacer nor the cylinder wall change temperaturss appreciably during the
process. Shuttle conduction depends upon the area involved, the thickness

of the gas filled gap, G, the temperature gradient (TH-TW)/LB, the gas thermal
conductivity, KG, and the displacer stroke, SD. It is also dependent on the ‘
wave form of the motion and in some cases, upon the thermal properties of the '
displacer and of the cylinder wall. A1l formulas in the literature are of 1
the form:

§= (YK)(ZK)(SD)ZQKG)(TH - TH)(DC)
Q- (G (LB)

6 -52 i

3
|
?
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where
QS = shuttle heat loss (in this case for one cylinder)
YK = wall properties and frequency factor
ZK = wave form factor
SD = stroke of displacer or hot cap, ¢m
KG = gas thermal conductivity, w/cm K
TH = effective temperature of hot space, K
TW = temperature of inlet cooling water, K
DC = inside diameter of engine cylinder
G = clearance around hot cap or displacer, cm
LB = length of displacer or hot cap, cm

The quantity ZK depends upon the type of displacer or hot cap motion, and YK
dgpends upon the thermal properties of the walls and the frequency of opera-
tion. Table 5-4 shows the results of a literature survey for ZK. Note that
there is a substantial disagreement about what ZK should be for the sinusoidal
case. The author has derived the lower value and he would recommend it. This
value, /8, agrees with Rios but does not agree with Zimmerman. However,
there are no data that would lay the matter to rest.

ID OF CYLINDER
GAS THERMAL CONDUCTIVITY

KG

DISPLACER AT TOP
OF STROKE N

TW

Figure 523. Shuttle Conduction.
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rr COEFFICIENT FOR SHUTTLE
HEAT CONDUCTION EQUATION
(Ignoring Effect of Walls)

Motion Investigator Ref. ZK
Square wave % Zimmerman 71 be m/4 = 0,785
time at one end,

13 time at other Crouthamel & Shelpuk 75 ac /4 = 0.785
Martini (1) /8 = 0,393

Sinusoidal . -
(effect of walls Zimmerman 71 be /5.4 = 0.582
ignored) Rios 71 an n/8 = 0.393
White 711 .186T = 0.584
-- 69 aa .186m = 0,584

(1) McDonnell Douglas Reports, never published.

Rios has published values for YK to take into account the effect of frequency

or wall thermal properties which are sometimes important. The most general

Rios theory takes into account the thermal pronerties of the cylinder wall as well
as the displacer or hot cap wall (71 an). His new theory gives:

1 + XB
YK = 5 TXBT2 (5-53

where in addition:
xa=1+__1_KG(ﬁ .Lé)

L4 = temperature wavelength in displacer, cm
?
L4=21T"—(()%&-)-
D4 = thermal diffusivity in displacer, cm2/sec
OM = engine speed, radians/sec
D4 = K1/((E4)(M4))
E4 = density of displacer wall, g/cm3
M4 = heat capacity of displacer wall, j/g K
K1 = thermal conductivity of displacer, w/cm K
LS = temperature wavelength in cylinder wall, cm
2(D5
L5 = 27/ 45!
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K2 = thermal conductivity of cylinder wall, w/cm K
D5 = thermal diffusivity of cylinder wall, cm?/sec
D5 = KZ/((ES)(M5)

E5 = density of cylinder wall, g/cm3

M5 = heat capacity of cylinder wall, j/g K

The above factor applies for simple harmonic motion and for engines in which :
D4 is smaller than the thickness of the displacer wall and D5 is smaller than
the thickness of the cylinder wall. Rios gives equations for solving the pro-
blem for any periodic motion by using Fourier series expansion. To help deter-
mine whether the above factor applies, Rios gives some typical values of
temperature wavelength at room temperature (see Table 5-5).

Table 5-5
TYPICAL TEMPERATURE WAVELENGTHS

AT ROOM TEMPERATURE CONDITIONS 1
Reference: Rios, 71 an

Centimeters
Material 1 ? Leauency. #2 20 50
Mild Steel 1.21 0.86 0.54 0.38 0.27 0.17
Stainless Steel 0.74 0.53 0.33 0.24 0.17 0.11 ]
Phenolic 0.85 0.60 0.38 0.27 0.19 0.12 ‘
Pyrex Glass 0.26 0.18 0.11 0.08 0.06 0.04

If the wall thickness is considerably smaller than the temperature wavelength,
then it may be assumed that radial temperature distribution in the walls is
uniform. Rios (71 an) proposes the following definition of YK for this case:

W s e (5-54 !

where i
_ KG 1 + 1 i

SG = T&Y(om) |TE&)(MaY(SCT * TES)(M5)(SE) \
and i

E4 = density of displacer wall, g/cm3

ES = density of cylinder wall, g/cm3

SC = wall thickness of displacers, cm

SE = wall thickness of cylinder wall, cm

M4 = heat capacity of displacer wall, j/g K ,

M5 = heat capacity of cylinder wall, j g K ;
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Note that when the thermal properties of the wall do not matter, YK, whether |
evaluated by Equation 5-53 or 5-54, would evaluate to nearly 1. There is not

any published formula that treats the case of cylinder and displacer wall thick-

ness on the order of the temperature wavelength. There are also no published

formulas for the case of a thick cylinder wall and a thin displacer or visa-

versa., For horsepower size engines Equation 5-53 will apply. For model engines

or artificial heart engines Equation 554 will apply. Therefore, for horse-

power size, high pressure engines the recommended equation for shuttle heat
cenduction is:

i R T

R
-

- 1+ XB T
. QS =T+ (XB)2 8

(SD)2(K&)(TH ~ TC)(DC)
é(LB) ) (5~55

For model size engines using low gas pressure and very thin walls:

- ] SD)2(Ke)(TH - TC)(DC
- QS = 75362 %'( = %ELB) LE) (5-56

- It also should be emphasized that Equation 5-55 and 5-56 are for nearly sinu-
- soidal motion of the displacer or hot cap. Square wave motion would double
ﬁ this result. Ramp motion should reduce this result some.

5.3.4.3 Gas and Solid Conduction

This heat loss continues while the engine is hot, independent of engine speed.
It is simply the heat transferred through the different gas and solid members
between the hot portion and the cold portion of the engine. Heat can be trans-
ferred by conduction or radiation. In the regenerator the gas moves, but under
this heading the heat loss is computed as if the gas were stagnant. In

Section 5.3.4.1, the reheat loss is computed assuming there is no longitudinal
conduction.

The uncertainty about what thermal conductivities and what emissivities to use
- to evaluate this loss makes its measurement with the engine desirable. In

‘ some engines the hot and cold spaces are heated and codled directly. In this
case measuring the heat absorbed by the cooling water with the engine heated
to temperature but stopped will give this heat lass. However, all the horse-
power-size engines described in Sections 3 and 4 have indirectly heated and
cooled hot and cold gas spaces. For this case the sum of the gas and solid
conduction and the shuttle conduction can be determined by measuring the heat
absorbed by the cooling water for a number of slow engine speeds with the
engine heater at temperature and then extrapolating to zero engine speed.

e 5 i ol K o0

Usually the following conduction paths are identified and should be evaluated

for each engine: A
Path No. Description
1. Engine cylinder wall.
2. Displacer or hot cap wall.
3. Gas annulus between cylinder and hot cap. '
) Gas space inside displacer or hot cap. '

a. gas conduction

b. vradiation
Regenerator cylinders.
Regenerator packing.

[« 28 )
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The engine cylinder, the displacer and regenerator cylinders must be designed
strong enough to withstand the gas pressure for the life of the engine without
changing dimension appreciably. However, extra wall thickness contributes
unnecessarily to the heat loss. For this reason the cylinder walls of most
high powered engines are much thinner at the cold end where the creep strength
is high than they are at the hot end. This, of course, complicates evaluation
of this type of heat loss.

The following types of heat transfer problems need to be solyed to evaluate
these heat losses:
1. Steady, one dimensional conduction, constant area, variable thermal
conductivity.
2, Steady, one dimensional conduction, variabie area, variable thermal
conductivity.
3. Steady, one dimensional conduction through a composite material
(wire screens).
4, Radiation along a cylinder with radiation shields.

Solutions to each one of these problems will now be given.

5.3.4.3.1 Constant Area Conduction
Heat 1oss by conduction of this type is computed by the formula:

cq - KG(AHI)J(BTH - TC) (557

where the thermal conductivities areas and lengths are germain to Path 3 and 4a
above, KG is evaluated at mid-point temperature. (See Table A2.)

5.3.4.3.2 Variable Area, Variable Thermal Conductivity

For one dimensional heat conduction where the heat transfer area varies con-
tinually and the thermal conductivity changes importantly, the heat conduction
path is divided into a number of zones. The average heat conduction area for
each zone is calculated. The temperature in each zone is estimated and from
this estimate a thermal conductivitiy is assigned. Figure A-2 gives the thermal
conductivities for some probable construction materials in the units used in
this manual. It should be noted that there is quite a variability in some
common materials 1ike low carbon steei. Measured thermal conductivity different
by a factor of 3 is shown. Differences are due to heat treatment and the exact
composition. With commercial materials having considerable variability, it is
strongly recommended that the static heat 1oss be checked by extrapolating the
heat requirement for the engine to zero speed. This number would then need to
be analyzed to determine how much shuttle heat loss is also being measured and
how much is static heat loss.

For purposes of illustration, assume 3 zones are chosen along a tapered cylinder

wall. (See Figure 5-24.) Temperatures MT(2) and MT(3) must be estimated
between MT(1) and MT(4) to start. MT(1) is the hot metal temperature and MT(4)
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Po: "tion Thermal Conductivity Area Temperature
" - AT(1)
E x(1)% WAK(” \ LEVEL(1)  MT(1)
F} LR \ \
AK(2) AT(2)
X(2) x\w l \\\\ LEVEL(2)  MT(2)
\ AT(3)
[ X(3) XAK(BH & LEVEL(3) MT(3)
'ﬁ AT(4)
E x(4)- L AR a&? LEVEL(4)  MT(4)

Figure 5-24. Computation of Tapered Cylinder Wall Conduction.

i is the cold metal temperature. The heat transfer areas AT(1) to AT(4) are com-
. puted based upon engine dimensions. The heat through each segment is the same.

Thus:
cq = (AK(LL 3 AK(2)) (AT(L) + AT(2) ) (MT01) - () (5-58
. (AKQ) £ AK(3) ) (T(2) 1+ AT(3) ) (HT(2) - MT(3) )
B 2 2 X(3) - X(2)
/ 3 MT(3) - MT(4
- (AK(3) ;AKM) ) (AU ) ;AT(4))( x% ; - ( )_)
Let:
»
V1) = (X(2) - X(1) )/<AKL11+ AK(2)) (AT(1) ¢ AT(2)) > (5-59
') = (103) - )/(AK(Z) £ AK(3)) (AT(2) 3 AT(3) > (5-60
(.
Y(3) = (x(4) - x(3) )/\(AK(Q* Am)‘ Am) > Am))) (5-61
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MT(1) - MT(4
cQ = 71171?;7157'§'%T§7' (5-62
Once CQ is computed then:

MT(2) = MT(1) - (¥(1))(CQ) (5-63
MT(3) = MT(2) - (¥(2))(CQ) (5-64

Then:

MT(2) and MT(3) are compared with the original guesses. If they are appreciably

different so that the thermal conductivities would be different, then new
thermal conductivities based upon these computed values of MT(2) and MT(3)

would be determined and the process repeated. Once more is usually sufficient.

The same procedure is used for the engine cylinder and thie displacer if the
walls are tapered.

5.3.4.3.3 Conduction Through Regenerator Matrices

Usually the regenerator of & Stirling engine is made from many layers of fine
screen that are lightly sintered together. The degree of sintering would have
a big bearing on the thermal conductivity of the screen stack since the con-
trolling resistance is the contact between adjacent wires. Some cryogenic
regenerators use a bed of lead spheres.

In the absence of data, Gorring (61 n) gives the following formula for conduc-
tion through a square array of uniformly sized cylinders.

( ~ (Eﬁ%?ﬁ}) + FF

1
where
KX = thermal conductivity of the matrix, w/cm K
KG = thermal conductivity of the gas in the matrix, w/cm K
KM = thermal conductivity of the metal in the matrix, w/cm K
FF = fraction of matrix volume filled with solid

The thermal conductivity of the gas K& and the metal KM are evaluated at TR.

The heat loss through the screens is then determined usi .
Equation 5-57, ned using an equation like

Sometimes the regenerator is made from slots in which metal foils r
un continu-~
ously from hot to cold ends. The conductivity of the matrix in this caco 12?

kx = (KB)(G) + (X)(DW)

G + DW (5-66

Then the heat loss throu

h the matrix is th : .
Equation 557, ) en determined using an equation iike
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5.3.4,3.4 Radiation Along a Cylinder with Radiation Shields

The engine displacers or the hot cap for a dual piston machine is usually
hollow. Heat transport across this gas space is by gas conduction and by
radiation. Radiation heat transport follows the standard formula:

CG = (FAY(FM)(FN)(n/4)(DB)2(SI)((TH)* - TC)*) (5-67
where

CQ = heat loss by radiation, watts

FA = area factor

FM = emissivity factor
FN = radiation shield factor
DB = diameter of cylinder, cm
LB = length of cylinder, cm
Sl = Stefan-Bo]timan cgns&ant :
= 5.67 x 10712 w/emé K 1
TH = hot surface temperature, K :
TC = cold surface temperature, K .
3
The area factor, FA, is usually determined by a graph computed by Hottel
(McAdams, Heat Transmission, 3rd Ed., p. 69). For the case of two discs
separated by non-conducting but reradiating walls, his curve is correlated
by the simpie formula:
FA = 0.50 + 0.20 1n 22 {5-68
Equation 5-68 is good for values of DB/LB from 0.2 to 7. for (DB/LB) < 0.2 use: i
= DB 5. i
FA B (°~69 i
Emissivity factor, FM, is the product of the emissivity at the hot end and at
the cold end. Thus: }
1
FM = (EH)(EK) (5-70 ;
The hot and cold emissivities can be obtained from any standard text on heat ‘
transfer. This emissivity depends upon the surface finish, the temperature and
the material. There is a large uncertainty in handbook values. 1
If the emissivity of the radiation shields is intermediate between the emissivity f
of the hot and cold surfaces, then from the number of radiation shields, NS, the d
radiation shield factor, FN, is calculated approximately. ;
FN = 1/(1 + NS) (5-71
5.3.4.4 Pumping Loss
[
A displacer or a hot cap has a radial gap between the ID of the engine cylinder y
and the OD of the displacer. The gap is sealed at the cold end. As the engine ]
is pressurized and depressurized, gas flows into and out of this gap. Since :
the closed end of the gap is cold, extra heat must be added to the gas as it :
comes back from this gap. Leo (70 ac) gives the formula:
|
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B TG0 S (1] () MR D Lkl (1) ok (3 e BT P
1.5(21) (R -8k ((mw + 1e)72)1 0

where

QP = pumping heat Tos:, watts (one cylinder)

DC = diameter of cylinder, cm

LB = length of hot cap, cm

PX = maximum pressure, MPa

PN = minimum pressure, MPa

NU = engine frequency, Hz .
CP = heat capacity of gas at constant pressure, j/g K
TH = effective temperature of hot space, K
TC = effective temperature of cold space, K

G = clearance around hot cap, cm

Z1 = compressibility factor of gas

R = universal gas constant = 8.314 j/g mol K -
MW = molecular weight of the gas, g/g mol /&/
KG = thermal conductivity of the gas/ j/g K

5.3.4.5 Temperature Swing Loss

In computing the reheat loss (see Section 5.3.4.1) it was assumed that the regen-
erator matrix temperature oscillates during the cycle a negligible amount. In
some cases the temperature oscillation of the matrix will not be negligible.

The temperature swing loss is this additional heat that must be added by the

gas heater due to the finite heat capacity of the regenerator. The temperature
drop in the regenerator watrix temperature from one end to the other due tc a
single flow of gas into the hot space is:

WR(CV)FR(TH - TC
s - M N&(M§)(Ms) > (5-73

where

matrix temperature swing during one cycle, K

WR = mass flow through regenerator, g/sec

CV = gas heat capacity at constant volume, j/g K
FR = fraction of cycle time flow is into hot space
TH = effective not space temperature, K

TC = effective cold space temperature, K

NU = engine frequency, Hz

MX = mass of regenerator matrix, g

M6 = heat capacity of regenerator metal, j/g K

Half of this, (7S)/2, is equivalent to A in Equation 5-49 and Figure 5-22 since

TS starts at zero at the start of the flow and grows to TS. Thus the temperature
swing loss is:

SL = FR(WR)(CV)(TS)/2 (5-74
Crouthamel and Shelpuk (75 ac) point out thie loss but their equation is:
SL = FR{WR)(CP)(TS) (5-75
121
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Their equation substitutes CP for CV as was done also in Section 5.3.4.1. The
reason for division by 2 seems to be recognized in their text but is not
reflected in their formula. Based upon the discussion in Section 5.3.4.1, it

is now recommended that an effective gas heat capacity based upon Equation 5-50
be used in Equations 5-73 and 5-74.

5.3.4.6 Internal Teinperature Swing Loss

Some types of regenerator matrices could have such Tow thermal conductivity (for
example, glass rods) that all the mass of the matrix would not undergo the same
temperature swing. The interior would undergo less swing and the outside addi-
tional swing would result in an additional heat loss. Crouthamel and Shelpuk
(75 ac) give this loss as:

where

Q= SL[C3 (LEGHme ) ) (gowg&%u)} (5-76
Ql = internal temperature swing loss, watts

temperature swing loss, watts

geometry constant (see below)

density of matrix solid material, g/cm3

heat capacity of regenerator metal, j/g K

thermal conductivity of regenerator metal, watts/cm K
diameter of wire or thickness of foil in regenerator, cm
engine frequency, Hz

fraction of cycle time flow is into hot space

=
(o2}
LI R T I T I T I

The geometry constant C3 is given as 0.32 by Crouthamel and Shelpuk (75 ac) who
refer to page 112 of Carslaw and Jaeger (59 o). This constant is for a slab.
The constant for a cylinder or a wire is 0.25 (59 o, p. 203).

5.3.4.7 Flow Frictinn Credit

The flow friction in the hot part of the engine is returned to this part of the
engine as heat. It is assumed that

FZ = B4 (5-762
wher
¢ FZ = flow friction credit, watts
RW = flow friction in regenerator, watts
HW = flow friction in heater, watts

5.3.5  First Round Engine Performance Summary

At this point it is necessary to take stock of the first estimate of the net
power out and the tota’ heat in based upon the first estimate of the effective
hot and cold gas temperature. The total heat requirement will be used along
with the characteristics of the heat exchangers to compute the effective hot
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and cold gas temperatures. These new computed temperatures will be used to
determine a better estimate of the basic output power and basic heat input.
Heat losses and power losses will remain the same. The net power output is:

NP = BP - CF -~ HW -~ RW (5-77
The net heat input is:
QN =BH +RH + QS + CQ + QP + TS + QI - FZ (5-78

5.3.6 Heat Exchanger Evaluation

Once the first estimate of the net heat input, QN, is computed, the duty of
the gas heater and gas cooler are determined:

Q8 = QN (5-79
QC = QN - NP (5-80

Next, the heat transfer coefficient for the gas heater and gas cooler is com-
puted., The most common type is the tubular heat exchanger. Small machines can
use an annular gap heat exchanger. Isothermalizer heat exchangers are possible.

5.3.7 Martini Isothermal Second-Order Analysis

So far in Sections 5.1.5 and 5.1.6, means for calculating the basic power output,
BP, ard the basic heat input, BH, have been given. Means for calculating flow
losses CF, HW, and RW in the cooler, heater and regenerator are reviewed in
Sections 5.3.3. Means for calculating heat losses which add to the basic heat
input have been discussed in Section 5.3.4. Section 5.3.5 shows how the net heat
input and power outputs are calculated, and Section 5.3.6 shows how the amount

of heat that must be transferred by the heat exchangers is determined.

To bring this all together there must be a calculation procedure that will allow
the performance of a particular engine design to be predicted. The Martini isc-
thermal analysis uses the following method:

1. Using the given heat source and heat sink temperatures and the engine
dimensions, find the basic power using a Schmidt cycle analysis.

2. Using the heat source and heat sink temperatures, calculate the basic
heat input from the power output using the Carnot efficiency.

3. Evaluate net power, NP, by Equation 5-77, net heat input, QN, by Equation

5-78, gas heater duty by Equation 5-79, and gas cooler duty by Equation
5-80.

4. Using the flow rate and duration during the cycle of gas flowing through
the heater, determine the temperature drop needed to allow the gas
heater duty to be transferred. Deduct a percentage of this temperature
drop based upon experience from the heat source temperature to obtain
a first estimate of the effective hot space gas temperature.

5. Using the flow rate and duration during the cycle of gas flowing through
the cooler, determine the temperature drop needed to allow the gas
cooler duty to be transferred. Add a percentage of this temperature
drop based upon experience to the heat sink temperature to obtain the

effective cold space gas temperature. 123
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6. Recalculate steps 1, 2, 3, 4 and 5 using %ne effective hot space tempera-
ture for the heat source temperature anz the effective cold space temper-
ature for the heat sink temperature. 0o this several times till there
is no appreciable change in these effective temperatures.

This method is very similar to that published previously by Martini (78 o, 78 ad,
79 ad). A FORTRAN computer program of this method is given in Appendix C.

5.3.8 Rios Adiabatic Second-Order Analysis {

P.A. Rios (69 am) developed a computer code for cryogenic coolers which is
highly regarded. This has been adapted to heat eagine analysis. A full discus-

sion and a FORTRAN listing are included as Appendix 0. An outline of this method
is now given.

1. Using the given heat source and heat sink temperatures and the engine
dimensions, find the basic power using a Finkelstein adiabatic analysis.
(The Rios equations are different and more general than Finkelstein
used but the assumptions are the same.)
Use the adiabatic analysis to calculate basic heat input.
Evaluate net power, NP, by Equation 5-77, net heat input, QN, by
Equation 5-78, gas heater duty by Equation 5-79 and gas cooler duty by
Equation 5-80. i
4. Calculate heater and cooler ineffectiveness. Based upon these. modify
heat source and heat sink temperatures. Re-do steps 1, 2, 3 and 4 with

new temperatures. Three iterations were always found to be enough for
convergence.

wWw N

5.3.9 Conclusion for Second-Order Methods
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Second-order methods have the ability to take all engine dimensions and operating i
conditions into account in a realistic way without getting involved in much more

laborious computer simulation routines employed in third-order analysis. The i
principles employed in second-order analysis have been described. Whether these :

principles are useful in real life design depends upon their accuracy over a broad
range of applications.

5.4 Third-Order Design Methods

Third-order design methods start with the premise that the many different pro-

cesses assumed to be going on simultaneously and independently in the second- LY
order design method (see Section 5.3) do in reality importantly interact.

Whether this premise is true or not is not known and no papers have been pub-

lished in the open literature which will definitely answer the question.

Qvale (68 m, 69 n) and Rios (70 z) have both published papers claiming good

agreement between their advanced second-order design procedures and experi-

mental measurements. Third-order design methods are an attempt to compute the

complex process going on in a Stirling engine all of a piece. Finkelstein

SN
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pioneered this develupment (62 a, 64 b, 67 d, 75 al) and in the last year or so
a number of other people have taken up the work. If the third-order method 1is

experimentally validated, then much can be learned about the workings of the
machine that cannot be measured reliably.

Third-order design methods start by writing down the differential equations
which express the ideas of conservation of energy, mass and momentum. These
equations are too complex for a general analytical solution so they are solved
numerically. The differential equations are reduced to their one dimensional
form. Then depending on just what author's formulation is being used, addi-
tional simplifications are employed.

In this design manual the non-proprietary third-order design methods will be
discussed. In this section it will not be possible to describe these methods in
detail. However, the basic assumptions that go into each calculation procedure
will be given.

5.4.1 Basic Design Method

In broad outline the basic design method is as follows (see Figure 5-25):
1. Specify dimensions and operating conditions, i.e., temperatures, charge
pressure, motion of parts, etc. Divide engine into control volumes.

2. Convert the differential equations expressing the conservation of mass,
momentum and energy into difference equations. Include the kinetic
energy of gas. Include empirical formulas for the friction factor and
the heat transfer coefficient.

3. Find a mathematically stable method of solution of the engine parameters
after one time step given the corditions at the beginning of that time
step.

4. Start at an arbitrary initial condition and proceed through several engine

cycles until steady state is reached by noting that the work output per
cycle does not change.
5. Calculate heat input.

5.4.2 Fundamental Differential Equations

Following the explanation of Urieli (77 d), there are 4 equations that must
be satisfied for each element. They are:

1. Continuity

2. Momentum

3. Energy

4, Equation of state

These relationships will be given in words and then in the symbols used by
Urieli using the generalized control volume shown on Figure 5-26.
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The continuity equation merely expresses the fact that matter can neither be
created nor destruyed. Thus:

net mass flux convected
outwards through surface (581

l rate of decrease of
of control volume

mass in control volume

Urieli (77 d) expresses this relationship as:

am 9 - -
o + V 5x 0 (5-82
where:
m = m/M
m = mass of gas in control volume, Kg
M = mass of gas in engine, Kg
t = time, seconds
V= V/vs
V = volume of control volume, m3
Vs = total power stroke volume of machine, m?
g = g/MR(TK)/Vs)
g = mass flux density, kg/m%sec
R = gas constant for working gas, J/Kg-K
Tk = cold sing absolute temperature, K
x = X/(Vs) /
x = distance, meters

5.4.2.2 Momentum Equation

Rate of changes of Net momentum flux con-
lmomentum within the + lvected outwards through
control volume V control surface A
Net surface force acting on
= {the fluid in the control (5-83
volume V

Urieli (77 d) expresses this relationship as:

9 9
E(gV)-ﬁVa(gzv)i-V%% + F=0 (5-84
where in addition:
= v/ (Vs/M) ,
= specific volume, m°/Kg
= ﬁ/(M(R)Tk/VS)2

pressure, N/m

F/M(R)Tk/ (vs) ¥ 3
frictional drag force, N

MM o <<
[ ]

127




TR TR

e it |

CGINAL PAGE IS
OF POOR QUALITY
5.4.2.3 Energy Equation

Rate of heat transfer Rate of energy

to the working gas - accumulation

from the environment within the control
through control surface A volume V

Net energy flux convected) Net rate of flow work

outwards by the working + in pushing the mass of
gas crossing the control working gas through

surface A the control surface A

Net rate of mechanical work done by

+ the working gas on the environment (5-85
by virtue of the rate of change of
the magnitude of the control volume V

Urieli (77 d) expresses this relationship finally as:

dg _ 3 mT 3 yT 3 OW
07 5t (7o) +ver Tl gy (v ) + B (5-86

where in addition:

Q = Q/(MR(Tk))

Q = heat transferred, J

y = ratio of specific heat capacity of working gas = CP/CV
T=T/Tk

T = working gas temperature in control volume, K

W= W (MR)TK)

W = mechanical work done, J

5.4.2.4 Equation of State

Due to the normalizing parameters Urieli uses the equation of state merely as:

p(V) = m(T) (5-87

5.4.3 Comparison of Third-Order Design Methods

A number of third-order design methods will be described briefly.

5.4.3.1 Urieli

This design method is described fully in Israel Urieli's thesis (77 af). A
good short explanation is given in his IECEC paper (77 d). He applies his
method to an experimental Stirling engine of the two-piston type. The hot
cylinder is connected to the cold cylinder by a number of tubes in parallel.
Sections of each one of these tubes are heated, cooled or allowed to seek their
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own temperature level in the regenerator part. This type of engine was chosen
because of ease in programming, and because heat transfer and fluid flow cor-
relations for tubes are well known. Also, an engine like this is built and is
operating at the University of Witwatersrand in Johannesburg, South Africa.
The intention is to obtain experimental confirmation of this design method.
Urieli converts the above partial differential equations to a system of
ordinary differential equations by converting all differentials to difference -
quotients except for the time variable. (See Appendix A.) Then he solves
these ordinary differential equations using the fourth order Runge-Kutta
method starting from a stationary initial condition. The thesis contains the
FORTRAN program. The first copies of this thesis has three errors in the

main program. Urieli applied this program to the JPL test engine (78 ar).
However, no data have yet come out to compare it with. The program is

further discussed in general (79 ac).

5.4.3.2 Schock

Al Schock, Fairchild Industries, Germantown, Maryland, presented some results of
calculations using his third-order design procedure at the Stirling Engine Seminar
at the Joint Center for Graduate Study in Richland. Washington, August 1977.

His calculation started with the same differential equations as Urieli but his
method of computer modeling was different but undefined. He confirmed what
Urieli had said at the same meeting that the time step must be smaller than the
time it takes for sound to travel from one node to the next through the gas.

Al Schock's assignment was to develop an improved computer program for the free
displacer, free piston Stirling engine built by Sunpower for DOE. The engine
had a very porous regenerator. Although the pressures in the expansion and
compression space of the engine were different, they were not visibly different
when the gas pressure versus time was plotted.

This program is as yet not publicly documented. Schock is awaiting good experi-
mental data with which to correlate the model. Many results were presented at
the 1978 IECEC (78 aq) and in the Journal of Energy (79 eh). Schock makes good
use of computer-drawn graphics to show what is going on in a free piston machine
that was simulated. The last reference states that a listing can be obtained by
contacting Al Schock. The author has contacted Dr. “chock but has yet to receive
the 1isting. The program is fully rigorous, but for economy it can be cut down
to not include the effect of gas acceleration.

5.4.3.3 Vanderbrug

In reference 77 ae, Finegold and Vanderbrug present a general purpose Stirling
engine systems and analysis program. The program is explained and listed in a
42-page appendix.
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One paper (79 aa) presents some additional information on this program and shows
how SCAM agrees with one experimental point so far published. Table 5-6 shows
the comparison. Note that the simple Schmidt cycle predicts almost as well as
the SCAM program. Many more data points are needed before SCAM will have a

fair evaluation.

5.4.3.4 Finkelstein

Ted Finkelstein has made his computer analysis program (75 al) available
through Cybernet. Instructions and directions for use are obtainable from

TCA, P. 0. Box 643, Beverly Hills, California 90213. One must become skilled
in the use of this program since as the engine is optimized it is important to
adjust the temperature of some of the metal parts so that the metal temperature
at the end of the cycle is nearly the same as at the beginning.

Table 5-6

SUMMARY OF EXPERIMENTAL AND
ANALYTICAL TEST RESULTS (79 aa)

Engine Temp. , Working Press Indicated Power System Power
F, of Avg. Psia IHP
Cooler Heater Expand  Comp Expand  Comp IHP  BHP**

Experimental* 105 1300 326 310 8.98 -4.33 4.65 -1.9
Schmidt Cycle 105 1300 318 318 7.26 -2.33 4.93 --
SCAM 105 1300 326 310 7.64 -2.93 4.70 -1.3

* Test number 8 16-10
**Dynamometer measurement

Urieli and Finkelstein use the same method in handling the regenerator nodes
in that the flow conductance from one node to the next depends upon the
direction of flow. Finkelstein solves the same equations as Urieli presents
but he neglects the kinetic energy of the flowing gas. By so doing, he is
able to increase his time step substantially. Neglecting kinetic energy will
cause errors in predicting pressures during the cycle. However, it is not
clear what effect this simplifying assumption has upon power output and
efficiency calculations. To make a comparison one would have to use the same
correlations for friction factor and heat transfer coefficient and be certain
that the geometries are identical.

Finkelstein claims that his program has been validated experimentally but the
results are proprietary.
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5.4,3.5 Lewis Research Center (LeRC)

, The author has attempted to formulate a design procedure based upon some com-

| putation concepts originally used by M. Mayer at McDonnell Douglas. A simplified
] version was presented (75 ag). However, an attempt failed to extend the method
- to include a real regenerator with dead volume and heat transfer as a function
N of fluid flow. The procedure was computationally stable and approached a
limiting value as the time step decreased. But when the heat transfer coeffi-
cients were set very high, there should have been no heat loss through the

_ regenerator, but the computation procedure did not allow this to happen

3 because gas was always entering the hot space at the temperature of the hottest
regenerator element. There was also the problem of finding the proper metal
temperature for the regenerator elements.

Parallel and independently of the author, Roy Tew, Kent Jefferies and Dave Miao
at LeRC have developed a computer program which is very similar to the author's
(77 b1). In addition, they have found a way of handling the regenerator which
gets around the problem the author encountered.

The LeRC method assumes that the momentum equation need not be considered along
with the equations for continuity, energy and equation of state. They assume
that the pressure is uniform throughout the engine and varies with time during
the engine cycle. LeRC combines the continuity, energy equation and equation
of state into one equation. _

TYET C RENAwE AR T T TR e TS

dT _ _hA i 2y 4 0 V_ dp
; at = mep (Tw -T) + - (Ti -T) + _ﬁ'(To -T) + mep dt (5-88
; heat transfer flow in flow out pressure
, change

This equation indicates that the temperature change in a control volume depends
upon heat transfer, flow in and out and pressure change. Equation 5-88 could
be solved by first-order numerical integration or by higher order techniques
such as 4th order Runge Kutta. LeRC did not use this approach.

LeRC used an approach of separating the three effects and considering them suc-
cessively instead of simultaneously. From a previous time step they have the
masses, temperature and volumes for all 13 gas nodes used. From this they cal-
culate a new common pressure. Using this new pressure and the old pressure and
assuming no heat transfer during this stage, they calculate a new temperature
for each gas node using the familiar adiabatic compression formula. Next, the
volumes of nodes 1 and 13, the expansion and compression space, are changed to
the new value based upon the rhombic drive. New masses are calculated for each
control volume. Once the new mass distribution is known, the new flow rates
between nodes are calculated from the old and new mass distributions. The new
gas temperature is now modified to take into account the gas flow into and out
of the control volumes during the time step. During this calculation it is
assumed that each regenerator control volume has a temperature gradient across
it equal to the parallel metal temperature gradient and that the temperature of
the fluid that flows across the boundary is equal to the average temperature of
the fluid before it crossed the boundary; heater and cooler control voluies are
at the bulk or average temperature throughout. Next, local heat transfer coef-
ficients are calculated based upon the flows. Temperature equilibration with
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the metal walls and matrix is now calculated for the time of one time step and
at constant pressure. An exponential equation is used so that no matter how
large the heat transfer coefficient, the gas temperature cannot change more
than the AT between the wall and the gas. Heat transfer during this equili-
bration is calculated. In the regenerator nodes heat transfer is used to change
the temperature of the metal according to its heat capacity. In the other
nodes where the temperature is controlled, the heat transfers are summed to
give the basic heat input and heat output. This final temperature set after
temperature equilibration along with the new masses and volumes calculated
during this time step are now set to be the old ones to start the process for
the next time step.

The model is set up to take into account leakage between the buffer space and
the working gas volume. LeRC has developed an elaborate method of accelerating
convergence cf the metal nodes in the regenerator to the steady state temperature.

On the final cycle LeRC considers the effect of flow friction to make the
pressure in the compression and expansion space different from each other in a
way to reduce indicated work per cycle.

To quote Tew (77 bl):

Typically it takes about 10 cycles with regenerator temperature
correction before the regenerator metal temperatures steady out.
Due to the leakage between the working and buffer spaces, a
number of cycles are required for the mass distribution between
working and buffer space to settle out. The smaller the leakage
rate, the longer the time required for the mass distribution

to reach steady-state. For the range of leakage rates considered
thus far it takes longer for the mass distribution to steady out
than for the regenerator metal temperatures to settle out.
Current procedure is to turn the metal temperature convergence
scheme on at the 5th cycle and off at the 15th cycle. The

model is then allowed to run for 15 to 25 more cycles to allow
the mass distribution to settle out. When a sufficient number
of cycles have been completed for steady operation to be
achieved, the run is terminated.

Current computing time is about 5 minutes for 50 cycles on a
UNIVAC 1100 or 0.1 minute per cycle. This is based on 1000
iterations per cycle or a time increment of 2 x 10™5 seconds
when the engine frequency is 50 Hz. The number of iterations
per cycle (and therefore computing time) can be reduced by at
least a factor of 5 at the expense of accuracy of solution.
On the order of 10% increase in power and efficiency results
when iterations per cycle are reduced to 200 from 1000.

The agreement between the NASA-Lewis model and experiment is discussed in

(79a). They got agreement between calculated results and measurements
only after they multiplied the computed friction factor for the regenerator by
a factor of 4 for hydrogen and by a factor of 2.6 for helium. In a different
way this is the same order of maanitude correction that the best second-order
analysis requires.




- B T

5.4.4 Conclusions on Third-Order Design Methods

1.
2.

A number of well constructed.third-order design methods are

available.

A choice is available hetween rigorous third-order (Urieli, Schock,
Vanderbrug), third-order ignoring fluid inertia (Finkelstein), third-

order assuming a common pressure (LeRC).

There is a spectrum of design methods reaching from the simplest first-
order through simple and complex second-order culminating in rigorous third-
order analysis. However, all these methods depend upon heat transfer and
fluiu flow correlations based upon steady flow instead of periodic flow,
because correlations of periodic flow heat transfer and flow friction which

should be used have not been generated. .
Third-order analysis can be used to compute flows and temperatures inside

the engine which cannot be measured in practice.

Third-order analysis can be used to develop simple equations to be used in
second-order analysis.

Eventually when all calculation procedures are perfected to agree as well as
possible with valid tests of Stirling engines, third-order design methods
will be the most accurate and also the longest. The most rigorous formu-
lations of third-order will be much longer and more accurate than the least
rigorous formulations.
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6. REFERENCES

6.1 Introduction

The references in this section are revised and extended from the first edition
(78 ed). The authors own accumulation has been cataloged. Also extensive biblio-
graphies by Walker (78 dc) and Aun (78 eb) were checked for additional references.
Cataloging of references continues. The following 1ist is as of April 1980.*%

Each entry in the following reference list corresponds to a file folder in the
author's file. [If the author has an abstract or a copy of the paper an asterisk
(*) appears at the end of the reference.

A1l personal authors are indexed (see Section 7 ).

A1l known corporate authors are indexed (see Section 8).

The subject index included in the first edition has been deleted because it was

found not to be very useful. Possibly some day an index to the Stirling engine
literature can be written.

6.2 Interest in Stirling Engines

Because of the way Stirling engine references are cataloged in this section it is
easy to plot the rise in interest in Stirling engines by the number of references

each year in the Tliterature. Figure 6-1 shows the references per year for the
last few years.

6.3 References

1807 a  Cayley, G., Nicholson's Journal, November 1807, pg. 206 (letter).

1816 a  Stirling, R., "Improvements for Diminishing the Consumption of Fuel
and in Particular, an Engine Capable of Being Applied to the Moving

of Machinery on a Principle Entirely New, " British Patent No. 4031,
1816.

1826 a Ericsson, J., British Patent No. 5398, 1826, *

1827 a  Stirling, R., and Stirling, J., "Air Engines," British Patent
No. 5456, 1827. B3, *

*Note in final preparation: The completion date of the second edition was
Ju]x 1979. At the request of H. Valentine the references were updated to
April 1980. A further update to October 1981 is now available.
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