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ROBERT STIRLING
AND HIS FAMILY

Michael Stirling (grandfather)

A farmer of Dunblane, Perthshire, Scotland, Reputed to have invented
the first rotary threshing machine in 1756 or 1758, Built a water mill,

Raohert Stivling (tnele)

Assistant minister at Methven in 1763, later minister at Criefl. Died in
1787. His son, Michael, born in 1780, also entered the ministry,

Perer Stirling (father)

Peter Stirling was a farmer of Cloag, near Methven, Perthshire. He had
two sons, Roberl and James,

Rabert Stirling

Robert Sticling was born in Cloag on October 25, 1790, He studied af
the University of Glasgow, us is mentioned in the Fastie, but also at
Edinburgh University (1805-6 and 1808), In 1805 he took classes in
Latin and Greek, and in 1806 he studied advanced Latin and Greek, logic
and mathematics, metaphysics and rhetoric. There is no record of his
classes in 1808 and it is possible that it is not the same Robert Stirling
who attended in that year, as owing to a change in the system of keeping
records at that time his place of origin is not given, Robert Stirling was 15
years old when he went to Edinburgh, This age, or even younger, was
quite normal for entering the university in those days.

Robert Stirling was licensed to preach by the Preshytery of Dunbarton
on July 4, 1815. He was presented to the second charge at Kilmarnock,
Ayrshire, by the Commissioner of the Duke and Duchess of Portland,
and was ordained to the Ministry on September 19, 1816. He im-
mediately became second or junior minister of Laigh Kirk, Kilmarnock,
and two months later he applied for his first patent for the Stirling air
engine and the heat regenerator—or economiser, as he himself called it.
The patent assigned to him was No 4081 of 1816.

On July 10, 1819, he married Jane, the eldest daughter of William
Rankine, a wine merchant at Galston, and flive years later he had heen
‘translated’ to Galston as minister of the church there. In 1827, and again
in 1840, he and his brother James re-patented the air engine.

Carly in 1840 the University of S5t Andrews, the oldest of Scotlish
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for his additional scientific achievements, as is stated in some places,
Without any doubt this was a glorious day for the minister of Galston,
who nonetheless remained in the yillage of his ministry, gaining wide-
spread respect by the quality of his life and work—a quality shown by his
care [or the victims of the [1848-1849 cholera epidemic.
Hi-health at last forced him from the pulpit in 1876, and he died in . This book is dedicated to all who have coniri-
(878, buted to the renaissance of the Stirling engine
over the past forty years, especially workers at

. _ R g . the Philips Research Laboratories, Eindhoven,
Four of Robert Stirling’s sons were engineers, and all made their mark and in particular, Dr, R, I. Meijer and Dr. I, W

in the engineering world, Patrick, born in 1820, gained fame as a L. Kéhler,
locomotive engineer with the Great Northern Railway Company, His

famous ecight feet single locomotives have been photographed and de-

scribed by engineers from all parts of the world, In August, 1895, these

engines took an Aberdeen express over the 188 miles between London

and York in 188 minutes, William, born in 1822, and Robert, born in

1824 were engineers in Peru. James, the youngest son, born in 1535, was

a locomotive engincer with the Glasgow and South-Western Railway

Company. He introduced many improvements in locomotive power.

Parrick, Willian, Robert and James (song)

James Stirling {hrother)

Tames Stirling, the younger brother of the inventor, originally also
studied for the Church at Glasgow and at Edinburgh, Earlier, however,
he had directed his atlentions towards mechanical engineering, and he
eventually achieved local renown as an engineer. In 1827 improvements
to the air engine were patented (No 54635) jointly by him and his brother.
An engine based on Patent No 8652, of about 25 kW (35 horsepower),
was constructed by him at the Dundee Foundry Company.

(From ‘The Stirling Engine, J. Zarinchang, 1972; further fascinating
details of the life and works of Robert Stirling are given by Edelman
(1969,
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REV. DR. ROBERT STIRLING (1790-1878)
Mimister, Church of Scotland, and Tnveptor Extraonlingire.
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PREFACE

A few years have pone by since the completion of my earlier work Srirling
cyele nachines, Muoch has happened in that interval. It is timely o
attempt, not simply a revised and updated version, but rather the produc-
tion of a more substantial work. The earlier book was prepiared from a
collection of notes pul together hurriedly for a one-day seminar during
sabbatical leave at the University of Bath, in England, where | was
remote from my reference collection, The stender volume was surprisingly
well received, reprinted several times, published as a paperback, and
translated info Russian,

This time 1 have no escape clause for this book was written with more
leisure at the University of Calgary with full access to all my references.
Mot only that, but by the award of an Isaac Killam Memorial Fellowship,
the University relieved me of all my teaching and administrative respon-
sibilities during the period of its composition. 1 am most apprecialive of
this, Tt is my hope that the ensuing text will justily the respite from my
ordinary labours, the burden of which undonbtedly fell on the shoulders
of my colleapues in the Department of Mechanical Engineering,

Chapter 11, “Free-piston Stirling engines,’ was contributed by William
Beale, the father of the free-piston Stirling engine. Chapter 20, ‘Maodel
Stirling enpgines’, was contributed by Andrew Ross, an attorney [ast
becoming distinguished in the model Stirling engine fraternity, 1 was most
happy to have these specialists participale, and wish to make clear that
credil for all that is contained therein rests entirely with them. :

The very extensive bibliography on Stirling engines contained herein
was prepared by my daughter Josephine, my wife Ann, and my sec-
retaries Karen Chlegard and Marlene Stewart. This most tedious and
exacting burden was lifted entirely from my shoulders in a most gratifying
fashion,

Similarly the index was prepared with great dedication by Marlene
Stewart. Her work greatly facilitated this important but exacting last lap.

I have many others to thank for much help over the past twenty years
in the course of my work on Stirling engines. First, 1 owe to Aubrey
Burstall, Professor Emeritus of the University of Newcastle-on-Tyne, my
thanks for introducing me to Stirling engines and providing carly oppor-
tunities. 1 owe much to an earlier mentor, W. E. Durney, of Wolverton
Technical College, for rousing in me an abiding interest in engineers and
their works. Specialists in the field who contributed to my understanding
include my old and close friends, Ted Finkelstein and William Beale.
Oithers are Bill Martini, Worth Percival, Rolf Meijer, Jan Kohler, and the
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work. T have gained much from the writings and the many kindnesses of
Zacharias, Kohlman, Carlgvist, Lia, and their stalf and colleagues. By
their lucid writings Joe Smith at M.LT., Bill Gifford of the University of
Syracuse, Costa Rallis at Johannesburg, Allen Organ at Kings College,
London, and their students have helped me understand many thinps.

At Calgary 1 am grateful for the many opportunitics 1 have to share my
thoughts with John Kentfield and 1o gain much from his optimistic,
inquisitive and resourceful perception of the nature of things. Peter
Glockner, Head of the Department of Mechanical Engineering and all my
colleagues there, by their interest and encouragement, helped substan-
tially in bringing the book to completion.

In keeping with current trends I have attempted 1o produce a “hilingual’
volume in 51 units with the customary British units [ollowing in parenth-
eses. Much of the labour of unit translation was accomplished by my able
praduate student, Amoozegar-Faisie, On my instructions he adopted a
cavalier approach to ‘rounding off” that | expect will offend the purists,
The responsibility for this s all mine.

The ladies ol the office, particularly Karen Odegard, Jean Buckton,
Marlene Stewarl, Betty-Ann Mayvlor, and Ida Plisterer all deserve my
appreciation and thaoks for their efforts in producing falr copy. Bert
Unterbierger and his girls have done great things with the illustrations
herein,

Drespite meticulous attention (o detail by my assistanls and mysell there
will be, no doubl, numerous ercors and omissions for which 1 accept full
responsilility, Many wrote to advise me of deficiencies in omy earlier
work. Where it was appropriate | have made the correction or rectified an
omission. | appreciate the help of all who wrote 1o me before and thank,
in advance, all who will discover and advise me of mistakes in the present
work.

My children. Josephine and Christopher, and my students, have all
contributed hy sacrificing much of my time, interest, and effort they could
hiave reasonably expected to be their due.

Finally | have to offer my greatest appreciation and thanks 1o my wile,
Ann, She is undoubtedly the best-informed, or, at any rate, the most
talked-at Canadicnne in the field of Stirling engines. She has manaped o
survive and, with her unfailing good humour, somehow makes it all secin
in the end to be worthwhile.

University of Calgary G. Warken
September, 1978
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I INTRODUCTION

DEFINITION

A Stirling engine is a mechanical device which operates on a closed
regenerative thermodynamic cyele, with cyelic compression and expansion
of the working fuid at different temperature levels, The Now is controlled
by volume changes, and there is a net conversion of heal to work or vice
VETSH.

This generalized definition embraces a large family of machines with
different functions, characteristies, and configurations. It includes both
ratary and reciprocating machines, utilizing mechanisms of varying com-
plexity, Tt covers machines capahle of operating as prime movers, heat
pumps, relrigerating engines, or pressure generators.

Olher machines exist which operate on an open regenerative cycle,
where the flow of working fluid is controlled by valves. For convenience,
these may be called Ericsson engines. Unfortunately the distinction is not
widely established in practice and the name *Stirling engine’ is [Tequently
indiscriminately applicd to all types of regenerative machines.

HOMENCLATURE

Stirling engines are frequently called by other names, including hot-air
or hot-gas engines, or one of a number of designations reserved for
particular arrangements of engine, i.e. Heinricl, Robinson, or Rankine-
Mapicr, The result is a general lack of clarity in the nomenclature. Tt may
be argued, convincingly, that the designation “Stirling cyele’ should be
reserved for a particular idealized thermodynamic cycle, and the name
‘Stirling engine’ for a particular form of machine (which, incidentally,
does not work oo the Stirling eyele, a situation that does nothing to
improve clarity). A preferred genene title would be *regenerative thermal
machine’, It is almost certainly too late for logic to prevail, and the name
‘Stirling engine’ will continue © be widely and indiscriminately used,
However, a clear distinetion should always be made between machines
where the low is controlled by (a) volume changes (Stirling engines) and
(b} valves (Ericsson engines), because they have radically different charace-
teristics, In this work we are concerned principally with Stirling engines
and take only passing note of Ericsson machines.

Use of the term ‘Stirling engine’ as the generic title for closed-form
regenerative thermal engines is comparatively recent. It is believed 1o have
originated at the Research Laboratories of Philips at Eindhoven about
1954 (Meijer 1978)1. Up to that time it was customary simply to refer

T Privite communication: for other refercnces, see the bibliography at the enid of (he book
for eonmplete source detils.
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to hot-air engines and perhaps to preface this with the name of the
inventor, i.e. Buckett, Wenham, Lehmann, Stirling, cte. The change of
working fluid from air to helium or hydrogen at Philips in the mid-fifties
made the term ‘hot-air engine” inappropriate. The alternative title,
‘Philips hot-gas engine’ proved less attractive than ‘Stirling engine’ and 5o
this latter has passed into general usage.

EARLY HISTORY

Stirling und Ericsson engines have a long history, which has been well
surveyed by Finkelstein (1959), by Zarinchang (1972), and by Ross
(1977,

The earliest air engine recognized by Zarinchang (1972) was the
‘utmospheric fire-wheel' of Amontons in France, 1699. Another early
air-engine by H. Wood in 175% wsed o modified Neweomen atmospheric
steam engine “operating on the principle af hat or rarefied afr. . 00 In 1707
Glazebrook described an open-cycle machine operating on what may be
distinguished as the first hot-gas cyele with a compound working Auid.
Shortly thereafter, in 1801, Glazehrook again, introduced the original use
of a closed cycle with repeated use of the same working fuid.

In 1807 Sir George Cayley, a Yorkshire squire, constructed an open-
cycle, Inlernal-combustion, hot-air engine that was probably the first
engine of this type o work properly. Ciyley was the pioneer aeronautical
engineer and wisely recognized that he was unlikely 1o get any of his
pliders to lly under power with @ contemporary steam engine. He thus
invented the new form of air engine and must have been exceedingly
disappeinted 1o find it equally unsuited as an aircraft engine. A century
was to elapse before a suitable power plant enabled the Wright brothers
to mitke the historic Night denied Cavlew,

Robert Stirling, a minister of the Church of Scotland and originator of
the regenerative heat exchanger, invented the closed-cycle regenerative
engine in 1816 and remained actively involved with his brother, James, in
ils development for many years. As with all engineering developments
they were besel by limitations of materials and at the end of his life, in
[876, Rabert was led to wrile:

“These imperfections five heen ina great measure removed by time and especially
by the geding of the distingdshed Bessemer, If Bessenier fron or steel had been
Fnowrt thirty-five or forty years age there iy scarce a doubt that the air engine would
harpe been o greal suceess . . 1t remaing for some skilled and ambitions mechanis! in
i futpre age fo repeat @ wnder ore favonrabile circiiistances and with complete
ECCENS . .

From the viewpoint of a century later, with public interest in Stirling

encines risine to nnmrecedentad lavels thic wae o wandarfollu nranbatie

e as = Tl
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Contemporaneously with Stirling, the Swedish inventor John Ericsson,
working in England, introduced the open-cycle regenerative air engine in
a variety of forms. The family of engines where the Mow is controlled by
valves are designated as Ericsson engines in recognition of his work.
Ericsson was a great engineer and prolific inventor, He is accorded the
honour of inventing the screw propellor and participated in the carly
development of railways in England. He was one of the contestants in the
celebrated Rainhill trials of steam locomotives won by George Stephen-
son's Rocket. Ericsson later went to the United States and established the
manufacture of bath open- and closed-cycle regenerative engines. He
continued & long and active career on a broad engineering front and was
well known for his spectacular marine engineering feats.

Throughout the nineteenth century thousands of hot-air engines were
mide and used in a wide variety of sizes and shapes in Britain, Europe,
the U.S.A., and other parts of the world. They were reliable and
reasonably efficient. More importantly, they were safe compared with
contemporary  reciprocating steam cngine installations and their as-
sociated boilers, which exploded with depressing repularity, due to poor
materials and imperfect jointing techniques.

Many of the hot-air engines made were small, low-power machines of
100W (thp) to 4kW (5hp)., Some large machines were also made
however. The most notable was undoubledly the enormous marine engine
built by Ericsson in 1853 having four eylinders 4.2 m (14 ft) in diameter
with a stroke of L3m (51t), running at 9 revolutions per minute and
producing about 220 kW brake power (300 hp). A contemparary report
in the New York Daily Times of 12 January 1853, includes an account by
the correspandent of his riding up and down on the pistons of this
monster. The engine was designed for 330 kW (450 hp) and its perfor-
munce was disappointing when installed in a ship called The Ericsson, The
engine was replaced subsequently by steam engines but the ship was
ill-fated and capsized in a squall in New York harbour. The story of the
big engine has been well told by Ferguson (1961). ,

The internal combustion engine, in the form of the hat bulb gas engine
was invented about the middle of the nineteenth century. Subsequently it
was developed in the form of the gasoline, spark-ignition engine and the
oil, compression-ignition engine. Later, at the turn of the century, the
eleetric motor was invented and developed. Topether, the internal com-
bustion engine and electric mator gradually superseded hoth steam and
Stirling engines in small sizes. However, a plance at the Sears-Rochuck
catalogue for the early 1900s shows that in the United States, hot-air
engines could be bought ‘off-the-shell” much as small pasoline engines or
¢lectric motors are todav. Further. the heat-pnoina tavibonke af fhat aes
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internal combustion engines. Mevertheless, by the time of the Firsl World
War, hot-air engines were no longer available commercially in large
quantity, although production of machines for special purposes continued
for many years.

One of the widest uses of hol-air engines in small sizes was 1o drive
ventilating fans and water pumps. A facsimile reproduction of an adver-
tising piece of 1900 is shown in Fig. 1.1. The production of similar
machines in substantial quantities was carried on in England to the late
19408 largely for export 1o tropical countries. The author has a fond
vision of a missionary after a long day in the leld returning to his
bungalow, pouring a mint julep, and relaxing on the stoep under the
cooling breeze of his kerosene-driven Stirling engine,

Even today it is by no means unusual to come across hot-air engines. In
1471 for example a complete, new, and unused Baley engine (circa
1902) of 3.6 k'W (5 hp) rating, in its original factory packing was sold at a
Welsh country-house auction. An Ericsson pumping engine wis recently
removed from a lakeside estate near Ottawa in Canada and refurbished
for exhibition in the foyer of an Ottaws machine works, In the United
States one occasionally finds hot-air engines still fulfilling useful purposes,

There are many collections of historical engines. Perhaps the muost
extensive is that at the Ford Museum in Greenficld Village, Dearborn,
Michigan, The Smithsonian Institute in Washington has a notable collee-
tion, as does the Science Museum in London, and the Museum of
Technology in Paris. Three or four hot-air engines may be found operat-
ing daily on a routine basis at the Museum of Science and Technology in
Birmingham, England. The Ericsson Muoseum in Philadelphia has many
items and memaorabilia of intense interest concerned with John Ericsson.
There are also many private collections and in the VLS. Mid-West it is
commaonplace to see hot-air engines displayed alongside steam engines at
county and state fairs.

High quality facsimile reproductions of old-time hot-air engine
catalopues and other advertising pieces have recently been published by
Alan G. Philips of Orlando, Florida, and by Robert Huxtable of Lansing,
Michigan. Models of hot-air engines are stll made in large numbers by
amateur crafltsmen and are also obtainable commercially from the sources
listed in the back of this volume.

RERIRTH OF THE STIRILING ENGINE

The present renaissance ol interest in Stirling engines is due almost
entirely to workers at the Philips Research Laboratory in Eindhoven.
Wark on small Stirling engines started there in the micd-1930s. The
objective was to provide a small, guiet, thermally activated, electric-
power generatar for radios in areas of the world without regular power
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supplies. It is said the choice between steam and hot-air engines was
made following a chance visit to the Museum of Technology in Paris by
one of the technical directors of the laboratory where he saw some of the
old hot-air engines displayed, He believed, rightly, that modern materials
and technology could elevate the hot-air engine to a performance un-
dreamt of in earlier engines.

Work on Stirling engines continued during the German occupation in
the Second World War and the first information about it was released
soon after the war. Brilliant research and engineering resulted in the
development of small generator sets far superior to any of the old hot-air
engines. However, by the early 1950s the invention of the transistor and
improvements in dry batteries had eliminated the original need. Recog-
nizing the significance of their work, though, the Philips engineers
switched their efforts (o engines of higher powers, and the invention of
the ‘rhombic drive” and roll-sock seal led to the development of a family
of single and multiple eylinder engines ranging in power up to hundreds
of horsepower. This work has been reported periodically by Meijer
(1969d) in a number of papers and more recently by van Beukering and
Fokker (1973),

In 1958 the General Motors Corporation of Detroit made a licensing
agreement with Philips which continued until 1970, Percival (1974) has
given much interesting detail about the work done at General Motors in
this period. They were concerned with Stirling engines for space and
underwater power, vehicle and surface vessel propulsion, and stationary
power,

Following relinquishment by General Motors of the licence agreement
with Philips, the Ford Motor Co. of Detrolt became licensees {in 1971
and after some preliminary work and evaluation have embarked (in
1977) on a seven-year substantial ($180M) programme of development
for automotive Stirling engines funded by the US. Department of
Enerpy,

Other licences were granted by Philips to United Stitling AB of
Malmo, Sweden (in 1968) and to a West German consortium of the two
diesel engine companics MAN and MWM (1967), United Stirling is a
consartium of Swedish interests, principally Kockums, the great Swedish
shipbuilders of Malmo, and FFW, a Swedish government company
ariented to delence interests, In the carly 1970s there was substantial
counperative elfort between Philips and the European licensees in the
development of transport-vehicle engines, and marine and underwater
power systems. Later, the European licensces chose 1o follow a more
independent path,

Zacharias (1974) has provided an interesting account of devélopments
at MAN/MWM. Since about 1974, they have ceased much public discus-
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sion of their activities, However, it is understond that their programme of
development is continuing unabated with concentration of effort on
engines of 370 kW (500 hp) to 740 kW (1000 hp) Tor underwater power
systems.

The Swedish group, United Stirling, concerned primarily in the early
days with heavy-vehicle engines, have expanded their interests to the
passenger car field. They did some work in cooperation with Ford but in
1974 a second substuntial ($100M) programme for automotive Stirling
engines was initiated in the United States by the Department of Energy
and involving the two United States companies Mechanical Technology,
Inc, of Latham, New York, and American Motors Corp., Detroit,
Michigan, in partnership with United Stirling of Sweden. Hallare and
Rosengvist (1977) have provided an interesting historical review of the
United Stirling work,

To manage these two automotive programmes, the Stirling Engine
Project Ofice was established al the National Acronautics and Space
Administration (NASA) Lewis Rescarch Centre, Cleveland, Ohio and to
develop competence in the field an independent programme of study and
development was started at NASA Lewis about 1975,

The External Combustion Engine Project was initiated by the U.S.
Department of Energy in 1977 to demonstrate the use of 370 kW
(500 hp) to 1480 kW (2000 hp) Stirling engines burning coal and other
‘alternative’ fuels with high efficiency, including municipal, industrial, and
agricultural wastes, Management for this programme is the responsibility
of the Argonne National Laboratory, Ilinois.

In the early 1960s William Beale, a professor at the Ohio University,
Athens, Ohio, invented the free-piston Stirling engine and with remark-
ably single-minded purpose brought the device into commercial pro-
duction in the form of a small demonstration engine in the early 10705,
Further development followed with substantial funding to perfect a
gas-fired air-conditioning pump unit now in the final pre-production
stages, Heale's company. Sunpower Inec., in association with ML,
Latham, N.Y. is engaged in producing lree-piston Stirling engines for
other applications, notably as nuclear-luelled space power plants and as
solur-powered electnie generalors,

The General Electric Company in the United States is also developing
Beale-type free-piston Stirling engines and are also said to be in the
process of acquiring a Philips licence.

Substantive work on miniature engines for artificial hearts has been
funded for over a decade by the United States National Institutes of
Health, Cardiovascular Devices Branch, Department of Health, Educa-
tion, and Welfare, Bethesda, Maryland. This broad investigative pro-

eramme nf nnwee enveeed B actificial hasete hae  anmamnacend theaa
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separate Slirling  engine developments at  the Donald Douglas
Laboratories, Richland, Washington, at the Aerojet Liguid Rocket Co,,
Sacramento, California, and at the Thermo-electron Corp., Waltham,
Massuchusetts. A separate programme of Stirling engine artificial heart
development is being carried out jointly by Westinghouse and Philips,
funded by the U5, Department of Energy.

Research on Stirling engines for solar, space, and underwater power,
and the development of a basic laboratory research engine is in progress
at the California Institute of Technolopy, Jet Propulsion Laboratary,
Pasadena, California,

At the Atomic Energy Research Establishment, Harwell, England, a
free-piston Stirling enpine was developed in the early 1970s and is
believed 1o be in commercial production as both a radioisotope or
fossil-fuelled electric-power generator for navigation aids or other remote
unattended locations requiring low-power electric supplies,

The Swedish company FF'W, a parent of United Stirling, has developed
4 10kW (13.6 hp) power generator for recreational vehicles and other
uses and is said to be planning to introduce the unit commercially in the
United States in 1978 through the Stirling Power Systems Corp. of Ann
Arhor, Michigan,

As a result of public concern about noise, air pollution, and energy
conservation there has in recent years been increasing interest in Stirling
engines. This is manifest in the soaring number of papers published
annually, a total of 70 in 1977, and in 1978, 25 at the 13th Intersocicty
Energy Conversion Engineering Conference alone. Many original and
innovative developments o the theory and practice of Stirling engines arc
being made in an increasing number of industrial companies, universities,
and government research establishments in North America, Europe,
South Africa, and elsewhere. A directory of the known Stirling engine
activities was prepared in 1978 by Willinm Martini (Martini 1978a) and is
reproduced in abbreviated [orm herein,

REFRIGERATION MACHINES

Stirling engines operate well as cooling engines. The possibilities of this
were recognized as carly as 1834, by John Herschel, and in 1876
Alexander Kirk deseribed a refrigerating machine that had been in use
for ten vears, However, it was not until the late 1940s that serious effort
was directed to the commercial development of Stirling-cyele cooling
cngines. Again, this was undertaken by the Philips Company at Eindho-
ven under the direction of Dr. J. Kéhler. The first cooling engine (an air
liguefier) was introduced in 1953, Since that time, [urther research has
resulted in the development of a variety of cryogenic cooling engines,
covering a wide range of cooling capacities, and has led to the manufac-
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ture of associated equipment for cryopenic research and industrial appli-
cations. 5o far, Stirling-cycle cooling engines have proved more suitahle
tor the cryogenic (extremely low temperature) range, rather than the
higher temperature range (of domestic and industrial interest) which is
dominated, at present, by ‘Freon’ vapour-compression  refrigerating
miachines.

Other manufacturers have entered the small (and miniature) cryvopenic
cooling engine market, including Malakar Labs. Inc., Hughes Aircraft
Co., Texas Instruments, and the Martin Marietta Carp. in the United
States. These companies, together with North American Philips Inc. (who
specialize in miniature cryogenic coolers), have as their principal interest
the provision of small cooling engines lor electronic applications, mainly
in_infra-red detection equipment for a variety of military —and-civil
purposes,

Other reciprocating regenerative cryogenic coolin g engines have been
developed, principally the Collins helium liquefier, by A, D. Little Inc.,
and a variety of Gifford-MeMahon machines. All these machines have
valves and, in accordance with the definition adopted earlier, must be
classified as Ericsson-cycle machines., This is not to suggest that such
machines are unimportant. The development, by Samuel Collins at
M.LT., of a relatively inexpensive and reliable expansion-engine, capable
of liquefying helium, was among the most significant advances in
Cryogenic engineering, opening up the possibilities of helium research on
a broad front. The future benefits of this research in terms of SUPErcon-
ducting electric-power transmission and miniaturized electronics are in-
caleufable,

Early in the composition of this present work the decision was made to
abandon the concept of a single volume embracing the Stirling engines for
both power generation and cooling applications. The mass of information
available is simply too great for adequate compression in a single volume,
Furthermore, the readers of one are rarely interested in details of the
other. Thus it seemed sensible, in fact becanie inevitable, that separate
volumes were required, one for Stirling engines used for POWEer PUrposes
and another for the cooling application. This book is the ane dealing with

power applications. A companion volume is in preparation for the conling
engines,

PROSPECTS FOR THE FUTURE

AL this time (1978) the future prospects of the Stirling engine appear
brighter than ever before. In independent surveys of alternative automo-
tive propulsion systems, the Stirling engine always emerges as a favoured
unit with high potential for development, The characteristics of low noise,
low levels of emission products, multifuel capacitv. lone life comnparahle
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size and weight, good partload performance, and favourable torgque
characteristics combine to form an impressive challenge to internal com-
bustion engines. For this reason the United States Government has seen
fit to underwrite the cost of a comprehensive seven-year development
programme for automotive Stirlin Eengines carried out h}lr twar independent,
competent, and capable engincering teams, However the spark-ignition
and compression-ignition engines in their variety of forms are formidahle
opponents so long as the distillate fuels, gasoline or diesel wil, remain
available in relative plenty. As these supplies decline, a move to the
all-electric economy will become inevitahle. Perhaps it is in these cir-
cumstinces that the Stirling engine, with thermal battery charged over-
night, will emerge to become the dominant automotive propulsion system
of the future. i

Its use for stationary power generation in a broad power spectrim
appears virlun_]lu,- assured, It is likely o find increasing use in heat pumps
Elnd_ refrigeration systems. An excellent start has been made on stirling-
engine artificial hearts, 1t will likely remain the dominant system for small

and intermediate size cryogenic and low temperature refrigeration sys-
tems,

2 IDEAL THERMODYNAMIC CYCLES

SUME ELEMENTARY CONSIDERATIONS

Tue first and second Laws of Thermodynamics appear to apply 1o all
thermal power machines, including Stirling engines. Unfortunately no
wiy to demonstrate the first and second laws in some simple but irrefuta-
ble fashion has been devised. Equally, of course, it is completely outside
human experience for a machine to behave in contravention of these
fundamental laws, despite the aspirations of many inventors. Proposals
for perpetual motion machines alwayy contravene the first or second law,

Belief in the Laws of Thermodynamics is closely akin to religious faith.
IT one has it all is explainable. I one doubts, nothing is explainable. An
understanding and belief in the laws of thermodynamics is necessary Lo
appreciate the delights of regenerative thermal engines.

The first Law of Thenmodynamics

The first Law, a restatement of the Law of Conservation of Energy,
denies the possibilily of an engine (or some thermodynamic *black box')
to exist, from which power, or work, can be drawn continuously, without
replenishment. The first Law requires that at least as much energy (in any
form) shall be supplied to the machine as is faken from it, Let us consider
air and petrol, supplied to a spark-ignition engine. Firstly, they combine
in a comhbustion process, and the hot gases drive the engine. O the
energy supplied in the fuel, about one-third goes to useful work output
from the engine, another third goes to the cooling system., and the
remaining third leaves the exhaust as low-grade thermal enerpy. Il the
petrol supply is terminated, the engine stops. This is a direct application
of the first Law of Thermodynamics, and a matter of common Experience,

The secarnd Law of Thermodviamics

The second Law of Thermodynamics is, perhaps, less well understood,
One statement of this Law is that it is not possible to construct a system
which will operate in @ cycle, extrict heat from a reservoir and do an
equivalent amount of work on the surroundings. The first Law says that
the work produced can never be greater than the supplicd heat, while the
second Law goes further, and says that it must always be less, In the
spark-ignition engine, it is the second Law which denies the possibility of
converting all the energy in the supplied petrol to useful work., Some of
the energy must be ‘wasted' in the form of heat which is rejected to the
cooling system or the exhaust,

These bold statements will suffice for our purpose here. For fuller

rhigrioinn Af thia Beér and aammmd T oo sl e S od SERE=SL TR 9
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follows, the reader is referred to any standard text on engineering
thermodynamics, c.g. Wallace and Linningt (1968),

Thermal efficiency

The ratio of the work produced W to the encrgy supplied O is called
the thermal efficiency #, so that 7= W/Q. In many applications, it is
important to maximize the thermal efficiency, since this represents the
[raction of ‘useful’ energy obtained [rom that energy which is purchased
in the form of gallons of petral or oil. It is of interest, therefore, to
establish the maximum possible value of thermal clficiency, bearing in
mind the limitation of the second Law of Thermodynamics that it must
always be less than unity.

Camot efficiency
For any piven situation, the theoretical maximum thermal efficiency
depends only on the maximum and minimum temperature of the cycle,
and is given by

Triax = {Irll:lnl =F rlrlllI||-:|-'|I‘.r:|m.:'

This relationship is 5o important that it is given the special name "Carnot
efficiency”. It is the highest possible value, and is attained when all heat
transfers Lo, or from, the system occur at the constant temperatures of
M) ol (O respectively,

P-V ann T-8 pracrams

The processes which occur in the simplest thermal machine are slill,
however, so complicated that it is not possible to calculate precisely what
is happening. Instead, a theoretical model is assumed. in which the
various events are idealized to the extent necessary to make analysis of
their pperation possible. In this way, the operation of most types of
machines may be simulaled by the assumption of a repeated sequence of
thermodynamic processes, called a cyele. Usually, each process is assumed
to be one in which changes in the thermodynamic functions are oecurring
as the fluid moves from one state 1o another, but one of the functions is
maintained constant, The important thermodysamic functions here are
pressure (P), volume (V}, temperature (1), internal energy (L), enthalpy
(W) and entropy (5).

A cycle, consisting of a sequence of processes in which one of the
thermodynamic functions is maintained constant while the others change,
can be graphically represented in a variety of ways, Two of these are of
importance in aiding the analysis of the operation of thermal machines.

| Wallace, F, 0, and Linofng, W, A, (1968), Heayic enghneering diermodynamics: Sir Teabe
Pitman and Son Lid., Londan,

S
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These are the pressure—volume (P-V) and the temperature-entropy
(T=5) dingrams.

These two diagrams are important because areas on the P-V diagram
represent work done and areas on the T-5 diagram represent heat transfer-
red. As an example, consider Fig. 2.1, which shows a piston in a
closed-ended eylinder. Some gas is trapped in the volume contained
between the end of the cylinder and the piston, and can be said to be at a
stale represented by the point A, shown on the pressure—volume and
temperature-entropy planes. Il this gas were now heated through the
cylinder walls, from some external source, a number of different things
might happen. II the piston were fixed, the volume would remain con-
stant, and heating the gas would result in increases in the pressure and
temperature, as shown in Fig, 2.1{a). The supplied heat would be the
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shaded arca shown on the T-8 diagram. Any work done would be the
area of the P-V diagram: in this case there is no change in valume so no
wark is done, If, instead, the piston was free to move, and the process of
heat addition was regulated, so as to maintain the pressure or lempera-
ture constant, the P-V and T-§ diagrams shown in Fig. 2,1(b) and 2.1(c),
would result, Tn both these cases, work is done by the gas in expanding to
a larger volume as the heat is added to the system,

THE CARNOT CYCLE

The Carnot eycle is 4 thermodynamic cycle comprised of four [TOCEs-
ses, occutring sequentially, as shown in Fig. 2.2,

To consider the operation of an ideal Carnol-eyele engine, let us
assume that we have a cylinder and piston, as shown in Fig. 2.2. We
assume that the cylinder is perfectly insulated, and that the piston can
move, with no friction and no leakage of the working fluid from the
eylinder. The cylinder head is a component that ean he perfectly conduct-
ing or perfecily insulating, as we choose,

For the start of the cycle we will assume the piston to be at the outer
dead point (0.D.P.), so that the volume contained within the pistor and
eylinder combination is a maximum. The pressure and temperature (1)
ol the working fluid are at their minimum values, and are represented on
Fig. 2.2(a) by the point 1. We let the piston move towards the cylinder
head, so that compression occurs, shown by the process -2 on Fig.
2.2{a}. For this process, we assume that the cylinder head is perfectly
conducting, and that the heat-transfer rate is infinite, so that the process
occurs isothermally (constant temperature}, Work is done on the gas,
represented by the shaded area on the P-V diagram; heat is abstracted
from the working fluid, represented by the shaded area on the T-§
diagram: In this case, since the process is isothermal, the amount of the
heat transferred is exactly equal to the work done (in comparable unitsh,

For the second process, isentropic compression, shown in Fig. 2.2{Dh),
the cylinder head is made perfectly insulating, As the piston conlinues to
move towards the cylinder head, heat can no longer be abstracted from
the working fluid, and so, ideally, the entropy remains constant. This
process resulls in a decrease in the volume, and in increases in both the
pressure and temperature. The work done on the gas is the shaded area
on the P-V diagram, but there is no heat transferred. The remaining two
processes, isothermal expansion from 3 to 4 and isentropic expansion
fraom 4 1o | then [ollow, and are shown on Fig. 2.2{¢) and Fig. 2.2(d);
respectively,

It these four diagrams are combined, the resultant P-V and T-§
diagrams are as shown in Fig. 2.2(e}, The shaded area, enclosed by the

|
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the cycle. Similarly, on the T-8 diagram, the area 3-4-5-6 is the heal
supplied to the eyele, The area 1-2-3-4 {5 the amount converted to work,
and the area 1-2-5-6 is the ‘waste heat’ of the cycle. It is clear, from this
diagram, why the Carnot eyele has the highest possible thermal efliciency.
Given temperature limits T, and T, no possible sequence of ther-
modynamic processes could resull in a larger ratio of the areas 1-2-3-4
and 3-4-5-0, so that the efMciency, n= W/Q =area 1-2-3-4/nrea 3-4-5-
fomust be a maximim,

Alsolule temperatures must be used in thermodynamic analysis. The
zero temperature on the T-5 diagram is —273°C (=0K) or —460°F
{ =101 "R), so that the “waste-heat” area 1-2--5-6 may be very appreciable.

It is clear that the efficiency of the Carnotl eyele (and this generally
applies to ull engines) can be improved by (a) increasing T, and (b)
decreasing T,,,. The ultimate maximum value of T, is governed by the
materials used 1o construct the engine, this is called the ‘metallurgical
ltmit’. The lowest possible value of T, 15 that temperature al which
cooling water or air is available, generally, the ambient atmospheric
lemperature.,

In practice, it is nol possible to construct Carnot-cyele engines. There
are no materials which are perfectly insulating or conducting, and all
pistons sliding in eylinders do haye Iriclion and leakage losses, However,
the most serious difficulty arises because isothermal and isentropic pro-
cesses [or a gas (say, air), have slopes that are so little different, when
compared on & P-V diagram, that the area of the P-V diagram shown in
Fig. 2.2{c) becomes negligibly small, unless very high pressures and very
long piston strokes are wsed This would result in a tremendously heavy
engine, which wounld be guoite unable o produce sufficient work to
overcome its own friction losses, Despite this lack of practicality, the
Carnot cycle is useful in a preliminary study of the operation of an
engine. Furthermore, with some maodifications (which change it to the
Rankine cycle), the Carnot cycle is representative of the mode of opera-
tion of liquid-vapour machines, such as reciprocating steam-engines,
steam turbines, or ‘Freon' refrigerating plants.

THE STIRLING CYCLE

The Stirling cycle is similar, in some respects, to the Carnot cycle. Tt is
illustrated in Fig, 2.3.

Cansider a eylinder containing two oppased pistons, with a regenerator
between the pistons. The repenerator may be thought of as a ther-
modynamic sponge, alternately releasing and absorbing heat. 1t is a
matrix of fnely-divided metal in the form of wires or strips. One of the
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exparisint space, and is maintained at a high temperature T,,,,. The other
volume is called the compression space, and is maintained at a low
temperature T,,. There is, therefore, a temperature gradient (T),,,,—
Toin) between the ends of the regenerator, and it is assumed that
there is no thermal conduction in the fongitudinal direction. As in the
Carnot cyele, it is assumed that the pistons move withoul friclion or
leakage loss of the working fluid enclosed between them.

To start the cycle, we assume that the compression-space piston is at
the outer dead point, and the expansion-space piston is al the inner dead
point, close to the face of the regenerator. All the working fluid is then in
the cold compression space. The volume is a maximum, so that the
pressure and temperature are at their minimum values, represented by |
on the P-V and T-S diagrams, shown in Fig. 2.3. During compression
(process 1-2), the compression piston moves towards the inner dead
point, and the expansion-space piston remains stationary, The working
fuid is compressed in the compression space, and the pressure incresases,
The temperature is maintained constant because heat €, is abstracted
from the compression-space cylinder to the surrounds.

In the transfer process 2-3, both pistons move simultaneously, the
compression piston towards (and the expansion piston away from) the
regenerator, so that the volume between them remains constant. There-
fore, the working fluid is transferred, through the porous metallic matrix
of the regenerator, from the compression space 1o the expansion space. In
passage through the regenerator, the working Nuid is heated from T, to
Tines by heat lransier from the matrix, and emerges from the regenerator
mto the expansion space at temperiture T,,,.. The gradual increase in
lemperalure in [AHELHTL l]lmugh the matrix, al canstant volume, causes an
increase in pressure,

In the expansion process 3-4, the expansion piston continues to move
away from the regenerator towards the ouler dead point; the compression
piston remains stationary at the inner dead point, adjacent to the re-
penerator, As the expansion proceeds, the pressure decreases as the
volume increases. The temperature remaing constant because heat Q is
added to the system from an external source.

The final process in the cycle is the transfer process 4-1, during which
both pistons move simultaneously to transfer the working fluid (at con-
stant volume) back, through the regencrative matrix form and the expan-
sion space, to the compression space. In passage through the matrix, heat
is transferred from the working Muid to the matrix, so that the working
fluid decreases in temperature, and emerges at T, into the COMpPression
space. Heat transferred in the process is contained in the matrix, for
transfer to the gas in process 2-3 of the subsequent cycle.

The cyele is composed, therefore, of four heat-transfer process.

R T T
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Process 1-2: isothermal compression; heat transfer from the working
fluid at T, to the external dump.

Process 2-3: constant volume; heat transfer to the working fluid from the
regenerative malrix, . _

Process 3-4: isothermal expansion; heat transfer o the working fluid at
T, from an external source,

Pracess 4-1: constant volume; heat transfer from the working fhuid to the
regenerative matrix.

If the heat transferred in process 2-3 has the same nwgnrimdu s .j"
process 41, then the only heat transfers between the engine anl, i
surroundings are {a) heat supply at T, and (b) heat rl'.‘.'jl:l:[H}HLH! ooy
This heat s'upp]y and heat rejection at constant I.E.n-uwmture !fﬂuﬁﬁes the
requirement of the second Law of Thermodynamics [u_r maximum ther-
mal efficiency, so that the efficiency of the Stirling cycle is the same as the
Carnot eyele, i.e, 7= (T~ Tminl Tiie- The principal advantage of the
Stirling cycle over the Camot cyele lies in the ruplu{:c.mr::lnl of two
isentropic processes by two constant volume processes, which greatly
increases the area of the P-V diagram. Therefore, to obtain a reasonable
amount of work frem the Stirling cyele, it is not necessary Lo resorl 10
very high pressures and swept-volumes, as in the Carnot u}:c.le,l

A comparison of the P-V diagrams of a Carnot and .‘aljrlmg cyele,
hetween given limits of pressure, volume, and temperature, 18 shni.\f_n on
Fig. 2.4. The shaded areas 5-2-3 and 1-6-4 represent the m'l:]mlmml
work made available by substituting constant-volume processes for isen-

tropic processes. The isothermal processes (1-5 and 3-6) of the Carnot

1} mian .

6 b

Fret, 2.4, Stirling and Carnot cycles, The Stirling snd Curnot eycles are superimposed, with

common values for the masimum and minimum empersiares, pressures, and volumes,

Hatched areds on the P=V plane represent the inercased work output of lh:;_Shr]mg II'.‘}'El{:.
Hatched areas an the T=§ plane represent increased heat-transfer af fhe Stivhng cycle.
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cycle are extended to process 1-2 and 3—4, respectively, so that the
quantities of heat supplied to—and rejected from—the Stitling cycle are
increased in the same proportion as the available work. The fraciion of

supplied heat which is converted to work (the efficiency), is the same in
hoth cycles.

The Ericsson cycle

In the Ericsson cycle, the processes of constani-volume regenerative
heat transfer, described above, are replaced by constant-pressure re-
generative processes, This leads to the P=V and T-5 diagrams shown in
Fig. 2.5. The efficiency of the cycle is the same as that of the Carnot cycle
but, as in the Stirling cycle, the net available work and the guantities of
leat transferred are much greater, for given limits of pressure, volume,
and lemperature.

The Stirling eycle as a prinie mover
In the previous discussion, heat, at some high temperature T, was

g

supplied 1o the cycie. Part of the heat was converted to work, and part
was rejected, as heat, at a low temperature T, .. This describes a cycle
operaling as a prime mover, a machine producing work from a high-

temperiture cnergy source, and rejecting heat at a low temperature,

The Stirling cvele as a refrigerating machine

The same ideal machine which was used to describe the operation of
the Stirling cycle as & prime mover can be used to describe the operation
of the cycle as o refrigerating machine, The only difference is that the

H e k] 0 i
W _/'/
¥ i
A U/
L iy
, 7 77
Ay Ve
Te S f
2 & I
— W =

Fia. 2.5, Ervicsson and Carniot cyele. The Ericsson and Carnot eyeles are superimposed,

with common values for the maxdmum and minimum temperiiures, pressures, and valumes.

As-belore, the hotehed arens represent (he incrensed work output and heat-transler of the
Ericsson eyele,

=t
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temperature of the heat supplied from the external source during expan-
sion is lower then the temperature at which heat is rejected from the
working Muid during compression. This is illustrated ip Fig,r 2.6, whf.',rc
P-V and T-S diagrams for the prime mover and refrigerating machine
are superimposed. : ;

When the Stirling-cycle machine is operating as a refrigerator, heat 1s
lifted from the cold zone during the expansion process 3'-4". The work of
compression (area 1-2-5-6) is the same for both the prilnu: mover ind
refrigerator. The work of expansion (area 4'-3'-5-6), in Eht?. case of
a refrigerntor is less than the compression work and work equivalent Lo
aren 1-2-3-4' from an external source, is necessary to drive the cycle.
During transfer from the compression space to the expalnsion space, in
progess 2-3', the working fluid experiences a decrease in temperature,
and a corresponding increase in temperature during the alternate transfer
process 4'=1. _ _ e

The performance of a refrigerator is assessed in terms of its cocllicient
of performance (COP), where

COP = heat lifted/work done = T, AT, — Tl

The COP of the Stirling, Fricsson, and Carnot cycles are the same, lor
piven temperature limits, but the refrigerating capacity of rhr? Stirling and
Ericsson cycles are much greater than the Carnot cycle, for given pressure
and volume limits,

T 3 J
4
Lot 2
i ! " 1
Ta Y
a— 4
_ | |
& 5
(4} (h)

Fic, 2.6. Stirling cycle as prime mover and as conling c::glnr.'._ In I.14I:|I:|| prime movers anil
caoling engines the compression progess GCeurs il temperatore T .. 1_I1u t.erlII.&{ﬂrl proess
geeurs a8 lemperature of {a) T, in the prime mover, and () T, in .“W' conling ENEINE.
Heut is supplied ata high tlemperitire to produce pseful work in the prime maver. Fleat is
ahstracted 1o refrigerite, (0 the coaling engine, amed o net input al work s required,



refrigerating machine, When aperitin
EXpARSDN process oeours al o temperature less than that for the compression pracess, and 1
net inpuat of work:is required, In the hey pump, expansion is al atmospheric temperature,
and the heat rejected during compression, i o high temperatuge, s the useful autput of the
cvele. In the refrigoraling machine, the heat supplied, during expansion at a low lempera-
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The Stirling cyele as a leal pump

As a heal pump, the Stirling cyele operates exactly as it did in the
refrigerating michine described above. with the temiperature of the
expansion space T, less than the temperature of the compression space
Time The difference between operation as a heat pump and reflrigerating
machine is that both T, and Tin 2ire increased. Tn both the prime mover
and refrigerator application, T, is the ambient atmospheric temperature
at which cooling water is available, whereas, in the case of the hent pump,
Tin B8 the temperature at which heal is rejected from the system, and is
the useful produet, for heating 1 concert hall or office building. Therefore,
for a heat pump, T, is above the ambicnt atmospheric temperature, and
heat is supplied 1o the eyele {at T,..), from atmospheric air or river water,
at approximately the ambient atmospheric temperature,

A comparison of the Stirling cycle's performance as a heat pump and a
refrigerator is drawn in Fig. 2.7. In both cases, work from an externsl
source is required to drive the cycle, and is equivalent to area 1-2-3'-4'_ In

i
i 2 |
) o

ih)
Fia, 2.7, Sticling evile #5 0 heat rumgp and a reftpgermting mochine. (1) hest pump, (1)
& s 4 leat pump or refrigerating machine, the

turel is the icaful eafeinoanplo e o =

T
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the case of the heat pump, the useful product is the heat rejected at
temperature T, and the performance of a heat pump is therefore
assessed as

COP,,, = (heat rejected)/(work done) = (T, ) T,.— T.or)-

This is the inverse of the thermal efficiency, whereas the cocllicient of
performance of a refrigerator, namely,

ETDPI:-J = {Tmr}-"l"- 'Tmlu Ly 'Twr]-
15 nol the inverse of thermal efficiency.

The Stirling eycle as a pressure generator

Systems closely related to the Stirling eyele have been proposed, and
are under investigation, where the objective is to pump a fluid, and to
increase the pressure. When the fluid to be pumped is a liquid (or gas),
separated by a diaphragm (or piston) from the working fluid in the
Stirling cycle device, the system can be classified as a Stirling eycle which
is working as a prime mover. In other instances, where the working fuid
is itsell the fluid to be compressed and pumped, there are, invariably,
vilves or other flow-controlling devices; these systems cannot be classified
as Stirling-cycle machines, using the limited definition proposed in the
Introduction. Nevertheless, they are discussed in the literature as Stirling-
cycle machines. In most cases, Muid is added to the cyele when the
pressure is low, and withdrawn at a higher pressure. Heat is supplied at a
high temperature, and rejected at a low temperature. The work during
expansion is greater than the work during compression, by an amount
equivalent to the ‘pump’ work of the compressed fluid.

COMPOSUIE CYOLES
The Feitlinger cycle

The most general form of idealized thermodynamic cycle for Stirling
and other regenerative engines consists of (a) two isothermal processes
where the heat is supplied to and drawn from the system, () two
polytropic processes. In the ideal reversible licat engine it is essential that
external heat exchange occurs only at the upper and lower temperiture
limits of the cycle. Heat reception and heat rejection during the poly-
tropic phase must therefore be allowed for by heat slorage inoa re-
penerator.

This generalized cycle was first analysed by Reitlinger (1876). The
Reitlinger eyele can exist in an infinite variety of forms distinguished by
the character of the polytropic regenerative phases.

Mast intraductions to applied thermodynamics emphasize the singularity

= PrLRT LAY, Saal “uw i ‘ da 8

PR | PO s, MRS e, 2t = e
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Mow it can be seen that the Carnot cyele is simply a Reitlinger cyele
in which the polylropic phases are adiabatic isentropic in character, This
rither forbidding classification simply means that the processes connect-
ing the isothermal heat supply and rejection occur without any heat
transfer (adiabatic) and at constant entropy (isentrapich,

Twa other special cases which have been given names are the Stirling
and Ericsson cycle where the regenerative processes ococur al constant
volume and constanl pressure respectively.

A infinite number of other thermodynamic cyeles may be postulated
in which the regenerative processes are neither at constant volume or
pressure, nor are they isentropic. All these cycles are characterized by the
same thermodynamic elliciency, simply:

ZHeat supplied —Heat-vejected — Tige o
Heat supplied T P

The Rallis ispthermal cvele
Another special case of the generalized Reitlinger cycle was developed
by Rallis (1976)1. The Rallis isothermal cycle is a composite evele defined
by twa isothermal processes bounded by regenerative processes that

occur partly al constant volume and partly at constant pressure as shown
in Fig. 2.8.

,I”

Fra, 208, The Rallis fsothermal regenerative cycle. In this oyele the processes of compris-

siom and expansion are isothermal. The regencerative processes take place partly al conslant-

virlume and  constant-pressuce canditions, 1T the regenerative process. 9 imperfect (he

wirking fluid iy hented repeneratively to temperature The and supplementary heating is
required o temperature Ty,

1L is evident that the Stirling and Eriesson cycles are special cases of the
Rallis composite cycle and some other special cases can also be defined, 1t
is convenient therefore to develop analytical expressions for the general
form of the Rallis eyele and then to reduce these to the special cases as
required.

T Private communicrlion
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The following treatment was contributed by Rallis (19767:

Namenclature:

T, =absolute lemperature of the working uid at state i
v, =specific volume of the working fluid at state i

p, =pressure of the working Nuid at state i

W =specific external work done per cycle

(3, =specific external heat supplied per cycle

R =characteristic gas constant

= specific heat at constant pressure of working fluid
= specilic heat at constant volume

f., =mean effective pressure

y =ratio of specific heats /e,

]
<
!

For convenience in analysis we define the following non-dimensional

paramelers:

T =T,/T, the temperature ratio

r.= vy/u, the compression volume ratio

r, = tyf v, the expansion volume ratio

o= T,/ T,= py/ps the constant volume heating ratio
= "T4Ty=wu3/v, the constant pressure heating ratio
p =T Te=p.p; the constant volume cooling ratio
o= T/ = vyfv; the constant pressure cooling ratio
g =Ty~ TNT,— T, the regenerator effectiveness
11 = W/, the thermal efficiency

£ = p,./p, specilic power of the cycle

Because To=T, and T, = T in this isothermal cyele it follows that;

a=por=r
re=uoriB=arfp
and
To=[elr—-1)+ 11T,
The external work done per cyele is:
W= palv;— 1)+ RTs In re—pulvg— o) - RT Inr,
= pavy= Pyt RTyIn = pyog+pyoy = RTy In v,
=RT,—ap.v+ R, Inr,—opoy + RT,— RT, In v,
=R[Ts—al,+Tilnr,—aT;+ T, =T, In ]
=RT\[r=a+rinf{ar/p)-=ao+1=Inr]
= RT[r{1 +In(aerdm)t—la+o+inr) 1]

(2.1)
(2.2)

(2.3

(2.4)
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The heat supplied exlernally per cycle for Ty =T, =T, is given by
Q.= To— T+ el T5=To)+ RT, In ¥

and for T =T,.=<T,

Qo= cu(Ta—To)+ RT50n v,

MNinw
T1=To=Ta
implies Ti=[e(r— 1)+ 1]T,=aT,
or I$[£{T—IJ+I]!'=’.:1»
and
Te=Tp=T,
implics aly=[elr—)+1]T,=T,
or a=[eglv—1)+1]=r

Thus for T, =T,.= T,

Que=co—{e(r— 1)+ 1}]7T,
te Ts—aT, |+ RT, Infeer fp)

=jop |2=glr— -1 Ylr—a)
I [ (y—1) 1 1] B Infar./p)
_ RT,
R= [loe = D) —£(r — )+ ylr—a) +7(y — Dintar/p)]
(2:5)
whilst for T, ="T,=T,
DI.‘::I ™ ';1||I-T:I = {E{T = ” i -”Jrj-.l-i- H-'r.'l 1”{’-"'1:!"!”
r—elr—1)—1
= RT, l—%”} ‘1~+ T [u{nr,.fp'}J
RT, _ )
={_T_._”I.'}"“ —ellr—11+5(y— Hnieer. /)] (2.6)
The thermal efliciency for T, = T,.=1 » is given by:
__y= DI+ Infardp)} = (e +or+1n r)+ 1]
Tt oy A TN TR e == — [
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whilst for Ty =T,.= ']"3
_ {y— U= +Inlar /) — (e +a+Inr)+ 1] o
¥ y(1=&)r=1)+ 7y — Dinfar./p} :

The effective work output per cycle may be represented by the indicated
mean clfective pressure, defined by 1 f,, = Wistroke volume

_— R+ I"{‘EEEE.}LT_{“ +o+inrl+1]

" {ud_ U:]
_ RTyrdw{1 +In{ar/p)}— (a4 o +lnr)+ 1]
N lH{ﬁri}-_ 1)

or in dimensionless form with respect to the pressure at state 1 as

g = Iﬁan-”':l
== FL.I_T'{l = Eﬂ{m’:-"ﬂ” =letertin el & 1] {2 ]
{err.— 1} :

MNow consider some special cases:

{a) ldeal Stirling eyele

Here
fi=a=1
hence
a=p=rT
and
fo=rf=r

andl since
T =Te=T=T,)
_(y=Dlr{t +Inrl=(s+1+1nr)+ 1]
(z—1)—elv—1)+7ly—1lnr

_ iy —1lr— Diln ¢
(I=£)r= Dt aly = Diny (2.10)

and for e=1,n=1—(1{7} the Carnol efficiency. Also:

tlr(l+nr)—(r+1+Inr)+1]
S =
r—1)

=_r_l—.r—1]]nr T
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{b) Ideal Ericsson Cycle

Here
R=p=
hence
B=a=7
and
fo=r.=1t

and since
T = T)=Tp=Th
: =LT— DL+ o= l+7+In r)+1]
wil=g)ir=11+7{y—1}nr
(y—=1)r=linr

="f“_fj.[7— H-Hw—nﬁﬁ- (2:12)
and for £ =1, n=1-(1/7) the Carnot efficiency. Also
rlrtlHlnorf=(1+7+1In v} -+ 1]
=
(rr—1}
. hr=1lai
T w1} (2.13)

{c) Ideal constant-volume heating, constant-pressure cooling, cycle
Here
p=p=1,
hence
==
and
= .= 7fe,
hence since
Tl =T,= T:'{ A T-.ﬂ
(v— Dir{1+In(zr)}={r+7+nr)+1]
(7= 1} —e(r— 1)+ r(y— Dln(r.)

_y—=1)[r{in{7r.) - L ={lnr.—1}]

T (1—e)r— 1)+ ly— Dinler)

. (y—U[rlnr+inr)—7—Ins+1]
(1=g¥r— 14 s{y—=11n m+1nr]
{(v—1)[rlln 7= 1)+ {r=1nr.+1]

“(l—g)r— D+ rly—Din7+In 1)

M=

(2.14)
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and for e=1

g Ar¥ln e - Ly
r 7 nlTr.)
Also
I 6 A T B i L 1]
' {or.— 1)
__ru[_-r{lr}{'rrc:l— 1} (ln r.—17] (2.15)
(rr.— 1)
{d) Tdeal constant-pressure heating, constani-volume cooling, cyvele
Iere
w=or=1,
hence
p=p=v
and
Fo=radT

hence since
Tel=T)=TusT;
(v—Dle{l+Inlrfr)}— 1+ 1+Inr) 1]
N = &){r— 1)+ 7y — Din(rd7)
o iv— D+ -I-|n['r¢.l'-r_]]-—['| +1“_f'.::|_]

== . (2.16)
vi1—g)z— )+ r{y— Dinlrf7)
and [or =]
—1 (i—m)tinr
S 7 Inir.f7)
Also
g rLr{ 1+ Indrg/ )} — {1 +1n v (217)

(r.—1)
The Rallis adiabatic cycle
Rallis (197611 has also investigated another composite eycle in which

the processes of compression and expansion are assumed to be adiabatic
(without heat transfer) rather than the isothermal processes pssumed

4 Private communication.



an IDEAL THEEMODYNAMIC CYCLES

:rlﬂﬂ'.l.

Fio, 1.9, The Rallis adiabatic regenerative ¢yele. In this cycle the processes of eompression

ind expansion are adinbatic, The regenemtive processes take pluce portly 8l constant-valume

and portly constant-pressure conditions, The working Nuid is heated regenaratively to
temperature T sind the eyele heat is supplied to increase the wmperature to 15,

above. The eyele is shown in Fig. 2.9, Ay before another whole family of
specil cases mav be derived Trom the peneralized case.

In practical engines it is difficult to achieve isothermal compression angd
expansion, Such processes usually turn out to be polytropic but in most
cases can be adequately represented as adiabatic for the idealized type of
anilysis considered here.

The Rallis adiabatic cyele is very similar indeed o a composite cycle
identificd by Mutchinson (1955) as the Walker composite cyele, Professor
Rallis has pointed out that Professor Walker, who originated this evele,
was in fact his predecessor at the School of Engineering, University of
Witwatersrand, South Africa. Rallis attributes the development of the
eycle to Professor Walker., However Walker's inlerest appears (o have
been himiled (o internal combustion cogines and as such he did not
consider regenerative processes. As these are fundamental, it appears
necessary to distinguish between the adiabatic composite cyele with
regencrative  processes  (Rallis) and  without repenerative processes
Waller).

The [ollowing treatment was contributed by Rallis (1976).

Hor convenience in amilysis we define the same non-dimensional
parameters as used previously except that

e={Tu—T)NT;— T3

Note that this definition ol regenerator effect is not the same as used
previoosy.

—
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Whilst
T,=#'T,
To=oTy=oil T,
Ti=pla=afI 'T\=+]" V=T,
T_.]_' — (f'-j I|
T,=pTy=apl,
hienece
afiry = oprl =1 (2.18)
wlser
ro=tyfog= lofug e foa)lesfo) = ord (2:19)
and
To=[eop+(1—)rI T, (2,20

The external work done per cycle here 15
W= palos— )4 el Ty— T —plos— o) = e T, T))
=RT,—aRT,+¢,(T3—T,)—oRT; + RT\—e{1:—T})

Ta=erpT = s 3 =T
_H[T_-L—LH‘:_LT] I_(I—I])_”-!.-{.-TI ._( T_:I_l)]

y—1
w—b -
= w7 [ arra (220 _(Eé_:!)l
—RT,[. eer) .("I-"_l) o+ 1 7
=¢, Ty(r+ —elpty—D—{afy—1)+1}1"] (2.21)

The heat supplicd externally percycle for T,=T5= 1, is given by:

Qm: = {'.vl:: -r'_" ik -r.*.‘-] #+ C:l{Tﬂ - Tl']

g wrd 1—|Lifrp—“ r.}rf"_l yi{7 -ur;’"}}
- =1 =1

= RT"\] [(et—1+e—ayyl'—eop+yr]

T (y—1
= ¢, Ty[yr — pop —{aly— 1+{(1—lrl™'] (2.22)
Whilst for Ty= The=<< T,

C’-'l.‘-ﬁl = L:rll:Ti'l' 1 IE".J'
r_'“'f'1|_'r— gop—(1—&)rl 1] (2.23)

I
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Thus the thermal efficiency for the case T,= T, =T, is given by

yir+ D =erlpty— 1)~ faly- O+

T yr—eap—la(y - D (e {H2H
whilst for T =T <T;
r+1)— — 1 — 1)+ 1!
e
and the indicated menn effective pressure
- _e Tyt ) —e(p+y -1 ~{aly-D+1}r1
" (1= wal
_RTy(et D=alpty—D-{aly— 1+ ]
vy —1Har.~1)
Hence
rlvlr+ 1) —er(p+y—1)—faly— 1)+ 1}
¢= Jylr+1) crh;?"*r“l:!:r“_{];.? 1)+ 1] (2.26)
Lividently for regeneration to oceur Typ= 1,
eop+(l =)y t=rrt
or
Fermun = fmp}' " (2.27)
MNow consider some special cases
(a) Constant-velume cycle
Here
fi=a=1
SR F=ra=1r
hence
a=p=1r"
and sinee
T.=Te=Tu=T;)
_ylrt u—{tn’r* i At ¥ LAY [ et O S
L {{'r.fr" Wy = 1)+ (1=
T[I—{l,l'r* Y=G'=1 (2.28)

:;[.1—[4’.!!"’"}'[— (1—g)er™

IDEAL THERMODYMAMIC CYCLES 33
At £=0 this reduces to the constant volume air standard cycle
n=1-(1/""
whilst for =1 it reduces to

n=1-=(0""7)

MNow
G2 € VL) e Ut V) o
(y—1Hr—1)
and
= [frr P N = g MO0
ar
e AL (2.30)
{b) Constani-pressure cycle
Here
p=p=1
and
Fe=r.=7
hence
B=g=mxr"""
and since
Tyl=Ta)=Ta<T,
L DIt A b ds
T (e = (1=£)r"""]
_ =] {rr=t—1) (2.31)

R R T
which is the same as for the constant volume cyele, as are the values at
=0 and 1 and the value of r ...

However the specificindicated mean effective pressure here is given by
et = (el Yy =y
(y = Dlrr* ") —1]

. el M
(y— 17—

(2.32)
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() Constant volime heating, constant pressure comling eyele

Here
B=p=1,
hence
T = cr?‘,?_1 =T
bul
?‘u= fﬂ'u
then
=y
and
P -1 -
=l = (gl

and since
Ta=10=<Ty(=T,)
_Hr+ 1) ':TJ""E_IJJ"TT_HT."'rE Moy — 1)+ 17!
bl o e T T Y | Sy e
{T_r:_l]'_'r'[fﬂ!':f"']m—I]

Cr=rr )= ellafry ) 1] @33
Al g =1 this reduces to:
_ YR e—
T]—l__"'m_-l &
Whilst at = =1 it reduces to
O 0 5 /1 L o0 b W
(T -r'E"'.I—[{T."r:"}”‘f—r'g’"]
Mo
tdlr —r2 ) = ylrlry " - L}
s — o
¢ (y—1)[{rr )" —1] i
anl
Férmng = [TUT-"IF'ET|1_;.”TJ'J'IL"_” = plirly ”f".l];'rn:.'u
= TJ.-'[T"- B {2 ‘chl_}

(d) Constant-pressure heating, constani-volune cooling evele
Here
e=o=1,

T AT

o A =
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hence
Brit=pri =1

bt

r.=riB,
Lhus

p=afrl
and

p=1frt =g
and since here
T =T)=Tau=T,

T (G e
¥lr—ter et ) = (1—e)rt "]

4 et 000 o (G L R e |

e s 2.36
(7= )= () =] (2:30)
At =1 this réduces to:
I
=11
whilst at £ =1 it reduces to:
s 13 = {2 =1}
W=
Now
rdylr=r2 ) = {2y =1}
= — (2.37)
and
i z_pl.'t'_f— 1y — {T'y’}rgﬁnl;ll}ﬂry 1}
=i/ (2.38)

Mote that in the foregoing, where we have used regenerator effectiveness
rather than efliciency, in case (d) the maximum quantity of heat
which can be rejected to the regenerator is ¢, (T, — T,) whilst the quantity
picked up by the gas is ¢,(To— Tob Thus the maximum value which the
regeneratar effectiveness can have is obtained by equating these two
terms.
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EFFECTS OF ADIABATIC PROCESSES

Using the above theory Rallis, Urieli, and Berchowitz (1977) compared
ideal regenerative cycles having isothermal and adiabatic processes of
compression and expansion. They limited their comparison to cycles with
constant volume repgenerative processes. The cycle with isothermal com-
pression and expansion was the ideal Stirling cyvcle. The cycle with
adiabatic compression and expansion they called the pseudo-Stirling
eycle. For both cycles they assumed that, in some cases, the regenerative
process was less than ideal and assigned arbitrary values to the re-
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For the purpose of comparison a temperature ratio v = T,/ Tiae = 10.33
was assumed. For all cases the ratio of specific heats v = 1.4 was used,

The results obtained for the two ideal cycles are reproduced in Fig.
2.10 (for the isothermal Stirling cycle) and Fig. 2.11 (for the adiabatic
pseudo-Stirling cycle).

In each figure the thermal efficiency n and specific power,t (i.m.e.p.)(p,
are given as a function of the volume ratio v, /v, ... Comparison of these
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two figures illustrates in the clearest possible way the profoundly deleteri-
ous effect on efficiency and output that follows a departure from isother-
mality,

The ported constant-volume regenerative cycle

Rallis er al. (1977) extended their study to include a eycle in which
alternative bypass ports were provided between the regenerator and the
compression and expansion spaces.

The mechanical arrangement of such a system is shown in Fig. 2.12.
Fluid from the compression space flowing to the regenerator hypasses the
cooler. Similarly fluid flowing from the expansion space o the re-
generator bypasses the heater, The system is applicable to the pseudo-
Stirling eyele with adiabatic processes. As Rallis ef al. remark

ot seeins Buitively wasteful to cosl the working medivm after heating by
compression and io reheal it after cooling by expansion ..

The ported engine was conceived by Finkelstein (1952) for engines
with a gascous working fluid, A similar scheme for flow regulation was
used by Malone (1930) in his liquid engines. So far as is known however
the study by Rallis et al. was the original theoretical investigation of the
phénomena.

Using the same temperature ratio 7=0.35 and y= 14 as before the
results they obtuined are presented in Fig, 2.12, The specific pawer is of
course the same as for the pseudo-Stirling cycle but significant improve-
ment in the thermal efficiency was gained over the whole spectrum of
regenerator effectiveness values.

In their paper Rallis et al. (1977) provide Turther details of their study
including conceptual diagrams for reduction to practice of the ported
engine. [t-daes appear to be a concept worth further investigation anid
hopefully experimental work in the area will be undertaken in the future,
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IDEAL CYCLE

Twue Stithing cyele is o highly idealized thermodynamic cyvele, [ consists of
fonr thermodynamic processes including two isothermal expansion and
compression processes and lwo constanl-volume processes,

Thiy ideal eyele s discassed in detail in Chapler 2 along with a number
of other alternative cycles all of which are as idealized as the Stirling
cycle. Engines cannot be constructed to operate on these idealized cycles.
MNevertheless they provide a model for comparison with the way in which
practical engines may operale,

It was assumed in Chapter 2 that all the processes of the ideal cycles
were thermodynamically reversible, i.e. thal the luid was everywhere al
the same instantaneous equilibrium condition. Tt was assumed also that
the processes of compression and expansion were isothermal or isen-
tropic, The lirst assumption requires nfinite rates of heat transfer be-
tween the eylinder walls and the working fluid. The latter assumption, of
an isentropic process, requires zero heat transler belween the eylinder
witlls and the working fluid,

It was Turther assumed that the whole mass of working fluid in the eycle
was, at any particular time, all in the compression space or the expansion

space. The effects were neglected of any voids in the regenerative matrix,

the eylinder clearance space, and any pockets in the eyvlinder or connect-
ing ducts.

The two pistons were caused to move in some idealized discontinuous
way 1o achieve the prescribed working Muid distribution. All serodynamic
and mechanical friction effects were ignored. Finally in most of the ideal
cycles discussed in Chapter 2 regeneration was assumed to be perfect,
This implies infinite rates of heat transfer between the working Auid and
lhe regenerative matrix and, further, that the heat capacity of the re-
penerative matrix is infinite. Under such conditions the temperatures of
the gas and the matrix are, at any point, the same and remain constant
regardless of the direction of fluid Mow.

PRACTICAL CYCLIE

[n any practical engine, all these factors and others combine 1o reduce
the thermal efficiency to well below the Carnot value of the ideal cvele.
The aclurl thermal efliciency may be quoted as a fraction of the theoreti-
cal Carnol elliciency; this ratio is called the relative efficiency,
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A wvalue in excess of 0.4 for the relative efficiency is evidence of a
well-designed machine, The maximum achievable value is about 0,7,

To illustrate the discussion of the ideal eyele, 2 mechanical arrangement
was assumed of two opposed pistons, with an interposed regenerator. The
two-piston machine is one of several different mechanical arrangements
which are to be considered in detail later, One practical version of a
two-piston machine is shown in Fig. 3.1 It consists of a Vee engine, with
both pistons coupled to o common crankshaft, The spaces above the
pistons constitute the compression and expansion volumes: they are
coupled by a duct, containing the regenerator and additional heal ex-
chitngers., 1

In the operation of this engine, a significant departure from ideality
arises as u consequence of the conlinuous, rather than discontinuous,
motion of the pistons. This results (as shown in Fig, 3.2) in a P-V

| H

L L O v P R

Fio. 3.1 Dingram of practict] opposed-piston Stirling engine. 4 —expansion space, H—
campression space, C—repeneralor, D —heater, E—cooler, F—luel inlet, G—air inlet,
H—exhsust products of combustion, J—water inlet, K—witer oullet, L- exiinust-gas indet-
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Frei, 3.2, Pressure—volume diagrams for practical engine. (1) Bxpunsion-spice dingram. (h)
Compression-space diagram, (el Total working-space.

the ideal cycle are not sharply defined.

The processes of compression and expansion do not take place wholly
in one ar other of the two spaces, so that three P-V diagrams may be
drawn, one for the compression space, one [or the expansion space, and
ane for the total enclosed volume, which includes the ‘dead’ space. The
‘dead’ space is defined as that part of the working space not swept by one
of the pistons, and includes cylinder clearance spaces, void volumes of the
regenerator and other heat exchangers, and the nternal volume  of
associated ducts and ports. The P-V dingram for the expansion space
represents the total positive work of the cycle, whereas the diagram for
the compression space represents the compression (or negative} work of
the eycle. The difference in the areas of these diagrams ig the net eycle
output, the ‘indicated’ work availitble for overcoming mechanical-friction
losses and for providing uselul power to the engine crankshalt,

In a cycle where the processes of compression and ecxpansion are
isothermal and there are no friction losses, the difference in the area of
the expansion- and compression-space diagrams will be found to be
exactly equal to the area of the P—V diagram for the total working space.
In & practical engine, of course, this equality does not obtain, because
aerndynamic-flow losses in the regencrator and other heat-exchangers
ciuse differences in the pressure of the working luid 1n the compression
and expansion spaces. Flow losses are important, because (as shown in
Fig. 3.3), they cause a decrease in the area of the expansion-space P=-V
diagram, resulting in (a) a decrease in the net eyele outpul (and, hence, in
efficiency) of a prime mover and (b) a decrease in the cooling capacity and
the COP of a refrigerating machine.

The sinusoidal piston motion results in the working fuid being distri-
buted in a cyelically time-variant manner throughout various lemperature
ranges, and il is not possible to draw a meaningful T-5 diagram for the
toinl mace of the workine Auid. Tt is possible to draw T-8§ diagrams for
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apace representy the work eflectively Jost by Row losses in the regenertor snd other e
cxchongers,

ture range 1o another, but no convenient way has been found 10 combing
these multiple diagrams.

The processes of compression and expansion are not isothermal,
another major departure from ideality, In an engine, running at a
reasonable speed (say, 1000 rev/min), it is likely that the processes are
nearer adiabatic (no heat-transfer) than sothermal (infinite heat-transfer).
In order 1o improve the situation special heat exchangers are often
incorporated (as shown in Fig, 3.1, including (a) a heater, adjacent to the
expansion space, imparting heat to the working Quid, and (b) a coeler,
adjacent to the compression space, absiracting heat from the working
Auid. Despite the advantages of improved heat transfer, the provision of
such heat exchangers imposes some penalties. Additional aerodynamic-
How losses are likely, with the consequent deleterious effect on perfor-
mance, ay discussed above, The dead volume will be increased by the void
volume of the heater and cooler, and this has a critical effect on the
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heated, not only when flowing from the regenerator to the expansion
space, but also when Rowing from the expansion space to the regenerator,
Similarty, the working fluid is cooled when flowing from; as well as to, the
compression space. The provision of one-way flow systems is passible, but
adds much complication o the machine,

Considerations of increased [low loss and void volume (along with
considerations of cost, size, and weight) combine to praduce a comprom-
ise heat exchanger design. Consequently, substantial differences may exist
between the temperatures at which heating (combustion products) and
cooling (water or air) is available and the temperatures experienced by
the working fuid. This is illustrated diagrammatically in Fig. 3.4, and
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might be considered representative of the temperature range established
in a fossil-fuelled water-cooled regenerative engine. The temperatures of
the combustion products and cooling water are 2800 K (5040 °R) and
280 K (504 "R, respectively. The metallurgical limit of the materials used
for the expansion cylinder and heater is (say), 1000 K {1800 °R). This
pravides for a steep lemperature gradient of 2800 1o 1000 K (5040 to
1800 °R) between the combustion products and cylinder wall, with the
patential for high rates of heat transfer. Further temperatore gradients of
(say), 100K (180 °R) between the working Muid and the expansion sprace,
and 50K, between the working fluid and the compression space, might
exist, 50 that the cyclic temperature excursion of the working fluid varies
from (2804 50)=330K (594°R) to (1000—100)=900 K (1620°R).

‘Whereas the Carnol- (or Stirling-) cycle efficiency for the system niight be

caleulated as
n.= (2800 — 280)/2800 = 2520/2800 = 90 per cent,
to give a more realistic picture it should be ealculated as
.= (SO0 — 330900 = 570/900 = 63 per cent.

This example demonstrates one of the major difliculties in the commer-
cial application of Stirling engines—one shared by the gas turbine—the
question of materials. Some parts of the machine (the heater and expan-
sion space), are exposed, continuously, to a high temperature, and are
subject, therefore, to the metallurgical limit of the heater and expansion
evlinder materials,

The allowable temperature excursion of the working fluid in a Stirling
¢ngine is limited to a fraction of that permissible in an internal-
combustion engine using an Otlo or Diesel eyele, where the maximum
cycle temperatures are attained only momentarily. Thus, although re-
generative cycles between given temperature limits are thermodynamically
more efficient than Otto or Diesel eycles, in practice regenerative engines
are compared with pas (or 0il) engines operating with radically different
temperature limits.

Mot all the heat available from combustion of the fuel and air can be
transferred to the working fluid, since this would require a very large
heater. The heat passing to exhaust in the combustion products of a
Stirling engine represents a direct loss, because it must be paid for in
terms ol gallons of oil (or cubic feet of gas burned), but has served no
useful purpose in the engine. An important engine accessory, therefore, is
another heat exchanger (the exhaustfair preheater), used to warm the
imcoming air by heat transferred from the exhaust gas. This heal ex-
changer can be of the recuperalive hr|1|_ or 1he :egenuuhu l],['le In [hL

tornnaratira fumes tlhe s Bodde
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separiated by walls into separate ducts. In the regencralive type, the Muids
Iiu_wr}lltumﬂ[::!y. and usually in contraflow, through the same ]mmu:s
matrix. Il is important to distinguish carefully between the regenerative
heat/exchanger, incorporated as an integral part of the engine, and the
recuperalive (or regenerative) heat exchanger, used as an accessory ol the
engine for exhaust/air prelieating, )

, The continuous motion of the reciprocating  elements, the non-
I:xt:thurnml compression iand expansion processes, the limited heat transfer
i cooling and heating devices, the exhaust-stack loss, the increased déad
space, and aerodynamic-flow loss together constitute the principal reasons
for the failure of most practical stirling engines to fullil their designer's
Ilmp{:s and ambitions, Other eauses of disappointment include dul’:ciencic;
M regeneratar operation, high mechanical-friction losses, temperature
nr|un!:zz|nor] a5 noresull ol relatively massive conduction paths, and fluid
leakage owing to imperfectly designed {(or imperfectly operating) seals.

T

4 THEORETICAL ANALYSIS OF
STIRLING ENGINES

INTRODUCTION

Tueorericar analyses of Stirling engines have been developed with
varying degrees of sophistication,

The most simple analysis is that for the ideal Stirling cyele, where the
thermodynamic evele comprises two isothermal and two constant-volume
regenerative processes; However this involves such gross idealization of
the process oceurring in an actual Stirling engine as to be suitable only for
the most elementary, preliminary design ealculations.

A more realistic analysis was devised by Gustav Schmidt (1871), This
has become the classical analysis of the cyele and is believed to give a
more reasonable approximation of engine performance. Nevertheless, the
analysis remains very highly idealized, so that in practice the indicated
perlormance of an engine will likely be no better than 60 per cent of the
predicted Schmidt eyele performance and, olten, a good deal less.

The reason for this is, primarily, that the Schmidl cycle presumes the
processes of compression and expansion to be isothermal, In practical
engines running at 1000 or more revolutions per minute, this s not the
case, The processes of compression and expansion in the engine cylinders
are more nearly adiabatic than isothermal, This innocent sounding differ-
ence wreaks o profound redistribution of the cyclic mass vanation of the
working fluid and, consequently, on the performance of the engine.

Following the introduction of the Schmidt analysis in 1871, nearly a
century was to elapse before Finkelstein (1960a) devised o peneralized
analysis permitting the theoretical investigation of engines with processes
of compression and cxpansion other than isothermal. The Schmidt cyele
with isothermal compression and expansion processes then became a
special case of the generalized Finkelstein analysis. Another special case
i the eycle with adiabatic processes in the engine cylinder, called here the
Finkelstein adiabatic cyele, With the generalized theory other cases of
limited heat transfer in the engine cylinders may also be considered.

Further developments of the adiabatic model to account for secondary
effects, primarily acrodynamic-flow losses, and thermal effeets are possi-
ble, These make the adizbatic model the preferred level of analysis for
routine performance predictions. The analysis is sufficiently comples o
require the wse of digital computing machines, but only to a moderiate
extent, involving little computer time and reasonahle expenditures.

. LI i b " .
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program now inetalled on a commercial computer network and availa-
Ble for general use on payment of a royalty fee. Later in the closing years
of the 1970s substantial efforts were devoted o Sticling engine simulation
by other workers and a variety of advanced engine simulation programs
have become available,

Aocomprehensive discussion of the generalized Finkelstein analysis and
the subsequent nodal analysis progrums is bevond the scope of this
present work. Therefore in this chapter we shall attempt;

() 1o summarize equations - for the ideal Stirling cyele,

(b} to present in regsonably comprehensive detail the Schmidt isother-

mal analysis,

(¢h Lo outling the Finkelstein adiabatic analysis,

(d} to compare and comment briefly on the advanced level analyses Tor

stirling engines making reference to the source documents for those
who wish to investigate further.

IDEALSTIRLING CYC1LR

Equations lor analysis of the wdeal Stirling cycle are summarized below.
Agpain the reader is advised that the gross idealization of the Stirling cycle
precludes the wse of these equations for anything other than the most
elementiary investigations.

The principal deficieney of the ideal cyele is that it assumes all the
working Quid s, instantaneously, at the same condition in either the
compression or espansion spaces. This implics that the internal void
volume of the regenerator s zero and requires the pistons, or other
reciprocaling elements, to move with a discontinuous motion. The proces-
ses of expansion and compression are assumed (o be isothermal and the
elfects of imperfect regenerition, and aerodynamic pressure drops are not
considered,

A mare complete treatment of the ideal cycle, contributed by Rallis; is
reproduced in Chapter 2. With reference to Fig, 2.3 and the discussion of
the ideal eyele given in Chapter 2 the equations for the ideal cycle may he
summarized as follows;

Required data

(i} Some reference temperature and pressure, or volume, say, condi-
lions, al state 1.
(ii) Temperature ratio 7=T,:./ Tooer
{iii) Volume ratio r= ¥,/ Ve
For unit mass of working fuid, sssumed to he a perfect gas, then

W= RT I Tede the sharmatacislia aae araabiaee

.

e
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Process parcmeters
(a) Isothermal compresyion process (1—2}),

In this process, heat is abstracted from the working fluid and rejected
from the cycle at the minimum eyele temperature. Work is done on the
working Huid equal in magnitude to the heat rejected from the cyele.
There is no change in internal energy, and there is a decrease in entropy.

= VilVi=pn =Ty =T,

Heat transfer () =work done (W)= P,V In{l/r)= RT, In(1/r).
Change in entropy (S;— 5= R In{1/r).

() Constant-veltime regenerative transfer process (2—23),

In this process heal is transferred from the rs:gr:ncruliveﬁmlrix to the
working Muid, increasing the temperature from T, t0 T, No work is
done, and there is an increase in the entropy, and internal energy, of the
working {luid.

Pa= P2 'I'_.,,."'f': = Pz,l'l'r, V:‘q = V-_:.

Heat transfer (O} = C, (T~ Ta)
Work done { W)= 0.
Change in entropy (5,— 8:)1=C, In(1/7)

(e} Isothermal expansion process (3-4).

In this process, heat is supplied to the cycle at a high temperature T,
during expansion of the working fuid. Work is done, by the working
fluid, equal in magnitude to the heat supplied. There is no change in the
internal energy, but an increase in the entropy of the working Auid.

= ValVa=pallirh; Ta=Ta= Ty

Heat transier (Q)=work done (W)=p,Valnr=RT;Inr.
Change in entropy (S,—53)=Rlnr

id} Constant-volume regenerative transfer process (4—1),

In this process, heat is translerred from the working Nuid to the
regencrative matrix, decreasing the temperature of the working fAuid from
T 10 T No work is done, and there is a decrease i the internal
cnergy and entropy of the working fluid.

pi=ps T T =py7, V=V,

Heat transfer (Q)= C(T,;—-T,).

Chanwe in entronv (8. =83 =" ln =
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In the regenerative processes, the heat transferred from the matrix o
the working fluid in process 2-3 is restored from the working Muid to the
maltrix in process 4-1. There is no net gain or loss of heat by the working
fuid or the matrix. Therefore

the total heat supplied (at T, )= BT Inr,
the total heat rejected (at T, )= RTIn{l/r).

heat supplied —heat rejected
heat supplied
wark done

and thermal efficiency =

" heat supplied
=(RTyInr=RT, Inr){RT;Inr

=]—-m

This value corresponds to the Carnot efficiency between the same ten-
perature limits.

THE SCHMIDT CYCLE

The classical analysis of the operation of Stirling engines is due to
Schmidt (1871). The theory provides for harmonic motion of the recip-
rocating elements, but retains the major ussumptions of isothermal com-
pression and expangion and of perfect regeneration, I, thus, remains
highly idealized, but is certainly more realistic than the ideal Stirling
cycle. Provided a reasonable level of caution is exercised in interpreta-
tion, the predictions of the Sehmidt theory can be a useful tool for enging
design,

Principal assumptions of the Schomidt cyele

L. The regenerative process is perfect.

2. The instantaneous pressure is the same throughout the system.

3¢ The working fluid obeys the characteristic pas equation, PV = RT,

4. There is no leakage, and the mass of working fuid remains
constant,

5. The volume variations in the working space oceur sinusoidally.

0. There are no lemperature gradients in the heat exchangers,

1. The eylinder-wall and pistan temperatures are constant.

8. There is perfect mixing of the eylinder contents.

9. The temperature of the working fluid in the ancillary spaces is
constant,

10. The speed of the machine is constant.

———wr —wa.a

THEORETICAL ANALYSIS OF STIRLING ENGINES 51

Nemenclutuwre used in the following analysist

A =a factor (7°+ 271 cos o+ i 290,

I =4 factor {v+i& +28).

K = constant,

M = total mass of working uid,

N =machine speed.

P =instantaneous cycle-pressure.

P = maximum cycle-pressure,

Prican  =mean cycle-pressure;

Poan = minimum cycle-pressure.

r =engine outputl per cycle.

P = PIMRT, dimensionless power parameter based an the unit mass
of working fluid.

Prw = Plp... Vo) dimensionless power parameter, based on the
maximum  cycle-pressure and combined swept volume per
cycle.

Q = heat transferred to the working fAuid in the-expansion space,

the heat lifted.
= QMRT, the dimensionless cooling parameter, based on the unii
mass of working fluid.
Quae = Qf(Prx Vil the dimensionless heat lifted, based on the max-
imum cycle pressure.

[REHE ]

IL = characteristic pas constant of the working foid.

8 = 12X7(r+ 1), reduced dead volume,

Te  =temperature of the working fluid in the COMpression space,
penerally assumed to be 300 K,

I, =temperature of the working fluid in the dead space.

s £ =lemperature of the working fluid in the expansion space.

Ve =swepl volume in the compression space.

Vi =swept volume in the expansion space.

Vi, =total internal volume of heat exchangers, volume of re-
generator, and associated ducts and ports.

Vi =(Vet+ Vi) =(1+«) V., combined swept volume.

Ve  =3Vell+cos ) +3 VL1 +cos(p—a)]+ Vi, volume of total

warking space,
Vi, = maximum volume of total working space,
X = Vip/ Vi, dead-volume ratio,

T Noje: Lower case suffizes indicate instantaneous walues of femperiture, pressure
volwme, and mass. Upper case sullices indicate maximum (or canstanty values. Thus:
E or e refers 1o expansion space;
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i =angle by which volume variations in the expansion space lead
those in the compression space (in fractions of = radians, or
degrees),

8 = (7" + k¥ + 271 cos e ) (1 + c + 28).

] =tan ((x sin a {7+ x cos u)).

i = Vol Vi swept-valume ratio,

¥ = T/ T, temperature ratio.

i =crank angle,

Basic equations

Volume of expansion space V.=3Ve(l+cos ). (4.1}
Yolume of compression space Vo=1V. 1 +cos(di — et )] (4.2)
=3t Vi1 +cos(dh —a)], (4.3)

Volume of dead space, being that constant volume of the total working
space not included in the volumes of the EXPANSIon or compression space,

Vb= XV (<.4)

Mass of working fluid in expansion space, M, = (p. V)I(RT.),
Mass of working fluid in COMpression spiace M.=(p. VIIRT.).
Mass of working fuid in dead space M= (Pa VW (RT,).

Since the total mass of the working fluid remains constant,

My =(p. VRT )+ (p VOIHRT )+ (p, Vil (RT) = (KVN2RT.).
(4.5

If the instantancous pressure is the same throughout the system, and
equal to p, say, and if T, and T, are constant at Ty and T. (hen,
substituting for the volumes, eliminating R, and re-arranging,

Kip={To/ TeH1-+cos i) + k[1+cos(dh — a)] +(2 Vo Tl VeTs).
(4.6)

II' the temperature variation in the dead space is linear in the axial
direction, then the mean temperature

TIJ = T::"' "_l'{ TT_’ Tr’::' i { | = T[_-‘-"ITL ”T::".Ifzj
and, since To/Te= 1 then, from eqn (4.6)
Kip=r{l-+cos¢)+«[1 +eos(dp—w)|+28 (4.7}

where § (the reduced dead volume) = 2 X7f(v+ 1),
To simplify eqn (4.7) consider first

V=l e e ple Wk
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then
v = Y.',-'-‘ cosi 'ﬁ:h
where )
tan # = z/x, z=rsin §,
and
x=rcosfg,
since

V¥ cosld — B) = r*(cos d cos B +sin ¢ sin 3)
reos b cos 3+ rsin o sin 8

=% cos -l zsind
Egn (4.8} is similar in form to egn (4.7) thercfore, by analogy,

Kip=[lr+ wcos o) +{x sin u-]l“]é coslgr =) +r+w+28
= (724 27ic cos a + k3P cosld = M+ 7+ 5+ 28,

where tan ¢ = (i sin a)/{r+x cos a),

i4.4)

Let A=(r+2mcosa+x?, B=7+x+25 and 5= AfB, then

Kip=A cosich— 01+ R
and
[pr=KAB[1+ 8 cosid —0)]).

The instantaneous pressure p is

{a) & minimum, when ¢ =0, ie. (d=a)=10,

(b} a maximum, when ¢ =(8+m), i.e. (d—0)=m,
therefore, pu,,= K/ B(1+5)], and p,., = K/ 3(1-5)].

Thus,
P= Pasal L = B)| 1+ 5 cos(eh — 0)]
= Pt L+ 8N 1+ 8 cos(dr— 8)],
and the pressure rafo
Pi = Pintsd Bosin = {1+ 8)/(1 — 8).
Mean cyele pressure
The mean eyele pressure is given by

-

Phivass = [1.1'11'“'} j h I 'i.l'["._h — &)

)

2
r1.l-17'.r | e i R . st e -

(4 T 0ag
(4.10h)

(h11]
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which ecan be resolved to
Prnean = Pranal (1= 8)/(1 +8) 2. (4.13)

Heat transferred and work done

Since the pracesses of expansion and compression take place 1solhermally
the heat transferred € is equal to the work done P therefore

Q=P= J pd¥v.
I V=4Vl +eos @),
dV'= |V sin ¢ de (4.14)
and, if
P= Pk | = & cos(d— 0)), approximately, (4,15)
where .
then A=25/]1+(1-8%1],

2
0= —%J:1 {Prean Vel 1 — A cos(dh— @) ]sin &) dp

I

—if-’nm.nV:-:J. [sin i — Afcas o cos 0 sin ¢ +sin @ sin’d)] de

il
— 3 Prean Vil =08 o — Af—cos #- 4 cos 2 +sin Bl —1 sin* ) ][5

7
~3mean Ve [ - A sin r?-%’]

+ I Preni Ve sin 6. (4.16)

Expanston space
The variation in-volume-in-the-expansion space follows the equation

V.=1Vu(l+cos d),

which conforms to the required equation (eqn (4.14)), therefore the heat
transferred in the expansion space, from eqn {4.16), is given hy

Q= apycay Vie & sin B[1 +(1—&%1]. (4.17)

’I'h;re is no need 1o invoke the approximate expression for p in eqn
(4.15). Instead, eqn (4.10b) is a suitable starting point; and can be
uumf:nm:lti with eqn (4.14) to caleulate the heat transfer per cycle, O, as
follows:T -

— = _H“”JJ +8) t — Vg mir I+48)
@ ﬁﬁp‘““")Gméma'%"ﬁm='¢d¢=-—L”z‘ =

—— -WI

T Py

=

THEORETICAL ANALYSIS OF STIRLING ENGINES 55

where
B # sin dv b )
L+ & cos (g — 1)

Lel ¢ —# =4y, tan %‘= ty then dep=dar =2 dgf(1 +17) and

fsin e cos & cos desin 0 sin () sin ]
Jis ¥ e A Y 1 A
i 1;[ 1+ 6 cos 146 cos i | cos i iy (4.18)

i ; - ; 2t
=[—cos 0 log(1+ 6 cos ) 152 +sin @l ]5",— sin Hﬂgl oy .r"+"r'.'¥[_1m—-r"i']i

: e
(1+8)+(1—5)*
2 5in n( l—a)% [(1+&1(1—8)1] e

=2wsin—24n 0

Ty Tl :
TN\ s/ T (v al—a)+ e

) in y Vs
=2 sin _z—i“;;f}} [tan Y11= &3 1L+ AriliTe

il
In evaluating the definite integral note that (=1¢ al both limits;
tan” (0} =0, & ete. It is clear from eyn (4.18), if 5§ — 0, that the cyclic
integral must take the value —27sin @ for its thicd lerm. Thus
81=2ar sin 8- 2w sin Of(1— 8%

= 24 sin 8[1— Lj{1- 5%
and

~ = 1Ilxl'_"r‘rmlﬂ':l T ﬁ} ?-‘f Si[‘l ]
2= - =

[1=1)(1=8%]

Substituting for p,, gives
O=— Vopoimsin 01 =531 —1)/5

When the numerator and denominator are hath multiplied by [(1— 6%+
L], this proves to be identical to egn (4.17).

Compression space

The variation in volume of the compression space [ollows the equation
V.=duiVall +cos(h —a)]

aned, by o process similar to that above, we can obtain expressions for the

pressute and volume in the required form, so that heat transferred in the
compression space is eiven by
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Dividing eqn (4.19) by eqn (4.17),
2.0 =[5 sin(# — a)]fsin o
= wlsin & cos o — cos O sin al/fsin 0
= (cos o —sin aftan (),

But tan # =« sin a/iv+ k cos.a) and, therefore, Q/O= — 1

e heat transterred in the expansion space is of apposite sign to the
heat transferred in the compression space, and is numerically different hy
the temperature ratio 7. By analogy, the work done in the two spaces has
the same relationship, Po=—7P., and the net power is P= P+ P.=
(l—7)c2

[n the case of the machine acting as a prime mover T Te, e, r=1,
and the thermal efficiency

1 = (heat supplied—heat rejected)/(heat supplied)
={Q—1)Q=1—7=(Ta— T Tg

This corresponds ta the Carnot efficiency.

When the machine acts as a refrigerator, Te>Ty, Lo v=1. and

the coefficient of performunce = heat lifted/work done
=R -Q)=1/1-n7)
=TTy —Te)

For a heat pump, 7.> T, i.e. 7> 1, and the

cocllicient of performance = heat rejected/wark done
=0NA-Q) =71~ 1) =Tl(Ta—Typ).
This corresponds 1o the inverse thermal efficiency.
Mass distribution in the machine
From the characteristic gas euitiom,

M=pVIRT,
whete p=p, ... (1— 811+ 8 cas(d — ],
(a) Expansion space V. =31V(1+ cos ¢),

The instantaneous mass of working fluid in the expansion space is
wiven by

M, = 3 Vepounl1 =871 +cos d)IRT(1 4 6 cos(h— )], (4.20)

The rate of change of mass of working fluid m the expansion space s

AMfdd = Vipead 1 — 648 [sin(d— #) —sin 8]~ sin $H2RTy

e T = TS T P I T E T St T TR TIE T TN |

R s g T S

P T TTTE ey s e
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(b} Compression space V.=3x V[ +cos(d — all.
The instantaneous mass of working fluid in the compression space is
given by

M. =3k Vi et | = 62F(1 4 cos(d — a) | RT[1+ 8 cos(dh— 6], (4.21)

The rate of change of mass of working fluid in the compression space is
dM S = k ViPaieanl 1 — 821 8[sin(dr — #) +sinle — )]
—sin(d — ) J2ZRT [ 1 + 8 cos(dh— )
(e)-Dead spave (Vi =XV, constant),
The instantancous mass of the working fuid in the dead space is given
by
J.hdrr = |.:( VEPmnnn{J l‘i“"z:l'i-]llil-l2?-|r:l‘|.-l + lﬁ Cﬂsldl P ﬁ:]' {4'22}
The rate of change of mass of working fluid in the dead space is
AM,fdd = [ X Vi Puewl 1 — 81 8 sin(¢d — 8) ) RT[1+ 8 cos(d — )]
Now dM, +dM_+dM, =0, so that the total mass of working fluid My is
constant. Now,
M= ViPreanl 1 =87 B{7(1 +cos ¢)+ k[ 1+cos(d — a}]
+ZSHIRT 1+ 8 cos(dr— 1))
and, when ¢ =),
M= VPl = 8P 7+ 8+ (1/2)(1 +cos a) | RT (1 -+ & cos 0).
(4.23)
Heat lifted and engine output in dirmensionless units
{8) The heat lifted per unit mass of working fuid, combining eqns
(4.17) and (4.23) is given by
Quass = QM RT .= w8 sin 81 +8 cos §)/{(1 - 871 +(1—8%]
[T+ (/21 Fcos a)+ 8] (4.24)
Similarly, the net engine-output per umit mass of working Auid is

given by
Pmmu = fjfhr1-R‘I“: = |: -~ Tl Dmu“' "4"2'5}

tb) Non-dimensional expressions, in terms of characteristic pressures
and volumes, may be devised as follows. The combined swept
volume is piven by
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Conthining this with eqns (4. 13) and (4.17), then

r-)mn:r = Gﬁf{fjmn: .V"'I.'_} :I'?T'r-l_ IS}} i SJIJ'.I ﬂ]}f[fl - H.'}H H- 5]}{1 —'{l —ﬁ-'l}-ll]-]

{<.26)
and

P = {1l 7) Qi (4.27)

THE FINKELSTEIN ADIABATIC CYCLE

] _I-'i_nkuisl:e.in (1960n) devised a generalized thermodynamic analysis of
stirling engines in which the processes of compression and expansion
were not confined to isothermal conditions. Tn this generalized analysis
the processes of compression and expansion in the engine cylinders could
b ﬁpl:-:cjliud to occur anywhere between the two liniting cases!

(a) isothermal (infinite rates of heat transfer between the working pas

_ and the eylinder walis),

(b} adiabatic (zero rates of heat transfer between the working gas and

the cylinder walls),

'I'h_u. model assumed that, in the heater and cooler, infinite heat transfer
and isothermal conditions prevailed so that fluid in the heat exchangers
weals always at the upper temperature Tg or the lower temperature T,..
I'he temperature of the working fuid in the eylinders varied during the
C;.-'Eit‘ and could be greater or less than T (in the expansion space) or T,
(in the compression space). l

Fin}-_:cie-aluin'ﬁ generalized analysis retained all the other significant as-
sumptions cnumerated above for the Schmidt cycle so that it remained
highly idealized. Nevertheless the possibility for non-isothermal processes
represented the most significant theoretical development in nearly a
century. -

The limiting isothermal case of Finkelstein's theory corresponded
uxnluﬂy to the Schmidt eyele and equations were given lor the adia-
E;ailw !imiLinE case and for other cases intermedinte between  these
fimits. The theory was readily amenable 10 numerical anilysis by standard
r11f:lhmis. Significant simplification of the generalized analysis wus at-
tained by the assumption of adiabatic conditions (zerp I]ualrlrimsiur] in
the compression and expansion cases,

In his presentation, Finkelstein included only one set of numerical re-
sults. This referred to a heat pump with the lemperature ratio v = T,/ Ty =
2. The coeflicient of performance of 1.0 with isothermal processes was
teduced to 0.543 with adiabatic processes. Similarly Stoddart (1960)
f:_u_m.d that a Stirling engine prime mover having a Schmidt cyele (Carnot)

elficiency of 50 [:fr cent with isothermal compression and expansion

L e { FERR, N
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Later Khan (1962) investigated the effect of variation in the principal
design parameters and obtained numerical results for a large number of
different cases with adinbatic compression and expansion processes. Some
of these results were summarized by Walker and Khan {1965).

In the adiabatic cycle the thermal efficiency became a function, not
only of temperature (as in the isothermal cycle), but also the swept-
volume ralio, &, the phase angle, @, and the dead volume ratio X. The
power output was, of course, a function of all these parameters in both
the isothermal and adiabatic cases. The results presented by Walker and
Khan provided for the first time some indications of the effects on
efficiency of design parameters other than temperature, One unexpected
result was that with increase in the dead space of the engine the thermal
efficiency of the engine increased even though the power output declined
(as predicted by the Schmidt theory).

More recently Lee (1976) has reconsidered the Finkelstein adiabatic
cycle including the preparation of a fast, well-behaved computer program
in Fortran 1V language. The program, containing extensive documenta-
tion to facilitate understanding is reproduced in entirety as an appendix to
Lee's thesisT.

Fig. 4.1, reproduced from Lee (1976), shows the cyclic temperature
variation of the working fluid in an adiabatic-cyele Stirling engine having
temperatures of 1000 K in the heater (Ty) and 300 K in the cooler (T
so that +=10.3. The phase angle o= 1057, swept volume ratio k=
Vol V= 1.0, and the dead volume ratio X = V,/ V.= 1.0, It is interesting
to note that the temperature of fuid in the expansion space was less than
the heater temperature for much of the time. The mean lemperature in
the expansion space was 900K, A difference of 100K below the heat
temperature T, In the compression space the mean temperature of the
Auid coincided with the cooler temperature of 300 K.

Significant work using the adiabatic cycle approach was reported by
Qvale and Smith (1969) and by Rios and Smith (1969). They consider a
hasic cycle with adiabatic compression and expansion and then separately
assess the effects of irreversibilities. This approach allows for independent
study of individual heat exchange components in # series of successive
approximations that can be extended to the required degree of
complexity.

Very little has been published so far about theoretical work on Stirling
engines at the Philips Company or their licensees. Mention is made in the
various papers about the extensive use of computers and the ability to

t Copies of the thesis by Lee may be obtained through the wsual channels or by direct
annliention #0  Wallere Dleansdewat af Wechanicol Frrineerine. Dlniversite nf Oaleare.
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Fic. 4.1, Cyelic temperature varation of the working Muid in the expansion and compres-
sion spaces of a Stling engine operiting with adiabatic conditions in the two spaces {alter
Lee 1976).

predict engine performunce to one or two per cent of test-bed perfor-
mance. In this regard it is interesting to observe that Percival (1974)
wrofe:

In 1964 il was concluded that there was 51l too much deviation between sctual
and predicted engine performance particularly for the 59 kW (80 hp) cylinder
size. The real engine always rejected more heat and produced less power than the
analytical engine.’

No doubt substantial improvements have taken place in the subsequent
decade and there is no reason to doubt the claims made in several
publications by workers at Philips of the ability to predict very closely the
performance of actual engines,

Various straws in the wind gathered by the author over the years have
led to the understanding that a family of computer programs has been
developed by Philips. The various programs are thought to include some
overall eycle-simulation programs for the complete engine at various
levels of sophistication and complexity whereas others are available for
the detailed simulation and design of single components or sub-
assemblies in the engine, i.e. heater tubes, coolers, erank mechanisms ete,

S0 far as can be interpreted, the basis of the Philips thermodynamic-
analysis simulation program is closely similar to that developed by

Qenlbh frafaraman alamaad PR I0 Rd Do aldn B L s - e e
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One of the main strengths of the Philips company is that close adher-
ence aver many years o similar design configurations has permitted (he
accumulation of extensive practical experience, On the basis of this,
experience, 'ludge’ factors of the proper magnitude can be judiciously
applied to the analytical results to provide close and realistic simulation.

Indirect confirmation of Philips use of the adiabatic cycle with sup-
plementary corrections was provided by Feurer (1973) of MAN/MWM, a
Philips licensee, in his splendidly illuminating discussion of the effect of
phase angle (@) on the power output and efficiency of a Stirling engine.

Feurer selected his engine parameters as representative of a single-
cylinder Stirling engine built by MAN/MWM where ‘measurements and
caleulations were largely in agreement.’ The principal parameters for the
example were:

Working gas Helium
Speed FSOM rpm
Mean pressure 12,2 M N/m? (120 atm.)
Cooler temperature {inside) T5°C{L6T )
Heater temperature (inside) TS "C (1382°F)
Carnot elficiency 6 per cent
Heater volume L em® (6.1 in™)
Cooler volume S56.5cm” (3.4 in)
Regenerator volume 145.3 em™ (887 in)
Piston diameter 0 mm (3.9 in)
Stroke S0 mm (1.97 in)
Connecting rod length O mum (3.4 i)
WVariable parameters:
Phase angle U= rad (0-180 degrees)
Dead volume 00,40, 100, 200 em™ (0, 2.4, 6.1, 12.2107)

Diameter of connecting duct LOW, 50 20 mm (3.9, 1.97, 0.79 in).

He first caleulated the power output and efficiency as a function of phase
angle for the Schmidt cycle having the above design conditions and
obtained the results reproduced in Figs. 4.2 and 4.3, These results refer to
the case with zero dead volume, but in his paper Feurer gave results for
nine other cases with different dead volumes. Also included in these
figures were the results calculated for the adiabatic cycle.

Feurer then corrected the resulls for the adiabatic cyele to include the
‘adiabatic residual losses’, descrihed gz follows:

"When Lhe semi-adiabatic maching was caleulated, it was assumed that he
temperature curve differed from the ideal temperature curve, but it was nlso
assumed that this difference was in phase with the pressure curve, as in the case of
the ideal processes, This difference—the influence on the pressure amplitude has
already been allowed for—also has an influence on the phase displacement
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temperature in (his velume clement would resull in o different mass, i.c. the
deviating temperature curve would produce a different mass distribution in the
evele and this would resuli in a differeni peessure distribution, As compared with
the old, ideal pressure distribution, this new pressure distribution has shifted by a
certain amount. Thus, the following applies;

A difference between the ideal lemperature in the eylinders, leat exchangers
anel connection spaces on the one hand, ond the actual lemperature in these
componentspnthe other inevitably-resulls.in-o--phase—displaeement-belween
pressure and volume.

These losses, which are called ‘adiabatic residual losses’, are probably at their
maximum wheno the largest pressure amplitudes occur on account of the phase
displacement,

Al a large phase angle of the volumes, Leo when the volume hetween the
pistong is only moved o and fro by the pistons and the pressure amplitude {s only
produced by the difference in temperature between the hot side and the cold side,
thig influgnee becomes nepligible.’

The magnitude of the adiabatic residual loss is shown on Fig. 4.2, Tts
effect is shown on both Figs, 4.2 and 4.3 as the difference between the
curves for the adiabatic cyele and that including the adiabatic residual
loss,

A Turther correction was introduced to allow for the aerodynamic-flow
loss resulling [rom the transfer of fluid aboutl the engine. The magnitude

Al the ascoaddimamin Aam boe le alon sl e Te A7 TR aadn daal

THEQRETICAL ANALYSIS OF STIRLING ENGINES (3
BO
| Mo dead volume
Schmidt evcle
a
B0 | . P H L
e Mdliahatic cyele ._____...-"'
= — i \!I. --".-..- f’__,.-
| e
=

e i -‘I. -
Includes adiabatic r
regicdual ioss

Thermal afficiency {per cont)
&
‘

Inchades Mow loss

20— —
Ineludes thermal
conductivity loss

|
i} bl e ] 1260 150 | B

Phase angle o
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volume the flow loss was rather small as shown on Fig. 4.2 but was
greater for the other cases considered by Feurer. Maximum volumes of
the flow loss ocourred at high values of the phase angle where the preatest
mass fow rates of gas were involved.

Fally thermal losses by conduction were included. These had no effect
on the enging power output and only a relatively minor effect on the
efficiency as shown by Fig. 4.3,

The above is an abbreviated, inadequate, summary of the very impor-
tant paper by Feurer, published simultaneously with another of equival-
ent significance (Zacharias 1973). Those responsible for the publication of
these papers are warmly commended for their refreshing candour in
presenting such fascinating material.

Hearsay has it; and the conference papers published in 1978 indicate,
that a change in management policy at Philips will result in the future
publicattion of material having greater significance than in the past. If true
the trend is to be encouraged for they have been remarkably coy,
tevealing no more than the momentary ‘flash of we ankle’”. The current
heavy research investment of public funds in the U.S. will demand *full
Jrontl exposure’ and will, no doubt, Aush out an inleresting item or two
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NEHFAL AMALYSIS

Modal analysis of Stirling engines was pioneercd by Finkelstein (197 5a)
but tater, several other nodal analysis programs were prepared indepen-
dentiy.

In nodal analysis programs the attempt was made to model the simul-
taneaus energy and Muid Nows ocearring in the engine and thus simulate
exactly the engine cycle and performance. This was achieved by writing
und resolving equations for the conservation of mass, momentum and
energy for particular nodes, cells or elements of the engine. The equa-
tions were too complex for general analytical solution and, thus, were
solved numerically in terms of small incremental time steps. The equa-
tions were invariably reduced to one-dimensional form with additional
simplifications introduced depending on the anthor,

A complete and comparative discussion of the various programs de-
veloped and available is beyond the scope of interest of this book (as well
as beyond the competence of this author). Readers are therefore urped to
consult the source documents referenced in the following notes,

All the nodal analysis programs are basically similar in their peneral
approach. The design of engine to be simulated must be known in exact
detail to the extent that the mechanical arrangement, cylinder-wall thick-
ness and material, heal exchanger tube diameter, fin dimensions or matrix
pore sizes are all specified. This design is then broken down, as experi-
ence dictates, inlo a number of nodes elements or contral volumes, Some
operating conditions must be specified such as charge pressure, and
temperature of the energy source and sink,

Differential equations for the conservation of mass, momentum, and
energy must be developed and gencrally converted to dilference equa-
tions. Empirical formulae for the acrodynamic-Iiction and heat-transfer
effects must be included, and an equation of state [or the working Muid, A
mathematically stable method must then be found for numerical solution
of the difference equations to resolve the pressure, temperature, and mass
distribution in the engine at the end of a particular time step, given the
conditions at the beginning of the step,

The usual procedure for solution is to start with some initial arbitrary
assumed conditions and then proceed through several engine cycles until
quasi-steady state is achieved, that is when the instantaneous cyclic values
of pressure, temperature, and mass distribution are not significantly
dilferent from the preceding eyele,

Finally the cyclic pressures and volumes are integrated o caleulate
work transfers, Heat flows are estimated and the overall thermal effi-
cieney computed,

Ir| mast cases an mullmmnl ‘:-Lhmull cwln_ l}rpn LalLulnlmn is included
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Fiti. 4l Three-dimensional representntion of the gos tempermture versus node position
and cyelicangls in & Stirling engine {alter Schock 1U78R).

The results are presented in a variety of formats. Typically the input
data in terms of engine geometry and operating purameters is restated for
comparison purposes. This is followed by tabulations at selected cyclic
crank intervals of pressures, temperatures, velocities, mass content, and
mass velocities at representative stations in the engine. Finally considern-
tions of the overall cycle are presented. usually in terms of enerpy
Aows, work terms, heal transferred, or ratios of these such as the thermal
efficiency.

Most programs now incorporate automatic plol routines so that, if
required, the data can be presented pictorially as well as, or even instead
of being tabulated. Some remarkable three-dimensional pictures can he
produced in this way. Figs. 4.4 and 4.5 were piven by Schock {(1978a) and
are typical of the interesting and informative representations achieved by
computer automatic plot routines. These particular diagrams show the
variation in temperature with node position or volume as a function of
the cvelic anele.
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Finkelstein nodal analysis

Following the important development of the adiabatic analysis discus-
sed above, Theodor Finkelstein continued working on increasingly
sophisticated theoretical aspects of Stirling engines. This effort culminated
during the late 19605 in the adaptation of the NASA Thermal Analysis
Program (T.A.P.) to Stirling-cycle simulation and the creation of what is
believed 1o be the first nodal analysis program,

The first practical application of the simulation program was at the
University of Calgary in 1968/69 in support of the development of
miniature cryogenic cooling engines for the British Ministry of Technaol-
opy, Fig. 4.6 shows a simplified cross-section through the cooling engine.
Fig. 4.7 shows the two-dimensional representation of the engine used for
the nodal analysis simulation, This work was briefly discussed by Finkel-
stein, Walker, and Joshi (197 1), Following some further refinement and
development, Finkelstein (1975a) presented the theoretical basis for the
analysis and described the numerne differencing technique for solution of
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Fig, 4.6, Simplified cross-section of small Stirling-cycle cryf_ygunic conling engine, J-;I.—
regeneralor,  B—compression space, Ce—piston, [—expansion space, E—cooler, F—
displacer rod,

The Finkelstein nodal analysis program is now installed on o commet-
cial computer network and available for peneral use on payment ‘H,ﬂ
royalty fee. Potential users may obtain further details from Dr. T.
Finkelstein, TCA Ine., P.O. Box 643, Beverley Hills, Ca,

Urieli nedal analysis

lsrael Urieli, a mature graduate student working under the Hupewilsion
of Professor C. Rallis at the University of Witwatersrand ] hi:iﬁ provided
the most complete and comprehensive tl]'st:uSEi:?lll'l _{Urm!} 1977} .n[
Stirling-engine simulation by nodal analysis. His {htesrs 5 .m{Iu.m,:d :'cmlfng
for all those professionally interested in the field of Stirling-engine
computer simulation, A good outline of the E.ppr.uzmhf and one more
readily available than copies of the thesis, was provided by Urieli. Rallis,

Ja
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Fici. 4.7, Two-dimensional representation of the oodal snalyss network for the small
cryngenic cooling engine showi in Fig. 4.6,
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The thesis contains a complete program listing in Fortran language of
the complete Urieli program. The program is likely to be applicable to
engines of a configuration other than the model assumed for investigation
by Urieli. However experience with other computer programs suggesls
that very substantial effort would likely be required to establish a fully
aperational version of the Urieli program.

It is understood that work in the nodal analysis field continues at the
University of Witwatersrand under the direction of Professor Rallis,
Activity includes experimental work (o validate the computer model and
the investigation of alternative theoretical models (Berchowitz, Rallis, and
Urieli 1977).

Martini (1978a) states that the Urieli thesis contains three errors in the
main program and that corrections may be obtained from 1. Urieli, Ormat
Turhines, P.O. Box 68, Yavne, Istael,

Up-to-date information about his work on Stirling engines may be
oblained on application to Professor €. Rallis, Department of Mechanical
Engincering, University of Witwatersrand, South Africa.

Sutipower nodal analysis pragram

Gedeon (1978) has outlined the techniques of Stirling-engine simula-
tion in use al Sunpower of Athens, Ohio, manufucturers of the Beale
free-piston Stirling engines. Numerical simulation is an integral part of
development at Sunpower. Engine refinement and program validation
proceed hand-in-hand with routine daily exchanpes between the staff
engaged in laboratory and theoretical work,

It is understood that the Sunpower program is fast and fully validated,
It is, in reality, a complex of programs capable of cycle simulation at
different levels of sophistication as selected by the program controller.
The program is self optimizing to the degree and according to criteria
specificd in the program input,

There is no doubt that in the field of Stirling engines, Sunpower has
accumulated the greatest body of practical cngine development and
operating experience, supported by computer simulation, outside of
Philips and their licensees. It is therelore gratifving to note that the
Sunpower simulation programs are available for peneral use on a
contract basis, Furthermore, active moves are afoot (Beale 19781 1o
install the program on a commercial computer network and to organize
‘schools” for education in the use of the programs. Further details of this
and other aspects of Sunpower Stirling engine development may be
gained from William Beale, President, Sunpower Inc., Athens, Ohio.

F Theliimiin s e s bdin 1
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Schock nodal analysis program

Schock (1978a) has described the Stirling Nodal Analysis Program
(SNAP) prepared by Fairchild Industries under contract to the U.S,
Depirtment of Energy in support of a Beale free-piston Stirling engine
developed by Mechanical Technology Inc, and Sunpower Ine.

The Schock program appears (o be closely similar in many respects 10
the Urieli program deseribed above and developed simultancously. It is
well described in the draft report (Schock 1978a) referenced above and
presumably intended for gencral distribution as a U.S, Department of
Energy Contractor Report. An abbreviated description may be found in
the paper (Schock 1978b) listed in the literature for the 1978 Intersaciety
Energy Conversion Engineering Conference,

It is expected that the program may be validated with reference to the
perfotrmance of the free-piston engine described by Goldwater and Mor-
row (1977), Furthermore it is possible the program could be installed and
made available for general use on a commercial computer network.

Details of the status of the program may be ohtained from Allred
Schock, Energy Systems Department, Fairchild Space and Electronics
Co,, Germantown, Maryiand.

Lewis Research Center nodal analysis program

Row Tew and others [Tew 19787 at the NASA Lewis Research Center,
Clevelind, Ohio, have developed a Stirling-engine nodal analysis pro-
gram as part ol the total DOE/NASA Stirling Engine Automelive
Program. The description of the Lewis program given by Martini
(1978) sugpgests that it may be less rigorous than the Schock or Urieli
programs referenced above,

Simultaneously. with the theoretical work, experimental studies are
being carried out at the Lewis Research Center (Cairelli ef al. 1977). 1t is
thought to be likely that in the long run, the final answer to computer
simulation and experimental validation will be placed in the public
domain by the team at MASA Lewis Research Center. Readers are
therefore urged to consult the current literature relating to the
DOE/MNASA Stirling Automotive Engine,

Further details may be obtained on application to Robert Ragsdale,
Stieling Engine Project Office, NASA Lewis Research Center, 21000
Brookpart Road, Cleveland, Ohio.

Finegold! Vanderbrug nadal analysis program 3

Fincgold and Vanderbrug (1977) have outlined a nodal analysis pro-
gram for Stirling-engine simulation developed at the Jet Propulsion
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for underwater applications. Present stilus and potential applications of
the computer program are not known.

Orgar nodal analysis progran

D Allen Organ formerly of King's College, University of I.mldnlnf How
with the Schaol of Engineering, University of Cambridge, has published a
series of recent papers indicative of a powerful nodal nnalysi.r_: type
program in formation, if not yet fully developed. Readers are advised to
consult recent contributions or contact Dr. Organ directly for an up-10-
date appreciation of the status of development,

Philips/ United Stirling/ MANIMWM nodal analysis progranis

Several papers have hinted at the existence and use of nodal EI.H.'-E]}'R'lE
type programs at Philips and their licensees. No delﬂﬂs_h:wa been given.
[t is understood that for general design work, adabatic-cycle programs
are preferred over the more sophisticated nodal andlysis programs.

SUMMARY

Stirling-engine simulation by nodal analysis is an expensive, 1'II'|.’1IT‘—
consuming aclivity to be reserved for those professionally engaged i
Stirling engine development and application, or for those academics
engaged in the training and education of engincers al the graduate If:_w.L_

At the present time no comprehensive companson or uwl.uatmln i5
available of the various Stirling-engine simulation programs described
ahove. Martini (1978a) has attempted the preparation of a design manual
including a comparison of the various theoretical procedures. However he
has unfortunately concentrated his efforls principally on isothermal type
analyses with m'ﬂy passing reference to the more spphisticated nodal
analyses.

Therefore at this time Stirling engine analysis is largely a horse-race
where ‘you pays yer moncy and ver takes ver choice’,

In terms of nodal analysis, the programs by Urieli  and
Finegold/Vanderbrug are completely listed in the references cith above,
However neither of these programs has been exlensively validated by
reference o experimental data. Similarly the programs by Schock and by
Tew are neither listed in the relerences cited and have yet Lo _hq_-
extensively validated experimentally. Furthermore, at the time of writing
neither program is installed and available commercially.

Finkelstein's program is available commercially on payment of moder-
ate royalties but no adeguate documentation of validity with refercnce o
practical engines 1s available, :

Finally, the Sunpower program i available commercially and has ‘Ineen
validated extensively during the development of Beale-lype [ree-piston
s Tha anelisakility of the program Lo engines with crank mechan-
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thought to present no particular problem, for it is generally reckoned in
the trade that, from the aspect of simulation, free pistons are more
difficult to bandle than disciplined pistons.

Therefore, at this time, for those wishing to obtain a4 computer simula-
tion or optimization of a Sticling engine concept (1978) the program of
choice has to be the Sunpower version followed by Finkelsicin model.
The situation is extremely fluid and could change profoundly in a short
time. One possibility is that Philips or their licensees could offer consul-
tancy services to evaluate new concepts using their undoubted expertise
and experience in the field. Various straws in the wind suggest this may be
more likely a prospect than previously so thal enquiries of this nature to

Morth American Philips, United Stirling, or General Electric may well be

approprinate. .

Whatever the model selected it is certain that the few companies and
individuals wishing to operate at the highest levels of Stirling engine
simulation and oplimization must be prepared to nvest several weeks and
considerable Tunds to establish the program procedure and to aceomplish
the work.

For those unable to afford the luxuries of nodal analysis a close study of
the excellent manual by Martini (1978a) is recommended. The validity of
his enthusiasm lor so-called ‘second order design’ methods is not vet well
established. Users of the manual are therefore cawtioned to be dis-
criminating. OF particular concern is Martini’s view thal an isothermal
analysis corrected for various thermal and fiuid effects can be an adequate
basts lor design.

The visceral feeling of this author is that the adiabatic cyvele with the
proper thermo/fluid corrections can be appropriate for most serious work
in the design and optimization of Stirling engines, The adiabatic cycle
does require the use of digital computers il not to an unconscionable
degree and these are now so readily available that their use may be
considered routine by most engineers. The adiabatic eycle, while a long
way [romm actual conditions, is a good deal better than the isothermal case
and requires only minor computing cost and time compared with nodal
analysis, Readers sharing this view are therefore referred to the thesis by
Lee (1976) and to the works of Ries, Ovale and Smith referenced below,

At yel an carlier stage in design isothermal analyses may be adequate,
Martini (1478a) has developed techniques suitable for analysis using the
small pocket caleulators.

Finally at the start of a project it is usually sufficient to carry out a
simple Schmidt cycle caleulation using the equations given above. To
attain the likely performance ol a practical engine one simply divides the
clliciency and power output by two (if one is an optimist) or by three (if
one is a realist),

5 PRELIMINARY ENGINE DESIGN

IMTRODUCTION

Power output: the Beale number concept

WiLLiAM BEALE observed several years ago that the power output of
many Stirling engines conformed approximately Lo the simple equation:

P:U.Ulﬁrw’.f.‘r Vi (5.1)

where P=engine power {(walls),
p=mean cycle pressure (bar),
f=cycle frequency or engine speed {1::t1rt?.],
V, = displacement of power piston (e k.

This can be rearranged as B/(pfV,) = constant. The chuulim‘J was f ni.lm? by
Beale to he approximately true for all types Ell'l.f.l sizes of Ea_.hrl_m i :.,lnb:ner-":
far which data were available including free-piston F!'lﬂl:h'lﬂﬂh anc 1 U.'r’:'
with crank mechanisms. In most instances the engines UPETECIJ with
heater temperatures of 650 “C and unnlu..:r temperatures of h._ (i s
The combination FHpfVy) is dimensionless group that may e ;”1 LI
the Beale number. Now it is self evident that the Beale number -:m! -16}::
function of both heater and cooler tmnper:llturus‘. Recent work by the
authar leads to the conclusion that the rulalm]‘nsh:}'r ol Beale uurnl;cl;: 1.:!
heater temperature may be of the form shown in Fig. .5'1 by t.l'_tc .E1u]|' ”“—"1._
Although the relationship is shown for the sukn-:‘uf cl'rl.nly as a sing -:: 1:14: i
must of course be understood that the l'clftfmllshl]‘.l shown Ii:’rdil] bmssl
approximation and particular cxarppl-:s of engines |11th Lic[:ulrll‘u'-'i & mn;z
be cited, Nevertheless, a surprisingly large |1uml:uf:1 IEJE cngines m'] i
found to lic within the bounds of the uunﬂdgnce 'Imu_ls' d!‘ﬂW]jl L'![\'IIEIli.LI.
side of the proposed relationship. Well-designed, high-elficiency l.!llllih
with low cooler temperatures will be tunccﬂlrulm_i near the up;l:::r |:}‘.'II'I.I!1:‘. :
Less well designed units of moderate ulﬁclicm*y with high cooler tempeta-
tures will be located at the fower extremily. -
The applicability of a simple relationship such as 111? Beale numL tfj. l:x
clearly limited. Nevertheless, it provides a handy guideline for both .1:.1 =
ﬂf—f:n:-’ﬁ:lﬂ])ﬂ' style calculations for new projects and [or newcomers o the
o ine vi . capability of Stirling engines.
Many have an overly sanguine view of the capabili y of : .g ol

One frequently hears proposals to converl small mir:rnal‘ LEIJI:I:j us [f_r|1T
engines to Stirling engines operaling on low pressure air :m1 I.I.SIIII'lj:
furnace heat or solar energy to produce severa! kilowatts Ui. pn'lr'.-i.':r, 1?
Beale number is useful For dispelling such hlght hopes, h}lr m:imp.lt,,
consider a small internal combustion engine having two eylinders with
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(-(rH}
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Beale Moo (Pfarf )

£ L] 104K 12001
Heater temperatare (k)

Fio. 5.1. The H'_-ﬂ!u m_lm]lrl as 0 fusetion of heater temperature. A degign puadeline for
estimating the power output (P of Stirling engines in watls,

clianlmlur and piston strokes of, suy, 5 em. The engine may be modified 1o
equip the two cylinders with heaters, regenerators, coolers and displacers
to operate as a Stirling engine. Assume the working fluid to be at a low
pressure, say 2 bar ((L2 MMN/m?), Then, the power output at a speed of

1200 revolutions per minute may be estimated using the Beale number
concepl as: -

P=010px[x ¥y
1200
=015 % 2x—x—x52K5
6 qxﬁ ®5

=75 walts approximately.

Clearly such a low power will come as a disappointment to our
enthusiastic newcomer. Furthermore, it is likely that the mechanical
friction will be greater than the power generaled and so the engine will
never tun or, if it does, will barely be self-sustaining.

RPN e Ll et oo, ST B o P e Y H
i wirnla dmneidar tha faneant af 8 laroe Sticline
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agricultural of industrial wasle for stationary power generation. Assume,
arbitrarily, an output of 746 kW (1000 horsepower) pet cylinder with a
mean cycle pressure of 20 MN/m® (200 bar), with helium working fluid and
a frequency of 30 cycles per second, corresponding 1o & speed of 1500
revolutions per minute.

The size of engine cylinder required may then be computed from the
Beale number. There is some evidence thal the Beale number is conser-
vative for large engines. Furthermore, i such a high capital cost applica-
tian, a sophisticated design with adequate cooling might he expected,
Therefore perhaps it would be reasonable to double the value of the
constant in egn (5.1) from 0.015 to (.03, Finally, it is advantageous at this
stage to recall, from the aspeel of seal, bearing, and piston-ring wear, the
altractions of an ‘oversquare’ engine, i.e. a large bore and short stroke,
Here we will arbitrarily assume il stroke that is one half the piston
diameter,

Therefore, the piston swept volume:

o D
V.,-‘E Do« E 1:".!'2]
55 the Beale number P/(pf V=003 may be rearranged as:
Vo= » (5.3)
03pf
ar
r
1530 g 5.4
(wD7){8 00357 (5.4
ga that
A f——BE
= 5.5
& \’([Lﬂﬂwp{) (258)

In our example
P = 100 746 walls
p=20 aMM/m™ (200 bar)
f=30

soy that

=, _,'( Bx7.46 % 10° ]
TN 03 x w2002 30

=21.9cm

Therefore, the diameter of the cylinder required is 22 em and the piston
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Thermal efficiency

Sinilarly crude approximations [or thermal elliciency of Stirling engines
may be used. The most efficient engines approach values a little in excess
af 60 per cent of the thermodynamically ideal Camot value. Most are
nearer 5{ per cent of the Carnot value and wvery little has to be
overlooked or eliminated before the cfliciency 15 down to 40 or even 30
per cent ol the Carnot value. Design maodifications to developed engines
s0as o elTect economies or ﬁimpiificul[un in production should, therefore,
always be carelully assessed for the effect on elficiency.

Depending on one's philosophy as an oplimist or as a realist, a
prabable value of 40 to 3 per cent of the Carnol efficiency may be
assumed. The thermal efliciency of an engine may then be estimated
stimply as-the-ratio:

(5.6}

Power oulpul T = T
'T? P = [ q ( ks IIIIIIJ

" Heat Sltpp]iud_ T

Cf course now Lhe problem arises as to what values o use for the
temperatures. As a general rule, for engines equipped with non-speciul
high-temperature steels for the hot parts, an average temperature of
600 "C may be the maximum tolerable. For the cocler, in lemperale
zones with adequate water cooling available, a temperature in the range
20-80°C may be achieved. Let us assume g value of 207°C. Then the
engine efliviency may be estimated:

(6004 273)— f_zn+2‘::1_;|]'

=0.5 el
7 [ (600 +273)

or cven more approximitely;

i\.JEII[I—}[II{J)
e [ e ] AR i
T ( T per cent

This must be recognized as o rather high efficiency to be achieved only by

T Mote the use of absolute temperatures in compating the thermal efficiencies. Tempern-
fures mensured (by thermersuple or mereory in glass thermometers) in degrees Centigrade
muy he converted 1o the thermodynamic seale temperatures, in Kelvin, by the addition af
273, thus:

" = {10+ 2738,

Simlagly, temperatures measured in degrees Fohrenboit muost Be converted Tor ther-
meidynamic calculations fo fhe wbsolute temperttiure degrecs Bankine by the wddition ol
460, Thus

J2F=1212-+ 4603 "R,

Sinple degrees have exactly the same magnitude of temperature change in the Contigrade
and Kelvin seales and are equal to LB degrees in the Bahrenheit amd Rankine scales,

TEETe
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the most careful attention in design to minimize losses. Most engines will
operate initially at one hall or less of the above efficiency hut can often be
develaped (o approach the 30 per cent value if higl efficiency is the prine
itteress.

It must be emphasized that such calenlation methaods are suitable anly
for crude design approximations. Nevertheless, they provide a ready
means for ‘hack-of-cnvelope’ estimations which may be uselul in techni-
cal meetings or at the concept stages of new, previeusly unexplored,
projects.

Connprression reetio

Whatever type of engine configuration adopted, it is dilficull te increase
the palume: compression -ratio. much- above. lhe value V V= 2.5
Atternpts to increase this compression ratio will almost certainly result in
there heing inadeguate void volume in the internal heat exchangers. This
will result in either inadeguate surface arca for heat transfer or high
pressure drops because of excessive acrodynamic friction pressure,

Ag g conscguence of the low volume compression ratio the pressure
FAHO | Pronel Pre) in Stitling eogines is very low compared with internal
combustion engines, 11 ravely excecds a value greater than 2. Further-
maore, the rates of pressure change are very low for the pressure charac-
teristic is virtually sinusaidal in Form, This has important consegquences 1o
engine design particularly with regard (o bearings and shafis,

Consider now the pressure level in the engine, If the minimum cycle
pressure is 0, 1 MN/m? (| atmosphere) and the pressure compression ratio
i 2. then the maximum pressure will be 0.2 MN/m® (2 atmospheres) and
the mean pressure will be (W15 MM/m® (1.5 atmospheres), If now the
minimum pressure is elevated to 10 MN/m® (100 atmospheres) the max-
imum pressure will, to a first approximation, increase to 20 MN/m” (241
atmospheres) with a mean pressure of 15 MN/m® (150 atmospheres .
The ranpge of the pressure excursion (Po../Pmie) has increased from
0.2=-0.1=0.1 MN/m* (Z—-1=1 atnosphere}) to 20— 0= 10 MMN/m'
(200 — 100 = 100 atmospheres), This elevation of the mean pressure leve|
From 0,15 1o 15 MN/m® (1.5 to 150 atmospheres) resulted in an increas:
in the range of the pressure excursion from 0.1 to 10 MN/m® (1 to 100
atmospheres). The werk produced is directly proportional to the range of
the pressure excursion and, therefore, to the general pressure level in thz
engine, Increase in the pressure level will increase the engine outpul
directly.

The work of the engine may be estimated from the mean pressure of
the engine. However the eylinders must be designed to withstand the
maximunt cylinder pressure. Given the pressure ratio (P Puw) = 2
then. approximatelv. p....= (3o
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CYLINDER MATERIALS

‘The necessary wall thickness of a eylinder to contain a given pressure
may be estimated from the simple equation:

_pd
2

o {5.7]
where o= maximum permissible stress

7= maximum internal pressure

if =cylinder internal diameter

f =wall thickness.

The maximum stress to be used in the eaieulation depends on the material
to be used for the cylinder wall, It should be some fraction, say (1.5, of the
vield or proof stress rather than the ultimate stress, The vield stress for
metals ranges typically from 138 to 1034 MN/m?® (20000 tw 150000 1bs
per s ind and varies widely with temperature. The safe stress declines
markedly and progressively with clevated temperature, Therelare eylin-
der design should not be undertaken without a good knowledge and
understanding of the materials to be used and the temperatures likely 1o
be attained. Frequently, the superior strength characteristics of alloy
stecls are achieved by particular forms of heat treatment or mechanical
processing and can be profoundly affected by operation at high or éven
moderately elevated temperatures,

A complete discussion of material properties is bevond this text.
However it should be clearly understood that selection of proper materials
15 the key to success and due regard should be paid at the design and
development stage.

As a general rule the hot parts will likely be constructed From materials
having superior strength characteristics a1 high temperatures. They will
most Jikely be alloys contiining an appreciable praportion of nickel and
chromium. Stainless steels, typically an allay of |8 per cent chromium and
8 per cent nickel, are readily available in a wide variety of sizes and forms
and can be used for most early prototype development work,

In design of the engine care must be taken to avoid the creation of
‘stress raisers’. These are areas where sudden changes in section occur
such us corners, kevways, slots ete. where the local stress levels may be
several times greater than the mean stress, This can lead to the formation
and development of cracks that will eventually result in mechanical
failure of the component. ‘Stress raisers’ can be avoided by careful
attention to design to avoid sudden changes in section by the use of well
rounded corners and fillets, large diameter holes, efe. There are many
excellent texts on the design of mechanical machine elements which
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Free 5.2, Applieation of domed cylinder Beads and displacer t0 aveid local stress conceal-
pp 3 J
ration,

The significance of local stress concentration is particularly important it
high temperatures and for this reason many cylinders have curved or
domed ends rather than a simple plane end. This is illustrated in Fig, 5.2.
The reciprocating element operating in the cylinder, the piston or dis-
placer, should of course have a shape ut the end corresponding 1o the
internal form of the cylinder. This is necessary to reduce the ‘clearance
space’. to a minimum—that is, the volume in the eylinder above the
displacer at the top dead centre position.

Drome-ended metal forms for displacers and cylinders may be acquired
from many unlikely sources as an alternative to ‘one-ofl’ manufacturing
which tends to be expensive. Many model engines have been constructed
with the cylinder and displacer made from aluminum cigar cases, one
fitting inside the other. At a somewhat higher level, excellent stainless
steel hemispherical forms in a reasonable range of sizes and wall thicknes-
ses may be found among the soup ladles in the better class kitchen or
commercial food equipment stores. These may be readily welded to
stiainless steel tubes to [orm the required shape,

Oppaortunities for such innovation ahound and should not be over-
looked by the designer anxious (o minimize the time and cost of produe-
tinn,

THERMAL EFFECTS
Thermal conduction
All materials conduct heat to o ereater or lesser extent. Melals are
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of heat conducted by # given material is characterized by the physical
property called the thermal conductivity, k. The units of thermal conduc-
tivity are watts per square metre of cross section in the direction of heal
flow per metre of thickness of the material per degree centigrade
temperature dilference across the thickness of the material, L.e. kW/m °C.

The amount of heat conducted along a cylinder from the hot end to the
cold end may be estimated from the equation:

_kAAT

Q. [

(5.8}
where (, = rate of heat transfer (watts) by conduction along the cylinder
walls
le = thermal conductivity of the material
A =area of cross section for heat flow = el
AT =temperature difference between the hot and cold ends of the
cylinder
I =length of cylinder,

Therclore

whadil AT

i

= —, (5.9)
i

It will he recalled [rom the ahove discussion of the Beale number, that

approximately,

P——{cﬁTJp_r'%TrI:L (5.10)

where I = piston stroke. We know [rom the stress egn (5.7) that p=
(2ir)fd so that

21

P={cAT)—
d

,r%r d’L= -'zf{c-:. TyarifdL. (5.11)
Therelare, the ratio,

Zk),ru KLl (5.12)
where K s a constant K = (eogf2k). This illustrates the interesting fact that
the ratio of power to heat transfer by conduction, is (1) Independent of
eylinder dianeter, wall thickness and temperature ratio, (2) strongly depen-
dent on the length of the cylinder, the piston stroke and eyelic frequency.
The ratio £/, which clearly, should be as high as possible, is in-
creased by the use of a cylinder material having a high strength {(high )

and o law sondostivite (low Y Fartnnatelv  sininlese eteel 2 s material

i i 1

Rt ]
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which combines the characteristics of high strength at elevated tempera-
tures with thermal conductivity, Furthermore, it is available at moderate
cosl and can be readily formed and joined by welding or brazing, It is
therefore the preferred choice of material for most serious prolotype
engines. 1t is often replaced by more exolic materials in the ‘second-
round’ sophisticiated advanced designs of prototype engines,

Shuttle heat iransfer

An important thermal effect found in Stirling engines called ‘shuitle
heat iransfer’ has the effect of increasing the apparent thermal condue-
tance loss, 'The elfect comes from the reciprocating action of the displacer
in the cylinder, There is a temperature difference along the walls of the
cvlingder and the displacer. from the hot end to the cold end. With the
displiacer in the top dead centre position the temperature profile of the
displacer along the length may be very similar to that of the adjacent
eylinder wall as shown in Fig. 5.3, Then the displacer is moved (o a region
where the temperature of the cylinder wall is much less. Consequently
heat will be transierred (by gaseous conduction and radiation) from the
hot displacer wall to the cooler eylinder wall.

A similar process will occur if the cylinder wall temperature is above
the displacer wall temperature when the displacer is returned to the top
dead centre position. In this case of course the direction of energy Qow
would be Trom eylinder wall to displacer. Thus a progressive stepwise heal

1 TF

SR T
| Temperalure
{ profle of

Ill' cylinder wall

Temperalure
profile of displacer
P
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Fio. 5,3, Diagram illustrating shaftle beat transfer in Stiching engines, As the displacer
mirves from e top to bottom dead centre the hot parts of the displacer are adjacent to the
eooler cvlinder walls, The effect iy 1o increase the heat transfer from the displacer to the
evlinder walls. =0 increazine the effective thermul conduction loss.
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transfer occurs, evocatively christened by Finkelstein as the ‘bucket-
brigade loss” but which has become known, more mundanely, as shuitle
heat lranster,

The ellect can he very important, particularly in small eryogenic cooling
engines and most studies of the elfect have been directed to that applica-
tion (Zimmerman and Longsworth 1971). It corresponds to an effective
increase in thermal conductance but s diflicult to estimate until the
esipn of the engine is complete.

It is self-evident that the shuttle heat transfer loss can be minimized by
the use of a small stroke, However, given a particular piston swepl-
volume, the vse of a small stroke implies the use of a large diameter. This
i turn reguires a thick cylinder wall and large cylinder circumference
which combine lo give a large cross-section area for simple conduction
heat transfer. This is true for both the cylinder and displacer wall
conduction. Therefore, with use of a shorter stroke, the gain in reduced
shuttle heat transfer may be largely offset by an increase in the condue-
tion heat transfer, Martini {1978d) has summarized available data on
shuttle heat transfer. Judicious generalization of his recommendations
Jead to the following approximate equation which may be uscd, with
caution, for estimation of the shoitle heat transfer:

Q.= 04L% ke - {Te— Ta)/(S- Z)
where 2, =shuttle heal trunsfer, walls
L = displacer stroke, cm
k = gaseouns conductivity of working fuid Wm™' gk
£ = displacer diameter, cm

1 = heater temperature, I,
Ti- = cooler lemperature, K,
S =annular gap hetween displucer and eylinder, em,

Z=length of displacer, cm.

RECIPROCATING ELEMENT

In Chapter 6 different mechanical configurations that may be used for
Sticling engines are discussed. In all of these systems, various reciprocal-
ing members are included. In general, these may be divided into two
categories: pistons or displacers. The difference is illustrated in Fig, 5.4
which shows a diagrammatic representation of an engine arrangement
known a5 the *piston and displacer in same cylinder’ engine.

The cylinder contains two reciprocating parts, a piston and, above it, a
displacer. The upper part of the cylinder above the displacer is the
expansion space at high temperature. The space between the piston and
displacer is the compression space and is al ambient temperature. The
twa spaces are in mutual communication through the heater, cooler, and

T
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Frei. 5.4, Stirlimg engine armamgement known ns The _‘;:ﬁ.rrtn:m BndILI!S[ﬂ[\mI in umme
eylinder’ usirating the Jistinetion between o piston and a ihisplivees,

The pision is the component used to 1:_:.‘1_rl1_~.-::ri the E_"m??u.a cnj:rgg.r n[1 the
working Muid to mechanical work for driving the load, This may be ¢ mlm
directly, in the free-piston engine, or through u:r:mk.muuhumsm in the
case of a ‘kinematic’ engine, This energy transfer requires that the pistan
he a structural member sulliciently robust ta withstand all the gaseous,
mechanical, and inertia forces imposed on il . .

There is likely to be a large prossure difference Acrass th;: piston
between the working space and the crankcase. Therefore the piston also
carries a seal to isolate the working space. The seal seryes 13:}1}1 to pmvll.:.m
the cgress of working fluid and the ingress of |uhr1l.:al:.'l1.. T.!Iu.a latter is _ﬂ
very important function of the geal, to prevent contaminabion and block-

2 & enerilor. ) )
EL:"S:! 1:::111r-|:iiuturt: of the environmenl above m.-'d below the [‘Jj.‘%[ﬁ.‘rﬂ is
approximately the same, so the piston ma;.r_hu Eies-gned \'u_'ll]‘lﬂ!.ll rlngar o
tharmal effects apart from thermal expansion in the radial direction.
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A piston may therclore be characterized briefly as a component having
a high delta p and zero delta T, in other words, a high pressure difference
and o zero temperature difference across the upper and lower lransverse
faces.

Aodisplacer is quite the reverse and may be characterized as a compo-
nent having a zéro delie p and high delta T, in other words, no pressure
difference but a large temperature difference between its ends, A small
pressure difference does in fact exist, equal to the pressure drop across
the regenerdtor and associated heat exchangers,

A displacer must therefore be constructed as a lightweight structural
element required 1o sustain only low pressure and inertia forces but with
minittum thermal conduction loss. This leads automatically to the classical
displacer construction shown in Fig, 5.4 of a light, hollow, thin-wall
envelope having a dome end and o length two or three times the
diameter, The shell may be reinforced at intervals along the length by
harizontal plates, spot welded, brazed or simply pushed into the displacer
shell, These serve as radiation shiclds and, principally, to reduce internal
convective heat transfer,

Enpgines of moderate to high specilic output are pressurizcd to very
high pressures of the working Nuid. In Stirling eagines used for automo-
tive applications the pressure of the hydrogen working fluid may ap-
proach 200 MN/m* (30001b per sq in), In such cases an important
decision must be made about the internal volume of the displacer. [t may
be either pressurized or unpressurized. If unpressurized, the walls of the
displacer will need 1o be sufliciently substantial to prevent crumpling of
the shell. When exposed to the maximum eyele pressure this will increase
the mass of the displacer and hence the inertia loading and also the
thermal conduction loss along the walls of the displacer shell, The
alternative is to pressurize the displacer internally but if the unit is
pressurized and sealed during construction then the walls must he suffi-
ciently thick to contain the high internal pressure against zero external
pressure when the engine is being construcled or maintained.

A better alternative is to provide a very small hole (less than 0.0254 e
or 0.010 in diameter} in the displacer so that some of the working fluid
may pass into or out of the shell as the pressure of the working fluid
changes. The hole must be made very small so thatl the rate of fluid Now
in normal operation will be small and the internal pressure will be
approximitely constant and equal to the mean pressure of the working
Auid. It is vital that the flow 1o and from the displacer be restricted
otherwise the internal volume of the displacer will become part of the
internal void volume, the dead space, of the engine with conse-
guent deleterious effects on both the power output and  thermal
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In every case it is likely to he advantageous to fill the displacer void
volume with thermal insulation to minimize convective heat transier.
Solid cellular or fibrous materials suitable for high temperatures may be
used but powder insulations are best avoided,

Double-acting engines

Ly Siemens double-acting engines # single reciprocating element per
cycle is wsed. Successive cylinders are coupled through the regeneriator
and the associated heat exchangers so that the hot expansion space of one
cylinder (above the reciprocating element) is connected to the cold
compression space (below the reciprocating element) of the adjacent
cylinder. In this case the reciprocator serves both as a displacer and a
piston for there is hoth. a significant pressore and temperature difference
hetween the ends and work is transmitted from the displacer/piston to the
lovid,

Pision side forces
A ovariety of kinematic mechanisms may be used to couple the recip-
rocating pistons or displacers o drive shafts. Many of these mechanisms
result in side forces of variable magnitude acting to push the reciprocator
against the side wall. Consider [or example the simple crank connecting
rad systems shown in Fig, 5.5(a). The force C acting along the line of the

fck Rhombic drive
mechanism

(b} Crosshend crank
shider mechnnism

{0} Simple crank
slider mechanism

Fio. 5.5, Kinematic mechanisms lor reciprocating drives, The simple erank stider mechun-

der b fak naneas a8 side theoet sl tha aleinn asalael the sulisdas wnll
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connecting rod A-# may be resolved at the small end bearing B into
vertical and horizontal components V and H respectively.

The horizental component H, the piston side-lorce, causes a vertical
drag force between the piston and cylinder D=pH where p is the
coeflicient of friction and acls in a direction apposite to the direction of
piston motion. The side force also results in increased wear of the rulibing
surfaces,

And wear, whether due to side forces or not is particularly unwelcome
where a very high pressure difference has to be contained by seals in the
piston, Efforts must be made therefore to separate the COmponents
respansible for sealing and for absorbing the side forces atising from the
kinematic mechanism. One possibility is to use the cross-head arrange-
ment shown in Fig. 55(b), This type of arrangement is used in the
MAN/MWM and United Stirling engines discussed in Chapters 14 and 15
respectively.

An alternative mechanism to eliminate piston or displacer side thrust is
the rhombic drive shown in Fig. 5.5(c). This type of arrangement s
well-suited for use on single-eylinder, single-cyele engines and is discus-
sed in Chapter 12 in relation to Philips engines.

SEALS

Sealing is undoubtedly the most difficull recurring problem in Stirling
engines, The best way 1o increase the owtput of a Stirling engine of given
size is to increase the pressure of the working fluid. Pressures therefore
tend 1o be high, Further, high-output engines use hydrogen or helium as
the warking fluid rather than the heavier gases such as air, or carbon
dioxide. Seals are therelore required in the piston to contain the Muid in
the working space and prevent its leaking to the crankease,

Smill engines may be designed so-that the crankease is pressutized to
the minimum cycle pressure. In that case the piston scal is required 1o
seal only the pressure difference between the working space and crank-
case pressures ranging from (P, — Pon) =0 0 (P — Pain) Where ..
and p, are the maximum and minimum cyele pressures of working fluid,

Engines with pressurized crankeases will have a further seal, a dynamic
rotary seal, where the crankshaft leaves the crankease 1o contain the
crankease pressure. Alternatively, if the engine is to be used for produg-
ing electricity, the generator can be built integrally with the crankease so
that a static seal only is required where the power lead passes through the
crankease.

As engines become larger, use of the pressurized crankcase becomes
less allractive because of the size and weight of the structure necessary fo
contain the pressure, In these cases the piston seal must contain the cyelic

¥
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Much work has been done by Philips on seals, initially close tolerance
seals, and more recently, on the rolling diaphragm seals discussed in
Chapter 12. Other companies have developed alternatives to the rolling
seal. A great deal of cffort has been invested by United Stirling on the
multipart sliding seals discussed in Chapter 15. A similar cartridge seal
system is under development by the Ford Motor Co. for use in Sicmens
type double-acting engines with a swash-plate drive, Seal development is
an important part of the program sponsored by the NASA Lewis
Research Centre for the Stirling automotive engine.

For sliding seals that are dry lubricated (or unlubricated) Quorocarbon
materials are preferred, particularly polytetrafluoroethylene, commonly
known as PTFE or the trade name ‘Teflon’. This is characterized by a
very low friction coefficient, A specially compounded PTFE material
known as ‘Rulon A" has a wear resistance that is orders of magnitude
greater than Teflon and retains many of the other attractive properties.
‘Hulon A’ is therefore the preferred choice of material for Stirling engine
seals, Percival {1974) has provided some interesting data on the use of
Rulon seals in the General Motors Stirling engines discussed in Chapter
13.

One form of piston seal developed by William Beale and used with
moderate success by the adthor is shown in Fig. 5.6. The seal is turned
fram Rulon bar or sheet stock, and is machined, so that the seal lip is
about L0254 em (0,010 i) over size on the nominal diameter (with a
S.08 em (2in) bore), The seal is tapercd o a dinmeter about (L0254 cm
((LOT0 in) under size al the lower face. A parting tool is used 1o cut the
seal away around the periphery, to leave a thin fexible lip about 0.95 cm
{zin) long, The seal is mounted on the piston by means of epoxy-cement
or & holding plate, and, when inserted into the eylinder, will be very tight.
standing overnight, the seal will become relatively free, and will become
loose after working a few times up and down the cylinder. The cvlinder
should be made with a hard metal surface honed and polished.

Another form of piston seal is shown in Fig. 5.7. This embodies Rulon
piston-ring grooves cul into the piston similar to conventional internal

Meminal 4 (-0 in

BJTHE‘—_( .. ?

R

Momamal = 0-018 in




Hi PRELIMINARY ENGINE DERIGHN

Moynted w_ith ppoxy-adhesive
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e, 5.7, Bulon seal and guide rings

combustion engine practice, Two thin rings of rectangular cross section
about (.24 cm (5 in) to 0.32 em (§in) thick will be found more effective
than a single thick ving, The rings should be a ‘sleppy’ fit in the piston
ring grooves and should be supported or backed by some Kind of metal
spring ring lightly pushing the ring radially outwards. The ring should be
split by a radial slit cut into the ring when mounted on a mandrel,

Meither the ring nor the lip seal described above offer guidance to the
pistan and so it will most likely be found necessary to provide puide rings
in addition to the seal rings. In Fig. 5.7 the guide rings are shown at the
axial cxtremities of the piston. They may be solid rings mounted by
adhesive on a mounting plate to the piston. Alternatively, they may be
split to facilitate mounting in & ring groove. In either case the ring should
bie @ snug shiding fit in the eylinder and a close L in the ring groove. The
guide ring should be relieved al intervals around the cireumference and
shaped so the actual circumferential contact of the ring with the cylinder
is @ ling or a small surface area.

[n olher anEnuH, particularly free-piston machines, good resulls can
often he obtained with close tolerance seals: A typical design is shown in
Fig, 5.8. It consists, simply, of a well-fitting piston sliding within a
cylinder. For best results the piston should be of a length that is at least
twice the diameter and relieved at intervals along the length by circumfe-
rential grooves about (.16 to 0.24cm (15 to &5} long and deep. The
grooves should be spaced al regular intervals about ene hall inch (1 cm)
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Fra. 5.8, Close tolerance senl.

The leakage past such a seal will be found to be proportional t the
cube of the clearance between the piston and the eylinder, Therefare, it is
essential that the clearance be reduced to the absolute minimum that will
allow relatively free sliding ol the piston in the evlinder. In producing the
seal finish, grinding will be wvsed to bring the unit close to nominal
dimensions [ollowed by multi-stage lapping and honing Lo final size,
Thermal expansion effects will require the use of similar materials for the
cylinder and the piston. Best results are likely to be attained with hard
rubbing surfaces attained by hard anodized aluminum surfaces or by hard
chrome plate or carburized steel surfaces,

In all the above cases, particularly where very high pressures are to be
used, it will most likely be advantageous 1o construct the cylinder as a
composite assembly of two components: (a) a thin-walled inner liner of
high internul concentricity, with the appropriate internal plated or anod-
ized finish and supported at the ends of (b} an enclosure serving to
contain the pressure. Standard hydraulic cylinders are very suitable for
adaptation as the internal high concentricity liner in Stirling engine
cylinder assembhblies,

Whatever the design of surface treatment adopted it will often be
helpiul to apply molybdenum disulphide powder to the rubbing surfaces
befare their aperation,

All of the seals discussed above may be used in experimental protolype
engines and are likely to provide a variely of experiences. Seals that are

arnmnarantly idantical will hehowve in Aiffarant wnos sad  Fooloecesmesa ol
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behave differently from one day te another in ways that can be exceed-
ingly tedious and frustraling.

The abscnce of & design that will give reproducible Friction and leakage
characleristics, combined with high cost and practical skill in manufacture
and use of the above seals, means that none of these are feasible for use
in. production engines, A variety of commercial seal designs have been
evalualed in rig tests with disappointing results. In some cases the sliding
Friction was high or in others the leakage was not tolerable. Furlhermore,
the same order of uncertainty was noted in the predictability of the
results. There is-a real and urgent need for further work in seal design {or
Stirling enpines.

Whatever the design of seal developed, it is probable that the friction
power ahsorbed and the seal life will be a strong function of the rubbing
velocity, t. For a given engine displacement V), the length of stroke is:

v = 2 'V,',,_ f'; 13)

T wD? S
The mean rubbing velocily is:

w=2Ln (5,14}

where tt=engine speed in cycles per second. From the above it can be
seen the rubbing velocity is therefore inversely proportional to the square
of the eylinder diameter. The rubbing velocily can evidently be reduced
by enlarging the cylinder diameter but of course this has the undesirable
clfeet of increasing the circumference of the seal (in direct proportion to
the diameter) which increases both the friction foree and the length of the
leakape path, A pood compromise is a design where the stroke is about
half the cylinder diameler.

Pereival (1974} has provided extensive discussion of the experience at
General Motors with seals for Stirling engines and is recommended for
close study,

DIL CONTAINMENT

All ol The above has been directed (o the problem of minimizing
lenkage of the working Muid [rom the evlinder, Another sealing function,
equilly imporiant, is o prevent cgress of oil lubricant info the working
space. Leakage of oil into the engine cylinder is bad because, eventually,
it poes inle suspension as fine droplets in the working Nuid and is
thereupon ‘filtered’ out by the finely divided metallic matrix of the
regenerator. This partial blockage of the matrix pore space increases the
pressure drop theough the regenerator which reduces the power output of
the engine. The temperature of the hot parts then increases because less
heat is absorbed in expansion. Perhaps increased fuel may be supplied to
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ture of the hot parts, The increase in temperature causes the il trapped
in the regenerator to carbonize which [urther increases the pressure drop.
This progressive and cumulative deterioration in performitnee continues
until eventually the engine becomes overheated and either the heater
tubes or the regenerator matrix ‘burn out’,

It is tempting to avoid these problems by using pre-packed, sealed,
grease-lubricated hearings, or ‘Oilite’ phosphor-bronze, oil-impregnated
hearings, or the many proprietary Teflon or Rulon Bearings. These are
peifectly acceptable approaches in experimental or prolotype engines and
for short operating periods. For long-term operation, none of these has
proved satisflactory so far, and it is likely that lubricating oil will have to
be used for the bearings in the crank mechanism. In that case the problem
of preventing epress of oil to the working space will need to be con-
fronted and will most likely be found a particolarly difficull problem o
overcome.

Carbonaceous materials, frequently impregnated with bronze, silver, or
other metal powders are used as oil-free bearing materials in many
applications. Unfortunately carbon loses its favourable lubrication prop-
ertics in very dry atmospheres. Little published data is known about the
use of carbon-based malerialy as bearings with hydrogen or helium
working fluids at high pressure. Attempts by the author to incorporate
carbon-based materials in the seals and bearings of small cooling engines
met with & mixed and on the whole, unfortunale experience.

There is u real need for fundamental friction and wear studies of
compound materials in non-oxygenated atmospheres. 1F such work has
already been done it is not sufficiently well-known to those who could
profit from its application.

One of the many attractions of free-piston Stirling engines is the
apportunity they provide (o operate with gas Tubricated bearings using the
working fluid itselfl as the lubricant. Mo oil or grease is involved. Another
significant advantage of free piston machines is the elimination of wear
due to side thrust arising {rom the erank mechanism.

DBEARINGS

I Stirling engines the pressure ratio P Pa. rarely exceeds 2, and the
rate of change of the pressure is very low compared with internal
combustion engines. This means that loads on the crankshaft bearings are
likely to be much below the loadings that are commonplace in other
piston engines. The bearings can therefore be reduced substantially in size
compared with those that ‘look to be about right’ using judgment based
on internal-combustion experience.

Learning to design and build Stirling engines for their own:sake rather
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lesson. This is particularly true of bearing and crankshalt design. The
standard texts on internal combustion engine design and on the design of
machine elements all contain sections dealing with the analysis of inertia
and pressure forces in reciprocating engine systems. Careful attention to
these procedures is necessary to ensure proper selection of bearings,
crankpins and connecting rods of appropriate dimension, Newcomers
should be warned thal the dimensions and propartions calculated will
probably appear to be too small and the calculated design dimensions will
leave a feeling of disquict until one becomes familiar and confident with
the operation of the engine. This will be found particularly applicable for
designers and engineers experienced in internal combustion engine prac-
Lice.
PRINCIPAL DESIGN PARAMIETERS
The principal independently-chosen design parameters of a Stirling
engine are;
(1} The temperature ratio 7= T/ Ty, the ratio of temperatures in the
compression and expansion spaces.
{2) The swept-volume ratio k = Vi/ Vi, the ratio of swept volume in
the compression and espansion spaces,
(3) The dead-volume ratio X = Vi,/Vy, the total internal valume of
heat exchangers (and associated ducts and ports) expressed as
a multiple of the swepl volume in the expansion space.
(4) The phase angle @ by which volume variations in the expansion
space lead those in the compression space,
{5) The pressure of the working fluid, expressed as the maximum or
MEAn Pressure.
() The speed of the engine M.
(7) The hare and stroke of the reciprocating member in the expansion
spice.

Summary of Schunidi-cycle design equations

(8) Instantancous volume of expansion space V,=1V{l +cos d).
(9) Instantaneous vilume of COMPression space V.=
LV 1+ cos (¢ — a)].
(1)) Imstantaneous volume of total working space = V_+ V_+ V..
{11} Instantaneous pressure p=p,..(1—8)/[1+ 8 cos (db— i1,

where 8= (7" +27x cos a + k*Pf{r+ k +25)
tan & = sin /(7 -+ cos o)
S=2Xt/{r+1).

(12) Pressure ratio pu P =11+ 8)/(1-8).
(13) Mean pressure po...= p...l{1— 81+ &VH.
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For a prime mover, Tg =T,
(1) Met cycle-power per cyele
{1—T'r(1—ﬁ)-}._ & sin 0

P= Eprmw vi':lﬂ E::;ﬂ L+46 iﬁ‘.] Gl ﬁ:]ﬁ

where Vi=({Ve+ Vol ={1+i} V5,

{15) Power per unit mass of working fluid

B (]l =) 1+ 58 cos A)(F sin @)

[aphidns

(1 =821 4(1- 51)5][.—4-;{] +L'|;:suj|+SJ

and thermal clhiciency
Te—Te
=——={1l—7}
= 5
(16} Heat transferred in expansion space, per eyvele,
& sin #
'-'zﬂme.auv-. e
Q= Mmean Ve 17— 55
(17) Heat transferred in the compression space, per evele,
Oy=—10).
For a refrigerating maching, Ty =< Te.
(18} Heat lifted in cold expansion space, per cycle,

a -84 Ssing
i e B (_) il L
GI. U-"mul: [}1H'"‘ “ | "‘S
(1%) Heat lifted per unit mass of working fluid

{1 +6 cos ()8 sin #

Quiin = P
(1=5%(1+1(1 —ﬁ:]“'}['r-i i“ oS o)+ S]
(20) Coeflicient ol perlormance (COP)
= (5 AT
IT—=Ta) (1=m)"

{21} Heat transferred from the compression space (to cooling medium)
Gc' = T{jr.

N ] i T w.la - = —
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For a heat pump, Te< T,

(23) Heat transferred from the hot (compression) space per cyele,
T (i—ﬁ)é & sin @
(k+1)N1+8/ [1+(1-8%H1]

{24) Heat transferred from the hot {compression} space, per unit mass
of working Muid, :

G{' — [Pnlu::l VTJ

RT. e+ & cos )8 sin 0
(1—8"(1+(1- 57]-":1(1‘4-% (1+cos ) S)

('.‘-}I.“M'\: Er

(25) Coeflicient of performance (COP) = Tel{Ta—TE)=a/{1-7).
(26) Heal (ransferred from the expansion space (heat source),

Ql—-_= Dc_.l" T.
{(27) Power required to drive the heat pump,

P= 01—}

Optimization of design parameters

ILis obvious from the Schmidi-cycle equations summarized above that
the net cyele power and the thermal loads on the heat exchangers are
direct linear functions of engine speed (N), prexsure of the working fluid
(Puas)s and size ol the engine, expressed in terms of the total swept
volume V. The effect which the [our principal design parameters (7, i, o
and X) have on performance is less obvious. In particular, it is not clear
what combination of these should be used to achieve optimum perfor-
mance. This is an important consideration, since these paramerers mus
be determined at the design stage and, except for the temperature ratio T,
cannot readily be varied allerwards, cxeept by structural changes in the
machine.

Figs. 5.9 10 5.12 show the effect on the eyele-power parameter
F( Py V) of independent variation of one of the four parameters T, Kk, o
and X, with the other three maintained constant, In Fig. 5.9 the effect of
the temperature ratio on cyele power is explored for expansion-space
temperatures (Ty) both above and below the assumed compression-space
temperature of 300 K, thus embracing both refrigerating machines and
prime movers, With T.>= T, the power parameter is positive, and
progressively increases as the expansion-space temperature increases.
When Tp<T.. the machine is acting as a refrigerator and, as the
expansion-space temperature decreases, there is a progressive increase in
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dead-volume ritin X = 1.0, At expansion-space temperntures below 3“_ :ﬂ T=h s

power patameter is negative, beaause the eyele 1 ncting a4 @ cooling cycle, requirning
input of waork,

available power may be increased by the use of high-temperature mﬂlﬂ-f'l—
als for the expansion-space cylinder and heat l‘-?x‘ﬂhﬂii%ﬂl'. and f_c?r re-
frigerators the temperature of refrigeration should be s high as pnwhlﬂl.
Fig. 5.10 shows the effect of the 5WC|JI—'|r'L'IhIImt: ratio &k on ”“‘IIPD“E,F
parameter. The curves show clearly that, for given values af 7, oo, ;lel Ay
there is a definite optimum value of « at which the power parameler is a
maximum. Comparison of the two curves for +=0.25 and (.5 shows,
however, that the optimum value of & is not constzm}, but clmn[}_es from
about .75, when v=0.25, to about 1.0, when r=10.5. Chﬂlngan in o zmlri
X also produce an adjustment of the optimum value of &. Chus, there is
dngle ‘hest’ value of &,
nDF?::E;IL:l ]h:htnw:i the effect of the duad—mlu]nu ralio X =_‘|.=’, o Vi on 1_:::
power parameter. The message of this figure 1s very clear; increase n 1. @
dead space above the absolute minimum required reduces the power
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Power parameter {(Ppm, F7)

(e

Swoept- volume rtin (e=T5 1)

Fro, 5,10 Effect of the swept-volume rittio & on éyele paower, The Tigure shows the efect

on the non-dimensional power parameter &p, L Vo) of virintion in the swept-volume ratio

g, with eonstant values of -the temperature #=4.25 and L5, phase angle o = 90", and

tlead -volume ratio X =10, On the two curves shown, for different values of 1, the maxmma

ter net oeeur at the same value of =, There s no single *hest” value for & since Lhe aptimum
vitlue depends on the combinafions o, 7, aml X

shows the elfect of the phase angle & on cyele power, The power
parameter is remnarkably insensitive to changes in the phase angle over an
extended range [rom 607 to 1207 of erank rotation. For the particular
assumed conditions the optimum value was between 907 and 1157,

A three-dimensional presentation is given in Fig, 5.13 of the variations
in engine-power parameter with change in both phase angle ¢ and
swept-volume ratio w, [or constant values of 7 and X0 This presentation
results in the generation of a solid surface. Any changes in 7 or X cause
the generation of a series of similar, but different, overlaying surlaces,
The apex of the surface represents the maximum value of the power
parameter, and oceurs at the optimum combination of swept-volume ratio
and phase angle, for the given values of 7 and AL Fig. 5,13 shows two
surfaces, generated with the different power parameters Pf{p, .. Vo) and
P,..... For these two surfaces, the apex occurs at different combinations
of phase angle and swept-volume ratio. In the case of the surlace drawn
for the power parameter PP, = PIMETo, o0, =045 & rad and k.= 2.9,
In the case of the swrface drawn for the power parameter Po.=
Pl Poin Vordy 0= 0254 o rad and x,,, = 0.74. A simple explanation for
this strange phenomenon is that oplimization of design on the basis of the
power parameter P, results in a machine configuration that makes
the besi possible wse of a lintited mass of workine Muid. Onlimization of

B e s

=

e & 3l
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i1

Power parameter (Plpo, Vel

) - s
it 'LI- 1 5
Depel-space talio (3= FulFe)

Fig. 5.11. Effect of the dead-space ratio X on cyele power. The figure shows the r.‘t'iu;l on
the nom-dimensional power parameter PR, Vil of variabion in the dead-space ratio X
with constant values of 7, &, and o, The dead space is the porous valume nrl' the regensrilon
and ather heat exchangers, connecting dwels, and the clearance volumes m the expansian
and compression spaces. Ingrease in the dend volume decresses the ratio of masimum
volume to minimum volume which decreases the range of lhe pressure excugsion, thus
causing @ decrense in the cvele power. The dead space must he minimized for high eyele
power.

design on the basis of parameter ( Pf s Vi) Tesults in a machine c;jnllg—
uration of the maximum possible power within limits of the maximum
pressure and combined swept volwme. The muximlum pressure of the
working fuid is an important design criterion, since this affects the
strenpgth, and hence the weight, of the machine structure, whereas the
comhined swept-volume Vi is indicative of the size of the strueture.
Clearly then, the power parameter P/{p,., V) should be usuq for optimi-
zation purposes. However, once the hasic machine configuration has been
determined in terms of o, &, 7 and X, the power paramcter Py, may
he used thereafter. Both it and P, Vi) are equally applicable, and will
return the same numerical values for the engine power per eycle P

By way of example. Fig. 5,14 is a comparison of the work diagram
obtained for the oplimum combination of phase angle o and swepl-
volume ratio w, with constant values of 7 and X, In all three cases, the
pressures are adjusted to be fractions of the maximum cycle-pressure, and
e ave somrarahle Qimilarlv. in all three cases. the Maximum value of I.hB
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Frao. 5.12. Effeet of the phase angle o on eycle power, The Ggure shows the effect on the i (R}
non-tlimensional power parameter Fip, Vel of variation in the phase angle o, with
constant values of 7, & aml X, The power parameter is remarkably insensitive to variation in
o, This permits consideruble Nexibility in the geometrical desipn ol Stirling-engine deive L L i :
mechanisms. i F hi"i!'- Swepi-yolume
angli,o Tilio,&
. ) . (ap (i
total enclosed yolume has been made identical at an arbitrary value of '
4.6, In each case, the diagram at the extreme left is the work diagram for g
the expansion space, the one in the middle is for the compression space, ' "F'/] - =
and the diagram at the right is the total enclosed volume. Fig. 5. 1:4a) is ' /
' the diagram resulting from the combination e=0457 tad, »=2.9
=03 -and-X=1.0;the-optimum- configuration-based - on Py Fig, L
i N = + & -
1{T 5.14(b) is the diagram resulting from a combinalion o =0.547 rad, i I}-J‘/\
‘IL =074, v=03, and X=1.0, the optimum combination based on by
hf PP Vi), Fig. 5.14(c) is the diagram resulting from a modification to B 02
1|ﬁ the configuration of Fig. 5.14(b0) to adjust the absolute value of the dead 2
i i ‘ v p
{Ei space volume Vi, to be the same as in the configuration of Fig. 5. Ld{a}. . ;i il
| z
fh &
il 18K
{ 16
[
1!1 Freio 5,13, Effect of swept-volume ratio & and phuse angle & on ovele power. The fgures H
i{ pre n threesdimensional representation of non-dimensional power parameters as A function |
f of The swept-volume rafio soand the phase angle a, with constant valoes of the [emperature | i S g |
lI ratio r=0,3, and the dead-space ratin X = 1.0, Fig. 5.13{a) is a representation for the A Phase Swepk-yolums
:l' power parameter P (power per unit mass of working fluid) and Fipe 5.030b1 i a | angplia Fadion, &
:41 representation for the power purameter Bip, ., Vo) (power for limited size and weight). The g ik 014)
1: apex of the surfaces (the maximum value of the power parametar) ocenrs &t the opinim
values of phase angle & ond swept-volume ratie & [n cose (0) o, =045 o rudians and
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The two machines represented in Figs. 5. 14¢a) and 5.14(b} #re compari-
ble therefore in terms of size and weight. The maximum pressure and the
maximum total enclosed volume are the same, although the dead volume
in one machine is nearly twice as great as in the other. [lespite this, the
el work output of the machine in Fig. 5.14(b) is 1.38 times that of the
machine in Fig. 5.14(a). When the dead volume ol Fig. 5.14(h) is reduced
{o an amount comparable with that of Fig, 5.14{a) (as in machine
represented by Fig. 5.14(c)) the ratio of net work output increases lo 2.24
in favour of the machine in Fig. 5.14{c). This example is a convincing
justification for optimization on the basis of the power parameter
Pu'r':pmnx Vﬂ

Walker (1962) has drawn a corresponding comparison for refrigeraling
machines. Use of the cooling parameter Qul Py Vi) for oplimization
studies is preferred, because it leads to a machine configuration having
the maximum cooling capacity for a given size and weight,

CONSOLIDATED DESIGH CHARTS

Despite the interest and attract ion of diagrams such as Fig. 5.13, it can
readily be understood that there exists a virtually infinite array of possible
permutations of engine design parameters, It would be a tedious matler
i search through the variations for an optimum combination. To over-
come the difficulty, consolidated design charts have heen prepared, and
are presented in Fig, 5.15 (for prime movers) and Fig, 5,16 (for refrigerat-
ing machines).

Fig. 5.15 was prepared using the power parameter P P Vir) a5 the
hasis for optimization, Surfaces, similar to that shown in Fig. 5.13, wete
generated for the value of Pi{pog, Vi) with different values of o and &«
and constant values of ¢ and X, The apex of the surface was established,
and the apex values of PP VTt o and K, were plotted on
appropriate charls, constituting Fig. 5.15. These were all drawn on the
common basis of expansion-space temperature Ty, with the compression-
space temperature always maintained constant at 300 K. The apexes of
ather surfaces, with different values of 7 and X, were determined, and
plotted to obtain the complete consolidated chart. A similar techmgue
was used (o obtain the consolidated chart for the refrigerating machines,
with optimization based on the cooling parameter Qp/{pia. V1) (Fig. 5.16).

The work was carried out, using a self-optimizing digital computer
program (with automatic use of recognized hill-climbing techniques), to
locate the apex of the surface from any piven fixed values of 7 and X and
starting values of a and x, as described by Walker (1962).

Use of the consolidated chart for design
The design charts of Figs. 5.15 and 5.16 are recommended [or use in
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In the case of a prime mover, it is necessary first to establish the
permissible temperature in the expansion spice Ty, This is dictated by the
nature of the thermal source, and by the materials to be used for the
cxpansion-spice heat exchanger and expansion cylinder, At the chosen
temperature, a vertical line is drawn through the three charts. Where this
line intersects the sets of curves, and at an appropriate vahue of the
dead-space ratio X, the corresponding optimum value of both phase angle
o and swept-volume ratio x may be determined from the scales. The
value of the engine-power parameter (P/py,,, V) may be determined also.
With T, known, Te may be estimated (it is about 300 K with a water-
cooled engine), so that + can be calculated. With 7, X, o and g thus
established it 15 possible to proceed to the detailed design of the engine,
utilizing the summary of design equations given carlier.

It cannot be over-emphasized that the predictions of Schmidt-cycle
calculations are highly optimistic. Experience suggests that it is unwise to
expect from a practical engine mare than 30 to A0 per cent of the power
and efficiency predicted by Schmidt-type analyses.

WORKING FLUID

In the Schmidl theory no explicit account is taken of the physical
characteristics of the working fluid, except its behaviour as a perfect gas
(i.c. it oheys the characteristic gas equation PV = RT). However, the
assumptions on which the theory is hased imply the use of an idealized
working fluid, having properties not found in nature. The assumption that
there are no aeradynamic-friction losses could only be true if the working
fuid were to have zero viscosily. Similarly, the assumptions of petlect
regencration and isothermal compression and expansion can only be
attained if the working fluid were 1o have unreal values for specific heat
and-thermal conductivity.

In practice there appear Lo be only three working fluids of significant
interest: air, helium, and hydrogen. Air is of interest because it is 5o
freely available. Helium and hydrogen are ol interest because their
thermophysical characteristics are such as to permit high rales of heat
transfer and Qow to occur, with relatively low gerodynamic-flow losses. In
terms of engine performance, hydrogen is better than helium, and is also

Fia. 515, Design chart far Stivking eogines, The aptimum combinition of swepl-volume

ratio g and phose angle o (in v radians) may be determined for given valnes of the

dend-gpace ratio X and the temperiture Tatio o Assuming T_= 300 K. wnd with the
T, deaw n vertual Tine

metillurgical limit cantrofling the expinsion space lemperalure
through Ty Intersection of this line with the selected value for X ageurs at the optimuom
vilues for ¢ and o The appropriate value of the pon-dimensianal power parameter
Pl V. is determined from the unper dingram. Practical engines may produce 0.3 10 0.4
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-1 very much cheaper, but is highly combustible in the presence of air or
OXYEEI.

Engines of high specilic output and high thermal efficiency, operating at

high pressures and high speeds (i.e, greater than 2000 rev/min), must use

G121 y %
] hydrogen ar helium as the working Nuid, in order te achieve the rates of

= Mo

™3 ' |5 needed to vary engine output are complicated, since they must incorpo-

!....__ ; ] rate reservoirs, valves, and, perhaps, a compressor to vary the pressure

|I II ] level, wh_ilf.: mnserving th; wurking Auid, The cost ol machines of this

T ( : 3 type is high, and applications are likely 10 be limited to relatively large

L |I |I ! engines, where the advuntages qu low noise {and pnﬂmlinn'] levels justily

T e II}L‘[‘EH&::IJ '.fﬂ-‘i[, compared with |||IL:.-r:mi-uumhushm! cng:luts, Cooling ::.1}—

! ' e |‘ gines of high output {or those intended for reflrigeration at eryogenic

| temperatures) must also use helium or hydrogen as the working fluid,

! Engines using air as working fluid cannot achieve the high rates of heat
| o L 0PSSO, L8, 20 and mass transfer found in hydrogen or helium engines. Such machines
T =11 I are, typically, large heavy engines of low specific output and low thermal
| elficiency. However, the working fuid can readily be replenished from
| . atmospheric air, so that the sealing and materials problems are substan-
b6 P tially efiminated, and the machines can be simple, cheap, and reliable. Air

| engines have such a poor performance that they offer no serious competi-
tion to internal-combustion engines, in either automotive or peneral-
purpose applications. There is, however, an urpent and increasing need for
low-power (less than one horsepower) engines of high refiubility and
moderate cliciency, capable of operating unattended for lang periods (in
excess of one year) and ulilizing fossil, or radicisotope, fuels. The engines
are  reguired o drive  electric-power  generalors  Tor nivigational,
meteorological, and telecommunications purposes. Stirling-cycle air en-

L gines appear admirably suited for this purpose.

! The comparative performance of Stirling engines with air, hydrogen, and
helium is shown in Fig, 5.17. This is a reproduction of material presented
by Meijer (1970a), based on advanced simulation caleulations for a single-

. cylinder Stirling engine of 165.5 kW (225 hp). The figure shows how the

| engine’s thermal efliciency is related to power density (in terms of

Hesl lifted, @

= : A heat and mass transfer necessary, with lolerable flow losses. The sealing
II i
0418 — —é

problems are very severe, however, Furthermore, the control systems
(1 £hel

o 5

| ]

-0

B
|
|

Phuse gngle, «

Swept-volume fato, &

1“-._____""-.__!
[ f i %:____: | kilowatt per litre of cylinder swept-volume) at different speeds and with
| | | || il e three different working fluids (air, hydrogen, and helinum). At high power
| X=01, 025 05, )0, 178, 20 densities and high speeds, hyvdrogen is appreciably better than helium,
| — T
“,‘,':, an_ 50 6 15 -|z||n (50 20 R1 1] Fig. 5.16. Design chart for Stirling-cycle cooling engines, Optimum vilues for swepl-
E Expansion-space temperaiure (B g volume ratio o and phise angle o may be determined [or given valies af the tlead-spaee
- | rutio X wnel the expangion-sace temperituee T, with T.= 300 K, by deawinge a vertics] line
| on e chart through T The cooling capieity in tetms of heat lifted in the eRpansion sphce,
L i I r B A I e B e )
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F1a. 5.17. Comparative performance of Stitling engines with wir, hydrogen, and helium as

IJ:::w-.uirrlkln_l__:_lll!lld tafter Meijer 1970), The I':E.um 5.!:.(]1]:5. thet, at high speeds and higgh
I“w EE’:;LT?HILL-. |1'rf£|r“2r|| is I_i-.l.' [referred working fuid, with helfum the seeond ehoice, At
pei g? : .:.‘- H|I:l.,, low :\F‘L‘IJ:HR, ﬁ.1l' muy b wsed in ?m:” 1-'-111_.'.':“::1; '-‘.'il|| little loss al l'lL'I'erimlllcr_-
ppreciable proctical adviantages in terms of NMoid sealing. replenishment, and simpici

of design. e

and the curve for air is not able to reach that part of the diggram
Huwlﬂ.::n.fcr, the important point (o note is that, at low speeds and low LJr:w.r*;
densities, there is no really significant difference between dir ]m]ium; and
h}':jimgun. The selection of the working fluid is an impnrluni de:;iqin

whn:lh has to be taken at the design stage, and reguires the inlunlieg
appllmulir_m ol the engine to be clearly defined. If the ian.'u.t'mn éq ln-m:}ku
a high-speed high-performance engine then hydrogen or hﬂliunl"l must he
u.-sml_, hut if modest speed and performance can be L:.'II::II'HLed then Uu; use
a_l’ air as the working fluid has considerable attractions. on ds of
simplicity and cost, ~ S

_ It 1s possible that other working fluids may be used in the future of
mterest, at present, are reacting fluids uml-lwn—phnsc TWLI-ELJFI'I]}UI"LEHL

Muids, A more extensive discussion of working fluids will be [ound in
Chapter 8.

6 MECHANICAL ARRANGEMENTS

INTRODUCTION

Tue elements of a Stirling engine include two spaces at different lemper-
atures having volumes that can be varied cyclically and which are con-
nected through a repenerative heat exchanger and augiliary heat exchan-
gers. These simple elements can be combined in a surprisingly wide range
of mechanical arrangements. Some have heen identificd (Finkelstein
1959) by the name of the inventor or original user. Many variations were
used in the nineteenth century and have been adopted or re-invented for
application to modern engines. In other cases novel mechanisms or
embodiments previously unknown are nsed. New arrangements are still
being devised, some are good, some bad; onby time will tell which will
attain commercial application.

The key identifying feature of any regenerative system is the manner in
which the flow of working fluid is controlled, There are two possibilitics;
Now is controlled either by valves or by volume changes. In many respects
the two types of machines are similar but in details of construction,
operation, and fields of application, they are quite different.

The use af valves for flow regulation has the advantage of increased
flexibility in flow control and timing with the possibility of pressure ratios
{Punaed Prnia) thait are virtually unrestricted. On the other hand the presence
of valves adds to the mechanical complexity of the system, provides
sources of noise. and additional points of wear, so the possibility for long
life with low maintenance is likely 10 be reduced.

In this work the name Stirling engine is limited (o regenerative engines
where the flow is controlled by volume changes. Machines where the flow
is controlled by valves ate called Ericsson engines. These names are
chosen somewhat arbitrarily in an attempt to rationalize a very confused
situation, No agreed distinclions have been established in the general
literature and ‘Stirling engine’ is used as # generic title for all lypes of
regencrulive engines.

The names Stirling and Ericsson are themselves not entirely satisfactory
for they suggest operation on ideal cycles having isothermal compression
and expansion with regenerative transfer processes that are cither con-
stant pressure or constant volume. Practical engines operate with condi-
tions far removed from those represented by the ideal cycle.

So far as is known, all the engines devised by Robert Stirling were of
the closed-cvcle type where the Row is controlled by volume changes,
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Desipn variants of Stirling engines

Stirling engines can be broadly classified into two distinct families
which may be identified us: (a) single-acting or (b) double=acting engines.

single-acting engines are an ensemble of expansion space, compression
space and associated heat exchangers in one or two cylinders with two
reciprocating elements, one of which must be a piston. The ather may be
a piston or a displacer (see Chapter 5 for the distinction). Every ensemble
constitutes a complete system which operates independently of any other
single-acting systems that may be coupled on a common crankshaft or
other kinematic meclianism.

The celebrated Philips rhombic-drive engine, invented by R. Meijer, is
an.example of a0 single-acting Stirling engine. It may be more completely
deseribed as a single-acting, single-cylinder, piston-and-displacer Stirling
cogine with rhombic-drive mechanism. Rhombic engines have heen made
in sizes tanging from miniature engines having output powers of a few
wills Lo large engines of L horsepower per eylinder. They may operate
a5 single-cylinder engines or in multiple units arranged on a common
crankease and connected to a common crankshaft. A well known
multiple-cylinder, rhombic-drive engine was the Philips Type 4-233,
four-cylinder, in-line engine, of about 100 horsepower installed as the
propulsion motor in a DAF bus (see Chapter 12) and another was
installed i a motor launch,

DESIGN VARIANTS OF DOUHLE-ACTING ENGINES

Double-acting engines, shown in Fig. 6.1, are ensembles of multiple
cylinders arranged such that the expansion space of one cylinder is
connected through the associated heat exchangers to the compression
space located in an adjacent eylinder. There is one reciprocating element
per eylinder, & piston-displacer. The number of Stirling-engine systems is
equal to the number of cylinders. The greal advantage of double-acting
engines is that the number of recipraocating elements is half the number
required in multiple arrangements of single-acting machines, This can
lead to major simplification in the kinematic drive arrangements and so Lo
reduced eost. The principal disadvantage is the limited fexibility in design
and, to a lesser extent, operating conditions. Furthermore, in prototype
development it is necessary to proceed with the whole multiple-cylinder
cngine rather than an experimental single-cylinder unit which can then be
reproduced in multiple versions. Nevertheless the elimination of half the
moving parts is so compelling that all significant development of large
engines {over 20 horsenower) e cnrrentle Bmited to davihbscaebinae aa_
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Dyouhle achng
aston engines

Pwoeeylinder 1win
svstem, Conmpression
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other for Both
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(Francho)

Interconnecting adjucient cylinders
conslitile gne sysiom,

I-.:I

(Sipmens)

Fre, 6.1, Alernative nreangements of double-acting maltiple eylisder ongines,

gines, Single-acting engines will doubtless continue to daminate the
small-engine field,

Single-acting Stirling engines were invented early in the nincteenth
century, and the application in E815 by Rabert Stirling for his first engine
patent may perhaps be reckoned an appropriate date. Other variations
and arrangements of single-acting Stirling engines have been conceived at
intervals since,

Dauble-aeting Sticling engines were also invented in the nineteenth
century. Babeock (I885) ascribes the invention of the two-cylinder,
twin-system, douhble-acting engine o the French engineer, Charles Touis
Franchot in 1833. This was subsequently re-invented a century later by
Finkelstein and Polanski (1939} and was later incorporated in o multiple-
eylinder, free-piston arrangement by Finkelstein (1963b). The gencral
form of double-acting engines with three or more cylinders is ascribed by
Babcock to the celebrated British scientist/engineer Sir William Siemens,
better known for his work in steel making, Siemens designed the double-
acting Stirling engine shown in Fig. 6.2, having four cylinders each
conlaining a single piston and connected to a wobble plate drive. So far as
is known, Sir William's concept was never reduced to practice, and il
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Fro. 6.2 Four-cylinder double-scting engine invented by Sir William Siemens In 1863
{after Babcock 1975),
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invented 80 years later by van Weenan (1949) in the early days of the
Philips program.?

Different versions of Siemens engines are currently the focus of de-
velopment effort in Europe and the United States, The Philips/Ford
automotive engine is a four-cylinder Siemens engine with a swashplate
drive., The Swedish United Stirling engines are of the Siemens variety
using crank-connecting tod drives with four cylinders arranged n a
‘square’ confipuraton. The MAN/MWM engines of West Germany utilize
in-line or Vee arrangements of Siemens double-acting engines.

Walker {1978h) conceived the free-piston double-acting Siemens en-
gine actually during the course of prepuration of this book. Finkel-
stein (1978a) has deseribed a number of new concepts and arrangements
fer multiple-cylinder, free-piston, ‘cyclic-compounded” Siemens engines.

DESIGN VARIANTS OF SINGLE-ACTING STIRLING ENGINES

Al existing arrangements for the single-acting Strling engine may be
broadly classified into two groups: (a) two-piston machines, and (b)
piston-displacer machines. A further subdivision can be made in the latter
group between muchines in which the piston and displacer operaie in a
single cylinder, and those in which separate cylinders are provided. A
representative example of c¢ach of these three arrangements is shown in
Fig. 6.3, The principal distinction between a piston and a displacer is that
there is a large pressure difference between the upper and lower faces of
a piston so that a fluid seal is required to prevent the passage of gas fraom
one side 1o the other. A displacer on the other hand has the same
pressure of fluid both above and below, apart from acrodynamic-flow
losses. When reciprocating, the displacer does no work on the gas, but
merely displaces it from one side of the displacer to the other,

In the case of a piston, the pressure of fluid, above and below it is not
the same, except perhaps momentarily at some paoint in the cycle. Work is
done on the gas by the piston, or on the piston by the gas, as the piston
moves in the eylinder.

In some machines, the displacer is made up {either partly or wholly) by
a porous metallic matrix, which itselfl constitutes the regenerative heat
exchanger. Such an element is called a regenerative displacer.

Single-cylinder piston-displacer machines

Some of the possible alternative arrangements of single-cylinder piston-
displucer machines are shown in Fig. 6.4, This is a particularly favourible

T In iy earlier work, Siirling Cyele Machines, (QUUP, 1973, T inadvertently attrbuted
the re-invenlion of the Siemens engine to H. Rinia of the Philips Co, | now understand the
inventlon was mede, in fact, by van Weenan ond offer my apologies to Ir. vin Weenan
herewith, GW,
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Fra, 6.3, Three basic -arrangements by which most types of Stiching cagines may be
classified.

(i} Piston-displacer i the same cylinder.

(k) Piston-displacer in sepnrete cylinders.

(e) Two=pistan machine,
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Fig. 6,5, The ariginal Stirling engine. Repradoction of o drawing showing the first Stirling
engine, from the original patent specifications of 1816, Sueh an engine was used in 1818 for
pumping water from g quany (aller Finkelstein 1959),

configuration; it was first used by Robert Stirling, in 1816, for the engine
shown in Fig. 6.5, It has been used, also, for most of the machines
developed by Philips, both prime movers and cooling engines,
Crank-driven enpines can be of the type used by Stirling, with a
regenerative displacer, or may have a separate external regenerator of the
Rankine-Napier type, The possibility exists for the necessary volume
viriations to be gained by an oscillating-cylinder mechanism, but, so {ar
as i5 known, machines of this type have not been developed. The
free-piston engine is another interesting confipuration. Such machines
have been brought to an operational stage by William Beale of Sunpower
Inc., Athens, Ohio, and seem promising for wide [uture application.
Machines of this type are being developed for solar power conversion,
air-conditioning, and heat pumps, as described in Chapter 11.

Two-eylinder-per-cyele piston-displacer machines
The first two-cylinder piston-displacer machine was, almost certainly,
P~ LT " L = - - LI Aal s — a
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Dundee Toundry, but was subsequently abandoned because of repeated
Failure of the displacer cylinders, caused by overheating of the poor iron
then available.

Single-acting versions of the machine, in various arrangements, are
shown in Fig. 6.7, The version having a regenerative displacer may be
identified as a Laubereau-SchwartzkoplT engine, and, with a separate
regenerator. as a Heinrici engine. An arrangement where the cylinder
axes were at 907 was made commercially in the last cenlury in fairly large
numbers, and was known as the Robinson engine. A machine with
interesting possibilities, proposed by H, Rainbow of Bristol, England, in
1971, is shown in Fig. 6.7, This machine has two pistons and a single
displacer. This arrangement allows considerable flexibility in the drive
mechanism, and facilitates the solution of both sealing and cooling
problems,

Single-acting muluple-pision arrangements
Single-acting Stirling engines with multiple-piston arrangements can be
classified broadly into four groups:
()} piston-cylinder combinations,
{b) rotary assemblies,
() bellows-and-diaphragm types,
{d] free-piston devices,

Piston-cylinder combinations are the best known of all these groups. Fig,
6.8 shows g variety ol single-acting two-piston machines, three with
stationary cylinders and one rotary-cylinder machine. OF these pos-
sibilities only the Rider arrangement of parallel cylinders with the pistons
coupled to a crankshall was produced in any guanfity in the last century.
The possible configurations embricing rotary assemblies, or bellows-
and-diaphragm systems, 15 virtually endless. Most represent attempts to
overcome difficulties of imbalance or seal problems, arising from recip-
rocating elements and the associated linkage, but, so far as is known,
none of these has been brought to a commercial stage. One interesting
rotary machine, proposed by Zwiauver.? is shown in Fig. 6.9. Two
Wankel-type rotary engines are coupled on the same shalt, and twe (or
three) regenerators are arranged symmetrically around the axis. One
Wankel unit constitules the compression unit, and the other constitutes

F Unpubiished project praposal, University of Calgary.

Frow 6.6, Eorly swin single-ncting Stirling engine with piston and displacer in separato
cylinders
() Diarrammatic cross-section, showing armngement of the drive mechanism.
th) Copy of an old enpraving of u beam enging dating back to 1827 (after
Finkelstein 1959,
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Fio. 6.7, Abwrnative arrangements of the double-cylinder single-acting piston-displacer
cngimne.

the expansion unit. Each unit comprises three distinmlspace:;. and each
space experiences fwo separate expansion Or COMPression Processes per
revolution. Thus, a combination of the two engines embraces three
separate systems, each undergoing twa cnm}'rlluu: cycles per ra.-volutimq. It
is thought that this arrangement could provide a mm[{ucl high-specific-
putput machine, but this has not been reduced to practice at the present
time.

PISTON.-DISPLACER VERSUS MULTIPLE-PISTON ENGINES

It has been shown above that many different arrangements of piston-
displacer machines and multiple-piston machines ire [.'I{'ISS”JIE.:. some of
which have been developed to a commercial degree. There 1s no one
arvanoament that excels above all others in every ease, but there are a
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Fro, 6.8, Alernative arrengement of single-acting two-piston engine,

larger machines, the cholee may lie between multiple, single-cylinder,
single-acting, piston-displacer machines on a common crankshaft, or
multi-cylinder, double-acting Siemens machines. There is every possihility
Lthat the simplicity of the Siemens arrangement will prove compelling. The
reduced number of reciprocating elements can result in substantial
cconomies in manufacture.,

An important reason for the preference of piston-displacer machines
aver mulliple-piston machines is that, in the former, it is somewhat easier
to deal with the problem of reciprocating seals, On all machines, at least
two dynamic-fAuid seals are required, In the case of the three machines
shown in Fig. 6.3, fAuid seals are required on all the pistons, two in the
case of the two-piston machine, and one each in the two other piston-
displacer machines. An additional fluid-seal is necessary on the displacer
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Frei. 6.9, Zwinuer-Wankel configuration of rolary Stirling engine.

displacer rod is much smaller than the seal around the pistou._with
proportionally less leakage and friction. This is, perhaps. the most singu-
lar advantage of displacer engines, since the problem of reciprocating
seals is particularly difficult. especially when working fluids other than air
are used. A further advantage of piston-displacer machines is that the
total reciprocating mass can be less than in mulliple-piston machines. This
facilitates balancing, and reduces vibration problems. The displacer does
no work, and has to withstand merely the gas forces (arising from
acrodynamic-flow losses) and its own inertia forces. Thercfore. it can be
stmcr[:rﬂllg.-' light, and requires correspondingly smaller rods, links, gnd
bearings, so that appreciable savings in weight and mechanical-friction
losses can be muade,

The power output of a4 Stirling engine is, to a first approximation, a
linear function of the pressure of the working fluid. Thus, one way to
immediately increase the specific output is to pressurize the engine. On
small engines, it s advantageous to pressurize the crunkease: this not only

T T T T e S——

L

MECHANICAL ARRANGEMENTS 119

reduces the duty on the reciprocating fluid-seals, but also reduces the
structural strength requirement of the piston and connectin £ rod assem-
bly, inclucling bearings. This arises from the fact that. with a pressurized
crankcase, the pressure difference across the piston is reduced o
{Peytinger — Perankesse)s INStead of {Pesiinder = Patmosprere) With an unpressurized
crankease, Savings in weight, mechanical-bearing friction, and seal fric-
tion may be gained thereby. These are offset by the fact that (a) the
crankease is now a pressure vessel with an increased strength require-
ment, and (b) that at least one dynamic seal is involved if the crankshaft is
required to exit from the crankease.

The problem of a rotating crankshaft-seal is less rigorous than that of a
reciprocating piston-seal, and further, may be eliminated by combining
the electric motor, or generator driven by the engine, into the crankcase:
however, this may cause appreciable ‘windage loss’ in a highly pressurized
gngine.

The use of a pressurized crankease is limited to small engines, On larse
engines the weight of the crankease becomes excessive if it is pressurized
ta the minimum cycle pressure,

SINGLE-CYLINDER VERSUS TWO-CYLINDER
PISTOM-DISPLACER MACHINES

It is almost intuitively obvious that, for a pressurized enpine, the
single-cylinder piston-displacer configuration leads to a crankease of
minimum size and weight, As the éngine power rating increases, the
crankcase becomes a dominant fraction of the total engine weight, and for
large engines, the simple expedient of a pressurized crankcase must he
abandoned.

There are two other advantages of the single-cylinder piston-displacer
engine over the machine with separate cylinders. In-the two-cylinder
machine, (Fig. 6.3(h)), the compression space is divided between the
displacer eylinder and the piston cylinder, and includes the port connect-
ing the two, This space can never be reduced 1o zero, so that (in effect),
the compression space has a large clearance volume. This clearance
volume must be included with the dead space, X, and as we have seen
earlier, any increase in X results in a4 decrease in POWET DULpLE.

The second advantage of the single-cylinder piston-displacer engine is
that, in every revolution, the displacer and piston both sweep the same
part of the cylinder. although at different times, This overlap of strokes is

shown clearly in Fig. 6.10 and represents a most efficient utilization of the

available engine-cylinder volume.
The advantages of the separate-cylinder piston-displacer machine are:
{2} the increased fexibility for production-enginecring design of the
crankshaft and coannartine_rad cdclan
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Fro. 6,10, Piston and displocer motion in o single-cylinder engine.

(b) the separation of the displacer-rod seal to a fixed location in the
displacer cylinder, rather than the more limited environment of the
piston crown.

In practice, these are very imporiant advintages. An atractive arrange-
ment of a piston-displacer in separate eylinder machine is shown in Fig,
.11, The engine is arranged in Vee form, Engines of this configuration in
a power range of about 10 KW are at an advanced stage of development
at the Swedish company, F.EV. {a part-owner of United Stitling). These
engines are soon to be introduced for commercial use (Johannson 1978),

DESIGN VARIANTS OF ERICSS0ON ENGINES

Repenerative engines of the type where the flow is controlled by valves
(called here Ericsson engines) are found, like their Stirling cousins, in a
wide variety of types, shapes, and sizes. Somelimes engine arrangement
for both types can be very similar; the only distinction between them is the
existence (Eresson) or non-existence (Sticling) of valves which allow the
passage of fluid through the working space in a cyclic manner, and
generally control the flow of the working fluid, In this distinetion it is
important to note that we exclude the gas valves used on an intermittent
basis as part of the control system on Stirling engines to vary the working
fluid pressure.

The families of Ericsson engines are not considered here in detail, but a
briefl guide to the principal types might be in order, s0 as to assisl in
identification. The degree to which any of the theoretical material or
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Fro. 611, Vee arrangement of the piston-displacer in seperate eylinder arrangement,

Fig. 6.12 is a “family tree’ of Ericsson engines. In most cases, they can
be classified either as displacer machines or as piston machines. Each of
these principal groups can be further subdivided. Displacer machines may
have either a constant working-volume or a variable working-volume.
Piston machines may be classified into single-piston machines or two-
piston machines.

Fig. 6,13 shows some of the design variants of displacer machines, and
identifies some of the belter-known arrangements by the names of their
inventors, Of the variable working-volume type, only one example is
shown. This was first used by John Ericsson, and contains both a piston
and a regenerative displacer, coupled together (bul moving out of phase)
by means of a crank-connecting-rod system. The arrangement may be
equipped with gas-operated (or mechanically-operated) valves. This ar-
rangement is potentially attractive for very large nuclear-reactor instatla-
tions, where the working fluid could be passed as the coolant through the
reactor core,

There is a larger ranpe of nossibilities in machines of constant workine-
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Fri. .14 Alternative armengements of pistan-type Ericsson engine.

the manner in which the displacer is driven. Of the type with an external
drive to the displacer, an arrangement with gas-operated valves was
patented by Bush for use as a pressure generator, whereas the type with
mechanically operated valves has been successfully developed commer-
cially as a Gifford-McMahon cryvogenic cooling engine, A displacer-type
free-piston engine with pneumatic drive designated as a Buck engine is
used as the Aerojet artificial heart engine described in detail in Chapter
I7. In the literature this is frequently called a Stirling engine.

The Bush engine has been the subject of development effort by Smith
and Lee (1978) at the Massachusetts Institute of Technology and is ealled
the *ported hot gas engine’.



¥ HEAT EXCHANGERS IN
STIRLING ENGINES

INTRODUCTION

Heat exchangers are key components in Stirling engines: their signifi-
cance cannot be overemphasized. No engine can work properly with poor
heat exchangers although, conversely, the hest heat exchangers will not,
of themselves, make good an otherwise poor engine,

There may be four separate heat exchangers in a Stirling engine system.
These are illustrated in Fig, 7.1 and include. for the prime mover convert-
ing heat to work:

ia) heatler

{b] regenerator

el cooler

{d) exhanst/inlet-air preheater.

For the refrigerator, utilizing work to produce cold at low tempera-
tures, a different terminology must be used. The heater hecomes the
‘freezer’ and the exhaust/inlet-air preheater becomes the ‘precooler’.

For a Stirling engine operating as a heat pump, a yvet different terminol-
ogy is appropriate, The heat pump utilizes work to elevale the tem-
perature of heat supplied at near-atmosphere temperatures. In this
application the heater of the prime mover becomes the ‘absorber’ of the
heat pump and the cooler of the prime mover becomes the ‘heater’ of the
heat pump,

In all cases whether the engine operates as prime mover, refrigerator or
heat pump the divection of heat flow is the same: to the expansion space
and from the compression space. Only the temperatures are different:

{a) In the engine the heater operates at a high temperature, near the

metallurgical limit, and the cooler operates at ambient lemperature.

(b} In the refrigerator the freezer is at the low refrigerating tempera-

ture and the cooler operates at ambient temperature.

te) In the heat pump the absorber operates at ambient or heat supply

temperature and the ‘heater” delivers heat at an elevated tempera-
fure,

In principle. therelore, the primary considerations for the hesat exchan-
gers are similar for all applications of Stirling engines. With this preamble
we shall hereafter confine our attention to the prime mover application.

FUKCTION OF THE HEAT EXCHANGERS

The function of the heat exchanpers is verv simply 1o exchanee heat.

HEAT EXCHANGERS IN STIRLING ENGINES I

2]
|5}

Combustion chamber

Preheater
A Exhaust

—_—y A
i mh—oi—ﬂw\m i
Heatlerl Inlet air

\

Fuel

Expansion space

—— Displacer

Cooling
air

—— Comprassion space

Cooling

watler |
Water
pump

Froi, 7.1, Lecaiion of heal exchingers in Sticling engines

Piston

and supplics heat to the enpgine working fuid contained within the
working space of the engine adjacent 1o the expansion space,

The cooler does just the reverse. It absorbs heat from the working fuid
adjacent 1o the compression space and rejects this to the engine cooling
medium {air or water) at the sink temperature,

The regenerator functipns as a thermodynamic sponge alternately ac-
cepting heat from or rejecting heat to the working fluid. It can be
visualized as a kind of *storage lagoon’ of energy but of & rather special
kind, for the temperature ranges progressively over the whole range from
cooler to heater temperature. Energy flows in the regenerator are very
high, usually three or four times the energy flow in the heater.

The exhaust-gas/inlet-air preheater serves to increase the temperature
of fresh air entering the engine en route to the combustion space. This can
be achieved utilizing the thermal energy contained in the combustion
products leaving the combustion space at a high temperature. In this way
fuel is saved. The amount of fuel necessary to raise the inlet-alr to
combustion temperature is reduced and so the engine efficiency is in-
creased.

The exhaust-gas/inlet-air preheater is not essential to the aperation of
the engine in the same way the heater, cooler, and regenerator are. The

pnmina wtll warls wall asmoeh arithmet 8 maeshantee heot lare afflalaailo mead
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If the engine’s thermal source is a radioisotope, or solar or stored heat,
instead of fossil fuel combustion, no inlet-air is necessary and so of course
the preheater can be eliminated, Presently most Stirling engine applica-
tions use heat derived from the combustion of fuel in air and in most
cases a preheater is essential.

TEMPERATURE AND ENERGY DISTRIBUTION

Fig. 7.2 shows a typical temperature distribution in 4 Stirling engine of
advanced design, Inlet-nir enters the engine at the atmosphere tempera-
ture and is heated in the preheater before passing to the combustion
space, Fuel is added and combustion occurs, heating the products of
combustion to a very high temperature. The combustion products th}en
pass through the heater, where heat is transferred to the working fluid,
and through the preheater, where heat is transferred o the inlet-air. Th‘e
cooled products finally leave the engine. In many applications where air
pollution s an important consideration, a fraction (up to one half) of the
exhaust products are recirculated back through the combustion chamber.
This increased mass Aow of relatively inert fluid moderates the maximum
temperature attained in combustion and se reduces the amount of oxides
of nitrogen (NO,) produced, Some extra work is then required to cause
the air to flow through the system and therefore a Fun will be necessary.
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Fio, 7.2 Typical lemperature ditribation in Stiding engines
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This will most likely be found on the ‘cold” inlet-air side. The combustion
chamber and preheater therefore operate at a pressure slightly above
atmospheric, A fuel pump will alse be required to supply and, perhaps,
atomize the foel.

Working fuid in the engine passing from the regencrator too the
expansion space is heated in the heater by enerpy transferred from the
products of combustion. The working fuid, probably hydrogen or helium
at high pressure, has excellent heat-transler characteristics compared with
the combustion products at atmospheric pressure. For this reason o very
high temperature difference will most likely exist between the lempera-
lure of the combustion products and the heater-tube walls compared with
the temperature difference between the tube walls and working gas.

At lower temperatures heat s transferred from the working fluid in the
copler near the compression space. The heat is rejected from the cooler
o water circulated through the engine. Water is a dense fluid with
excellent heat-transfer properties and so only a small temperature differ-
ence in the cooler is required to effect the energy How.

The heat rgjected from the working fluid to the cooler is eventually
dissipated to the atmosphere in an air-cooled radiator. A fan is required
to draw air through the radiator and a pump is necessary to cicculate the
water.

In stationary power applications the water may be drawn from a
virlually infinite source such as a lake or river, Even here, however, @an
intermediate cooling system will usually be preferred Lo avoid contamina-
tion of the engine cooler by sediments drawn in by the cooling stream.

Energy flows in a Stirling engine are shown in Fig. 7.3, This Sankey
dingram is reproduced from the important and fundamental paper by
Zacharias (197 1a). Starting from the top of the diagram there is a given
energy input 1o the system (designated as 100 per cent). Recirculalion of
a fraction of the exhaust gas is shown to an energy equivalent of about 43
per cent. Power and other losses for recirculation consumes about three
per cent of the input energy supply.

For the particular case shown the energy loss from the system carriecd
off in the heated exhaust gas is about 14 per cent

At the bottom of the diagram the heat loss to the cooling water is 43
per cent, mechanical friction consumes a further 5 per cent and approxi-
mately 32 per cent of the energy supplied is transformed to work
available at the engine shaft. An important point to note from Fig. 7.3 is
the very high levels of energy Aow i the regenenitor, amounting 1o over
four times the energy input to the heater, or alternatively nine times the
energy flow in the cooler, and twelve times the energy Aow 1o work. The
‘recycling” of this remarkable energy flow is the significant attraction of
the Stirling cngine.
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Fra, 7.3, Energy flow in a Sticling engine

Fig. 7.3 illustrates well the important differences between an internal
combustion engine and a Stirling engme. To a first approximation the
energy flows in a diesel engine may be thought of as three equal streams
comprising 33 per cent eich 1o waork, to cooling, and to exhauvst, Thus the
energy flow to exhaust is twice that of the Stirling engine and the cooling
system load is much less.

" 1n a diesel engineg, a high energy flow to exhaust is permissible because
combustion of the fuel occurs inside the engine cylinder, so thit no heater
is necessary and the heat not converted to work must be dissipated either
to exhaust or the cooling system. This is not the case in the Stirling engine
where combustion of the fuel ocours outside the engine cylinder, Any
heat passing to the exhaust represents a direct loss of energy Ithlﬂt has
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through the heater and not converted 1o work must be dissipated by the
cooling system.

Returning therefore to the example given by Zacharias and reproduced
in Fig. 7.3, every eflort should be directed to reducing the exhaust stack
loss from 15 to 1} or even 5 per cent. This would most likely increase the
traction converted to work from 32 to 35 per cent leaving 55 to 60 per
cent te be handled by the cooling system and by extraneous convective
and radiative heat transiers from the engine. This heavy load in the cooler
and the sensitivity of the engine cfficiency to increase in the cooler
operating temperature is one of the major stumbling biocks to the use of
Stirling engines in automotive applications.

TRANSIENT-FLOW EFFECTS

Difficulties in the design of heat exchangers for Stirling engines arise
from the cyclic transient-low effects. Most industrial heat exchangers are

subject to steady constant-flow conditions with relatively slow rates of

change in the flow conditions: This is by no means the case for the heat
exchangers used in Stirling engines where the flow conditions change
continuously and experience wide variations in pressure, density, and
velocity, to the extent of reversing the flow direction twice per cycle. All
this complicates the situation considerably and makes the design of the
regenerator and other heat exchangers a difficult art.

Initial contemplation of Stirling engines leads one to believe that when
the engine is operating, the working fluid fows from the expansion space
through the heater, regenera.or, and cooler to the compression space, and
then retraces its step in returning to the expansion space.

Such & view is oversimplified and applicable only to the ideal Stirling
engine. In practice none of the fluid ever moves all the way from the
expansion to the compression space. Instead, a given hypothetical particle
of fluid simply oscillates cyclically in a limited region of the engine in
similar fashion to ocean driftwood repeatedly washed up on the shore and
swepl away once more by the receding waves,

This is illustrated in Fig. 7.4 which shows the cyclic trajectory as a
function of crank angle of particular particles of the working fluid in a
Stirling cycle cooling engine. The cyclic trajectories were calculated by
Walker (1960} using Schmidt isothermal theory, For the particular case
considered no particle passed into more than two regions of the engine
per cycle i.e., expansion space/freezer, freezer(regenerator, regencrator)
cooler and cooler/compression space. As can be seen from Fig, 7.4 no
particle ever passed right through the regenerator.

Walker (196(}) appears to have initially recognized the phenomenon of
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However the topic has received considerable recent attention (Organ
1976) and the development of sophisticated computer simulation prog-
rams has elevated the display of particle trajectories almost to a
nowvean art form (Schock 1978b).

In the course of calculating the particle trajectories mentioned above,
Walker (19260) determined the mass rates of fow of working Auid into
and out of the compression and expansion spaces of the subject cooling
engine. The characteristics obtained thereby are reproduced in Fig. 7.5.
Examples are given for two different mean pressures of the hydrogen
working fluid.
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The diagrams given in Fig, 7.5 are somewhat complicated l?u! wnrthy_ af
close attention to appreciate a fundamental aspect of Stirling engine
operation, Each diagram contains twa curves, suparimpnsgd. Oine curve
represents the mass-flow rates into and out of the expansion space; the
other represents mass-flow rates into and oul of the compression space.
Curves above the zero datum line represent flow into the expansion space
and ouwt of the compression space. Curves below the zero d'fqtum line
represent flow out of the expansion space and info the compression space,
When these are superimposed as in Fig. 7.5 the areas where the curves
overlap represent the period of net flaw H:ruulgh the dead space, that 15
through the heat exchangers. Referring to Fig, 7.5, the period A—B
represents the flow of fluid through the heat EXChHII'lgE-!'H Luwu_rds the
expansion space with fluid Aowing from the Compression space into the
dead space and irom the dead space inte the expansion space.

In period B—C fuid flows from the dead space into both the compres-
sion space and the expansion space. This can be thought of as the phase
of emptying the dead space. In period C—D the fluid ﬁm‘vs through the
dead space towards the compression space with fluid leaving tfm EXPRIN-
sion space and entering the compression space. Finally the Furmd D—A
is the phase of filling the dead space when ﬁ'lllid is owing into the dead
space from both the compression and expansion spaces.

The important point to appreciate is that net Aow through the dead
space, in cffect, the regenerator, heater, and cooler, does not occur for
much more than half the total cycle time, and f urther, the mean rate of
the net flow is substantially below the mean rates of flow into and out of
the two compression and expansion spaces, ‘

Most of the relations found in the literature for heat transfer and fluid
friction depend on equations based on groupings of dimen:air:_niuss Broups
with appropriate coefficients and power indices i.e., the Dj_tt;lsaﬁtﬁq_:ttcr
equation for the heat transfer in turbulent flow in smooth circular pipes
i

(Nu) = 0.23 (Re)" ™ (7.1)

I
where Nu = Nusselt number= T
o

Re = Reynolds number :-”—

and h = heat-transfer coefficient
I = thermal conductivity
g = pas density
v = gas veloeity
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The heat transferred:

=hA AT {7.2)

where (= rate of heat transfer

A = area for heat transfer = sdLn

AT = temperature difference between the gas and wall
temperaturs

L =length of tube

n = number of tubes.
Given the continuously variable flow rates supgested in Fig. 7.5 plus the
cychic pressure variation over a ratio of pu../Pas = 2 approximately, it is
clear that the velocity v and the density p will vary continuously, with
consequent profound effects on the heat-transfer coefficient and the
actual heat transfer, Variation in the rate of heat transfer will reflect on
the temperature difference AT with consequent variations in temperature
which in turn will cause variations, albeit minor, in the thermophysical
properties of the pas, thermal conductivity, specific heat, and viscosity.

It is evident from the above that the thermofiuid processes in a Stirling
engine are entirely and continuously transitory in nature. Thus far. no
simple design procedures for handling this type of flow have become
generally available. It is necessary therefore in preliminary design work to
assume a reasonable value for mean flow rates and to caleulate the heat
transfer and friction effects for that assumed Aow. This will aliow an
initial determination of the tube diameters and lengths or of fin widths
and depths for the heater and cooler and also for estimation of the matrix
diameter and length for the regenerator.

It must be recognired that the use of a mean rate of flow is a crude
approximation to the real situation, Modifications of the design are ta be
anticipated for the optimum engine performance either in the light of
more sophisticated analysis once the design is established or as the result
of actual testbed operating experience.

Nevertheless a start has to be made somewhere and curves such as
those given in Fig. 7.5 will be found useful in arriving at representative
mean flow rates for use in conjunction with the steady-flow heat-transfer
and friction data found in the literature.

GENERAL ASPECTS OF DESIGHN

The best compilation of design data for the heat exchangers in Stirling
engines is undoubtedly the classic work by Kays and London (1964)
entitled Compact Heat Exchangers. The book is, quite simply, required
reading for anyone wishing to undertake the design or analysis of the heat
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nature and wide availability of the book no effort will be made to
reproduce the straightforward design procedures for compact tubular,
finned and regenerative heat exchangers that are so well treated therein.
Rather, the space available will be devoted to brief discussion of some of
the aspeets of design peculiar to Stirling engines that are not found or not
stressed in Compact Hear Exchangers.

The principal consideration particular to Stirling engines 15 the compel-
ling need to make effective use of the internal void volume of the heat
exchangers and connecting ports. We have seen earlier how an incredse in
the dead volume results in a reduced volume compression ratio Vi,./ Vi
and in a reduced pressure ratio p..f P The result is a small pressure-
volume or work diagram for the engine and so the ocutput declines
progressively as the dead space increases, The thermal efficiency on the
other hand may be unadffected or may even increase if the increase in
dead volume has been wisely applied to increasing the effectiveness of the
repenerative or ather heal exchungers.

If the dead space is simply increased by insertion of a spacer, an
oversized header, or "wasted” in some other way the result will likely be
decreases not only in the power but also in efficiency,

Overzealous pursuit of the minimum possible dead space is just as
deleterions, It will result in insufficient area for heat transfer so the
cifectiveness of the heat exchangers will be reduced and, further, exces-
sive frictional pressure drops will result with substantial decrease in
output and efficiency. A proper balance of areas for heat transfer, with
tolerable fluid-friction effects arising from flow, sudden changes in sec-
tion, entrance etfieects, and flow reversals will be achieved by careful,
thoughtful usage of the internal dead spuce. This is worthy of the most
careful attention and instant, positive rewards awiit the judicious scrutiny
of a design or ol the fabricated prototype. The insertion of instrumenta-
tion, particularly displacement or pressure transducers can result in a
profound increase in the dead volume of a really ‘tight' engine design.
One should always be wlert to the unfortunale consequences that can
result in the course of instrumenting a good engine.

HEATER DESIGHN

In general most heater designs can be divided into two classes: tubular
or finned. An example.of each is shown in Fig. 7.6. Both systems combine
three separate heal transfer processes:

ia) convective heat transfer from the external heating medium to the

wills of the tube or fin,

(b)) conductive heat transfer through the tbe wall to the inner surface

or to the oot of the fin and hence to the internal fin,

{c) convective heat transfer from the internal walls of the tube o fin to
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In most engines the working fluid is pressurized and so is relatively dense
and moving with & relatively high velocity so the internal heat transfer
process s well developed. Similarly most metals are relatively good
conductors of heat so that only a small temperature difference across the
tube or eylinder wall is necessary to accomplish the desired heat transfer.
In a combustion system at atmospheric pressure the limiting heat-transfer
process is likely to be the external convective heat-transfer process. The
products of combustion are not dense and may be moving relatively
slowly so that a large temperature difference will be necessary to accomp-
lish the transfer of heat,

Many designs feature a combustion space with the burner located along
the axis of the cylinder. This should result in a radial distribution of heat
with uniform temperature distribution around the circumference of the
fins or tubes. However it is rarely possible to achieve a completely
uniform temperature distribution and thermal distortion may occur. ‘Hot
spots” will exist and since, to prevent burnout, these must be al or less
than the maximum sustainable operating temperature of the metal (the
metallurgical limit) the mean temperature of the head will be substan-
tially {up to 100°C} less than the metallurgical limit. This low mean
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The fin design shown in Fig. 7.6 lends isell well to application with an
annular form of repenerator. 1t appears to be best suited for use with
small engines (less than 1 kW) where the advantages of simplicity and
compact design are-self-evident,

For larger ¢ngines tubular heat exchangers have been favoured and
several interesting variations for tubular heaters are discussed in Chapters
12-16 dealing with engines manufactured by the Philips-and licensees of
Philips companies,
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Tubular heaters of the simple double hairpin tubes shown in Fig. 7.6
offer severe and relatively expensive production problems in brazing the
tubes to the eylinder head. A ‘dip brazing’ or vacuum furnace brazing
technique may be used for the stainless or high nickel steel tubes in
concert with a stainless steel cylinder head. Tubular exchangers are well
suited to designs where multiple regenerators can be used with groups of
three to six tubes per regenerator, This provides a flexible design allowing
tor relatively unrestrained movement of the heater tubes during initial
heating and subsequent cool down of the tubes after use. Cracking of
heater tubes resulting from restraints imposed on thermal movements are
a common feature of designs at an early stage,

The simple hairpin heaters of Fig. 7.6 have now largely been sup-
planted by more advanced designs using some form of manifold header at
the upper end as shown in Flg. 7.7. This facilitutes construction and
permits the use of different tubes [or the internal and external rows, Tt is
not uncommon to find the outer row finned to compensate for the
reduced heat transfer because of the temperatore of the lower combus-
tion products passing over the outer tubes,

The inequality in temperature between the inner and outer tubes, and
also around the periphery of the tubes themselves, imposes a severe
design limitation when combined with the very highest pressure stress
levels found in advanced engines wlhere thin wall tubes are used to
minimize wall conduction effects. This is discussed briefly in Chapter 14
fellowing an excellent presentation on the subject by Zacharias (1973).

Recent developments at Philips have resulted in tubular heaters having
manifold headers at both the top and bottom of the tubes as shown in Fig,
7.8, This permits & single axial penetration to the expansion space. This,
when coupled with the use of glass ceramic inserts acting as thermal
insulators in the hot cylinder ends, allows the use of water-cooled
expansion space cylinders of relatively low-cost steels. This interesting
development at Philips (Meijer 1978) offers much hope for the future
substantial reduction in cost that is necessary if Stirling engines are to
move out into a wider stage of application.

INDIRECT HEATING

All the above was concerned with directly heated tubes or fins in
contact with the combustion products or receiving direct radiant energy
from a solar concentration or isotope emitier.

Substantial advantages accrue from the use of an intermediate liquid
metsl heat-transfer loop. Usuvally the medium is a sodium/potassium
(Na K} eulectic mixture or & condensing sodium vapour, The advantage of

neina Hanid mearal indirant haotine ts that thia receca Lich Zae-n ~F Loola
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internally. As a consequence the tubes can be shortened and a substantial
gain in dead space achieved thereby. Furthermore the tubes or fins attain
a uniform temperature, hot spots are eliminated and so the mean heater
temperature which is also now the maximum temperature can be elevated
to the metallurgical limit.

Use of a sodium heat pipe or cutectic liguid metal loop allows the
energy source to be located remotely from the engine. This is attractive
tor solar heated engines, and for cogeneration applications using municipal,
agricultural, and industrial wastes in incinerators {probably with Auidized
bed combustors). Indirect heating is also well suited for combination with
Stirling engines in conjunction with thermal storage systems (thermal
battery) such as may be used in automotive propulsion or underwater
POWwWer systems.

A briel discussion of the Philip and General Motors experience with
indirectly heated Stirling engines may be [ound in Chapters 12 and 13
respectively. with references to the source documents,

COOLER DESIGN

In principle Stirling engines may be air-cooled or water-coaled just as
internal combustion engines are, However we have seen earlier that
because the exhaust stack loss must be low, the cooling system of a
Stirling engine must handle up to twice the load imposed on the cooling
system of an internal combustion engine of similar power output. In
addition to this, the efficiency of a Stirling engine falls markedly as the
cooler temperature increases and is accompanied by deterioration in the
mechanical properties of the polymer materials commonly used for sliding
seals. Therefore it is desirable to have the cooler temperature at the
minimum possible value.

This combination of factors makes direct air cooling of Stirling engines
virtually impossible except in small model engines or larger but Lnpres-
surized low power, slow-running engines intended for long unattended
operation.

Indirect air cooling 15 therefore obligatory for engines of moderite to
high specific output using an intermediate ligquid cooling loop connecting
the engine and air/liquid ‘radiator’ (actually an atmospheric forced-
convective heat exchanger). There i no particular advantage to be had by
using liquids other than water except in cold climes where a mixture of
water and cthylene glycol or alcohol may be necessary,

Water has excellent heat transfer properties and unbelievably high
rates of heat transfer can be achieved with very moderate temperature
potentials between the fluid and the wall. As 4 consequence the limiting
heat transfer process will most likely prove to be the internal convective
heat transfer between the working fluid and the cooler walls of the tubes
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or fins. Just as much careful attention must be given to the design of the
cooler as to the heater despite the initial appearance of the heater as the
challenging unit using exotic materials and operating at the technological
limit. As an example Kitzner (1977b), in discussing the design of the
Philips/Ford Type 4-98 double acting engine with four cylinders and a
swashplate drive, indicated that 72 heater tubes were sufficient but that
2440 tubes of (1,9 mm hore were considered necessary in the cooler. Of
course the fact that the cooler operates near ambient temperature allows
the use of lower cost metals (e.g. aluminium) and joining techniques
iadhesives) not appropriate for high-temperature use.

HEQENERATIVE HEAT EXCHANGERS
Ideal regenerator

Ideal regeneration was assumed in our previous discussion of both the
Stirling cycle and Schmidt cycle of operation. Ideal regeneration is
achicved when the Auid entering and leaving the matrix does so al one of
two constanl temperatures, Ty at the expansion end and To al the
compression end of the matrix. This is possible only if operations are
carried out infinitely slowly, if the heat-transfer coefficient or the area for
heat transfer is infinite, or if the heat capacity of the Auid or matrix is zero
or infinite, respectively.

In both the Stirling and Schnudt cycles there is no difference in the
instantaneous pressure across the matrix, so that the ideal repenerator has
na fluid friction, Further, in the case of the Stirling cycle, the void volume
of the matrix is zero. In the Schmidt cvcle, the void volume I8 an
independently-chosen parameter, and is considered part of the total void
volume of the system.

The form of the temperature field in the repenerative matrix is not
significant for either the Stirling or Schmidt cycle, but is usually rep-
resented as a linear, or transitional, function along the length of the
matrix. It is important in the Schmidt cycle, because the effective temper-
ature of the dead space Ty, is always taken as the arithmetic mean of the
constant temperatures T and Te.

Practical regencrator

The regenerator in a practical engine operates under conditions far
removed from those assumed for the ideal case, discussed above. The
temperatures of the working fluid at the infet to the matrix are not
constant, but vary with cyelic perindicity, because the processes of com-
pression and expansion are not isothermal. The temperatures at the exit
from the matrix are also variable, not only because of the inlet periodic-
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Fi, 7.9 Thermal regenecator in countes-fow opetations. (a) Hot fluld A enters matrix al
congiant inlel lemperature during the hot blow. (b)) Floid A leaves matex al o variahle
temperature abways below the inlet valve, bul incredsing with time ssympiotically o the
infet valve, (¢} Adver the flow of fiuid A ceases. cold fiuld C entérs the matrex al constant inlel
temperature during the cold blow, (d) Fluid O leaves the matrix with 8 variable temperature
always ahove the inlet valve, but decreasing with fime asymptotically to the inlet valve

How conditions at the inlet to (or exit from) the matrix are not constant,
but vary continually. The pressure, densitv, and velocity vary over an
appreciable range, and the temperature varies over & more limited ranpe,

Theory of regenerator operation

The most comprehensive treatment of thermal regenerators is that
given by Jakebi comprising a distillation of the classical work of Hausen
(1929, 1931), Musselt (1927), Schumann (1929), and Anzelius (1926).
Elsewhere, Niffe (1948) has reviewed and extended the work of Hausen
and others. Coppage and London {1953) have summarized and compared
the various results presented in the literature. and Kays and London
(1958) have established a rational hasis for the design of receneralons,
correlated with the design of other forms of compact heat-exchanger,
Vialuable contributions have been made also by Johnson (1932} and
Tipler (1948), None of the work was directed specifically to the applica-
tion of regencrators in Stirling engines, but was cither of a4 fundamental
nature or specific t6 gas-turbine applicatioms,

Operaiing conditions

Various modes of regeneralor operation may be postulated, but that
which is gencrally of most interest is called the state of evelic operation.
This is the state obtained when, after repeated heating and cooling for a
fixed time-cyele consisting of one heating and one cooling period, the
temperature at any one point in the Auid (or the matrix} is then the same
as it was a full cycle earlier.

Fig. 7.9 is a representation of a thermal regenerator in counterflow
operation, In the state of cyclic operation the regenerator is assumed to
function as follows. Hot [luid at a constant inlet temperature, enterirg
from the left-hand end, passes through the matrix, gives up part of its
heat, and leaves the right-hand end with a variable temperature. lower
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Fic, 7.10. Time-femperature variation of floid and matriz in a thermal regenetutor. The
figure shows the possible form of the time-temperature variation ot somé interim point in a
thesmil regenerator in the state of eyelic operation. {a) to (b} is the hot-blow period, The
Muid temperature increases from Ao B as the How Is switched from the cold to hot fuid
and thereafter increases towards the hot-fAuid inlet temperature. The matrix temperature
inereases from X to Y during the hot-blow period due (0 heat transferred from the hot fuid
for the matriz. At () the fow is swilched to cold fuid and the period ) o {c) is the
cold-blow pericd, As the flow 35 switched the fluid temperature decreases from C to I and
therealter decreases asymptotically towards the constant temperature. During the cold Blow
the matrix temperntire decreases [rom Y o X as heat 15 trinsferred from the matrlx o the
Huiel.

than the inlet temperature. The supply of hot fuid is discontinued, and all
the fluid is ejected from the matrix through the exit at the right. Cold
fluid now enters at a constant inlet temperature from the right, passes
through the matrix. is heated by absorbing heat from the matrix, and
leaves at the left-hand end with a variable temperature above the inlet
temperature. The cold fluid supply is discontinued, and all of the fuid is
ejected from the cold end, to complete the cycle of operations.

Figure 710 shows the possible form of variation with time of the
matrix temperature and fluid temperature, at one particular station in the
matrix, with the regenerator in a state of cyelic operation, Fig. 7.11 shows
the temperature field in a regenerator, for both Auid and matrix, at the
mstant of How-reversal. The upper curves represent the lemperature of
the Auid and matrix at the end of heating-blow and the start of the
cooling-blow. The lower curves represent temperature conditions at the
end of cooling-blow and the start of heating-blow. At any particular
station along the length of the matrix, the temperatures may Huctaate
between the upper and lower curves, in a time-dependent relationship
similar to that shown in Fig. 7.10. There are four periods in the eycle.
Considering the passage of the hot fluid, the *blow period’ is the time
taken for the total quantity of fluid to pass any joint in the regencrator;
the ‘reversal period’ is the time which elapses between the entry of one
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Temperitires

Regenerutor passaze length

Fia. 7.11, Spatial temperatiuee viriation of Buid aml matriz in o thermal regenirator, The

figuee shows the spatial temperature varation in & thermal regenerator, at the instant of

Jow-switching In the state of gyclic operation, with hot und cold Aoids having the canstant

inlet-temperatures. P oand 0, respectively.

() Fluid temperatere ot end of the hot blow,

(k) Matrix temperature at end of the hot blow, and start of the ¢old blow.

{c) Matrix temperature 8l end of the eold hlow,

(tl) Fluid temperatare at the cnd of the cold blaw,

Points A, C K, and Y correspond to the conditions represented by A, C, X, and ¥ in Fig.
7.10,

fluid and the entry of the other. Similar blow and reversal periods exist
for the passage of the cold fluid, As Iiffe (1948) has pointed out, in
practical regenerators the blow period is the same as the reversal period,
since the fast portion of fluid to enter is driven out by the other fluid
through the port by which it came in. In the hypothetical ideal re-
generator, the blow period is always less than the reversal period by the
time taken for a gas particle to travel from one end of the regenerator to
the other. Therefore, if this efféct is ignored, we are assuming that the
time for a particle to pass through the regenerator is small compared with
the total blow-time.

Other significant simplifving assumptions have been found necessary to
render the analysis of operation tructable. Some of these are summarized
below,

{a) The thermal conductivity of the matrix must be simple. Nusselt

considered four cases:
(i) The thermal conductivity of the matrix is infinitely large. This
means there would be no temperature difference in the matrix,
and Nusselt’s caleulation shows that this type would have a
poor performance.
{i1) The thermal conductivity of the matrix is infinitely large,
parallel to the fluid fow, and finite, normal to the Auid flow. In
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practice, this may be approached by a very short regenerator,
with # matrix composed of thick walls,

{iii) The thermal conductivity of the matrix is zero, paraliel to the
fluid flow, and infinitely Jarge, normal to the fluid Aow.

(ivi The thermal conductivity of the matrix is zero, parallel to the
fuid fiow, and finite, normal to the fluid Aow.

Cases {iii) and (iv) corréspond closest to the practical regenerator, but it
is unfortunate that the analyses of these two cases are the most compli-
cated. Schultz (1951), Tipler (1947}, and Hahnemann (1948) have ex-
amined the effect of longitudinal heat conduction in the walls of re-
generator passages, and have demonstrated this to have a negligible effect
in certain cases, Saunders and Smoleniee (1948} state that ‘for matrices
built up in layers, such as gauzes, or matrices made of refractory, the
conduction effect 15 almost certainly negligible’.

{h) The specific heats of the fluids and of the matrix material do not

change with the temperature.

{¢) The fluids flow in opposite directions, and have inlet femperatures
that are constant hoth over the flow-zection and with nime.

{d) The heai-ransfer coefficients and fluid velocities are constant with
time and space, even though they may be different for the two
fuids,

(e} The rate of mass flow of either fluid is constant during the blow
period, even though it may be different for the two fluids, and the
hlow periods may be different,

Very little theoretical work appears to have been done on regenerators
operating under conditions not fulfilling assumptions (k), (¢l and {d}, and
most results are available for operation with equal blow-times and equal
mass fiow, However, Johnson (1952) and Saunders and Smoleniec (1948}
have investigated this latter effect. Saunders and Smoleniec also consi-
dered the effect of variation in the specific heats of the fluid and matrix,
far a particular case. They found the assumption of constant values, made
i (], resulted in less than one per cent error in the effectiveness.

Another interesting (but impractical) case, considered by Nusselt
{1927), was for a regenerator with an infinitely-small reversal-period, and
in which the fluids had been switched infinitely often. The theory for the
case s simple, and corresponds to that for a ‘recuperator’, or normal
continuous-counterfiow heatfexchanger, in which the two fluids flow
continuously, and are separated by metal walls.

Presentation of resuls
Th._ Fhrrﬂrmdﬂl:e rr:su!m calculated for regenerators, assumed to be
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Fio. 7,12, Regenerator cffectivencss s a function of the reduced length A snd reduesd
period o (after Flaesen),

1—_Ea:_m1:n, and reproduced in Fig. 7.12. These have been supplemented by
similar curves caleulated by Jolinson and Saunders and Smoleniec. The
curves show that the effect on regenerator effectiveness of variation in
two dimensionless parameters called (after Hausen), the ‘reduced length’
(A} and the ‘reduced period” (I1). The reduced length {in the flow
direction} is defined by

A=hALIVC,
where

h = heat-transfer coefficient between fluid and matrix, per unit surface
ares,

A = matrix surfdce area per unit length,

V= fluid-volume Hnw rate,
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The reduced period is defined by

[T=hAZIMC,
where h and A are as defined above,

M = mass of matrix material,
(= specific heat of matrix material,
Z = hlow-time.

Frequently A and 11 are combined by the quotient
A= U= {VCIMCMHZIL),

and called the ‘utilization factor’, representing the ratio of the sensible-
heat capacity of the fluid per blow to the heat-storage capacity of the
matrix,

In practice, regenerators may have different reduced periods and
reduced lengths for the hot and cold blows, so that there aré four factors
Lo be considered. In these cases, Saunders and Smolenice recommend
that average values be wsed, supgesting (on the evidence of caleulations
carried oul by Johnsonl, that the error is small, 'This is probably beciuse,
even when the actual blow-times are unequal, the reduced periods are
much nearer equality, sinee a reduction in the actunl blow-time Z 5
usually accompanied by an increase in the rate of fluid flow V.

The nsefulness of the concept of two reduced dimensionless parameters
and the curves of regenerator effecliveness is limited by the accuracy of
the heat-transfer datd. This is generally measured experimentally using
the ‘single-blow' transient technigue, first described by Furnas (1932)
and, later, by Saunders and Ford (1940}, Johnson (1952), Saunders and
Smoleniec (1948), Coppage (1952), Rapley (1960), Vasishta (196%), and
Wan (1971}, In this technique, the matrix is subjected to a low of hot
fluid, entering with a constant inlet~temperature, and the change in the
exit-temperature is measured against time. The theory for ‘single-blow’
operation was first given by Schumann (1929), and may be used to
extract, from the measured data, the heat-transfer coefficient relevant 1o
the particular tested matrix. Very careful measurements are required, and
there is, in fact, some doubt as to whether this data can be applied to
regenerators operating cyclically, A reasonable amount of heat-transfer
data is contained in the references piven above, but comparison is difficult
because several slightly different forms of presentation have been used,

Application of theory to regeneration in Stirling engines
Theories of regenerator operation, discussed above, were developed
mitially for mir-liquefaction and gas-separation plants and for air prehea-
ters for boilers. These plants are large and, in general, two regenerators
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per unit #re used, one being heated and the other being cooled. The
blow-times are very long, ranging from ten minutes to several hours.

Later the theory was adapted and extended, during application of
regenerative heat exchangers to gas turbines. Here the blow-limes are
much shorter. Coppage and London (1953) refer to *a reversal time of a
quarter of a second {two complete cycles per second) which is near the
maximum permissible frequency without undue “carry-over loss™" and,
apain, ‘the idealization of no Aow-mixing is closely met when the [low-
pissage length is short, and such shoriness of length appears to be pood
design procedure for the most suitable types of surface’, Most re-
generators in gas-turhine engines have a relatively large frontal area and
a short flow length, so that, although the blow-time is short, the
residence-time of the particle in the matrix is also very short.

The above theory seems applicable, in a reasonably realistic way, to
regencrators used in gas-turhine engines and air preheaters, but not
applicable to regenerators used in Stirling-cycle engines. The theory is
based on assumptions which, clearly, do not apply in the Stirling engine.
The most important of these is, perhaps, that the time for a particle to
pass through the matrix s small compared to the total blow-time, In a
Stirling engine the blow-times are exceedingly short. For example, at the
moderate engine speed of 1200 rev/min, or 20 ¢fs, the blow-time is ten
times less than the permissible minimum in a gas turbine. We saw earlier
(Fig. 7.4] that the blow-times are so short that no particle ever passes
right through the matrix. From Fip. 7.5 we saw the actual net flow time
through the matris was aboul hall the complete eyele time, the remaining
time being oceupied in either filling, or emptying, the dead space. The
heat-transfer process that occurs must be very complex, involving a
repetitive fluid to matrix, matrix to fluid, Auid to matrix, cyclic relation-
ship, rather like the water bucket passed from hand to hand in a
fire-fighting operation. Other important assumptions of the theory are
that the inlet conditions. temperature, rates of mass flow, and fuid
velocity remain constant with time, Clearly, this is not true in any
Stirling-cycle regenerator for the inlet conditions vary constanily, and Fig,
1.5 shows extreme variation in rale of mass Aow. The maximum rate of
net flow through the matrix is only about half the maximum flow into and
out of the expansion spice.

Attempts to analyse the regencrators of Stirling engines by any of the
recommended procedures require the adoption of “average’ conditions for
the flow. Such gross approximation is required to determine these ‘aver-
age’ values that the value of the ultimate result is thought to be highly
questionable. No recommendation can be made, at this stage, for the
application of any theories of regenerator operation as aids to regeneratar
design.
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Although the situntion is unsatisfactory at present, there is reason to
hope for improvements. Smith and co-workers at the Massachusetts
Institute of Technology have made & promising start (Qvale and Smith,
1968, 1969), They discuss an approximate solution for the thermal
periormance of a Stirling-cyele regenerator, in which there is provision
for non-steady pressure (and mass-fiow) conditions, including the possi-
bility of sinusoidal variation, with a phase difference in the peak values.
By assuming a second-order polynomial form for the temperature field in
the regenerator, a closed solution was obtained for the net enthalpy flux.
The theory remains highly idealized, with the assumption that the gas
temperature and matrix temperature, at one location, are practically
constant with tme, and that there are no wall (or fluid-fricton) effects,
However, at present, the theory does not appear to be sufficiently well
developed to be of direct use in regenerator design. Kéhler and co-
workers al the Philips Laboratories, Eindhoven, have done more research
on regenerators in Stirling engines than anybody else, but, unfortunately,
little of this work has been published, Although Dr. Kéhler presented a
series of lectures on repenerators at the Technische Hochsehule, Delft, in
1969, these were never published in the open literature,

Nodal analysis of Stirling engines, exemplified by Schock (1978b),
Urielli (1977}, Finkelstein {1975a), and Tew (1978)1, attempts to simu-
late exactly the operation of all components in a Stirling system including
the regenerator. This is accomplished by dividing the system into a
number of cells and applying rigorous thermofluid analysis to each node
in turn,

Modal analysis requires access to large high-speed computers and so is
ot suitable lor general use, However there is little doubt that the time is
near at hand when sufficient experience will be aceumulated for the
preparation of a series of consolidated design charts for peneral use in the
selection of an optimum regenerator configuration

Experimental performance

Little appears to have been published about the effect of imperfect
regeneration on the performance of Stirling-cycle machines, or about
experimental work on regenerators, tested under conditions approximat-
ing 1o those present in a Stirling engine,

Davies and Singham (1951) carried out some experiments on a small
thermal regenerator, composed of brass and copper wire gauzes, sub-
jected to the oscillating flow of a constant volume of air, at atmospheric
pressure and at a frequency of five eyeles per second. The air was heated
on one side of the regenerator, and cooled on the other. Continnous

ik
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records of the temperature of the air were taken on both sides of the
matrix. It was concluded from these experiments that:

(1) for a given gauze matrix, the regenerator efficiency increases with
the matrix weight, but the improvement takes place at a progres-
sively diminishing tate,

(2} for a piven matrix weight, the regenerator efficiency inereases with
decreases in the diameter of the pauze wire,

Tests, with equal weights of bruss and copper pauze, gave approximately
the same values for regenerator efficiency. Thus, although the copper had
a thermal conductivity about three times greater than that of the brass,
this appears to have had little effect. It was concluded that, with fine wires
of these materials, the conductivity lag is extremely small. In these fests,
the regencrator efficiency was obtained by analysis of the continuous
fluid-temperature records, measured at each end of the regenerstar
matrix;

Experiments by Walker (1961a), with a series of different regenerators
on the Philips gas refrigerating machine, have confitmed the second
conclusion reached by Davies and Singham, namely, that reduction in
wire-diameter increases the effectiveness of the regenerator. The criterion
of performance was taken to be the quantity of liquid air produced by the
machine, operating at a constant specd and the mean pressure of the
working fluid. A reduction in the wire-diameter, with approximately
constant matrix weight and porosity, resulted in an increase in the surface
area for heat transfer.

Wark by Murray, Martin, Bayley and Rapley (1961) has shed some
light on the performance of regenerators under sinusoidal fow conditions.
It was found that frequency appeared to have little efieet on the heat-
transfer process. but the shape of the wave has a significant effect, With
pulsating flow, the effectiveness of the tested pauze matrices was appreci-
ably below that obtained under steady flow conditions, With Aame-trap
matrices, an improvement in the heat-transfer rate. in unsteady flow, was
noticed,

Hegenerator design—a practical guide

In the absence of adequate theoretical assistance in regenerator design,
a few helpful suggestions are offered below. They are not intended to he
fundamental rules.

The regenerator designer must attempt to solve the problem of satisfy-
ing a number of conflicting requirements, To minimize the temperature
excursion of the matrix, and thus improve the overall effectiveness of the

regenerdtor, the ratio of the heat capacity of the matrix to that of the 2as
ERA AT A SRR Al R s el o i =
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On the other hand, the Huid-friction loss must be limited. We saw, in
Chapter 3, that the effeet of the pressure drop across the matrix is to
reduce the range of the pressure excursion in the expansion space,
thereby adversely affecting the arca of the expansion-space P-V diagram.,
This reduces the net work-output and thermal efficiency of a prime
mover, and the amount of heat lifted and coeflicient of performance of a
cooling engine. The fuid-friction loss is minimized by a small, highly
prots marrix. .

A third, and most important, consideration is that of dead space. The
size of the dead spuce influences the ratio of maximum to minimum
volume ol working space, and this directly affects the ratio of maximum
to minimum pressure. For maximum specific output, both ratios should be
as high as possible, and, for this to be achieved, the dead space should be
made as small as possible. This can be achieved by a small, dense matix,

To improve the heat-transfer performance, and establish the minimum
temperature difference between the matrix and the fluid, it is necessary to
expose the maximum surface area for heat transfer between the fluid and
matrix. Therefore, the matrix should be finely divided, with preferential
thermal conduction at a maximum normal to the flow, and minimum in
the direction of the Aow.

Finally, it is important to appreciate that the regenerator acts as an
exceadingly eifective filter of the working fluid, so that any oil, or grease;
particles are retained in the fine flow-passages. In the case of a cooling
engine, any impurities in the working fluid that condense in the low-
temperature region of the expansion space will accumulate in the re-
generator, This build-up is cumulative, and has the effect of increasing the
fluid-friction [osses. so that the pressure excursion in the expansion space
is decreused, and the performance of the cooling engine progressively
diminishes. In the case of the prime mover, any accumulation of oil
particles in the repenerator inhibits the flow of working fiuid, and in-
creases the pressure loss. The temperature in the expansion space therehy
increases, and may be even further increased, because more fuel is
supplied in an attempt to restore the lost power, This increase in
temperature carbonizes the fuel, thereby further blocking the flow pas-
sage, and the process continues in cumulative fashion, until catastrophic
overheating of the engine oceurs. From this aspect, the regenerator
should offer minimal abstruction to the fAow,

Thus, we have the following desirable characteristics [or a repenerative
matrix:

tor maximum heat capacity—a large, solid matrix,
for minimum. How losses—a small, highly porous matrix,
for minimum dead space—a small, dense matrix.

T
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for maximum heat transfer—a large, finely-divided matrix,
for minimum contamination—a matrix with no obstruction.

Clearly. it is impossible to satisfy all these conflicting requirements, With
our present understanding of the cycle, it is not possible to quantify the
relative significance of the various aspects.

Prime movers

In most engine designs, considerable attention is given (o the re-
generator, and comparatively little to the problem of the heater and
cooler. As a consequence, heal transfer to and from the engine is poor,
and the engine fails to operate satistactorily. This stimulates yet further
interest in the regenerator, with the investment of much experimental
effort in trying different regenerator arrangements. Frequently, surprise is
expressed when this produces absolutely no effect on engine performance
except that a reduction in size results in improved operation. Surprise
becomes confusion when the experiments are extended to the point of
diminishing the regeneratar to such an extent that it has, in effect, been
completely removed from the engine. Tt is a matter of experience that, in
small low-pressure engines, removal of the regenerator nearly always
results in improved performance. This is because the gains due to a
reduction in the dead space, and. to a lesser extent, a reduction in the
conducting path of the regenerator enclosure and in fluid-friction losses,
more than offset the loss of thermal capacity and area for heat transfer of
the regencrative matrix.

In most small, low-speed machines (up to, say, 3em bore, with less
than 5-6 alm pressure and operating at below 1000 rev/min), it is ade-
quate (for a start, at least), not to incorporate a formal regenerator in the
engine design, but, rather, to depend on the action of a regenerative
annulus around the displacer.

One type of displacer system with a regenerative annular duct, used
with success by William Beale in small frec-piston Stirling engines and
alsa by the writer, is shown in Fig. 7.13. The displacer is made of a
thin-walled, low conductivity stainless-steel tube, closed at the hot end by
an inverted ‘top-hat’ section which is machined from a solid bar so as to
be a close fit in the tube. After assembly, the seam may be gas-welded, and
the jaint section trimmed and trued by grinding. Inside the displacer, a
series of radiation shields may be provided, as shown, either cut from
solid material or fabricated, The lower end of the displacer is elosed by
another closely fitting plate. Since this end operates in the cooled zone,
the end plate can be of light allay or stainless steel. An epoxy-cement

joint has been found adequate for fixing, Good results have been obi-

tained with disnlacers ahout three dismetare lnne The dicmlomee aeecetor
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Fig. 7.13. Dewil of regenerative anuls,

A, regenerative anmular gap 0,0153-0.030 in. :

I, thin-wall sections 1o minimbze thermal conduction,
C, epoxy joint,

Ly rulon guide-Ting.

E, radiation shield

F, welded scams.

(7, stiffening rings.

H, conling jackel
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in a cylinder, also of low-conductivity stainless steel and having a thin
cross-section, except for occasional circumferential stiffening rings, left
during manufacture. The top of the eylinder is closed by another inverted
“top-hat’ section with an external welded joint, The lower end of the

‘cylinder is, of course, attached by a flange to the cooled compression-

space cylinder. The cylinder of the displacer may actually be shorter than
the displacer, so that the bottom cooled end of the displacer operates
within the compression-space cylinder. This makes it possible to mount g
guide ring of P.T.F.E.-based material around the lower end of the
displacer, and have it operate on a cooled wall-section,

The annulus formed between the displacer and the cylinder is then the
flow passage, connecling the expansion and compression spaces. It acts as
a regencrator, since the top end is always in the heated section, and the
bottom end always in the cooled section, It is a simple device, but
remarkably eflective if the displacer and cylinder wall are reduced to very
thin sections, to minimize thermal conduction losses, The gap between
the displacer and the cylinder wall is a critical dimension with regard 1o
heat transfer, and should be between (.015 and (.030 inches. It is
important, also, that a regular annulus be established with a uniform
circumferential gap, to equalize heat-transfer and Auid-flow effects, The
problem of heat transfer in an annular duct, with an axial lemperature
gradient and a reciprocating internal member, does not appear to have
been studied, and might be a topic of considerable appeal for a university
research program.

The limits of applicability of the repenerative annular duct are not
known, but it is likely that the system would become less and less
effective as the eylinder bore, cylinder pressure, or engine speed were
increased. The initial inadequacy would appear, perbaps, in the heater
section, and some improvement might be gained by providing an ex-
tended surface for heat transfer by using internal finning: but this would
be difficult to accomplish without substantially increasing the dead space,
Eventually, it would become necessary to resort to increasingly compli-
cated heaters, probably of external-tubular form, and it is at this point
that a regenerative matrix becomes worthwhile. By this time, however,
one is developing an engine of advanced form that would probably evolve
with close similarities to machines of the Philips tvpe.

Cooling engines

The regenerator in a cooling engine appears to be much more impor-
tant than in a prime mover, but by happy coincidence, the materials
problem is less severe.
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low-conductivity compressed-paper sleeve, and made up from the ran-
dom packing of short lengths of copper wire 0,001 inches in diameter,
mounted i annubar form around the displacer. The author has found
woven wire mesh of copper and phosphor bronze to be effective packing
lor regenerative matrices. These can be had in a wide varicty of mesh
densities and wire sizes. As the mesh density increases and the wire
diameter decreases, the price per unit area increases very steeply to the
point where it is doubtful that the material could be used for production
machines. An annular regenerator is very expensive, because the centre
section, punched from the sereen, is ‘wasted'. Wire screens can be
sintered’ easily, to form a stable semi-rigid block. One way is to pack the
screen in some form that can be loaded with a weight. Then, the wire
sereen is cleaned by immersion in nitric (or hydrochloric) acid, and the
loaded assembly is heated for a short period in a furnace with a reducing
atmosphere. On removal, it will be found that the sereen has ‘sintered’ to
a solid assembly that can be lightly machined. It is important to arrange
the screen so that the wires are normal to the axes of flow, otherwise the
axial conduction may be too high, Sintering with light loading does not
appear to significantly increase the axial conduction of the sereens, and
because of a considerably reduced porosity, it does improve the pack.

It is not possible to make specific recommendations for design, al-
though the fellowing points merit consideration, The wire used should be
fine ((L001 to 0,.002 inches in diameter), closely packed, and compressed,
te minimize voids. A dead-space ratio of one is-a good target, but difficult
to achieve, and at least half the dead space should be regenerator
void-volume. As 4 rule, the regenerator arrangement should be of such
proportions that the total eross-section of the duet is equal to that of a
right normal cylinder, having # diameter equivalent to its length.

Heat-transfer and fluid-friction characteristics of dense-mesh wire sereens

The heat-transfer and Auid-friction characteristics of a variety of por-
ous media were given by Coppage and London (1956) and have heen
supplemented by fater data. However, little data on the flow in dense wire
screens has been published for the size ranges of interest when consider-
ing the regenerators of Stirling-cycle cooling engines. Values measured at
the University of Calgary by Vasishta (1969), and by Wan (1971}, are
included here, but no other values are known with which these results
may be compared. To validate the experimental apparatus, Vasishta did
obiain some results for stainless-steel mesh, in sizes comparible with
those studied by Coppage, and found the results to be in close agreement.

The heat-transfer and fiuid-friction data for two sizes of screen are
given in Figs. 7.14 and 7.15 respectively, both sizes of sereen were woven
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Fio. 7.14. Heat-transfer choractenstics of dense-mesh wire screen (after Walker 1972),
(a) A= 400 strands per inch, 0,001 inch wire dinmeter,
[b) 200200 sirands per inch, LO02 inch wire diameter,

from phosphor-bronze wire, having the following composition:

Tin 3.5-3.8 per cent; Phosphorous (1.3-0.353 per cent: Iron {1 per cent;
Lead .05 per cent; Zine 0.3 per cent; Copper rem.

Density 8875 kgm™ (554 1b ft ); Thermal conduetivity 1.3 Wm™' K™
(47 Bruh it °F )

Specific heat 0.435kT kg "K' (0104 Btulb™' °F )

The two screen-sizes investigated were

{a) 200200 strands per inch, 0.0021 in wire diameter,

(b} 400 <4} strands per inch, 0.001 in wire diameter.

The heat-transfer characteristics are presented as the Nusselt number
Ny 88 a function of the Reynolds number Ny, defined as follows:

J\'TNU = t‘l'rh-'llk _:I”lllrf_:l. N.Re = P “';rﬂl#r = 1I'.'1'J-|1-'rf"'llr'l.:“: .l"l"‘l»"l l'L{i'i'-:h

where: p, = caleulated hydraulic radius of the screen, h=heat-transfer
coetficient, f;= thermal conductivity of the fuid, p;=density of Aud,
Vi=volume flow rate of fluid in matrix, W, =mass How rate of Nuid in
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Fig. 7,15, Fluid-friction characteristics of dense-mesh wire screen (after Walker 1972).
(i) 400« 2 sirands per inch, L0 inch wire diameter.
(bl 200 200 strands per inch, 0.002 inch wire diamoter.

matrix, A;=[rontal arca, p=-caleulated porosity, p,=dynamic viscosily
of fluid, where p= (volume of matrix —volume of metal)/volume of matrix
and r,=total volume of connecled void spaces/total surface area=
volume of matrix ® porosity/total surface area.

The fuid-friction characteristics are presented as the Fanning Friction
factor Ny, #s & function of the Reynolds number N, defined as follows:

Ne=2p; AP ne . 7 nLGS,
where AP =pressure drop, n =number of layvers of screen, L =length of

matrix, G, = mass flow per unit area, and the remainder are as defined

above.
PREHEATERS

A preheater is not necessary to the operation of a Stirling engine, It is a
desirable accessory for all but small primitive engines and it is virtuallv
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The function of the preheater is to heal incoming air en route to the
combustion chamber using thermal energy in the departing stream of hot
combustion produocts. This saves fuel and also endows the engine with the
advantageous characteristic of a ‘cool’ exhaust. Exhaust-gas/inlet-air pre-
heaters are sometimes also used on steam (Rankine cycle) and gas turbine
(Brayton eycle) engines, When thus equipped they are said to operate on
a ‘regenerative cycle’.

Therefore, complying with customary engineering usuge, a Stirling
engine equipped with a preheater may also be said to he operating on a
rege,m:t'laiivu cycle. Thus in the Stirling engine there are two regencrators
to consider: (a) the internal regenerator interposed between the cooler
ind the heater through which fiows the working fuid at high pressure and
(b} the external regenerator which is the exhaust-gas/inlet-air preheat
heat exchanger operating at, substantially, atmospheric pressure.

To add yet further confusion the Stirling engine external regenerator,
or the exhaust-gas/inlet-air preheater, may be a heat exchanger that is of
the regenerative or alternatively of the recuperative type.

A regenerative heat exchanger consists of a porous matrix of finely
divided material through which fows alternate streams of hot and cold
fluid, A recuperative heat exchanger is one where separate flow channels
are provided for the hot and cold fluid streams and \hrough which, in
most cases, the fuid flows continuously,

Both recuperative and regenerative preheaters have been applicd to
Stirling engines. Early Philips engines all used recuperative preheaters,
one of which is shown in detail in Fig, 12.7. This led to the characteristic
large cylinder head enclosure that can be seen on the engine illustrated in
Figs, 12,12 and 12.18. Recuperative exchangers can be made that are
highly effective from the aspect of heat transfer. They are limited in
effectivencss by the surface area for heat transfer that can be desiened
ij?lﬂ a given size of envelope, u given mass of metal, or manufact L|r|:dELu i
given cost. Units of the high heat transfer effectiveness required in
Stirling engines tend 1o be relatively large, heavy, and very expensive
assemblics of crimped or pre-formed thin-wall stainless-steel plates with
inlet and exhaust headers or manifolds.

The MAN/MWM aceordion type air preheater shown in Fig. 14.4 is a
promising approach to a low-cost effective recuperative heat éxulmngm.
The core of the exchanger is a single strip of thin-wall aluminium falded
repeatedly and contained in a metal case so that exhaust gas flows on one
side of the folded sheet and inlet air on the other.

Cleaning is # partieular difficulty with recuperative heat exchangers of
compact form with fine flow passages. Condensed combustion products or
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Fro. 7.16. Cross-scction of Philips-Ford 4-98 Strling engine horner preheater.

Regenerative heat exchangers offer the prospect of air preheaters that
are lighter in weight, less bulky, cheaper, and with reduced tendency to
fouling than recuperative exchangers.

Regenerative exchangers are used in the Philips/Ford multicylinder
engines with swashplate drive which are under development for automo-
tive use. Fig, 7.16 is o cross-section of the hot paris assembly of a
Philips/Ford automotive Stirling engine showing the regenerative heat
exchanger (called on the drawing the preheater core), Similar units are
mcorporited in Stirling engines for automotive use being developed by
Linited Stirling of Sweden,

In all these cases the regenerative exchanger is of the form of the
‘thermal wheel’ shown in Fig, 7.17. A flat dise of porous matrix material,
usually ceramic but sometimes metal, is contained within two adjacent
thucts through which the hot and cold fluids are passing. The axis of the
disc is parallel to the fluid motion, The disc is caused to rotate slowly so
that a given element of the dise moves alternately through the exhaust gas
and inlet uir streams and a regenerative heat exchanger is thus created, If
the fluid Hows are in opposite directions an appreciable self-cleaning
effect is obtained.

The ‘thermal-wheel' regenerative heat exchanger has been studied
extensively in connection with the development of gas-turbine engines for
vehicular applications, and the technology is directly applicable to the
Stirling-engine air preheater. The disc may be fabricated from any
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Thermal whesl

Cald duct
Fia. T.17, “Thermal wheel' regenerative heal exchanger

siitable porous material but ceramic materials are preferred. This is
because their extremely low cocflicient of thermal expansion endows the
ceramic thermal wheel with the potential capacity to sustain extended use
while experiencing repeated thermal and cooling cycles when rotated in
the hot and cold Auid streams. In many metallic materials, the repeated
heating and cooling causes crucks to appear and distortion to occur, a
condition described generally as thermal Fatigue.

The vehicular gas turbine lilerature contains many papers relating to
thermal-wheel regenerative heat exchangers and progress is reported
regularty at the semi-annual Vehicle Contractor Coordination meetings of
the LS. Department of Energy. the American Society of Mechanical
Engineers International Gas Turbine Conferences, and the Annual lnter-

society Energy Conversion Engineering Conferences.
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INTRODUCTION

Vartous working fluids may be used in Stirling engines. With few
exceptions, all the regenerative engines of the nineteenth century used
air, Indeed, they were cailed ‘air engines’ or *hot-gir engines'. Most of
thern operated at near-atmospheric pressure, although in some, the
pressure level was increased to a few atmospheres above the ambient. Adr
was cheap, and teadily available, so absolute sealing was not imperative
o their operation. The engines were large. slow-running, low-powes
machines having a thermal efficiency of a few per cent at the most. Above
all else they were safe compared with the boilers of the steam engines
then also widely used. Parenthetically it can be noted that water for the
steam engines was the other fluid as readily available and as cheap as air.

A eentury later the early Philips engines also used air as the working
fluid. These were small machines in the main but at least one 22 kW
(30 hp) double-acting Vee engine was developed (van Beukering 1973).
The Philips air engines were radically different to the machines of the
earlier time. They were fast (2000 revolutions per minute) and highly
pressured (1.37 MN/m™ or 200 lbs per sq in} so that the power levels and
efficiencies were high compared with the nineieenth century machines.

Later on, in experiments with air engines working as refrigerators,
Philips used hydrogen and helium as working fluids.. They achieved
remarkable results, attaining temperatures sufficiently low to liquefy air
{80 K} by condensation on the cold cylinder head of the expansion space
of a single-stage muchine. Thereafter, hydrogen or helium was used as the
working fluid, with minor exceptions, for all subsequent Philips engine
developments (from 1954 onwards) (Meijer 19559a).

Hydrogen was mainly used, for in those days helium was more expen-
sive and less abundant than it is today. The author recalls that in England,
in 14956, prices for hvdrogen and helium were respectively ¢ pence and 21
shillings (252 pence} per cu ft—a factor of 63, In Canada, in 1978, the
price for gas in eylinders of 200 cu ft capacity was 7.4 cents and 13.2 cents
per cu ft for hydrogen and helium respectively—a factor of less than two,

Other heavier gases may be used as working fluids in Siirling engines
but, for the reasons discussed later, would be less efficacious than the light
pases, hvdrogen or belium. Adr is stll psed in small model engines but no
other pases are widely used except in experimental units. For example,
argon was the working fluid of the minfature Stirling engine in the
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ane-component, gaseous working fluids discussed above. John Malone
(1931) in England achieved remarkable results using liquid working fluids
including water, gasoline, glveerin, etc. Water was also used as the
working fluid in the Thermoelectron tidal regenerator engine incorpo-
rated in another artificial heart system (see Chapter 17).

Again, some early studies are in progress of Stirling engine systems
with dissociating working fluids or with compound working fluids hav-
ing & component that periodically changes phase from liquid to gas. These
are described below.

GASEOUS WORKING FLUIDS
Theoretical comparisans

The first numerical comparison of different working fluids was given by
Meijer (1970a) with the presentation of the characteristics reproduced in
Fig. 8.1. This figure was a summary of extensive computer optimization
studies carried out by Philips using their Stirling engine simulation
computer program, All the results referred to large engines of 165 kW
(225 brake hp) per cylinder having a heater temperature of 700°C
(1295 °F), cooler temperature of 25°C (77 °F) and maximum gas pres-
sure of 110 MN/m® (15 954 |bs per sq in). The overall efliciency of the
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Fig, B.1. Comparisan of calculated pedormance for Stitling engines with different working
Ruids. Engines have the same oustput of 165 KW (225 hruke hp) per cylinder and have been
potimirad - far the mieimom ancelhile afMfisianm i b AT SaE T
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ENEINE, T, Wis shown as o [unction of the power output per unit
displacement, in horsepower per litre. The size of the engine decreased as
the curve moved from left to right of the figure.

Three curves were given, for air, for helium, and for hydrogen. At
points on each curve the engine speed was quoted corresponding with the
maximum efficiency and engine output. The engine speed increased as the
curve moved to the right of the figure.

MNear the extreme left of the fAgure there was little difference between
the three curves. At a speed of 250 revolutions per minute the air engine
had a somewhat lower efficiency, 38 per cent compared with 47 for
helium and perhaps 49 with hydrogen. However, the power density was
not markedly different, at about 2.9 W/em® (12hp per litre), This
suggested that in low-power, slow-running engines there was little or no
advantage In thermodynamic operation to be gained uwsing hydrogen or
helium compared with air. However, with air as the working fuid the
requirements for fluid sealing are greatly relaxed and less reservoir
storage of surplus Auid is necessary. The air can be simply replaced as
required Dby o small compressor. Thus, small, low-power, stationary
clectric generators with extended life requirements and unsophisticated
design are as likely to be using air for the working fiuid as hydrogen or
helium,

Moving to the right of Fig. 3.1 it becomes clear that air cannot be vsed
for high speed engines of high specilic output. Further, at the highest
speeds and power levels, hyvdrogen becomes significantly seperior to
helium. Therefore, in automotive applications where power density is
vitally important, it is likely that hydrogen will be the preferred working
Auid. A contributory and increasingly significant benelit s that the
thermal efficiency with hydrogen can be appreciably higher,

Helivm would likely be selected on considerations of safety for use in
confined situations: ships, underwater power systems, total energy plants,
heal pumps, or stationary generators in buildings, Hydrogen is highly
reactive with oxyzen with extremely wide flammability limits. Helium is
inert,

Outline designs for a large 660 kW (900 hp) 4-cylinder engine were
presented by Meijer (1970a) using the results given in Fig, 8.1, The
resultant engine design envelopes are shown in Fig. 8.2 and are presumed
to be rhombic drive engines. The subscquent development of double-
acting machines would allow further reduction to abeut half the sizes
eiven in Fig. 8.2,

Curves to show the effects of heater temperature and maximum pres-
sure with hydrogen as the working Auid were alsa given by Meijer
(1970a) and are reproduced in Fig, 8.3, As before, the efficiency was
shown as a function of the brake power output per litre of piston swept

|
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volume, The engines were optimized for maximum efficiency with an
output of 170 kW {225 brake hp) per eylinder.

A total of four eurves was included, two at maximum pressures of
110 MN/m?® (15 954 Ibs per sq in) and two at 220 MN/m™ (31 908 Ibs per
sgin). For each pressure, two heater temperatures of 700 and 800 °C
(1292 and 1472 °F) were represented. The curves indicate that substantial
pains In engine efficiency would result [rom the application of heat-
resistant steels permitting an increase in either or both the pressure and
temperature levels. The pains are more pronounced at the higher power-
density levels.

Later, Michels (1276} reported & study of the effect on efficiency of
operating temperatures for the heater and cooler with different working
fluids. Michels used the Philips Stirling eyele stmulation computer pro-
gram to calculate the optimum efficiencies attainable with;

{a) three different heater tube temperatures, 850, 400, and 250°C

(1562, 752 and 482 °F)

{b} two different cooler temperatures, 100 and 0°C (212 and 32°F)

{c) three different working fluids, hydrogen, helivm, and nitrogen.

Michels based his caleulations for relerence purposes on the Philips
Type 1-98 single-cylinder Stirling engine. This has a swept volume of
98 cm’ (5.98in”) and is capable of delivering about 15kW (20.4 hp) at
3000 revolutions per minute with a maximum cycle pressure of
220 MN/m? (31 908 Ibs per sq in) using hydrogen. For his study Michels
maintained the basic engine configuration bul allowed changes in the
dimensions of the heater, cooler, and regenerator within the overall
limitation that the revised designs were capable of fitting onto the existing
engine geometry. The heat exchangers were optimized for maximum
indicated efficiency, this being defined as the ratio of ‘the engine power
assuming no mechanical friction . . . . to the heai delivered to the heater’.

The results given by Michels are reproduced in Fig. 8.4, They show the
optimized indicaled efficiency of the Tvpe 1-95 engine as a function of
power output for the different temperatures and working fluids specified
above.

Unfortunately, Michels failed to include on his curves the engine speed
although he noted ‘the speed increased from left to right along the
curves’. Similarly, he failed to provide any information on the pressure
levels of the working Nuid except to note that *. .. the pressures and
dimensions were determined such that maximum efficiency was obtained’.
The curves he presented were therefore much less useful than would
appear at first sight,

Estimates of mechanical losses {principally friction) in the engine were
included in the calenlations ta ohtain the hraken lineg civen in Fiao @ 4 A7
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Fic 8.4, Miximum possible efficiency versus power oulpul for a Philips Type 1-9§

thombic-drive, single-evlinder engine with different heater and cooler temperalures and

three different working fluids. Results were caleuluted using the Philips simulation prOErm

for maximum possible efieiency for an engine with 98 em” (5.95in") piston displacement.

Speed and cycle pressure were not disclosed. Speed increases from left o righit. 1t is thonght
that pressures also inereéase from left to right (aher Michels 1976).

carefully noted that a logarithmic scale was used for the horizontal pawer
axis, so that very significant differences in power existed for the relatively
shart distances between such points as, for example, A and B in Fig.
B.4(n).

Comparison of the characteristics given in Figs. 8.1 and 8.4 show that
the shapes of the curves are different. In Fig. 8.1 the efficiency declined as
the power per unit displacement increased, whereas in Fig. 8.4 the
reverse is true, for as the specific power increased, the efficiency first
increased to a maximum and then fell away. This difference is thought to
have arisen because in Fig. 8.1 the maximum pressure was maintained
constant whereas no limitation was imposcd on the pressure to calculate
the results in Fig. 8.4, Now increase in pawer outpul can be obtained by
increase in either or hoth the engine speed and engine pressure level. On
Fig. 8.4 it is likely, therefore, that the pressure increased from left to right
along the curves just as the speed did in both Figs, 8.1 and 8.4,

An interesting feature of Michels® results was that, for a given tempera-

tirra wamimmen Teas haakan Awd acmbac dloo ooll¥ 0w welt 40
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example, the peak efficiency at a heater temperature of 830 °C (1562 F)
and ‘a cooler temperature of 0°C (32°F). For hydrogen, point C, Fig,
#.4(b) the maximum indicated efficiency is 56 per cent at 12 kW (16.3 hpi
power output. For helium, point D, Fig. §.4(d) the peak efficiency is 56
per cent at 9kW (12.2 hp) power output. For nitrogen, point E, Fig.
8.4(f} the peak efficiency is 55 per cent at 2.5 kW (3.4 hp} power outpul.
This correspondence of the same maximum indicated efficiency but at
significantly different power levels was found at other heater and cooler
temperatures. [t is presumed that the pressures and speeds for helium
would be somewhat less than for hydrogen and very much less far
nitrogen. What a pity it is Michels did not see fit to include this essential
additional data in his paper.

Parenthetically, it will be recalled that air is composed of 79 per cent
nitrogen and 21 per cent oxygen sa that Michels' results for nitrogen can
generally be interpreted as applicable to ‘air’ without SETIONS error.

Experimental comparisons

Very little experimental data about the effects of different working
Huids have been published. Dros (1965a) published the comparison
reproduced in Fig. 8.5, of the performance of a large Stirling cycle cooling
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Fii, 8.3, Performance churncteristios of large npposed-piston Stirling-cvele conling engine
Bsing hydrogen aml helium as the working Quid. The michine was supplied with water
coaling ata temperature of 15°C (59 °F) and fow e 20 m b (706 ) Measered values
of relrigerating capacity £y and shaft power Pooand also the relative efficiency nfn,
calculated from these two quantities are shown us functions of the cold-side temperature, Az
temperitures above 110K (198 *R) the maximem cvele pressure was limited o 60 MPa
7006 persg inl. At lower temperatures the pressure was reduced to maintwin the shaft
power constant at 134 kW (182 hp), the maximum permissible vatue (afier Dros L963a).
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engine with hydrogen and helium as the working fluid. This shows the
cooling effect generated and the power input required as a function of
refrigerating temperature with the same engine speced and maximum cycle
pressure. Comparison of the data, presented separately side by side, for
hydrogen and helium, shows that with hydrogen as the working Auid the
engine produced a higher refrigerating effect and consumed less power
than with helium. In this paper Dros points out that at low cryogenic
temperatures helium deviated less from ideal gas behaviour than hyd-
rogen and so the advantage of hydrogen becomes less marked than in
power engines,

Loftus (1964) evaluated the performance characteristics of a large
four-cylinder 265 kW (360 hp) Stirling engine with hydrogen and helium
as the working fluid, The engine was made by Philips in 1963 at the
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request of the Electromative Division of General Motors for evaluation
by the ULS. Navy., The engine, designated the Philips Type 4-51210, is
described in Chapters 12 and 13, Loftus ran the engine first with
hydrogen as the working Auid and then with helivm. No significant
changes were made in the engine parts or experimental set-up. Some of
his resulis with the two working Auids are reproduced in Fig. 8.6, He
found that the engine produced more work at u higher efficiency when
running with hydrogen as the working fiuid than when running with
helium.

Thermaophysical properties

What then are-the reasons for-one gas 1o be better than-another for the
working fluid in Stirling engines? The answer lies in what are called the
‘transport properties’ of the Auid including the viscosity, thermal conduc-
tivity, specific heat, and density. Table 8.1 contains comparative data of
these propertics for hydrogen, helium, air, and carbon dioxide.

The properties are important in two ways as regards heat transfer and
acrodynamic-friction losses. Heat capacity, also called the specific heat,
and the thermal conductivity are parameters which principally conirol the

Table 8.1, Thermophysical data for air, hydrogen, heliven, carbon diexide, and
water vapour {from Thermodynamic and trunspert properties of fuidy (51 units), Y.
R. hMavhew and (. . C. Rogers, Basil Blackwel], Oxford).

Temperature (K}

Fluid Property 250 ] 1063
Adp G (ki) 100005 1.029 1.141
Letm pkpim®) 1412 0,706 0.553
M=289 % 109 thp—ms) 15.00 26,70 41,53
k10" (KW /mEK) 32,27 4i1.4] 67.54
Hydrogen €, (k) fkgK) 14.05 14,51 14.98
Latm o kgim?) {0,003 1.0481 0.0246
M=2 % 107 (k) 7.02 12.64 20,13
ko 108 (W mE) 156.1 271.8 452.2
Helium O, (kI ek} 519 519 540
Tatm o (keim?) .195 0,097 0048
M=4 2 107 (kp/ms) 1840 29.30 46,70
ko 10 (kW mE) 134,0 212,60 —
Carbon dinxide Cptklikgk) 07491 101 1,234
1 atm o (ke'm™?) 2.145 1.0:73 [.5306
M =4 %100 (kp/ms) 12.60 23.67 3951
B 10° (EW/mE) 12.80 32,74 67.52
Water vapoir C, (RIfkgR) 1.855 1.954 I.2HR
low pressure e 107 (hpfms) .42 17.3 3T.A
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processes of heat transfer to and from the fluid in the cooler, heater, and
regenerator. Density and viscosity are important in relation to the flow
friction losses, which control the pump work necessary to move the Auid
about the engine 1o perform the desired heat transfers from the heater or
to the cooler. These fiow losses are directly proportional to pu”/2 where i
is the gas density and u the gas veloeity.

The density of a pas may be caleulaled from the characteristic s
equation fs:

_pM
" RT (&1

where p s the pressure
M s the molecular weight
R is the universal gas eonstant and
T is the absolute temperature.
Therefore, for & given pressure and temperature the density p is
directly proportional to the molecular weight, M,
The heat transfer processes occurring may be characterized by the
etjuation:

Q=hA AT (8.2)

where 0 =heuat transferred
fi = heat transfer coefficient
A =area for heat transfer
AT = temperature difference between the fluid and solid wall,

The heat transfer coefficient h s one component of a dimensionless
group called the MNusselt number:

N, = hkfc (8.3)
where N, = Nusselt number
= heat transfer coeflicient
ke =thermal conductivity
¢ =heal capacity.
Another important dimensionless group of parameters involved in con-
vective heat transfer processes is the Reynolds number:

R, = pudfu (3.4)

where R,=Reynolds number
p =density
i =pgas velocity
d =a characteristic dimension of the flow

R e [ TP
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the form:
N,=BR! (8.5}

and B and g are constants which depend on the flow conditions. There-

fore:
- il e = Bl pudf ). (8.6)

The best working fluid is the gas which combines a high heat transfer
cocfficient (large k) with law friction or pumping losses (low pu).

In general, hydrogen has the best combination of transport properties.
[t will result in less friction losses than helium or air for a given heat
transfer rate at a given pressure or temperature situation. Alternatively,
for a given flow loss in an engine, at @ particular pressure and tempera-
ture level, the engine can run faster with hydrogen than with helium or air
so that it has o higher specific output.

Steady- flow analysis

The fiow situation in a Stirling engine is so complex that it is nol easy to
compare numerically the advantages of one working fluid and another
without becoming involved in the intricacies of advanced compuler simu-
lation studies. A better approach is to congider a steady-flow situation
where an analogous combination of good heat transfer and low pumping
losses is important. This exists in many engineering situalions but is
particularly important in the gas-cooled nuclear reactor. Hall (1958) has
given an excellent model for reactor heal transfer and the following
treatment is an abbreviated version of his comparison of coolants.

The Reynolds analogy between fluid friction and heat transfer may b
expressed in the form:

12 = 81 = h/puc (8.7

where = Fanning friction factor
St = Stanton number
it = heat transfer coefficient
p =density of fluid
= fluid velocity
e =heat capacity of fluid.

The pressure drop with fluid Howing in a channel:
S G

Ap=—
P=UNAT Ta  pl\A/ 24

where W= muss flow of fluid
A =eross section area of flow
5 =perimeter of duct
L. =length of duct

i
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The pumping power P is:
L-WAWAS el 1 WAL
p_—__:(_) BL_ (i'j LS (8.9)
net Al 2A pT VAT 2y

where 7= pump efficiency.
I'he heat transferred in the channel is

Q= h(sL)AT (8.10)
50 that:
P11 (WAY(fi2)sL
5_;FW (8.11)
and since St= hpuc= hA/We=f2
then
B 11 W) 1 :
0 up (.I ¢ AT e
but
WA= Qlc(T.—T))A (8.13)

fhere T, and 15 are the temperatures of the Muid, at inlet and outlet
from the duoet.

Therefore, substituting eqn (8.13) in eqn (8.12)

o]

& Q-
£) ?T[.J:CJ ATI Ti_ leli.f\z (b-l‘-l-:'
uar
Q =(np’c? AT(T:~ T A% PIQ)). (8.15)

Therefore, in a given situation with specified temperatures and (P/Q)
ratio:

Q= (p"c?) (8.16)
and since we have seen above that p = M then
Q= (M'c?) (8.17)

HaIJL (L958) is al pains to point out the severe limitations of the analysis
particularly with regard to finned surfaces. Despite this, the anthor finds it
a useful measure for comparing the relative merits of working fuids for
Stirling enpines. .
Consider, for example, the five fluids whose properties are given in
Table 1: hydrogen. helivm. air. carbon dioxide. and water vanour The
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The specific heals are 14, 5, 1, 0.8, and 1.8 kl/ke-K (3,35, 1.2, 0.24,
0,192, and (.43 Bi/lb, "R) respectively, Therefore, from egn (8.17)
abiove the comparative heat transfer @ for a given F/Q rabo is:

Hydrogen 0, 104
Helium O.: 44
Air Q. 29

Carbon diexide Oen: 31

Witer vapour Qe 44
On this basis of comparnison, hydrogen is clearly the preferred heat
transfer fluid with helium or water vapour a second choice and air or
carbon dioxide a rather poor third choice.

Water vapour has not been used extensively as the working Auid in a
Stirling engine. It can exist at temperatures of 50 to 60°C (122 to 140°F)
{characteristic of automotive engine cooler lemperatures) as & vapour
only il the pressure is very low, whereas high pressures are necessary to
attain a high power density, Water vapour is a candidate for use in a
Stirling engine with a compound or multiphase working fluid as deseribed
later. The fluid then changes phase from liquid in the compression spice
to vapour in the hot expansion space, It may or may not operate in
association with a gaseous carrier component such as hydrogen ar helium.

SAFETY

Despite its many attractions as the best working Ruid for Stirling
engines, hydrogen has the disadvantage of extremely wide flammability
limits in air ranging from 5 to 735 per cent mixtures of hydrogen and air,
Other gases, methane, [or example, have much closer flammability limits
of A to 14 per cent methane in air by volume. Morcover, hydrogen has a
high affinity to oxygen and the enthalpy of reaction (heat released in
burning) 129 000 kl/kg (30960 Btuflb, ) of hydrogen, compares with
50 143 kl/ke (12 034 Bru/lb,,) for methane.

Automolive engines

It is therefore difficult to escape a feeling of apprehension when
conlemplating  Stirling-cyele  vehicle engines pressurized to 100 to
200 MMN/m® (20007 1bs per sq in). From the material presented above
there is no doubt that the automotive engine must use hydrogen; there
really 15 no alternative for engines of ‘high power density and efficiency,
Yet, the prospect of high pressure hydrogen systems, generally available
for public use, 15 a daunting prospect to those concerned with matters of
safety,

It is inevitable that some leakage will oceur from the working space to
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f:t_mur::d by Philips it is inevitable that sooner or later material failures
will occur with consequent leakage of hydrogen from the warking space.

Parasine

Hydrogen is, moreover, a difficult gas to contain, 11 is so light and fluid
that it passes readily through materials that are apparently solid. At high
temperatures and gas pressures the effect s enhanced and most materials
including metals are porous to some degree 1o hydrogen. In an engine
with a direct-heating fossil-fuel combustion system any leakaoe through
the hot parts of engine pose no safety hazards: hydrogen will H}.n'l]}ij-' burn
(to water vapour). For indirectly heated systems with a liguid-metal
F1cal—transfe.r laop, some means of venting the hydrogen gas must be
mearporated.

IPcrcivaE (1974) cited hydrogen permeation of materials as one of the
principal unresolved prablems in Stirling engines. He indicated that one
avenun? t::f appraach adopted by Philips was to provide an impermeable
ceramic liner in the heater tubes bul provided no details and the matter
has never been mentioned in any of the several papers published by
Philips. '

Hyvdrogen embritdement

Another important effect to be considered in the use of hydrogen as a
working fluid is the embrittlement which metals experience when exposed
to hydrogen, particularly at high temperatures and pressures. The effect
of hydrogen on the mechanical properties of metals and other materials is
uxi_ram'dinurify complex and profound, An excellent compilation of ma-
terial on the subject of hydrogen efiects was assembled by Beachem
(1977). '

These important matters have not been sufficiently ‘addressed in the
public literature. They are expected to receive due attention in the
Stirling engine research program supported by public funds now being
developed in the United States by the Department of Energy.

CGeneral Motors Corporation’s research

A significant statement regarding safety in the use of hydrogen as the
working fluid in Stirling engines was contained in Percivals (1974)
historical record of the General Motors development program. In that
work Percival reproduced a memorandum to the G.M. lahoratary man-
agement in which he investigated possible restrictions on the use of
hydrogen working fluid in the 110 kW (130 hpl 4123 General Motors
double-acting Stirling engine for bus installation. He examined the possi-
ble rn:strilrztrinns on public highways, and in tunnels, determined the
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use of hydrogen with various regulatory authorities who might have been
responsible for restrictions on the use of hydrogen but no existing
reguliations or limitations on its use were found.

The total amount of hydrogen contained in the GM 4L.23 bus engine
and reservoir was estimated, with the engine pressurized to the normal
value of 10.3 MN/m® (1500 1bs per sqin), to be a total of 0.022 kg
(0.050 lbs), equivalent to a [ree volume at 21.11°C (70 °F) of 0.2724 m"
(9.62 cu 1) This volume of pas escaping from the engine and mixing with
air to a 5 per cent mixture would need to be confined to a volume of
S5A435m? (1.52mx 1.32mx2.44m) (192 cuft: SAx5ft*2ft) to assure
flame propagation on ignition,

Assuming ignition and the reaction of at least one half of the hydrogen
the heat released would be 1370 kJ (1300 Btu). This was said by Percival
to be equivalent to (LO52 kg 35 1) of gasoline or § of the smallest
available can of propane. Another factor favourable to hydrogen cited by
Pereival was the relatively low Bammability limits for hydrocarbon pases;
2.2 per cent for propane, 1.6-2 per cent for butane, 1.4 per cent for
gasoling, 5-6 per cent for methane, For hydrogen, the lower flame
propagation limit runged from 4 per cent, for combustion wvertically
upward, to 9 per cent, for combustion vertically downward. For hydrocar-
bon pases, en the other hand, the fammability limit was more or less
independent of the direction of propagation so they were more likely to
be entirely consumed. The extended upper Bammability limit for hyd-
rogen, 74 per cent compared with 6 to 14 per cent for hydrocarbon giuses,
wits dismissed by Percival rather summarily as being of serious concern
only in the case of non-habitable spaces. He failed to address the question
ol explision of @ rich hydrogen mixture in a clesed engine compartment,
thought by many to be a serious problem.

Percival pointed out that hydrogen diffused at a rate 4 to & times that
of hydrocarbon gases. In the open air or in a large room an instantaneous
leakage of all the hydrogen from a 110 KW (150 hp) engine would be
dissipated to 2 non-fismmable mixture in a lew seconds, On the other
hand, hydrocarbon gases disperse more slowly and, being heavier than
air, tend to accumulate or remain concentrated in low lying areas.

In summary, Percival presented a convincing case that the potential
danger of fire or explosion from hydrogen leakage in the bus installation
was small and substantially less than the possibility of fire from a hydrocar-
bon fuel source,

Ford Motaor Company's research
Further work on the hazards of hydrogen as the working fluid in
automotive Stiding engines was carried out by Goodale and Walter
(1976) at Stanford Research Institute on behalf of the Fard Motor

iy
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Company, Goodale’s report is conlained as an appendix in the com-
prehensive report by Kitzner (1977a).

No other firm data is available, but it is said that United Stirling have
approached the Swedish regulatory authorities and have gained approval
for the use of hyvdrogen as the working Auid in their automotive engine. It
is further understood that their development work has embraced the
experimental study of fire or explosion hazards with hydrogen engines in
vehicles in garages or confined spaces. No details have been published.

Mo doubt, all the companies presently involved are pursuing similar
wark and are engaged in discussions with the regulatory authorities. The
development of the so-called *hydrogen cconomy’ in (he future, particu-
larly in the United States, will Tesult in hydrogen becoming far more
familiar than it is today. Safety measures and handling procedures will be
developed that will, no doubt, do much to allay the apprchensions
expressed in the early part of this section. There are no reports of
accidents involving Stirling engines in the literature, cxcept a brief refer-
ence, made almost in passing by Percival (1974} in discussing experiences
with an experimental GPU-3 engine. Hearsay has it that one fatal accident
occurred at Philips in the early days of their work on hydrogen engines
tmid-1950)s) but no details of this are known.

COMPOUND WORKING FLUIDS

Introducrion

Compound working fluids in Stirling engines were investigated in a
preliminary way by Walker and Agbi (1974). They assumed a compound
working fluid to have two components: the gaseous carrier and the phase
change component. The phase change component experienced a change
of phase from liguid to vapour in moving from the cold space, through
the repenerator to the hot space.

The principal attraction of the compound working fluid was the possi-
hility of achieving a high specific output at a moderate mean pressure
level. Secondary advantages were anticipated in terms of improved heat
transfer arising from the boiling and condensing processes as well as some
relief in the critical problem of reciprocating seals.

Walker and Agbi (1974) carried out the preliminary study of com-
pound working fluids by comparison of a series of idealized Schimidi-type
thermodynamic cycles. The gascous working fluid had the characteristics
of air, and mixtures of air and water having some mass ratio g8 = m,/m,
particular to the cycle were preseribed.

It was found that for the same limits of maximum and minimum
temperature {cosl) and volume (size) and for the same maximum pressure
{weight) the area of the work diagram for the cycle having a compound
working fluid was substantially larger than that for the simple gaseous
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working fluid. In other words, in an engine of the same size, cost and
weight, the use of a compound working fluid increased the work output.

A physical explanation for this improvement was found in the recogni-
tion that the phase change from liguid to vapour of one component of the
working fAuid caused, in effect, an increase in the volume compression
ratio of the cycle with consequent benefit to the pressure ratio and net
cycle work. _

Improvement in the volume compression ratio was a highly desirable
eftect. In the design of practical Stirling engines, it was rarely possible to
attain a volume compression ratio greater than 2.5 without undue sac-
rifice of heat transfer surface area or introducing unacceptably high fluid
friction eftects. By increasing the effective volume compression ratio, 4n
increase in the amplitude of the cyclic pressure excursion was obtained
with consequent beneficial results on the arca of the work diagrams for
the various spaces in the engine.

Isothermal analvsis with compound waorking fled

The Schmidt analysis (see Chapter 4) was found amenable, with rela-
tively minor modification, for application with o two-phase, two-
component working fTuid.

The compound working fluid was assumed to consist of two compo-
nents, one behaving at all times as a perfect gas, and the other in the
compression space existing in the liquid state at low temperatures and, in
the expansion space in the vapour state at high temperatures where it was
further assumed to behave as a perfect gas. The specified mass ratio
g =m,m, was assumed to prevail throughout the system and to be
unaffected by the phase change from liquid to vapour of one component.

In the conventional Schmidt analysis, a linear temperature profile was
assumed for the regenerator. With o compound working fuid the arbit-
rary assumption was made that the regenerator dead space was divided
inte two volumes, one maintained at temperature Ty, the other at
temperature T and of such size that the total mass of working fluid in the
regenerator was divided equally between the two spaces, At the interface it
wis assumed that a step change in temperature occurred, accompanied by
a change in phase of one component. and that the interface moved as
required to maintain the equality of mass in each regime. There is no
plvsical justification for this assumption. It was adopted simply for the
sake of computational convenience and will probably need to be im-
proved for future work.

The total pressure p was taken to be the sum of the partial pressures of
the two components and, further, to be instantaneously constant through-
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Then p,., the partial pressure of one component in the liguid state, was
taken to be always zero, and the volume of the liguid was assumed to be
negligible. so that in the compression space p=p,..

It was recognized that the assumption of a constant mass ratio 3 was
probably not attainable in practice because the vapour component would
tend to migrate from the hot expansion space to the cold compression
space. This could perhups be compensated by gravitational pumping. i.e.
putting the cold space above the hot space. A constant mass ratio, f3,
might represent one extreme limit achieved by an engine running fast.
The contrasting limit achieved in an engine running slowly might oceur in
the case where the vapour pressure p,. = p,. has a negligible value so that
all the phase change component exists in the liquid state in the compres-
sion space. In this case, B in the expansion space is effectively zero and
the results correspond to that of the cycle with a single component
gaseous working fuid,

Principal assimpions

. The regeneralive process was perfect,

2. The process of compression and expansion occurred isothermally
at temperatures Ty and Ty, respectively,

3. Volume variations in the compression and cxpansion spaces occur-
red sinusoidally,

4. The vapour component at temperature Ty existed in the liquid
state with negligible volume and vapour pressure.

3. The wvapour component at temperature T cxisted in the
superheated vapour state anG behaved as a perfect gas according to
the ideal pas equation p,V =m R T

6. The gasecus component behaved as a perfeet gas at all times and
obeyed the equation p, V. =m B, T.

7. The total mass of the working Auid distributed between the com-
pression, expansion, and dead spaces remained constant.

5. The ratio of mass of vapour component to gaseous component wis
constant and uniform throughout the machine,

9. The instantaneous total pressure of the working fluid was uniform
throughout the working space.,

1. The mass of working fluid in the dead space was divided equally

into two parts, one at temperature T, and the other at tempera-

ture Ty At the interface of these two masses there was a phase

change of the vapour component from superheated vapour to

ligquid,
11, The rolational speed of the engine was constant.
17 O e ndindn S e R el AN D am ro.w
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viriation only and equilibrium existed between components and
phases at all times,

Swmmary of analysis

The process of development of the analysis was precisely similar 1o that
given in Chapter 4 and yielded the following equations:

1, Volume
la) Expansion space

V. =3Ve(l+cos dr) (8.19)
{b} Compression space
V.o=1Ve(l +cos{d—a)) (820
ic) Dead space
Vo= XVe= Vipt Ve (8.21)

2. Prassure
ia) Instantaneous pressure

P =&

= {8.22)
Puae L+ 8 o5 (b — )
(h) Pressure ratio e
o (8.23)
PLTIII'I ]_ﬁ
where A = (K7+ ™+ 26K cos al!
B=K+pg+2s
a =A/B
= 2RKX
1+ K
= T : | f  wsine )
— — ,“p: __," G B =1a T
K (I—EN) N=M,/M, “and ¢=tan (K+rf|;:0$|::

3, Wark Done
{a) Expansion space

(L) (B
~2 As 8.24)
F'm.u"’.'r 2\(1+)/ \1+8 A& sin o) i .
{b) Compression space:
Pe- ,__f( # )('1_'&)%. o i
Bonx Ve 2 014x/\143 (A sin(f — o)) (8.25)
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(e} Net ecycle work
P=Pe—Pe=(1-K)P: (8.26)

4, Hear Transferred

Adequate expressions were not derived for the heat transfer and the
enthalpy and entropy changes expressed in terms of the principal design
parameters. In the simple Schmidt cyele the equality [dQ={{pd V)]
holds because the fluid is considered a perfect gas and the processes of
compression and expansion are assumed isothermal. With a compound
warking fluid the equality does not hold, for the fluid is not a perfect gas
in the compression space. The heat transferred may perhaps best be
estimated by consideration of the enthalpy or entropy changes for the
unsteady flow two-fluid systems represented by the expansion and com-
pression spaces, considered separately. This has not yet been done. It is
suggested here that the various assumptions (particularly those of isother-
mal compression and expansion) would lead ultimately to a eycle effi-
ciency equivalent to the Carnot value as is the case with the Ideal Stirling
and Schmidt eyele. In that case

2 )
. 8.27
b O, (1=} { )
5, Mass Distribution
(a) Expansion Space
m, K1 -S] [ (1+cos )
=({1+B)— 4 - 828
™ ( mzh-m {1+ 8 cos(dg - ) (8:28)
and the mass velocity
dim.fn*) ey E[ 1- 6] P sin{eh = €1 — & sin # — sin -'I»-]
ddb 21+l (148 cosid— 81"
(8.29)
where the characteristic mass
:;:Pmuxv'l'
" —RuTc
(h) Compression Space
m. KT1=87[ (1 +cas(d—a)) ]
— 1+ o [ ,. n
i (1+8) 2 [1'—#:“[1-‘-6ms{:,b—fﬂ}_ 130

d{m"'lm*}=“_,lg,»ﬁ [ [ —.‘3] [ﬁism[d-—m—sinfﬂ ~ it ) —sinl ¢ —cz]l]
deb 2L1l4k] (145 cos(d— @)y

(8.31)
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{c) Dead Space

My ﬂ+||3_‘.l( 1—:5) 1
——= XK —" —], 8.32
¥ 5 (1+ul\VI+ K/ {148 cos{d— 8N ( )
Since me s
m*  m*
the mass velocity
. # - Y W
di g/ 1T2 ([+E)( KX )({] G1 — 5 sinfd .f]}) (8.33)
s l1+wd 4+ K {1-+& cosfch— 87)

Nomenclanre

The nomenclature for the shove is precisely that used for the Schmidt
cvele analysis in Chapter 4 with the addition or substitution of:

A defined by (K*+ k™ +2kK cos o)
B defined by K+ +28
i T
K defined by 17BN
M muolecular weight
m* = characteristic mass defined above (eqn 8.29),
. =mass of working fluid in the compression space

mp = mass of working fluid in the dead space

m. =mass of working fluid in the expansion space

m, =mass of air in the working space

m, =mass of vapour in the working space

m,, =total mass of working fAuid (m,+ m,)

N =ratio of characteristic gas constants M, /M,

P =engine output

Fe =engine output in the compression space

P =engine output in the expansion space

P =instantancous cycle pressure

P =mslantanecus partial pressure of the air component in the
COMpression spiace

M = nstantaneous partial pressure of the air component in the
expansion space

Py = instantaneous partial pressure of the vapour component in the
compression space

P = instantancous partial pressure of the vapour component in the
expansion space

el SR, EE S~ L ke e P )
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R, =characteristic gas constant of vapour
Ty =absolute temperature of the compression space
Tp  =absolute temperature of the expansion spiace

= {ime
Ve =swept volume of compression space
V., =instantaneous volume of the COMPression spice

Ve =dead volume

Vise =volume of dead space at temperature T,

Ve = volume of dead space at temperature T,

Vi =swept volume of the expansion space

V. =instantaneous volume of the eXpunsion space

Vip = combined swept volume of the working space Ve+ Ve

X =dcad volume ratio Vo/ Ve
¢ =angle by which volume variations in the expansion space lead
those in the compression space
B =component mass ratio m,/m,
2
A defined by =[(1 5%~ 1]
& defined by A/B (see cqn 8.23)
2
n  =thermal efficiency —
E
K OSIN r
1 defined by tan™' "—-——]
3 K+wxcosa
k&  =swept volume ratio Vio/ V.
£  =ratio of the dimensionless engine output with compound work-

ing fluid to the output with 4 gaseous working fluid
= temperature ratio T/ Te
=crank angle (wr)
= angular speed

Note; The suffix a or v refers to the air or VIpoUr component. An
upper case suffix refers 10 a constant or maximum value, A lower case
suffix refers to an instantaneous value.

E &9

Principal design parameters
The principal independent design parameters of a regencrative Stirling
engine. sccording to the Schmidt analysis, are:
1. the temperature ratio 7= T/ T, ratio of temperatures in the com-
pression and expansion spaces
2. the swept volume ratio x = V/ V.., ratio of swept volumes in the
compression and expansion spaces
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4. some characteristic pressure of the working fAuid of which the
maximum pressure was the preferred criterion

- the dead space ratio X= V,/Vy the porous volume in the re-
generator and associated heat exchangers expressed in multiples of
the swept volume in the expansion space

B, engine specd.

In the case of the compound working fluid there was an additional
independent design parameter, the mass ratio 8 = m,/m, and treedom of
choice of the selection of fluids having different thermodynamic charac-
teristics,

Design charts for Stirling engines acting as prime movers and re-
frigerating machines were given in Chapter 5, prepared from an optimiza-
tion study based on the Schmidt analysis, For a particular case with
Te=1000K (1800°R) and T-=300 K (540°R) so that t=0.3 and with
the dead space ratic X specified as 1.0 the optimum values of phase angle
and swept volume ratio were found to be 0,54+ tadians (97 and 0,74
respectively. These values were taken as the standard desigi. config-
tirativn for most of the cases reported here.

[

Effect of compound working fluid, work diagrams

In Fig. 8.7 a comparison is drawn between the work diagrams abtained
tor three Schmidt cycles having mass ratios of 8=40, 1, and 2, and the
standard design configuration of 7=03, X=1.0, a=0.54 and x = 0.74.
Three work dingrams for each case were obtained. The diagrams show
the simultancous variation of pressure and volume in the expansion and
compression space and in the total working space,

The area of these diagrams represents the expansion and compression
work of the expansion and compression spaces. The area of the diagram
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Fia. 8.7, Work dingrums for Schmidt-cycle svstem with compound working fAuid (after
Walker und Aghi 19743,
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for the total working space represents the indicated power output of the
engine and i5 in fact exictly equal to the difference in the areas of the
dingrams for the expansion and compression spaces,

For the purpose of comparison the diagrams are rationalized so that
pressures and volumes are expressed as fractions of the maxinum value,
thereby permitting comparison of machines similar to a first approxima-
tion in size. weight, and cost. The area of the diagram for the total
working space was thought to be the principal criterion: the bigger the
areq, the better the.engine, Tt was clear from Fig, 8.7, that the cycles with
a compound working fluid, 8= 1.0 and 2.0, had work areas for the total
working space much greater than that for the single Auid system g=10.
For the particular cases considered, values of the work tatio £ (or ratio of
the diagram areas for = 1.0 and 2.0 compared with the diagram area for
g =10) were 1.6 and 1.76, respectively,

Effect of mass ratio

Further study of the effect of the mass ratio g resulted in the genera-
lion of the data shown in Fig. 8.8. This figure shows the work ratio £ as a
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Frao. 8.8, Degree of improvement in the specific owtpet (work rstio) of Schmidi-cycle
switems with 1 componnd workino Auid (after Whaller and Aohki 10741
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function of the mass ratio 8. A family of curves was presented for a serjes
of temperature ratios ranging from 7=0.1 (To=3000K, [(5400°R),
Te=300K ((G40°R)} to v=0.5 (Te=600K (108D°R), T.=300K
(5340"R)). It was interesting to note from this figure that at very high
temperatures (7= 0. 1) the addition of a phase change component above a
mass ratic of 2 was actually detrimental and resulted in o work ratio ¢ less
than 1. In every other case_an improvement in the work ratio was
obtained by the addition of a phase change component, with marked
benefits at the lower temperatures. According to Fig. 8.8 an improvement
in specific output of over three times was gamned with o temperature ratio
r=05 (Te=600 K (1080 "E), T-=300 K (540°R)). This may have par-
ticular significance for future developments of low temperature ‘bottom-
ing cycle’ power systems utilizing engine-exhaust energy, or flat-plate
salar collectors, a4 the thermal source.

Svystem variahles

The effect of the other system design variables 7 & a, and X were
investigated in systematic fashion by the indepéndent variation of one
parameter, while maintaining the others constant at the arbitrarily
selected standard design confipuration v= 0.3, o =0.347 {077, «=10.74,
and X =10 for a range of B values 0, 1.0, and 2.0. The results of the
study are presented in Fig. 8.9, The engine output was represented in
dimensionless terms as (P/p,... Vi)

Fig. 8.9(a} shows the effect of variation in the phase angle a on the
power outpul for three different mass ratios, Increase in 8 causes sub-
stantial increase in the power output and a slight change in the angle at
which the maximum power occurs.

Fig. 8.9(b} shows the effect of variation in the swept volume ratio & on
the power output for three different mass tatios, Increase in B causes
substantial increase in the power output and a marked reduction in the
swept volume ratio at which the maximum power occurs,

Fig. B.9(c) shows the effect of variation in temperature Tatio + on
engine output. A decrease in 7 corresponds Lo an increase in the expan-
sion space temperiature T with the compression space temperature held
constant. With a gaseous working fluid the engine output incresses
progressively with increase in expansion space lemperature. This is not
true for the compound working fluid. For a mass ratio of g = 1.0 there is
a4 progressive increase in the outpul power towards an apparent max-
imum. For a mass ratio of @ = 2.0 the engine output increases slightly to a
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characteristic for a power system which may find application in some
control and monitoring Functions.

Fig 8.9(d) shows the effect of variation in the dead space ratio X on the
power output of the engine. It has long been recognized that for gaseous
working fluids the dead space is an important design criterion and should
be reduced to the minimum in order to maximize power output. It iz
therefore of substantial interest that the power output with a compound
working fluid is much less sensitive to variation in the dead space. Indeed,
as shown in Fig. §.9(d}, the power output actually increases with increase
in dead volume ratio up to X=1.0 and thereafter declines along a
shallow curve. This virtual independence of power output to the dead
space is important for it will permit the use of heat exchange COMponents
of enhanced design with large internal surface area.

Distribution and mass flow rate

It was of interest to study the mass distribution of working fluid in a
Stirling engine with a compound working fuid, The mass distribution
characteristics obtained for the standard design configuration with fg=u
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systems with o gaseous and compound working Auid (after Walker and Aghi 1974,

compression space, Fluid in the dead space is not included. The fAuid
masses are expressed in dimensionless terms by the arbitrary definition of
a refercnce mass ™,

It was of interest to note from Fig. 8.10 that with a compound working
fluid there was a concentration of mass in the compression space and ;
reduced mass in the expansion space, compared with a gaseous working
Auid. The cancentration of mass in the compression space was explained
by the assumption that the vapour component at low temperatures
was assumed to have zero vapour pressure and volume so that
the gas component pressure in the COmMpression space was greater
than in the expansion space. This cffect was additional to the normal
densification of the working fluid due to the temperature difference.
Concentration of mass in the compression space was thought to explain
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the reduction observed in Fig. 8.9(h) in the optimum value of the swept
volume ratio & with increasing f.

Cyclic mass velocity characteristics for the flow of working fluid to and
{rom the expansion and compression spaces were derived for the standard
design configuration, These curves are presented in Fig, 8.11(a) for the
case 3=1{( and Fig. 5.11(b} for the case g =2.0,

In both Figs. 8.1 1) and (b) the curve G-C represents the rate of fluid
flow our of the expansion space, the curve C-K-E represents fluid flow
rales into the expansion space, and the curve E-M represents fluid flow
out of the expansion space. The curve H-B represents fluid flow inte the
compression space, the curve B-J—D represents flow out of the compres-
sion space, and the curve D-L-N represents flow inte the compression
Spice.

Flotted in this inverse fashion the curves are of interest when overlaid
as in Figs: 8.11{a) and (h), for the shaded areas then revealed the rate and
duration of low through the regenerator. Thus, the shaded areas A-G-B
plus E-M-F represents the net flow of fuid through the regenerator in
the direction from lhe expansion space towards the compression space.
Similarly, the shaded area C-K-D represents net Aow through the re-
generator in the dircction from the compression space towards the
expansion space. In the part of eycle, B-C, fluid was flowing info the
regenerator from both expansion and compression spaces and for the
cyclic fraction D-E, Auid was Aowing owt of the regenerator inta both the
compression and expansion spaces.

fa) [f=0 | {9)| g=20

Mass thow race dine/m*)

4 05 10 15 300 03 0 15 10

Crank angle, g (7 rads) Crank angle, d (= reds)

Froo 801 Mass veloeity characteristics for the compression and expansien spaces of a

Schmidt-cyele system with @ gaseous and compound working fuid (after Walker and Aghi
19741,
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Comparison of Figs. 8.10{a) and (b) shows that the rates of mass fow
for the compression space were substantially increased with a compound
working fluid and the rates of flow for the expansion space marginally
decreased, a result that could be deduced from Fig. 8.10. Increase in the
Ruid mass velocities could be expected to increase the fluid friction effects
thereby increasing the difference in pressure between the expansion and
compression spaces causing a deleterious effect on the engine power
output.

Olptimtum destgn

subsequently Walker and Agbi (1973) found that the optimum combi-
nation of swept volume ratio « and phase angle o for given values of
temperature ratio 7 and dead volume X varied with the mass ratio g
With a compound working fluid the optimum ratio of swept volumes in
the compression and expansion space was appreciably less than the
optimum value with a gascous working fluid, This arose out of the
difference in mass distribution in the engine such as that discussed above
with reference to Fig. 8.10,

The effect of the modification of optimum swept volume ratio was
beneficial. When the change in optimum swept volume ratio was made
and the proportions were adjusted such that the same maximum working
space volumes were compared, the result was as shown in Fig, 8.12. This
figure shows work diagrams for the expansion, compression, and expan-
sion spaces for three cases:

{a) the optimum desipn configuration for a gaseous working fluid,

7=0.3, X=1, a =054 radians (97" and & =0.74, In this case

=10,
(b) same parameter configuration but with a compound working fluid,
B=2.

{c) optimum design configuration for a compound working Auid with
=2, v=0.3 and X =1. In this case o =053 radians (937 and
k=1_(.35.

The net work-diagram areu for case (b} was 1.76 times that for case (a),
and was given previously in Fig. 8.7. The net work-diagram area for case
{c) (same size machine as case (b) but with the proportions adjusted for
maximum power) was 2.0 times that for case (a).

Walker and Agbi (1973) presented optimum design charts similar to
those for the gaseous working fuid given in Chapter 5. For the compound
working fluid separate charts were developed for different values of the
mass ratio S,

Flutd combinations

The theare availohle weae en hichlr idaaliszad Hhoat tha anlo alikenaboclog
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Fig, #.12, Optimum work output for Schmidi-cycle systems with gascows and compound
working finids (afrer Walker et al. 10730

weights M. and M,. Studies were made of Auid combinations having a
range of values of the ratio N= M, /M, Light gases (helium and hyd-
rogen, M.=4 and 2) were combined with heavy liquids (Freons M, >
100t heavy gases (carbon dioxide M,=44) were combined with light
liquids {water M, = 18) and intermediate combinations were investigated.

For the particular configuration studied, +=0.3, X=10, x=0.74,
a =547 (97, B =2 the best results in terms of the maximum work
ratio, &, were gained with a molecular weight ratio N corresponding 1o
that for air and water e, N=29/18 = 1.6. Insufficient work was done for
this result to be generally applicable 1o all machine configurations.
Furthermaore, the idealizations of the theory are such that any conelusions
drawn must remain tentative.

The elements of the theory thought to be particularly suspect are the
assumptions of isothermal processes, constant mixing of the fluids for
uniform mass-ratic § and neglect of aerodynamic-flow loss. We have seen
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of working fluid. There is every reason to believe that the compound
working fluid would be similurly dependent but there is insufficient data
presently available for rigorous analysis.

Refrigeration applications

All the work outlined above was earried out with reference to prime
MOVErs, power systems converting heat to work. The expansion space was
heated and the compression space was cooled,

The applicability of the concept of compound working fluids to refrig-
eration applications was investigated by Walker and Agbi (1973). It was
found that a compound working fluid had the same beneficial effect
resulting in an increase in the effective volume compression ratio. This in
turn caused an increase in the range of the pressure excursion and hence
an increase in the refrigerating capacity of the machine with no inerease
in engine size, weight, or cost compared with a gaseous working fluid, The
degree of improvement of the compound working fluid was significantly
greater at relatively high refrigeration lemperatures and declined progres-
sively until at cryopenic temperature levels it was not markedly different
to the conventional gaseous cycle. Morcover, at the lower temperatures it
was necessary to resort to a hypothetical Auld as the phise change
component was required to have properties not possessed by any known
real Auid.

Potential applications for compound waorkcing fluids

The preliminary investigations outlined ahove indicated that the
specific output of Stirling engines, acting as prime movers or cooling
engines, may be significantly improved by the use of compound working
fuids. The degree of improvement (twice as much] was sufficient to justify
the next level of investigation.

With a compound working fluid and consequent high specific output it
may be possible t6 decrease the very high pressure levels of gaseous
working fluids that are characteristic of automotive engines. Moreover,
the boiling and condensing processes occurring to the phase change
component during the cycle ure associated with very high rates of heat
transfer, and the phase change componen| may have a high enthalpy oi
evaporation (water has a very high value). Consequently, the processes of
compression and expansion in the engine are likely to approximate to
isothermal conditions more closely than in the gaseous machine.

The presence of liquid as droplets in suspension or as a film, could have
profoundly beneficial effects on the effectiveness and life of fluid seals.
The presence of water or light hydrocarbons on PTEE filled plastic
{Rulon) seals operating in helium has been found by the author to greatly
enhance both the operation and life. The effects are extremely variable and
difficult to reproduce, and insufficient experimental work has been done
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to arrive at any other than the most general conclusions. Because of the
difficulty in reproducing results, no account of the work has been pub-
lished. _ e o
Improvement to seal life, friction, I.ln.d WORT 18 sigmhcdnt in {{:H..lli.l;_
acting engines for the dry seal on the plsmr_: sep:rratmg the two Sm1 ing
systems (al different pressure levels) found in each cylinder, Ti}e seul is
invariably located at the cold (ambient temperature) end of the piston and
thus Eldjﬂ:ctrll toa compression space where the phase change component
would exist as a liquid, ‘ .
In engines with 4 mechanical drive, Crii:l'llk, 1'humh]u, or r'.w:asJ'J—;le}.t.‘.:t
another pressure seal is found where the piston or dtsp‘lqcer—md pusses
through the cylinder. This can either be a rolling seal {P]'Jlﬂlph'} or a Rulon
rubbing seal. Invariably the seal is located at the amhjent—temptarumrn
end of the cylinder where the phase change n:ornpununl would exist n‘s a
liquid. It would be a simple matter indeed to design the seal locations as
shown in Fig. .13 such that the liquid phase change component acoUml-
lates in the seal well. This transtorms the seal from o gas seal toa llqmdl
seal and thereby relaxes the seal requirements by several orders of
magnitude, . . .
In the studies of compound working fluids deseribed above the

ey

Lisyund wcll/.. e Slicliog seal

Fro, 8,13, Slding hguid seal i engine celinder with compound workang faids,
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greatest degree of improvement in specific output was found at the
lower expansion-space temperatures (super-ambient) in the case of
prime-mover engines and at the higher relrigeration temperatures (sub-
ambignt) for cooling engines. This supgests that compound working fluids
might well be applied in engines operating on low grade thermal sources,
i.e. exhaust-heat bottoming-cyele systems for gas turhine or internal
combustion engines, or relatively unsophisticated, and therefore low-cost.
solar collectors. For cooling engines the best applications, at high refriper-
ation temperatures, may be air conditioning units, heat pumps, and food
preservalion or processing,

Intriguing combinations of Stirling-cycle prime movers driving Stirling-
cycle cooling engines are at an outline design stage. Both units use the
same compound working Auid, one of the Freons in combination with
hydrogen, as thermally-activated coaoling engings driven by solar energy,
exhaust heat, natural gas, fossil fuel, municipal waste, and biomauss
combustion,

Expetimenial work with compound working fluids

Little experimental work with compound working fluids has been
reported. William Beale added a small quantity of water to the cylinder of
a small demonstration free-piston engine (see Fig, 2.11) to improve
sealing in the working space. He found the resultant increase in the cyelic
pressure excursion was sufficient for the output to improve dramatically
until, after a few cycles. the displacer collapsed with the increased
Prassurs,

This experience prompted the author to undertake the studies de-
scribed above and to construct the apparatus shown in Fig, 8.14. It
consists of a long cylinder closed at both ends and containing a hollow
displacer. The displacer was actuated by a crank connecting-rod mechan-
ism driven by a motor. Various speeds and strokes of the displacer may
be obtained. One end of the eyvlinder was heated (by internal electric
resistance heaters) and the other end was cooled by a water jacket. The
cylinder was fitted with a Kistler quartz piezoelectric pressure transducer
and thermocouples in the hot and cold spaces in the cylinder to measure
mean temperatures, The apparatus was mounted within o structural stes]
frame so that it could be operated with the cvlinder axis at any orienta-
tion. In the cylinder, a gas charging valve was provided that may be
coupled to a compressed gas bottle. Similarly, a liquid charging valve was
provided so that a measured volume of liquid could be injected into the
cylinder by hypodermic syringe (before the cylinder was pressurized with
gas ).

A slaaranme eadens hetaman s mllicdee Ao elon FEioqo oo 0 v
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Fic. 814, Expecimental apparatus for the study of compounid working fluids.

hot end of the cylinder. The other end operated always at the cold end so
that along the length of the displacer there was an appreciable tempera-
ture difference. The displacer and cylinder walls were made of thin wall
stainless steel to reduce the conduction losses,

A family of displacers with a ranpe of length to diameter ratios has
been made. Similarty, the cylinder is made up from several elements of a
length to suit the various displacers and the several displacer strokes that
may be used. The eylinder elements are constructed in several internal
diameters to provide for a range of clearances in the regenerative
annulus. The ‘gap’ or diametral clearance has a critical effect on regenera-
tive annulus performance. For a given pressure drop the mass-flow rate is
a function of the cube of the gap dimension. It is vital that the displacer
he maintained central (to provide a uniform gap) and that the gap be
minimized, :

An alternative arrangement, as yet unused, is available where a seal 18
provided at the cold end of the displacer and a flow path for the working
fluid is provided from the hot to cold end through:
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(b) a regenerator case, which, in turn, is connected to

{c] a water-cooled tubular heat exchanger connected to the cold end of

the cylinder.,

The apparatus, in either form, corresponds to a sing e-cylinder Stirling
engine of the piston-displacer type in which the piston is held stationary,
S0 the volume of the system remains constant. As the displacer moves in
the eylinder, fluid is displaced from the hot spice to the cold space and
vice versa, This causes a cyclic variation in the pressure of the working
fiuid that is, of course, exactly in phase with the motion of the displacer,
or the volume variation in the hot ‘expansion’ space. Maintaining the
total volume constant by, in effect, holding the piston fixed, introduces
considerable simplification in the analysis of a Stirling engine system. The
intent of the apparatus was, first, to support the development of a
procedure for predicting the range of pressure variation in the constant
total volume system that conformed well with the measured values for
different compound fuids. It was anticipated that a similar procedure
could be adapted for real Stitling engines with a variable total volume
system, The same apparatus was intended for subsequent studies of
regenerative heat exchangers in which the fluid experienced a phase
change. Virtually no information in the literature has been located abou
the operation of regenerative heat exchangers operating with a phase
change of the fluid Aow.

Initial experience with the apparatus using air and water has been most
disappointing for no way has been found to maintain a uniform distribu-
tion of the two components in the cylinder. The water either collects in
the cold space, or if the apparatus is operated upside down, with the hot
space below the cold space, there are intermittent. massive pressure
excursions when large droplets of water are suddenly vaporized. The
operation is reminiscent of those unfortunate early aviators whose spec-
tacular catastrophes are regularly screcned on television to the huge
amusement of one’s children,

Notwithstanding the author’s own lack of success, the principle of the
apparatus is commended to other potential researchers as a good place 10
start the study of this exciting field of research,

CHEMICALLY BEACTIVE WORKING FLUIDS
Itroduction
Improvement in the power density of a Stirling engine can be obtained
by the use of a chemically-reactive working fluid operating as a condens-

ing, dissociating gas. It may be used alone or in combination with the
inert gaseous carrier component,

The effect of a condensing, dissociating working fluid is similar to the
two-phase two-component working fluid discussed above. The chemically

y 3o a5
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‘e el > gycle,
reactive working fluid, liquid in the low lt!lTl]’:rE!Ifilun. n_,tg]:n;] u1E_ :2;]:1 .}}.4
evaporates 0 4 vapour as the tempumtulrc lm:n.asei'» \'-;I. L thlc s
ing increase in the specific volume. Al higher temp'..r::“urclemmml sl
pas may dissociate into less complex compm}nds or N S o
in the paseous state, Dissociation may be accompanies -
ric mole change and the reaction may be endothermic .

Nitrogen tetroxide

The fluid that has received most attention is nitrogen tetroxide. The
issocintion reactions of interest are:
leﬂc'ﬁ:Bﬁ: IND, - 623 kJ/kg (268 Btu/lb,)

(2) 2NO,=2NO+0,~1230 kl/kg (529 Em”bﬁn‘}" are swiftly ap-
Bdth reactions are rapid and equilibrium con 1[1({1;5_5} T:hc f:1 Shet
proached at all temperatures (Russer and yime j g compari-
reaction involving dissociation of NO to elemental species 15, b
son, a slow reaction that may be disregarded. T

Mitrogen tetroxide 15 of interest bl:clnusc of the large bogies Dt
number of moles as the equilibrium is -x.hlf’farl fromt left to ?E‘hl ITll'l‘i o e
the reactions are fast and are endothermic f‘mm left "LL;[ rJE ;11-1.;5 as:sisl'-i e
effect of increasing the apparent heat capacity DE.mL du:mn\;t impart';mtl!r.
closer approach to isothermal expansion. Finally, ::n x t:heTdeYl'l-ﬂmiE
the reaction has been studied extensively and Lﬂhg‘;z et S
and transport data are u'-'E;ilﬂhlL‘ {Baker et al. 1964

snko 1967, Krasin 1971). . . z
mi:q?l::-:lr-_’.ﬂﬂ tetroxite s highly m,-nlasi»;e‘ﬂﬂd very '[m-l:;g an ;l:zi::::;r;;:::i
altogether to contemplate for use in bt}rhqg E_“Elﬂﬂlh- u'il" chE;nge 2t
are not important in theoretical investigahons ':.}E .l:l:mt;' :ms il
though for practical engines or for laboratory 1nVEsUEAN
imf’\?z:;;:rtlami Metwally (1977) stuuiilml t1;sf: use of ,mlr.n.g'fn tfi?::iiﬂ‘::
the working fluid in a Stirling engine. Ihe .‘iludj: :di .;nen iy
thearetical analysis, based on the Schmmt_ evele, wit .ru I']%w S
in combinaton with an inert gaseous Carrier mn‘tpﬂm‘*:uf;uhi (1974) with
designed to complement the earlier WD[‘]'IE of Walker :m;._'.IE Ewnrk-inﬂ Auid
a two-phase two-component condensing, ”'f’“'“*“f . e e
(water and air). The results of the two s:u_i-.lufs were -P'rm Witk the
literature in exactly similar format for direct comp dr-.::r substantial
partiallwrtactivu, condensing, working fuid thteru w{}b a_ u::: I'a EASSOUS
incrensé in the specific output compared w“h, E-]?L fu:-ﬁnil-n ~maximum
working fluid. Comparisons were made on the basis _I:I'- i1 t«hm )
pressures, maximum volumes, and temperature rmfm- SDL: wci:ght size,
ta first order approximation, the engines were thL- sf{n:jeqi o c:!:ae for

and cost. The comparison was made for the standar sign. G
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maximum power output with a paseous working fiuid given by Walker
(1963}, i.e. temperature ratio = (1.3, dead volume ratio X = 1.0, swept
volume ratio k =0.74 and the phase angle & = 0,54 {(97%).

The results of a parametric study about the standard design case are
presented in Fig. 8,15, In this figure, the mass ratio 8 is m,/m, where 1,
and m, are the masses of reactive component and inerl gaseous carrier
respectively in the working space. This figure may be compared with Fig.
8.9, a similar diagram for the two-phase two-component working fluid,

Work diagrams are given in Fig. 8,16 for the standard-design case with
a gaseous working fluid, B =0, and with a partially reactive condensing
working fluid. This figure may be compared directly with Fig. 8.7 for the
two-phase two-component working fluid.

The work ratio £, or degree of improvement compared with a gasenus
working fluid, as a function of the mass ratio § is as shown in Fig, 8.17.
This fienre far s nartialluoranstive aiarldnm Aaid mmaee bos o m et 4 A1
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The general conclusion drawn from this very limited and highly
idealized study was that the chemically reactive working fluid offered no
significant adyantages over the more simple two-phase, two-component
working fluid. However, it is not satisfactory for the matter to be simply
left there, for the work done so far is not of sufficient depth for definitive
conclusions to be drawn. Others are therefore encouraged to extend these
studies.

Single component mudii-phase systems

There is the possibility that fluids could be found with the appropriate
properties to allow their use as the sole component in a condensing,
dissociating system, Removal of the inert gaseous carrier would obviate
the problem of ensuring a uniform mass ratio § at the various tempera-
ture levels in the engine. Continuous uniform mixing has proved so far to
be a particular difficulty in experimental work with two-phase two-
component working Auids. There is no reason to believe the problem
would be any less with condensing, dissociating fluids in combination with
an inert carricr. There is much to be gained by the use of a single
component working fluid, liquid in the cold space, and vapour, perhaps
dissociated, in the hot region. Water was used in this way as the working
fluid for the Thermeelectron ‘tidal regenerator engine’ of an artificial
heart system described in Chapter 17,

Wolgemuth (1969a) studied the equilibrium performance of the
theoretical Stirling eycle with nitrogen tetroxide and later Kovtun et al
(1967) did similar work. Wolgemuth concluded that with a condensing
chemically-reactive working fuid, a substantial gain in power density
could be achieved. However, the gain was somewhat offset by a loss in
thermal efliciency depending on the cycle pressure ratio and the re-
generator effectivéness, On the other hand, Kovtun ét al. concluded that
use of 4 dissociating gas in the ideal Stirling engine would increase the
elliciency. The example was given for an efficiency of 13 per cent with a
non-dissocialing gas, increasing to 24 per cent with a dissociating gas.

‘The reason [or the discrepancy in the findings of Wolgemuth and
Eovtun et al, lies simply in the fact that both assumed deviations from the
eal Stirling cycle and made different assumptions. In the simple
idealized Stirling cycle {as in every thermodynamic cyele where all the
external heal is added ar rejected at constant temperatures) the thermal
efficiency has to be the Carnot efficiency, whatever the working Auid.

The availability of large computers and the increasing level of sophisti-
cation in Stirling engine analysis combine to sugpgest that interesting
studies in the field of complex working fluids lie ahead. There is an urgent
need for fundamental experimental work in this area
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LIDUID WORKING FLUIDS

Closed-cycle regenerative engines with liquid working fuids were de-
scribed by John Malone (1931}, They conform in every way to the
definition for a Stirling engine given in Chapter 1. However, liquid cvele
regenerative engines are sufficiently different to be classified separately,
perhaps as Malone-cycle engines.

S0 far as is known, Malone presented only one account of his work. His
paper was tantilizingly vague and non-technical but claimed that indi-
cated efficiencies of 27 per cent were obtained. The paper contained
photographs of a large two-cylinder engine and a smaller single-cylinder
machine. They operated at low speeds of from 24 to 250 revolutions per
minute. Very high pressures were used. In the description given, the
pressure varied from a low value of 6.8 MN/m™ (1.5 tons per sqin) to a
maximum of 27.4 MN/m* (6 tons per sq in).

The mechanical arrangement used by Malone to describe his engine
operation was similar to that shown in Fig. 8.18. Two parallel cylinders
contained reciprocating elements. One was a displacer including a re-
generator and the other was a piston equipped with pressure seals. The
arrangement corresponded in every way to the Heinrici/Stirling engine
arrangement for a piston-displacer system in separate cylinders. The
upper end of the displacer eylinder was heated and the lower end was
cooled. The compression cylinder was cooled.

Malone gave the pressure of the working fluid with the clements
disposed in the four positions shown in Fig. 8.18. A speculative sel of
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Fio. B.18. General arrangement and operiting sequence of Malong engine with liquid
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work diagrams [or the system based on arbitrary volume units and the
pressures quoted by Malone are shown in Fig. 8,19, The system is clearly
capable of producing work in exactly the same wiy @5 a conventional
Stirling engine,

Liquids are generally thought to be incompressible, that is, to have the
same density repardless of pressure or temperature. For most applications
this assumption causes no significant error. However, liquids are compres-
sible although, of course, very much less so than gases, It is this change in
volume with pressure and temperature that provides the means to operale
a liquid-eycle engine.

By way of example consider Fig. 8.20. This shows isotherms for water
presented on the pressure-volume plane. Isotherms for 0°C (32°F)
through to 648 °C (1200 °F) are shown. The critical isotherm for 270°C
(FO0°F) is shown emphasized and the critical point is marked at the
baltem right-hand corner. The critical isotherm is important for it sets the
upper limit to the temperature at which a liguid can exist. Above this
temperature, whatever the pressure, the fluid is a dense gas with some,
but not all, the characteristics of a liguid,

The operating range of pressures for the Malone engine is marked (at
the left) in Fig. 8.20. The temperatures of the working fluid in the Malone
enging are not known but the furnace gas temperature was given as
1371°C (2500 °°F). It is therefore likely that in the hottest parts of the
cycle the temperature of the working fluid exceeded the critical tempera-
ture of 270°%C (700 °F) so the fluid was in fact not liquid. A better
description for the cycle might therefore be the Malone dense-phase
cycle.

Malnna indicotead that ha hod Aamsrabtad anactnoe oadth msoeaes all aod
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fluids had been assessed including petrols (gasoline), spirits, liquid carbon
dioxide, sulphur dioxide, but water was the preferred medium, In a
discussion of the desirable Auid properties he mentioned, in passing,
possibilities for compound working fuids of immiscible liquids, and for
separate working fluids in the hot and cold regions (separated perhaps by
buoyancy forces) raising intriguing prospects for future research.

The very high pressures in dense-phase engines require the use of thick
cylinder walls. Therefore, to minimize thermal conduction losses the
displacer cylinder is bound to be a long eylinder of small diameter.
Furthermore, because of the extremely high rates of pressure chanpe, the
swept volume of the piston will be very small. To reduce cylinder wall
thickness and hence weight, a small diameter and relatively long stroke
would be used.
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etfective Torm of power control for it would vary the mass low of fuid
passing from the cold space to the hot space and hence the range of the
pressure amplitude, The exact form of his power control system was not
given but appeared to involve the use of a rack-and-pinion gear on the
displacer rod.

The high density of the dense phase working fluid would almost
certainly preclude operation at high speed, Therefore. the engines would
likely be heavy. slow-running machines having thick cyvlinder walls and
very high pressures. What then are the advantages of dense-phase
machines that warrant further research attention? One advantage com-
pared with gaseous machines is the very high rates of heat transfer
attainable with liquids and their very high specific heats or heat capacities,
Secondly, the seal problem for liquids are likely to be casier o handle
despite the very high pressures involved. Thirdly, the fluid serves well as a
lubricant. A unique and peculiar advantage of the liquid engine is the
inherent self-pressurizing characteristic. This may be clearly seen by
reference to Fig. 8.20. Consider, for example, an engine at ambient
temperature containing liquid water at atmospheric pressure, If the hot
parts are heated the pressure level will increase automaltically because the
heated medium in the hot zone will expand and compress the remaining
fluid in the engine as a result of the very high (dp/du) characteristic
evident in Fig. 5.20.

One likely application for a Malone engine is a solar-powered water
pump. A water pump using water as the working fluid has evident
advantages. Moreover, it can be seen from Fig. 8.20 that appreciable
changes in specific volume occur at moderate temperature changes.
Therefore, relatively unsophisticated, low-cost solar collectors might be
used although, of course, the power density and efficiency would be very
low,

The attraction of such a system would be enhanced if the engine could
e made self-starting. Tt is not evident how this might he done, although
there is every reason to believe that novel and ingenious free-piston/free-
displacer mechanisms could be made that would share with the Beale
free-piston Stirting engine the characteristic of inherent self-starting capa-
bility {see Chapter 11), The field appears wide open for innovative
research and novel developments in Malone dense-phase or lguid-cycle
STEINCS,

e

9 OPERATING CHARACTERISTICS OF
STIRLING ENGINES

INTRODLUCTION

A STiRLING engine consists essentially of two spuces of variable volume
and different temperatures connected by a duct. The spaces are filled with
the working fluid and the duct is provided with apparatus for adding
heat (heater), abstracting heat {cooler) or storing heat (regenerator). The
system can be arranged in any number of ways, in single or multiple
combinations, with the volume variations caused by reciprocating or
rotary motion. Whatever form of mechanical arrangement is adopted
certain common factors and considerations prevail which affect the system
performance. These are discussed below.

IDEAL MAXIMUM POWER AND EFFICIENCY

For any Stirling-engine system the maximum power and efficiency
would be achieved if the ideal Stirling ¢ycle described in Chapter 2 could
be followed. This requires that all the working fluid in the system is, at
any instant, in the same condition {thermodynamic equilibrium) and all
the heat added to the cycle or rejected from it is transferred at constant
temperature. Similarly, at any particular location in the matrix, all the
heat transferred between the regenerator and the working fluid occurs at
constant temperature,

Such conditions are not, of course, achievable in real engines, It is
simply not practical to have all the working fluid in one space or the other
at the same temperature. There would be no ‘dead’ space in the engine,
that is, no volume in the connecting duct with all the heat transfer
apparatus, Equally unrealistic is the requircment for constant temperi-
ture (isothermal) heat addition and rejection. Tt could only be achieved
with infinite rates of heat transfer or with a working fluid having a heat
capacity that was zero,

The ideal theoretical cycle does define the absolute upper limit of
performance and might be represented, for example, by the lines FA-A
drawn in Fig. 9.1, This shows the power output per unit mass of working
fluid and thermal efficiency as a function of some parameter, let us say,
the pressure of the working fluid or the speed of the engine.

THE REAL CYCLE

Dead voluine
The first practical modification to the ideal cycle is to recognize the
impossibility for all the working fluid to be in the same place at the sume
condition at the same time. Even with the discontinuous piston motion of
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the ideal Stirling engine there must be some void volume in the re-
generator and other heat exchangers. Including this dead volume reduces
the amplitude of the pressure excursion when the warking fluid is moved
from the cold to the hot space and results in a reduction in the power
output per unit mass of working fluid, represented by the line ‘BB’ in
Fig. 9.1(a). The efliciency remains al the ideal cycle value,

A departure from discontinuous piston motion 1o the sinusoidal piston
motion of the Schmidt isothermal cycle causes a redistribution of the
working fluid between the compression, expansion and the dead space
with consequent further reduction in the range of the pressure amplitude
and power output, This is represented by the line ‘C—C” in Fig. 9.1(a), As
before, the efficiency remains at the ideal cycle value.

In most of the mechanisms used to effect the volume variations the
motion is not exactly sinusoidal. As an example, consider the simple
crank slider mechanism shown in Fig. 9.2. The mation of the piston P
may be represented by the equation:

(x/r)=(1—cos 8)+ (IIr)(1 —cos ¢) (9.1)

where x is the distance moved by the piston from the outer dead point A,
ris the crank radius
l'is the length of the connecting rod
0 is the crank angle
v is the connecting rod angle.
The second term of the equation is the distortion to true sinusoidal
motion of the first tcrmlimpmcdlh}' the crank connecting rad obliquity,
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Fio. 9.2, Simple crunk-slider mechanism.

The effect can be minimized by the use of a long connecting rod, but this
cannotl be taken too far as it leads to long, heavy machines,

The effeet of non-sinusoidal piston motion is to further modify the mass
distribution of working fluid in the engine and may or may not cause a
reduction in the power output depending on the other enging parameters,
In many cases the effect of non-sinusoidal piston motion is of secondary
importance and often may be neglected, at least at the preliminary design
Stapge,

Adiabatic cycle

None of the above factors affected the thermal efficiency. We have
assumed so far that isothermal conditions exist in hoth the COMPTession
and expansion spaces so the ideal efficiency remains even though rthe
quantifies of heat transferred may decrease. However, real engines simply
cannot achieve isothermal conditions, The heat transfer is always limited.
A better model for high-speed (2000 revolutions per minute} engines may
be the Finkelstein adiabatic cycle. This assumes that no heat transfer
takes place in the compression and expansion cylinders, i.e. the heat
transfer coefficient is zero. In the heater and cooler, however, the rates of
heat transfer are assumed to be infinite so the working fiuid in those
spaces is always at the upper and lower cvele temperatures T, and T,,,..
The cycle is discussed in more detail in Chapter 4,

A conversion from isothermal to adiabatic conditions in the enging
eylinder causes a marked redistribution of the eyelic mass variation of the
working fluid. The mean temperature in the expansion space is less than in

1
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space is increased. The work output from the expansion space is therefore
decreased, whereas the work input to the compression space is increased.
The result is that both the net cycle work and cyele thermal efficiency are
reduced as shown by line ‘D-D’ on Fig. 9.1. The conversion to adiabatic
operation has a dramatic effect on the efficiency. sometimes decreasing it
to half the isothermal value.

THERMAL LOSSES
Various other losses and operating effects may now be considered. For
the sake of clarity the line *D-T¥ of the adiabatic cycle has been
transferred 1o a new diagram, Fig. 9.3,

Conduction

An important effect is the thermal conduction along the eylinder walls
and other conduetion paths from the hot zone to the cold zone. Some
thermal conduction is inevitable and ways to reduce it to a minimum are
discussed in Chapter 5.

Shunle hear transfer

Shuttle heat transfer or the ‘bucket brigade loss® is similar to conduc-
tion heat transfer. In the course of the reciprocating motion of the
displacer adjacent parts of the cylinder wall and displacer are at different
temperatures. This results in heat transfer by a ‘dvnamic conduction’
process from the hot to cold parts,

Convection and radiation

Heat may be lost by convection and radiation from the engine. In an
engine with a fossil-fuel/air-combustion system this loss is minimized by
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Fr. 4.3, Power output and thermal efliciency as o function of engine speed and pressure

level. Eifects of thermal conduction, shuttle heal transfer, convection and madiation losses.

stack losses, heater and cooler thermul potentinl foss and the regenerator thermal saturation
Ioss of effectivendss,
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enveloping the hot parts by the air preheater. Thermal insulation shrouds
may ilso be used.

All these thermal effects depend mainly on the temperatures in the
engine and are more or less independent of the speed and pressure, They
may therefore be represented hy a constant reduction AQ; in the power
putput, represented by the line ‘E-E’, Fig. 9.3(a). The effect on the
engine efficiency of this constant loss is more pronounced at low speeds or
pressures where the engine power output is low. Therefore, the efficiency
characteristic assumes the curved form represented by ‘E-E’ in Fig.
9.3(b}, tending to zero at the lower powers.

Stack loss

Another thermal loss, the stack loss, arises from the heat carried off by
the exhaust gas. In the Stirling engine, heat carried off by the exhaust is
heat that has not passed into the engine and so represents a direct loss. Tt
is partially recovered by the inlet air preheater but this is limited to a
finite size and so some stack loss is inevitable. The magnitude of the stack
loss will increase as the amount of heat supplied to the engine increases.

Heart exchanger temperature poteniial

In the heater and cooler a temperature difference between the hot-side
and cold-side fluid provides the thermal potential to cause the heat
transfer to occur. In the heater, the engine working-fluid temperature is
less than the heater-wall temperature, whereas in the cooler the reverse is
true and the working fluid is warmer than the cooler-wall temperature.
As the quantities of heat transferred increase with increase in either
speed or pressure, so the thermal potential must increase, This can be
represented as another form of thermal loss, the magnitude of which
increases as the power level rises.

Imperfect regeneration

The regenerator of the engine may be thought of as a thermodynamic
sponge, which alternately accepts heat from and rejects heat to the
working fluid. The effectiveness of the regenerator depends on the ratio
of thermal capacities of the metal matrix and of the gas flowing through
it. As the densily of the gas increases (with increase in pressure) or as the
frequency of flow reversal increases (with speed) the heat capacity of the
gas flow increases. This tends to saturate the regenerator matrix and the
result is a larger amplitude in the temperature swing of the metal. This
causes 4 reduction in the effectiveness of the regenerator corresponding
to a ‘loss” which increases at high power levels.

The combined effects of stack loss. the heat exchanger thermal poten-
tial loss and the regenerator saturation loss *AQ," may be represented on
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Fig, 9.3 by the line ‘F-F'. This is drawn schematically to show the
reduction in power increasing linearly as the pressure and speed increases
and results in a virtually constant reduction of the evele thermal effi-
ciency,

FRICTION EFFECTS

For the sake of clarity the line ‘F~F" is transposed to a new diagram,

Fig. 9.4,
Mechanical friction

There are two important friction effects to consider in Stirling engines.
The first is the mechanical-friction effect arising from the action of piston
rings, rubbing seals, bearings, oil pumping, and the like. With the engine
idling and producing no useful output power there will still be considera-
ble mechanical friction. This will increase as the engine speed and
pressure increase. Inclusion of mechanical friction reduces engine output
and efficiency as represented by the line ‘G-G” in Fig. 9.4,

Aerodynamic friction

Aerodynamic friction is another important friction effect. This is mani-
fest in the Nuid pressure drop which occurs across the heater, regenerator
and cooler. The difference in pressure between the compression and
expansion spaces results in a reduction of the amplitude of the pressure
variation in the expansion space. As a consequence the area of the work
diagram for the expansion space is reduced and so the ner cvele work is
reduced. The pressure drop is a function of the density and the square of
velocity of the fiuid flow. It may be represented by the line ‘H-H' in Fig.
9.4,

) [ | ihi
Aerodynamic frction
By
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Fig. B4, Power output and thermal efficiency as a function of engine speed and pressure

level. Effects of mechanical and serodvnamic friction.
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ENGINE AUXILIARIES

Transposing the line ‘H-H' onto a new diagram, Fig. 9.5, the only
correction now left to make is to include some allowance for the power
consumed by the engine auxiliary equipment. This may comprise g
lubricating-oil pump, an electric alternator, or generator for battery
charging, lighting and control functions, a fluid COMPressor, cooling water
pump, radiator fan, air preheater drive and miscellaneous other devices,
The power consumption of the auxiliaries is most likely to increase as the
speed or pressure level increascs.

The net power eyele efficiency for the engine, driving its auxiliaries, is
represented in Fig. 9.5 by the line *J-T'. This then is perhaps characteristic
of the shape of performance curve that might be measured by
dynamometer brake testing of the engine.

OPERATING CHARACTERISTICS OF REAL ENGINES
Power and efficiency

Confirmation of the above way provided by Meijer (1959a) with the
publication of the brake power and efficiency characteristics shown in Fig.
9.6, These were measured on a 30 kW (40 hp) single-cylinder rhombic
drive Philips Stirling engine of the piston-displacer type with hydrogen as
the working gas. The engine cylinder bore was B8 mm (3.46 in) with a
power piston stroke of 60 mm (2.36 in). The pressure compression ratio
Peonxl P Was 2.0 with a maximum related pressure of 13.7 MN/m®
(20001b per sq in). The nominal temperatures for the engine were 700 °C
(1290 °F) in the heater and 15°C (60 °F} in the cooler,
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Free. 9. Brake power and thermal efficiency of single-cylinder thombic=drive Philips
Stirling engine (sfter Meijer 195%a),

Tarque/ speed

Other data provided by Meijer included the engine torque curve as a
function of speed reproduced in Fig. 9.7, The virtually fat torque/specd
curve of the Stiding engine is particularly favourable for automotive
applications. High torque at low speeds is desirable to achieve good
acceleration, The inherent high torque at low speeds of Stirling engines
allows the use of a relatively simple transmission system [or vehicular use
and helps offset the increased capital cost compared with internal com-
bustion engines,

Cyelic worque

In addition to the flat torque/speed characteristic discussed above. the
Stirling engine has a particularly Favourable cyclic torque characteristic,
This is the torque variation experienced, at the output shaft, during one
revolution. The cylinder torque of a Stirling engine is much less variable
than for an internal combustion engine of the same power,

Meijer (1970b) made the comparison shown in Fig. 9.8 for four-
cylinder Stirling and spark-ignition engines of about 73 kW (100 hp). The
reason for the virtually constant torgue of the Stirling engine is that the
range of the pressure variation in each cylinder is small, p..J/Poe=2
approgimately, and there is a complete cycle in each cvlinder every
revolution. In the internal combustion engine the pressures may range
from 0L08 to 5 MN/m® (12 to 725 1b per sq in) per cycle and, in a
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four-stroke engine, there is a complete eycle every two revolutions. The
advantage of the reduced torque variation is that the size of Aywheel
necessary [or the engine is greatly reduced.

Heater and cooler temperatures

Meijer {1959a) also gave the data reproduced in Fig, 9.9 showing the
performance in terms of power output and efficiency of the engine as a
function of the heater temperature and of the cooler temperature. These
show very clearly the improvements in performance that may be gained
from operation at high heater temperatures and low cooler temperatures.

Heat alanee

Heal balances for the engine as a function of speed or power outpul
were also given by Meijer and are reproduced in Fig. 9.10, These are
important characteristics for they show that the heat balance of a Stirling
engine is independent, to a surprising degree, of the engine power output
or speed. OF the total heat supplied the useful heat (brake work) is
between 34 and 40 per cent, This, of eourse, is the thermal efliciency and a
measure of the useful outpul per unit cost of fuel. About 50 per cent of
the heat supplied is rejected to the cooling water. This, of course, includes
all the thermal conduction, shuttle heat transfer, and most of the mechan-
ical and aerodynamic frictional losses discussed above.

In this particular engine the flue losses (stack losses) were about 10) per
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cent of the total heat supplied and the balance was attributed to ‘other
losses’, presumably due to incomplete fuel comhustion and 1o convective
and radiative heat transfer from the engine. This engine was tested on a
dynamometer hut without the auxiliary equipment necessary for indepen-
dent operation,

Part load performance

The relatively constant thermal efficicncy of Stirling engines over a very
wide range of power output or speed is a particularly advantageous
characteristic for vehicle use. In most traction applications full power is
rarely required and the engine operates for most of the time at between
(b2 and 0.4 full power.

A iat® part load characteristic is the prime advantage of the diesel
engine over gas turbines and gasoline motors. The Fact that the Stirling
engme has a comparable part load characteristic is a prime reason for
sanguinity when contemplating vehicle use.

Performance map

Meijer (1959a) pave the performance map of characteristics for Stirling
engines, reproduced in Fig. 9,11, This is the most useful representation of
performance data for a heat engine far it shows the ‘best’ operating point
for the machine,

The vertical axis is the mean effective pressure of the engine derived
from the equation:

Power, P={p LAnK (w.2)
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where P =oulpul of the engine

it = mean effective pressure

L =length of stroke of the piston

A = urea of piston so that LA represents the

volumetric displacement per cycle

n =specd of the engine

K = some constant,
Consideration of this equation will reveal that the mean effective pressure
is simply a measure of the engine work output per wnit volume of piston
displacement per cycle. As such it is of exceptional value for it permits
the comparison of engines of radically different size, speed and net power
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outpul. Model aircraft diesel engines and huge marine diesel engines hoth
have a similar mean effective pressure.

The horizontal axis on Fig. 9.11 is the engine speed and the contours
are the lines of constant specific fuel consumption, prams of fuel per hour
per horsepower, The lines for constant power output of 7, 15 and 22 kW
(10, 20 and 30 hp) are also shown. The diagram is bounded at the top and
bottom by the broken lines for the maximum (13.7 MN/m®) (1990 Ih per
sq in) and minimum (5MN/m”) (725 Ib per sq in) pressures at which
dynamometer resulls were obtained,

The engine was unable to achieve its maximum elficiency (or minimum
specilic fuel consumption, the inverse of elliciency) because of the limita-
tion of the maximum pressure. A more complete set of characleristics,
but for a different engine, was published later by Meijer (1970h). These
are shown in Fig. 9.12 and refer to an optimized four-cylinder Stirling
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engine for automotive use. These were calculated characteristics with all
auxiliaries included,

EMISSION CHARACTERISTIOS OF §TIRLING EMOGINES

Stirling engines fuelled with diesel oil or gasoline have superior exhaust
emission characteristics compared with internal combustion engines. This
is a particular advantage for the automotive application given the present
level of public interest in environmental issues. In the United States
various federal and state government agencies have introduced exhaus
emission standards. In general, the California vehicle standards are the
most demanding,

The constituents of principal interest in an engine exhaust are:

{a)l the unburned hydrocarbons (H)

(b} carbon monoxide (CO)}

(e] the oxides of nitrogen (NO,)

The reason for the favourable emission characteristics of Stirling en-
gines is thal combustion takes place continuously at constant temperature
and at low, near-atmospheric, pressure in a combustion chamber with ot
internal walls. The flow velocities are relatively low. A combustion
process in such conditions is likely to result in the virtually complete
combustion of the hydrocarbon fuel with minimal values of carbion
monexide.

Nitrogen, usually regarded as an inert gas, does reaet at high temipera-
tures with oxygen to form nitrogen oxides. The reaction is strongly
dependent on temperature and also on the time of association at the high
temperature, The quantity of nitrogen oxides formed in combustion is
minor and in most cases can be neglected. However, nitrogen oxides have
been identified as a contributory factor to the formation of atmospherie
pollution. This happens, for example, in the very special circumstances of
Los Angeles where high concentrations of automobile exhaust emissions
are exposed to strong sunlight in a basin with limited air cireulation.

The favourable combustion environs leading to low hydrocarbon and
carbon monoxide levels invariably provide the proper circumsiances [or
maximizing the levels of nitrogen oxides. The Stirling engine is no
exception. Meijer (1971) gave the data reproduced in Fig. 9.13 for the
concentration of nitrogen oxides in a Stirling engine as a function of the
inlet air temperature,

Formation of the oxides of nitrogen can be suppressed with the
provision of excess air which, of course, depresses the temperature of the
combustion space and hence the rate of the nitrogenfoxygen reaction,
Recirculation of the engine exhaust can achieve the same resull. An
indication of the dramatic reduction in nitrogen oxides concentration
achieved with partial exhaust gas recirculation was given by Meijer
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(1970h) in presenting the data reproduced in Fig. 9.14, This shows that
the nitrogen oxides concentration of 110 parts per million was measured
in the exhavst of a Stirling engine with no recirculation. With one third of
the exhaust gas recirculated through the combustion chamber the con-
centration of nitrogen oxides was reduced to about one third the original
vitlue, Little advantage was gained by increasing the recirculation fraction
significantly above a third.

Recirculation of the exhaust gas does require some design modifica-
tions 1o allow for the increased mass low in the combustion space and, of
course, additional pump work is required to handle the increased flow, Tt
is of interest to ohserve that if a significant fraction of the exhaust stream
is to be passed back to the incoming air stream the requirements for
stream separation in the exhaust/incoming air preheater may be greatly
relaxed. The thermal load and hence size of the preheater may also be
reduced hy the proportion of exhaust recirculated provided the hot
exhaust fraction is mixed with the heated air immediately prior ip
admission to the combustion chamber.

A number of important papers have been published aboul the emission
characteristics of Stirling engines with particular reference to automotive
applications, Michels (1972) carried oul an extensive experimental simu-
lation of a California Vehicle Standards test [or an automohile engine of
128 kW (174 hp) (Philips Type 4-215 double-acting Stirling engine} in a
Ford Torino. He found that the emission levels of the Stirling engine

] l J l i ) = L | |
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Fro. .14, Effeet of exhavust gas reciceulation on the concentration of oxides of nilrogen
in the exhaust of a Philips Stivling engine (after hMeijer 19700).

could be comfortably maintained below the then contemporary regulatory
proposals for 1975/76. The comparative values are summarized below:

Emissions Michels (1972)  1975/76 Regulatory proposals
mg/m (g/mile) mg/m (gfmile)

Hydrocarbons 0062 (0.1} 0.255 (.41)

Carbon Monoxide 0192 (0.31) 2,113 (3.4)

Oxxides of Nitrogen 0109 (0,175) (.249 (0. 4)

Similar data confirming the favourable emission characteristics of Stirl-
ing engines with specific data for the United Stirling and MAN/MWM
engines was given hy Alm ef al. (1973). Earlier Lienische and Wade
(1968} reported on the Stirling engine emission studies carried oul at
Cieneral Motors,

MOISE

Stirling engines make little noise when running. This is perhaps the
most advantageous characteristic compared with internal combustion
engines. Silent power units have abvious attraction for the armed forces,
but low noise is equally attractive in civil applications it all power levels
from lawnmower and motorbike engines to large locomotive or heavy
traction motors,
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The reason why a Stirling engine runs, literally, like 4 sewing machine
is that there are no valves or periodic explosions in the cylinder or the
combustion space. Combustion proceeds as a steady continuous process
at atmospheric pressure in a well-insulated and, therefore, muffled
chamber, The rates of pressure change of working Nuid in the cylinder are
very low and there are no metal parts in intermittent or violent contact,
The motion of the shiding and rotating parts is moderate with no sudden
acceleration or deceleration, Furthermore, many designs of engine can be
dynamically balanced, either perfectly, or partially, to eliminate or
minimize vibration,

Frequently, where noise in a Stirling engine installition is a problem,
the source can be identified as some auxiliary or ancillary unit. In many
cases the principal noise comes from the fan used in the radiator cooling
system. Other cases where noise was considered excessive have been
traced to pears,

Postma et al. (1973) mention noise tests with the Philips bus which
returned sound levels of 68 db, some 10 to 15 db lower than current
passenger cars, Alm et al. (1973) have given other data equally favoura-
ble about the German and Swedish engines from the aspect of noise. Test
results given by Schab (1964) in U.S. navy tests of the large 265 kW
(360 hp) Tour-cylinder Philips Stirling engine confirmed their extremely
favourable noise characteristics.

STARTING

Free-piston Stirling engines are self-starting, a unigue characteristic
among heat engines. This alone makes them excellent candidates [or
those applications where automatic starting is necessary or advantageous.
They are, for example, well suited for solar applications with a fixed
concentrator. When the sun is at the appropriate level in the morning, the
concentrator will heat the engine eylinder enough to start operation which
then continues until the late afternoon. Another possibility for automatic
starting is in furnace applications where a thermally activated system s
required to provide enough power to operate a fan or waler pump to
circulate the heated fluid.

Stirling enpgines with crank, rhombic, or swash-plite drive systems are
not self-starting. Indeed engine starting is one of the less attraclive
aspects of these Stirling machines compared with internal combustion
engines.

The heater head assembly of a Stirling engine must be hot for the
engine to operate. Therefore the hot parts must be preheated belore the
engine can be started. In an automotive engine using gasoline or diesel
fuel this requires a rather complicated starting system, perhaps similar to
that shown in Fig. 9.15 (after Meijer 1970h). To start the engine a
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Fra. 915, Starting system {or o Stirling engine (after Meijer 1970h),

battery-driven motor/generator first drives the fuel PUmp, an air compres-
sor for [uel atomization, and a fan to provide the burner air to heat the
cylinder head. After a suitable interval the engine is turned by a conven-
tional starter motor and, providing the engine is hot, it cannot fail to start.

The preheat interval is a difficulty that may deter consumer acceplance
of the engine in automaotive applications. Postma er al. (1973) have
prujected that the warm-up time to drive-away conditions will be 15
seconds at ambient temperatures of 21°C (70°F) and longer at lower
temperatures.

Stirling engines, of course, are not necessarily fuelled by combustion
systems using fossil fuels, In the ‘electric economy’ that lics ahead,
dutomotive Stirling engines may be driven from  thermal hatteries,
charged overnight by electric heating. In this situation no preheat period
will be required and instant starting of the Stirling engine will be possible,

ENGINE RESPONSE

Stirling engines can be made to respond rapidly to sudden changes in
load and speed. This is necessary for engines in automotive dpplications
where very substantial changes in load and speed occur continuously
except for long-haul, motorway traction and locomotives. On the other
hand, the ability to maintain constant speed with sudden load change, on
or off, is an important characteristic of stationary engines used for power
generalion, total encrgy systems, and heat punps,

An increase or decrease in load on the engine will, naturally, result in a
concomitant adjustment of the fuel supply 1o maintain the heater tube
temperatures al the specified temperature. Due to the large thermal mass
of the engine hot parts the response of the fuel system to sudden changes
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in the load would not be adequate with this single control. Instead, an
additional power control system is used which can effect a virtually
instantaneous response of the engine to sudden load changes, Control
systems for Stirling engines are discussed in more detail in Chapter 10,

SPECIFLC QUTPUT

The size and weight of Stirling engines for a given power autput js
important in many applications, particularly in the automotive, locomo-
tive, space, and under-water power ficlds. It is still important, bul rather
less critical in the stationary generator, heat pump and total energy, and
surface marine fields.

Savings in size and weight result from elevation of the pressure of the
working fluid and from ingenious design. The rhombic-drive single-
action, piston-displacer engines of the 19605 were relatively big, heavy
machines. However, the conversion to double-acting Siemens type Stirl-
ing engines (see Chapter 13) permitted the construction of machines that
were half the ‘size and weight of the rhombic-drive units. This brought
Stirling engines to sizes and weights comparable with diesel and pasoline
motors. Meijer (1970b) presented the data reproduced in Fig. 916 which
shows the specific weight as a function of power output for Stirling, diesel,
and gasoline engines.

T T

Specific outpur (kgdW)

sy |

T 20 ' 50 10}
Power outpat (kW)

Fic. 9,16, Comparison of the specific outpul of Sticling, Diesel, and pasoline engines os §

function of the power oulpal of the engines. Diesel engines ¢ in the upper shaded band:

gisaline engines in the lower shaded band, The Sticling engines represented by lines A, B,
Cpang I3 are machines at different stnges of development (nlier Meijer 1970k},
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A comparison of MAN/MWM Stirling traction motors with diesel
engines of comparable power was given with considerable discussion by
Zacharias (1974), The pictorial comparison given by Zacharias is repro-
duced in Chapler 14, Tig. 4.5,

United Sticling engines (see Chapter 15) have been installed in a
variety of vehicles, cars, and trucks without modification to the engine
compartment (Hallare and Rosenqvist 1977).

The principal disadvantage of the Stirling engine as regards size and
weight is the large, heavy cooling system that must be provided. The
cooling syslem for a Stirling engine has to handle about twice the load of
an internal combustion engine of comparable power because the heat lost
to the exhaust must be minimized. This unfortunate condition was well
illustrated in the comparative heat balance for a Stirling engine and diesel
engine presented by Meijer (1970h) and reproduced in Fig. 9.17.

COosT

Eeonomic factors are ultimalely dominant in the success or otherwise
of new technical developments. At present there is little reliable informa-
tion aboul the overall economics of Stirling engines compared with other
engines. The use of heat-resistant steels or ceramic components and the
relatively sophisticated control systems necessary make it impossible to
conceive the production of Stirling engines comparable in cost with
conventional internal combustion engines,

100% fuel

Friction heal input
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Caaling waler
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Sirling Diesel

Fro. 917, Comparison of the heat batances for Sticling and Diesel engines of the same
output (ofter Meijer 19700,
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A reasonable targel might be for the Stirling engine to cost as little as
twice the cost of an existing diesel motor. Recall here too that the diesel
motor itsell costs aboul twice the price of a gasoline engine. The Stirling
engine may hive economic advantages in terms of higher efliciency, lower
maintenance, and reduced lubricant consumption and so have lower
operating costs than internal combustion engines.

Overall economic assessmenis for Stirling and diesel traction motors
have been published by Rosengvist et al. (1977) and their results emerge
in favour of Stirling engines. However, this is not surprising for the study
was done by United Stirling of Sweden. Such comparisons always depend
on a number of conjectural assumptions which may or may not be
fulfilled so that various conclusions can be drawn. IL is necessary to
remember that the diesel engine itsell is a moving tarpet, Presently,
experimental diesel engines with ceramic components are now running on
test beds with thermal efficiencies over 50 per cent. The application of
ceramics to Stirling engines will surely improve performance but equal
imptovements may also result in other types of traction motor,

AR ENGINES

Al the above discussion has been directed to advanced Stirling engines
using hydrogen or helium ag the working Auid at very high pressures with
emphasis on high efliciency and specific output. At the present lime there
is also substantial interest in a guite different class of Stirling engine, the
small (less than 1 kW (1.36 hp)) thermal engine required for a variety of
power or pumping applications. Reliability is most important and specific
power relatively unimportant from both the weight and volume aspect,
Thermal efficiencics of 20 per cent or so would be readily accepted, Tor
this would be twice or more the conversion efficiency of the principal
competition, the thermoelectric generator,

With no critical requirement Tor high elliciency or specific output, the
use of air as the working Muid is attractive as one approach to the scal
problem. A minor leak of working Nuid can be tolerated, for the air can
be simply replenished by a small compressor driven by the engine. In
many applications very simple engine controls might be used, for the
engine would operate at constanl speed and load using isolope or liquid
petroleuwm gas as the heat source,

The best Stirling cycle air engines were undoubtedly those developed in
the first phase of Philips” work on the Stirling engine. These engines are
thscussed in some detail in Chapter 120 One well-developed Philips air
engine, similar 1o that shown in Fig. 12,1, was combined with a power
generator into the motor generator set shown in Fig, 918, Several
hundred of these were made in a pre-production series but no commercial
applications could be defined and so work on the engine ceased and
further work was concentraled on the larger engines. Many of the small
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engines that had been made were dispersed to cduumimmlIez-*.tuhl.i::hmem:{
in Europe. The operating characteristics of this small engine were never
published by Philips or any of the recipients, .

In the early 1970s the operating characteristics of the enpine were
carefully measured by Ward (1972) at the University of Bath, This was
done aa part of a program ol development for ﬁn:ufil_ Stirling engines
for navigation signal beacons, encouraged by the Trinity House Light-
house Service, London, England, and by Atomic Energy of Canada Lid.
Ward's results are given below in some detail for they I:mvc not yel i_uund
their way into the open literature and they provide an important point of
departure for new development in the arca, . N _

The engine used by Ward was removed from a Philips "I‘fp.t: [ozc
motor generator set and modified to operate with water n:nrn]mg and
liguid petroleum gas (LPG) as heat source. A cross-secl mmfl view ol the
engine is shown in Fig. 9.197, and particulars of the engine are sum-
marized in Table 9.1,

FThis remarkably foe drawing wis originally prepared by Dr. A, Organ of Kings Callepe,

1 B o T HIm A "
Loncnn, and redrawn in modilied form the University of Calpury
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Table 9.1, Particulars of small Philips Stirling engine {alter Ward 1972),

Type-Single cylinder piston/Displacer Engine,

Cylinder bore 056 m
Stroke of piston L0227 m
Stroke of displacer 0.025 m
Swept volume in expansion spoce B8 X 107 m”
Swepl volume in compression sprce 67110 m?
Total dead valume (estimated) T8T= 107 m?

Phase Angle: Minimum compression space volume occurs 2,00 radians {1207
after minimum expansion spoce volume,
Regenerutor: Fine sieel wool wound in ansular space perpendiculer to gas Nove.

The engine was incorporated into a test unit as shown in Fig. 9.20,
Brake output power was measured by a swinging field dynamometer.
LPG and air lows were measured by rotameter and engine eylinder head
temperatures by chromel-alumel thermocouples brazed o the cylinder
head.

The fuel used in these tests was the commercial mixture of butane
(CyH,y) and propane (C,H,) known as ‘Calor gas’. The actual mixture
ratio was unknown and probably varied but the typical mixture is 90 per
cent propane and 10 per cent butane by weight with a lower calorific
value of 46 500 kJ/kg (19 988 Btuflb, ). For all series of tests the air How
was adjusted to obtain the maximum cylinder-head temperature for a
given fuel flow. This ensured optimum utilization of the fuel. The meas-
ured air/fuél ratios varied from a minimum of 20.7 at maximum speed
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and power output at high cylinder-head temperatures Lo a maximum of
32.2 atl the minimum power output at low cylinder-head temperatures.

The reduced engine performance data obtained by Ward are sum-
marized in Table 9.2, The data are arranged in four sub-tables for
constant speeds of 1500, 1600, 1400 and 1200 revolutions per minule. In
all cases measurements were made at cylinder-head temperatures of 90,
800, 700 and 600°C (1652, 1472, 1292 and 1112 °F), with mean cycle
pressures in the range 0.4 10 1.2 MMN/m® (4 to 12 bar).

The results are presented graphically in Figs. 9.21 and 9.22, Each figure
shows the hrake power and brake specific fuel consumplion at constant
engine speed or constant cylinder-head temperature as a function of
mean pressure in one case or engine speed in the other.

Ward carricd ont a series of interesting ‘motoring’ tests with the cngine.
A motoring test involves driving the engine with the dynamometer acting
as a motor and measuring the power input to the engine. Motoring tests
are normally carried out in evaluation of internal combustion engines to
establish the friction horsepower. However, if a Stirling engine is driven
that way it acts like a refrigerator and so the input work is made up partly
of the mechanical friction losses and partly ol the eycle work to accomp-
lish the refrigeration effect. Ward overcame this problem by including a
large volume (compressed gas hottle) in the engine dead space. This
ensured there was no significant cyclic pressure variation during
operation of the engine and therefore no refrigeration effect wis created.

He carried out motoring tests at different speeds and different mean
pressures with the engine always at ambient temperature conditions and
obtained the results presented in Fig. 9.23. This shows the motoring
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power required to drive the engine as a function ol operating pressure il
four different speeds.

The motoring power shown in Fig. 9,23 is the combined total of the
mechanical friction and the gaseous pumping work necessary Lo Overcame
the aerodynamic-friction and the positive-displacement work.

A possible interpretation of thesc results is as follows, For ecach
constant speed condition the motoring power curve (Fig. 9.23) has been
extrapolated to the zero mean pressure axis. The motoring power at zero
pressure wis then assumed to be the mechanical-iriction work of the
engine. This was plotted in Fig. 9.24{a) and was found to be a strong
function of engine speed. The mechanical-friction work was assumed o
be independent of the mean pressure, 50 the balance between total
motaring power and mechanical [riction was attributed to the gaseous
pumping work. This balance is plotted in Fig. 9.24(b) and can be seen (o
be i function mainly of pressure {and hence density) and, to a lesser
extent, engine speed.

By reference to Fig. 9.21 it can be seen that the brake output at 1400
revolutions per minute with an operating pressure of 1.2 MN/m® (12.41
bar) was .42 kW (0.57 hp). At a similar speed and pressure condition,
the motoring power required, shown in Fig. 4,23, was 0.34 kW ({146 hp).
Therefore, the indicated power of the engine was approximately (.42 +
0,34 =0.76 kW (1.03 hp) and the ‘mechanical’ efliciency was E:—‘i%=ﬂ.55.
This. af course, includes the gaseous pumping work which i much more

significant in Stirling engines than internal combustion engines.
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More complete details of tl i
it e engine, test procedure, and th ;
obtained may be found in the thesis by Ward (1972) ’ T

1 FREE-PISTON STIRLING ENGINES

[\‘une of the above material is directly applicable to free piston Stirli
engines, N!ﬂn}r trend effects are common, but free piston Stirlin r:,n"'mH
are emerging as 4 whole new pgenus of engines with their DWEI s;f:lnuj:i’:

PE?H{IEIrIElcS' advalntugﬂs, and problems. Readers with particular interest
in free-piston engines are directed to Chapter 11, |




10 CONTROL SYSTEMS FOR
STIRLING ENGINES

INTRODUCTION

CoNTrROL syslems arc necessary to regulate the power output (lorque)
and speed of a Stirling engine, Sometimes the engine speed is held
constant whatever the load, i.e. stationary constant-speed fixed-lrequency
eleclric-power generators. Sometimes, as in automotive applications, wide
ranges of both speed and load are encountered,

A rapid response of the engine to sudden changes in load is importint
in many applications. The efficiency of the engine is also important,
Engines operate most of the time at part-load, producing only a fraction
of the maximum load of which they are capable. In many cases, therefore,
the efficiency at part load is of more concern than the efficiency at
maximum rated power,

By way of example, consider the hypothetical load/speed characteristics
shown in Fig, 10,1, Diagram (a), representative of an electric-power
generalor, a pump, or a fan, shows the input power requirements as a
function of speed for different levels of voltage or pressure. Diagram
{h). representative of a Stirling engine, shows the power output as a
function of speed al different levels of the mean pressure in the engine, 1f
the engine be coupled directly 1o the load the characteristics will be
superimposcd as in diagram (c).

The engine output will be entirely absorbed to drive the load and the
engine will thus assume a speed at which the output power is identical to
the inpul required, say point A in Fig. 10.1(c). Increase in the engine
medan cycle pressure will increase the power output from the engine. This
will cause the engine to acceierate to a higher speed thereby increasing
the load power requirement until a new balunce is established at point B
for example.

Engines in stationary applications are normally regulated to aperate al
constant speed and so would operate along the constant speed line C-D.

Automotive engines are not coupled directly to the driving wheels of
the vehicle, A transmission system is interposed which invariably includes
i pearbox or other device for changing the ratio of engine shaft speed to
vehicle road wheel speed. The input power/speed requirement of the load
miy then be represented as shown in Fig. UL2ia). Note that the horizon-
tal axis is the speed of the input shaft to the gearbox (output shaft of the
engine). Changing the gear ratio between input and output shafts of the
gearbox causes step changes in the load power requirements.

The engine output and load input power/speed characteristics may be
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Fro. 101 Hypathelical power/speed characteristics for o Stieling engine and a load driven

by the engine. Dingram (4] shows the power requirement as a funetion of speed Tor an

eleetric power generator, hvilenulic pump, or pneumatic fan as 4 function of diferent levels

af voltage or pressure, Diagram (b} shows the engine power output as a function of speed at

different levels of the mean pressure of the working fuid, Diagram e} is the superimposed

characteristics of the power requirements of the lpad and the power output of the engine,
The aperating speed of the engine occurs at the eaincidence of power levels.

superimposed as in Fig, 10.2(b). The resultant map may be used to
determine the appropriate engine operating conditions and gearbox ratios
for the optimum vehicle handling characteristics.

Maxinitem lemperature

The thermal efficiency of all heat engines depends principally on the
maximum lemperature achieved in the cycle. In the Stirling engine the
maximum temperature of the working fluid accurs in the heater tubes and
is made as high as the material of the heater tubes can withstand.

To maintain maximum engine efficiency, the temperature of the heater
tubes should be kept constant at the highest possible value. As the load
increases or decreases, the amount of fuel supplied to the burner should
be proportionally adjusted so as to keep the heater tubes at a tempera-
ture just below the limiting value for sale operation,
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Fro, 10.2. Powerfspeed characteristies for an automaetive Stirling engine. Daagram {a) shows

the vehicle input power requiremients as a funetion of the speed of the gearbox input shaft sl

three pearbox eatios. Dingram (b) shows superimposed vehicle power requirements and

chgine power ouiput characteristics. These may be used 1o determine oplimum operating
conditions {or the engine and vehicle traonsmission systemd,

Unfortunately, adjustment of the fuel alone is not adequate. The ratio
of air to fuel has an important effect on the efficiency of the combustion
process and also on the emission products in the engine exhausl. There-
fore, coordinated control of both the air and fuel supplied to the combus-
tion chamber is necessary to ensure high efficiency with low pollution
exhaust.

Fngine response

The response of the engine to changes in the combustion conditions is
slow. The change becomes manifest in the engine only as it affects the
temperature of the heater tubes and thus the rate of heat transfer (o the
working fluid. For some applications this slow response is adequale,
particularly where load and speed conditions are more or less constant,
such as small power generators. For most applications, however, and in
particular for the automotive application, a more positive and rapid
response to changes in the load are necessary. A second control system is
therefore required. This second system has come to be known as the
power control system although it is in fact the forque control system.

Temperature and power control systems used on contemporary Stirling
engines are reviewed below and other possibilities that have not yet found
application are discussed,

TEMPERATURE CONTROL SYSTEMS

The temperature control systems used in Stirling engines are all basi-
cally similar. The principle is that the temperature of the heater tubes (or
other critical part} is to be maintained constant at all operating condi-
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tions. The temperature is monitored by a thermocouple which generates a
signal for some control device regulating the air flow, fuel flow or both ta
maintain the temperature constant.

The ESHHI'.IHH] features of the United Stirling temperature control system
are shown in Fig. 10.3. Hallare and Rosengvist (1977) describe the air
fuel control systems as follows:

"The temperature of the heater tube is measured by & thermocouple 1. The signal
of the thermocouple is amplificd and converted in the electronic contral unit 2 o
a signal controlling the position of the air throttle 3. Thus the right amount of air
8 delivered to the combustor via the burner air blower 4. In n tiﬁp.i!lll_'r.' muodified
Bosch k-Jetronic unit, & sensor plate 6 installed inside a conical air 13.:114*:39,::
provides a position indication of wir flow rote. .

The fuel from the tank 5 passes an clectric pump 7 and a filter 8, The fuel
pressure is held constant by a relief valve © The pusition: of the sensar plate
controls, via g plunger 10, the amount by which a fuel melering port is opened

The differential pressure across the metering port is maintained at a m::sltun:
value by a valve 11 so that the Fuel fow o the atomizer depends only upon the
amount the port is opencd, P )

The air-fuel ratio depends upon the hydravlic counter pressure controlled by a
pressure regulating valve 12. Adjustment of the ratio over the load range can be
achieved by o modification of the shape of the conical air pussage’, f

>

|
]
|
1
i
i
I Thermacouple e E
2 Electronic control unit : :
3 Air throttle e '
4 Burner nir blower B e —

5 Fuel tank |
B Sensor plate !
T Fuel pump
# Filter
9 Relief valve
10 Plusger

11 DifTerentinl pressure valve
12 Pressure regulating valve

Tosch K Jet ronic Lnit

Fig. 10,3, Schemulic diagrum of United Sticling fuel/air control svsteni infter Mllars id
Rosengvist 1277), i
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1
Fuelfuir contral ;

Fig. 10,4, Schematie dingram of Philips/Ford (uelfair contral system (afler Postma et al
1973).

A system essentially similar was deseribed briefly by Postma e al.
(1973) for the Philips/Ford Type DA, 4-215 engine. The system is
shown schematically in Fig, 10.4 and was described by Postma as follows:

“The Stirling engine fuel control is designed so that the engine heater tubes are
operated at o oconstanl temperature of 1470°F (799 °C), A lemperature sensor
mounted on one of the heater tubes is the primary contenl device in the air and
fuel control cirenit, The combustion blower is driven directly from the engine. The
amount of air supplied is regulated by the temperature sensor through a throttle
valye which is intereonnected with the fuelfair control to maintain a constant ASF
ratio (30 per cent excess air)’

Earlier Neelen et al (1971) briefly described the fuel control system
used on the four-cylinder rhombic-drive Philips Type 4-235 traction
motor developed for installation in buses.

Mo description of the fuel/air control system used on MAN/MWM
engines was found in any of the references consulted but it is thought
to be similar to those discussed above,

POWER CORTROL SYSTENS
Pressure level maodulation

Variation in the mean pressure level of the working fluid is the most
widely used and best-known control system for power regulation in
Stirling engines. It was used 1o some extent on the more sophisticated air
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engines of the nineteenth century and was early adopted as the principal
power control system for Philips engines (van Wecnan 1947).

Constant speed system (Philips)

Meijer (195%) gave an excellent description of the system used for
power regulation on the first rthombic-drive engines using hydrogen or
helium as the working fluid. The objective was to maintain a constant
speed of operation of the engine and was achieved by increasing or
decreasing the pressure level of the working fluid in the cylinder as the
engine speed chanped, causing the engine to accelerate or decelerate to
the specified speed,

The system is shown schematically in Fig. 10.5. It operated as follows.
The governor {1}, driven by the engine shafl ensured that, at the nominal
speed of aperation, a certain oil pressure was maintained in pipes (2) and
(3}, IF the load torgue increased, causing the engine to slow down, the
gavernor raised the oil pressure in the pipes with the result that valve (4)
in the feed device (5) opened. High pressure hydrogen then passed from
the storage reservoir (6) through the feed device (5) and valve (4) to the
engine cylinder (8) via the non-return valve (7).

Increase in the pressure level of the working fluid caunsed an increase in
the power output [rom the engine and consequently an acceleration in
speed. Injection of additional working fluid to the engine continued until
the engine speed had climbed back to the original value. Al the set speed

Froi, 1.5 Schematic diagrim for power control in a Stirling engine by variation in the
pressure level ol the working fluid {after Meijer 195%4).
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the oil pressure in pipe (2) controlled by governor (1) was sufficiently low
for the valve {4) to close and admission of additional gas was therefore
curtailed.

Il a decrease in the load torque oceurred it resulted in an increase in
the speed of the engine. As a consequence the governor decreased the oil
pressure in pipes (2} and (3) with the result that valve (%) of the regulator
{10) opened. This permitted gas to flow from the engine cylinder via the
non-return valve (11} through valve (9) to the auxiliary compressor (12)
and hence back to the storage reservoir (6). IT the maximum cycle
pressure exceeded the pressure of the storage vessel sufficient gas would
Now intermittently from (8) to (6). A sharp decrease in the load however
would require the auxilisry compressor to function,

Release of gas from the cylinder reduced the power produced thereby
resulting in a slow-down of the engine. This continued until the power
output had declined to a compatible level with the new value of load
torque at which time valve (9) closed and further release of gas from the
engine ceased,

The need to compress the fluid back to the higher pressure of the
storage reservoir restrained the flow of gas from the cylinder to the
amount that could be handled by the compressor. As a consequence the
response of the engine to sudden decreases in the load was substantially
longer than the response to sudden increases in load.

Short-circuiting { Philips)

To improve the engine response to sudden load decrease a supplemen-
tary power control system was incorporated in the specd regulator, The
new control was remarkably simple. Two or more spaces in the engine
were interconnected so as o ‘spoil’ the pressure characteristic of the
individual spaces operating separately. This supplementary system called
‘loss regulation” or ‘short-circuiting' caused both a change in the phasing
and a reduction in the amplitude of the pressure variation in the engine
cylinder and effected a reduction in power output,

[n the unit described by Meijer, the two spaces interconnecled were the
single cylinder and the *buffer space’ below the piston. In & rhombic-drive
engine, the space below the piston (the buffer space) is normally charged
with working fluid to the same mean pressure as the engine. This relieves
the gas dynamic forces acting on the piston and adjusts the hermetic seal
problem 1o one of sealing the small diameter piston rod rather than the
large diameter piston. The buffer space experiences a cyclic pressure
variation that is approximately inverse to the cylinder pressure variation,

In addition to opening and closing valve (9) as deseribed ahove the
regulator {10) also actuated a slide throtile i 16) which offered the gas a
direct connection between the cylinder and the buffer space. This was
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more or less equivalent to a leak past the piston and resulted in a virtually
instantaneous reduction in the amplitude and a change in the phasing of
the pressure variation and hence in the power output of the engine. The
system resulied in a decrease in engine efficiency and for this reason was
termed by Meijer {1959a) ‘loss-regulation” but more recently has come to
be called ‘short-circuit control’. Tt was a useful device for it made the
engine response virtually instanlaneous to sudden changes in load,
Moreover, it permitted the use of a very small auxiliary compressor o
pump the gas back to the storage compartment,

Variable speed system (Philips)

A similar control system was described by Meelen ef al (1971) for the
four-cylinder rhombic-drive Philips Type 4-235 traction motor, In this
case the engine must operate at variable specds as well as variable loads.

A simplified diagram of the system described by Neelen et al, (1971) is
shown in Fig. 10.6. The valve § corresponds to the valve 4 in Fig. 10.5
and the valve D to valve 9. Similarly the short-circuit valve 5C corres-
ponds to the hypass valve 16. The complete functional diagram of the
system deseribed by Meelen ef al. for an automotive engine is shown in
Fig, 10.7,

Depression of the accelerator pedal caused the supply valve § to open
and for the valves D and SC to remain ciosed. The cylinder pressure was

ok

LA I

Fra, LG, Simplified disgram lor power contral in a multiple-cylinder Stitfing engine by
variation in the pressure level of the warking Quid (alter Meelen ef al 19711,
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Fra, 1007, Funetional diagram lor torque (pressuse) control for Philips Type 4-235 four-
cylinder rhombic-drive Stirling engine.

comnected in a closed feed back loop so that the valve 5 closed when the
cylinder pressure attained a value proportional to the displacement of the
accelerptor pedal, Release of the aceelerator pedal opened valve D and
warking [uid passed from the engine back to the storage reservoir,

Depression of the brake pedal cavsed the dump valve D to be closed
and the supply valve § and the short-cireuit valve SC to be opened. The
degree of opening of the SC valve was delermined by the position of the
accelerator pedal.

The ‘loss regulation’ feature of this system was so effective that the
engine could be used for braking purposes. Neelen et al. (1971) gave the
work diagrams reproduced in Fig. 10L& These show the output work
diagram ol the engine under full load conditions and the corresponding
diagrams with the ‘loss-regulation’ short-circuit valve open. When partly
open the engine produces some power but at a reduced level. When the
short-cireuil valve was [ully open the engine absorbed power and could
therefore be used in braking. Neelen et al. {1971) forecast that a max-
imum hraking torque of 60 per cent of the rated engine torque would be
possible, In one test an engine output of 244 Nm {176 ft 1b) changed to a
braking torque of 140N m (100 ftib).

Orther test results achieved a response time from no Toad to full load
within 0.3 seconds. With the short-circuit valve operating a similar
response lime (0.3 seconds) was obtained for sudden release of the load.
Without the short-circuit valve operating it took the compressor 30
seconds to reduce the pressure from the full load to the zero load value.
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Fro. 108 Woerk dingrams for Philips Type =235 four-cylinder rhombic-drive Stirling
engine illustriding the control schieved by the foss-regalation short-cireuit feature,

The above system, developed for multiple-cylinder rhombic-drive en-
gines, has been carried over to the double-acting Siemens engines now
universally in favour, and van Beukering and Fokker (1973) have briefly
discussed relevant control systems. Postma ef al. (1973) have indicated
that the power control system for the Philips/Ford type DA, 4-215
swashplate engine is essentially identical to the system described above, A
similar system was incorporated in the conceptual study for a small engine

carried oul by Philips/Ford for the Department of Energy (Kitzner
1977a).

Variable speed system { Uited Stirling )

A schematic diagram of the power control system used on United
Stirling engines is reproduced in Fig. 10.9. It can be recognized as
virtually identical to the above system, To increase power, the control
valve is moved to the right so that gas lows directly from the reservoir o
the engine. Hallare and Rosenqvist (1977), in a discussion of the control
system, have revealed that a timed supply svsteni is used which admits
additional hydrogen to the engine cylinders only when the cycle pressure
is near the maximum value. Gas flow into the cylinders without a timed
system: resulted in oan undesirable forque drop during increase in the
pressure.

Decrease in power is accomplished by moving the control slide to the
left, thus releasing Auid from the cylinder back to the gas reservoir and
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Fuo. L9, Schematic diagram of power control svstem an United Stirling engines,

also short-circuiting the various eylinders lor rapid response. The hyd-
rogen auxiliary compressor of the United Stirling system is described
(Hallare and Rosengvist 1977) as an oil-free single-stage double-acting
compressor with piston rings acting as suction valves. The displacement is
10 em® (0,61 in*) and the pressure ratio is 10: 1. To unload the COMpres-
sor during the increase of power and steady state conditions the suction
and pressure sides of the compressor are conneeted to each other by a
compressor short-circuit valve,

General Motors svstem

General Motors invested considerable effort in the development of
control systems during their decade of inlensive work on Stirling engines.
Percival (1974) has indicated that on General Motors cngines, tempera-
ture and torque were always independently controlled. Pressure modula-
tion was principally used for torgue or power control.

The small generator sets made by General Motors for the 1.5, Army,
GM Type GPUI, 2 or 3, required control of the speed to close [imits,
Stability was to be maintained at 3600 revolutions per minute to within
=10 revolutions per minute. Speed droop was not to exceed 90 revolu-
tions per minute and the surge limit for sudden changes in load was set at
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216 revolutions per minute. The recovery time for 100 per cent load
change was limited to 6 seconds.

By 1967 the GPU-3 system was capable of holding the stability at +5
revolutions per minute, the droop did not exceed 10 revolutions per
minute, the surge limit was met and the recovery time was reduced to two
seconds. Despite this achievement Percival writes feelingly that:

‘From the standpoint of reliability, however, the entire speed governing system

wis 4 constant source of trouble ontil nearly the end of the programme. The
hydrogen compressor was perhaps the majoc problem in the beginning. Tt was
incorporated into the base of the crankease of the GPU-3 as an extension of the
displacer piston rod in the form of & hydraulic plunger. Hydraulic pressure
activated a diaphragm compressor which eliminated the need of a sliling or
totating seal. This made servicing more difficult. The hydraulic plunger required
precision machining and was subject to binding. In retrospect, it would have been
better to mount an experimental compressor outside the engine and drive it from
a gear, with a break-away coupling, or from a bell, On the other hand, an outside
compressor requires @ good seal to prevent hvdrogen leakage.

Annther jtem which olten stopped endurince tests was Tailure af the small
(Fin {1.27 em) din,) hydrogen check valves and main eontrol vilve- ~sually the
seals were pounded out or distorted sufficiently to leak. The hvdrogen control
vialve was actuated by hydraulic pressure delivered by the speed SENEINE governor
which was mounted on the erankease and gear driven’.

In 1964, the governor system had 5 separate valving units and 10
adjusting screws; by the end of 1965, it had 2 valving units and one
adjusting screw.

Results of endurance testing of the GPU-3 at GMR in 1967 showed
that the hydrogen compressor had failed twice in the 1537 hour run and
the governor hydrogen valve had failed four times.

In 1969, the GPU-3 at GMR was operated on a more rigorous
S00-hour test, equalling a military qualification test. In order to meet
military requirements, a ‘certified paris list' for the piackage was estab-
lished so that all parts were like the engineering drawings. This defined
exactly whal was being tested and prevented casual substitution of
components which would have caused the test to lose significance. At the
conclusion, the maximum overhaul life was extended slightly but under
more rigorous conditions to 560 hours from the previous 553 hours.

The longest run with no service was extended to 525 hours from the
previous high of 196 hours. The longest run without stopping  was
extended from |59 hours in 1967 to 235 hours. In all, the engine was
stopped four times, all caused by building safety interlocks and in no
way connected with the GPU operation, The limit of 560 hours was
caused by the hydrogen compressor—a small valve assembly failed to
function properly. However, the hydrogen check valves and povernor
control valve were in excellent condition.
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An alternative system for compressing hydrogen was investipated
briefly in 1961. It was based on electrolytic generation of hydrogen and
diffusion through palladium tubes. Pressures ta 7.9 MN/m® (1150 Ibs per
s in) were maintained inside the tubes; but the concept was abandoned
when piston rod seals were found to seal hydrogen better than expected.

Pressure-amplitude variation

An alternative power control system for Stirling engines was described
by Alm ef al. (1973) in an account of developments at United Stirling.
Power control was achieved by means of variation in the amplitude of the
engine cylinder pressure excursion. The system is illustrated in Fig. 1010,
A number of different gas bolttles cast into the engine crankease could be
put into direct communication with the working space of the engine hy.a
series of valves operated by the cycle pressure amplitude.

To reduce engine power, one or more of the valves was apened so that
the volume of the gas botlle associated with it became part of the dead
volume of the working space. Increase in the dead volume decreased the
volume compression ralio V,,,./ V., and also reduced the amplitudes of
the pressure variation as shown in the pressureftime diagram given in Fig.
10011,

The pas botlles were of different sizes and the valves could be se-
quenced so that the power level could be progressively reduced in small

S

Fuen 100100 United Sticling system far power control by varigtion in the amplitude of the
evelic pressere curve,
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Fro. L1 Cyelie pressure characteristic of a Stirling cogine wilh power eontrol by
variintion in the engine dead space volume (pressure amplitude variation),

incremental steps approximating to the smoothed curve shown in Fig.
10.12.

The system of power control by pressure-amplitude variation was
developed by United Stirling as an alternative to the system preferred by
Philips of control by pressure-level adjustment. Alm et al. (1973) pointed
out that the Philips system required a rather complicated and expensive
compressor to pump the hydrogen working fiuid back to the pressure
vessel,

Furthermore, beciuse the compression pracess required a considerable
time, it was necessary to resort to the complementary short-circuiling
system and thereby sustain a decrease in engine thermal elliciency, With
repeated unloading of the engine, as for example, in a city bus, a
substantial elficiency loss would accrue.

To support this contention the figure reproduced in Fig. 10.13 was
given by Alm et al. (1973). This shows the thermal efficiency for Stirling
engine as a function of speed at full load and half load with three different
control systems, At hall-load the engine with short-circuit power control
has only hall the thermal efficiency it has at full load, With Mean-pressure
or pressure-amplitude control the decrease in efliciency is much less
pronounced. No details of the engine or any numerical data were given in
suppart of this ligure.

[t was interesting subsequently to observe that United Stirling appeared
to abandon the pressure-amplitude control system in favour of a return to
the Philips pressure-level control (Hallare and Rosengvist 1977). No
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Fioe 112, Power oulput a5 o finction of dead space in @ Stirling cngine with power
comtral by presswre amplitude variation,

reasons for this change were given and the shartcomings of the pressure-
amplitude system are unknown, ;

,-'-‘u._ possible explanation may be that, in practice, the decline in engine
efficiency with the pressure-amplitude system was greater than antici-
pated. Some support for this may be found in dala presented in the
important paper by Neelen et al (1971) following cxperiments by
MAN/MWM on a 7 kW {10hp) Stirling engine to establish the effect of

{ Full load

Hall<load
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A=Shor-circult eqnlral
Be=Meun-pressure eantrol
| C=T'ressure-smplitude control

Engine speed

Fuei. HLIS, Comparisan of .':itJrI_irllg engine efficiency as-a function of speed wl Tull load and
hall load conditions with thiee dilferent conlrol systems,
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Fig, 10,14, Effecl of dead spree on the power and thermal eficlency of & Stirling engine
thermal, The ealenlated and measured values are compared as obtained in tests on a 10 hp
Stithng engine at MANMWM (after Neelen eoal, 19710,

dead space volume. The dead space of the engine was enlarged artificially
and the result, shown in Fig, 10.14, was given as the percentage decrease
in power oulpul and thermal efficiency of the engine as a function of the
dead space. According to Meelen et al (1971} the power curve declined
as predicted by caleulation but the efficiency declined at a much preater
rate than predicted for reasons thal bad ‘not yet heen clarified’.

Phase-angle variation

In a Stirling engine the volume variations of the expansion space lead
those of the compression space by the phase angle «, one of the principal
desipn parameters of the engine, Variation in the phase angle is one
possibility for engine power control. The power output of a Stirling
engine as a function of phase angle is approximately sinusoidal in lorm, as
shown in Fig, 10.15.

At zera phase angle (point A in the fipure) the volumes of the
compression and expansion spaces vary exactly in phase. The change in
total system volume is a maximum and the range of the cyclic pressure
excursion is a maximum. However, if we assume isothermal, or adiabatic,
processes in the compression and expansion spaces there is no work
output from the enpine because the pressure—volume dingram is the
single line a—b shown on the work dingrams at A and B in Fig. 10,15,
The pressure in the engine cylinder is the same on the downstroke of the
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Fra, 10018, Powe output af o Sticling engine as a function af the phase angle between
volume viriations in the expansion aml compression spacas

piston as it is on the upstroke of the piston. There is no cyclic flow of
working fluid through the system. )

At point O, with a phase angle of 3,14 radians (180% the canverse js
true. Here the volumes of the compression g | I :
r{:xautli}'_nut of phase so that the variation in the total system volume is at
s minimum possible value, 11 the swepl volume in the two spaces js .II;E
same, the variation in total system volume is then zero, The ﬁtaw of
wmkmg fluid between one space and the other is maximum. The range of
}luc eyelic pressure variation is small because it is due solely to the chi e
. the mean temperature-as the fluid moves between the hot and c:ﬁd
spaces at mn:ﬂantt volume, Again the work oulpul is zero because the
E?ir;_gs]u[;.l:[;fﬂunw diagram is the single line ‘o—g’ as shown at point € on

AL any phase angle between () and 3,14 radians (0 and LB} the
volume variations lead those in the compression space and the cyelic
pressure Ifmr.i volume changes will result in a work diagram as shown at
point I in Fig. 10,15, If the txpansion space is hotter than Lhr:a ;:érmp.ln;‘:v.—
ston space the work diagram will be positive and a surplus of work will |';l.‘.!
aviilable at the shaft to drive the engine and an external load. The net
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If the phase angle is between 3.14 radians and 6.28 radians (180° and
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360°), points C and B in Fig. 10,15, a similar situation will prevail but
now the work diagram will be negative as shown at E. An input of work
will be required to drive the engine and the maximum value oceurs at a
phase angle of about 4.71 radians (270°). The direction of heat Now will
be reversed. Heal will be transferred from the cooler to the working fluid
and from the working fluid fo the heater. In this situation the engine is
operaling as a heat pump, taking in heat at a low temperature and
rejecting it at a higher temperature.

OF course if there is no power input available at the shaft to drive the
engine as a heat pump it will simply stop and then run in the reverse
direction as a prime mover, taking in heat at high temperatures and
rejecting it al a low temperature with a positive power output.

Power control by phase-angle variation is characterized by instant
response and represents an extremely convenient way to provide a rapid
reversing engine. The system was adopted by the Electromotive Division
of General Motors for an 590 kW (800 hp) Vee 8 Stirling engine intended
as the propulsion motor for coastal surface vessels where good manoeuy-
ering capability was required. The engine had a piston and displacer in
each cylinder but they were connected to separate drive shafts. The
separate shafts were coupled by sun-and-planet pears so that movement
of the sun wheel caused a change in the phase angle between the piston
and displacer motion and, hence, a change in the phase angle between the
expansion and compression spaces,

The caleulated power and efficiency curves for this engine were given
by Percival (1974) and are reproduced in Fig, 13,9, Only one bank of
four cylinders of this engine was in fact constructed for development work
before General Motors abandoned piston-displacer engines in favour of
siemens double-acting engines. In 1967 the author witnessed the opera-
tion of this-four-eylinder half-engine at the Electromotive Division works
at La Grﬂngu, Hlinois. The response of the engine was remarkable to
change in the phase angle by simple adjustment of the sun wheel. It was
said at the time that the engine could be reversed in less than a revolution
(but only when the stress office engineers were not presentl!).

Power control by phase-angle variation is obviously not applicable to
double-acting engines where the phase angle is limited to the value
6.28/N radians (360°/N) where N is the number of cylinders. Double-
acting engines can be conveniently reversed by switching the intercon-
nected cylinders so that in effect a phase change of 3.14 radians (180°) is
introduced. Reversal of the cylinder connections can be dane by a simple
slide valve fitted to the cold side of the engine. It is not known if the
system has, in [act, been used in double-acting engines but the potential
for reversing engines was early recognized by van Weenan (1947),
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Stroke variation

Power oulput from a Stirling engine may be controlled by variation in
the stroke of the reciprocating elements. This may be cither or both the
piston and displacer of single-acting engines or the piston-displacer of
double-acting engines. This method of power control is more applicahle
to free-piston or free-displacer machines than to engines with conven-
tional drive mechanisms. In the single-cylinder Beale free-piston Sticling
engine, an adjustiment of piston steoke o the load condition does occur
naturally in the engine. When the load resistance to movement is light the
piston stroke extends to the maximum value permitted by the stroke
limiting controls of the engine. As the load resistance to motion increases
the piston stroke decreases but the force exerted by the piston increases
and attains it maximum value when the piston motion is completely
restrained. It is an eerie sensation 1o grasp the pump rod attached to the
piston of a Beale engine and to feel the engine respond instantly by an
appressive increase in the driving lforce as one attempts to restrain the
piston movement,

A hybrid Stirling engine has a free displacer and a crank-controlled
mston for driving a rotating shafl. The concept was first reduced to
practice at the University of Calgary and is being further developed at the
University of Bath, Control of engine oulput by adjustment of the
displacer stroke was investigated briefly. By limiting the displacer stroke,
the muss flow of gas in and out of the hot and cold spaces was reduced,
and so the range of the eyelic pressure amplitude was reduced. The effect
was somewhatl analogous to the system for pressure-amplitude control
described above where the system dead space was increased by opening
valves communicating with dead volume gas bottles in the engine crank-
case, Limitution of the displacer stroke increases the effective clearance
space in either or both the expansion or compression volumes. Clearance
space in the cylinders may be accounted as dead velume to correspond
with the above system. However, a change in the displacer stroke also
changes the ratio of swept volumes in the expansion and compression
spaces. This swept volume ratio w is another principal design parameter
that may be used for power control independent of the dead space effect.

John Malone (1930} in his liquid engines (see Chapter 8) used a system
of displacer stroke limitation as his principal mode of power control. In
his paper he shows a rack-and-pinion device on the displacer rod for
vitrying the displacer stroke but the details of the actual mechanism were
not disclased,

[n the Thermoelectron Tidal regenerator engine for artificial hearts (see
Chapler 17), power control was achieved by variation in the stroke of the
piston. A flexible metal bellows acting as the piston was caused to
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reciprocate by the action of a ball nut on a screw shaft driven by an
eleciric motor. Rotation in one direction caused the nut and hence the
piston to ascend. Rotation in the other direction caused it to descend. An
electronic unit controlled the direction and duration of rotation in one
direction or the other and so regulated the rise and fall of the piston and
hence the output of the engine. The output in this case was, in fact,
hydraulic power to operate a blood pump.
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Tue following chapter was contributed by William Beale, President, Sunpower
Inc., Athens, Ohin. Beale nvented the [free-piston Stirling engine in the late
1950s while # professor of mechanical enginecring at the University of Ohio.
Cwer the next decade, with remarkably single-minded dedication, he developed
the concept 1o an operational stage. In the university environment he was unable
to secure adeguale fonds to develop the free-piston engine commercially and so
he founded the company he now leads. Sunpower is unique as the only company
in the world in commercial production of Stirling engines. Their best known
miichine is the small free-piston engine demonstrator available as o water pump,
electric power generator, or a refrigeration pump. Sunpower's principal business is
research and development work on advanced [ree-piston Stirling engine develop-
ments, some of which are discussed below.

G.W.

INTRODUCTION

A [rec-piston Stirling engine is a machine in which the motion of the
reciprocating  elements Lo accomplish  the thermodynamic cyele are
elfected by Auid forces and by the dynamical, Nuidic interaction of the
components, There are no mechanical linkages coupling the pistons or
displacers.

Such machines offer advantages of simplicity, lreedom from leakage
(since they can be hermetically sealed), low cost, seli-starting, and very
long life. They are being developed for vse as thermally activated heat
pumps, solar-electric converters, remote-area power gencrators, total
cnergy systems, and water pumps,

This chapler is intended lo give an elementary description of free-
piston. Stirling-engine dynamics, lo give examples of some of the many
possible confipurations, and to discuss the present state of development
and areas of research, The viewpoints given here are those of the author
developed with the assistance of many helpful discussions within his own
design proup at Sunpower Ine., with the MTI Stirling engine team, and
from the publications cited in the text. Since the field is a very active one,
the interested reader should view this chapter as no more than an
introduction o the subject and should consult the literatore frequently for
new developments.

DESCRIFTION OF FREE=PISTON ENGINE DYMNANMICS

In order te describe the action ol Trec-piston engines, it is uselul to
assume harmonic motion of the components, which is often nearly true,
and 1o recall that such motions may be described not only as sine waves,
but also by the projections on a horizontal or verlical axis of rotating
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vectors, Readers who wish-to refresh their memory on-the rotating veclor
method of representation are referred to any standard textbook on
mechanical vibrations? in which all of what is given below is clearly
developed in & simple and convincing manner,

To summarize the vector representation of harmonic motions:

() A sine wave A sin wt may be represented as the vertical component
af a vector of magnitude A rotating at angular velocity w
radians/second (Fig. 11.1).

{h) The sum of two sine waves A sinwt and B sinfwt+d) may be
represented by a rotating vector equal to the vector sum of A and
B leading A by the angle o

(c] The work of a sinusoidal foree A sin(w! + @) upon o displacement
H sin wt is represented by the product of the component of the

| For expmple. Den Harlog—~Mechanical Vilrrations, MeGraw Mill,
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[oree vector normal to the displacement veector with that displace-
ment vector. If the [orce vector leads the displacement, work is
done on the displacement, If the force vector lags the displace-
ment, work is done by the displacement. The magnitude of the
work done is wAB sin ¢ per cvele or the power is:

work  eyele i

Lt
eycle  second =le B d”(f;) = AL sin.d
This can also be interpreted to mean that only the component of
the force nonnal 1o Lthe displacement does work, or that only the
component of the force parallel to the velocity does work. (Note
that the velocity is always 90° in advance of the displacement so
that a force normal to velocity is parallel o displacement.)
The mass—spring-damper system of Fig. 11.2 illustrates the stalements
mide above, Note that the damping Torce points down, representing g

A==X i sin s

K=&y sinwr
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Fia. 11.2. Mass spring dumyper vectory,
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work done by the mass, and that as a result, the applied force F must
have a component normal to displacement (parallel to velocily) pointing
up. If there were no damping foree, then the applied force would have no
normal {work) component and would be in the direction of the accelera-
tion (spring direction). In the discussion to follow, it is useful to consider
each force as a combination of werk components normal to the displace-
ment and spring components parallel (o displacement of the compoenent
under consideration,

The necessary requirement for free-piston operation is the dynamic
equilibrium of forces as required by Newtan's Second Law, i.e. the sum of
all forces acting on each moving component must equal the acceleration
force of the component. If this situation exists, then the system may in
fact oscillate at that condition, The forces to be considered here are
damping forees, spring forces and pressure forces. These must all sum to
the acceleration vector which has magnitude of MAw?, where M is the
component mass, A is its amplitude of displacement and w is its angular
frequency in radians per second, The direction of the aceeleration force is
opposite to the direction of the displacement veetor.

Once a thermodynamic analysis has been carried oul as described in
the previous chapters, and from it the desired motions to the components
have been decided upon, the dynamic analysis to permit this desired
mation may follow. The procedure for the dynamic analysis is (o compute
the acceleration force from the desired operating frequency, amplitude,
and the mass; the damping forces from the pressure-drop characteristics
of the heat exchangers and the pas-low velocities: the pressure [orces
from the previous thermodynamic analysis or from an isothermal-cycle
analysis as described next; and the spring forces from the mechanical or
gas spring characteristics, choosing the spring forces to permit the vector
sum of all forees to equal the acceleration force required,

WORKING SPACE FORCES
Gias pressure forces

The working space pressure in real Stitling engines is a complex
function of thermodynamic and dynamic influences, and its aceurate
determination requires a high order computer analysis. However, for the
purpose of dynamic analysis, much simpler isothermal estimates are quite
useful. Even the isothermal pressure relation is not harmonic, however,
but it can be used to get the phase and amplitude of an erjuivalent
harmonic pressure wave as follows:

{a} For the design under study, with known volumes, temperatures,
and displacements, compute an isothermal (or higher order) pres-
sure relation and plot a pressure-volume diagram, Find the cycle
work as the integral of the P-V diagram.
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(h) Equate the cycle wark to the vector product of volume and @
harmonic pressure wave of amplitude equal to the pressure wave
previously computed and phase angle such as to give the same cycle
work. W=—xV . Psind'. V is the amplitude of the volume vector
which may itself be the sum of two or more vectors representing
volume changes due to piston mations, P is the amplitude of the
harmonic pressure wave, and &' is the pressure phase lag behind
the negative volume vector (Fig. 11.3).

This equivalent pressure vector may then be used in the vector rep-

resentation of the engine dynamics. Its accuracy is good for engines with
larger dead volume, but not so good for tight, low dead-volume engines
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such as small annular gap designs, in which the true pressure wave is quite
far from simple harmonie form.

Gas spring forces
"'|-"r"'1 ¥ P
v

Gas springs have spring constants K =

where y = the adiabatic or other appropriate exponent
A =the area of the piston
P =the gas average pressure
V=the volume of the pgas spring.

Damping forces

Damping forces in the heal exchanger may be estimated from the
stendy-flow pressure-drop characteristics of the heat transfer elements
and the volume-flow rate to the associated active space,

True damping forces are in general highly anharmonic, and an equival-
ent harmonic force giving the same energy dissipation should be com-
puted in a manner similar to that described for the pressure forces, This
method is definitely a severe approximation to the truth, bul can,
nevertheless, give reasonably good resulls because damping forces due to
flow pressure drops are usually rather small in comparison with other
forces.

IYPES OF ENGINE
The two-piston free-piston engine

Fig. 11.4 shows perhaps the simplest concept with which to exemplify a
free-piston dynamic analysis—a two-piston arrangement with power taken
from one or both pistons.

In the idealized case, piston 1 is a massless damper and piston 2 is an
undimped resonating mass. The pressure vector is collinear with the
displacement of piston 2 and at right angles to the displacement of piston
L. Piston 1 sees @ pure damping foree and piston 2 a pure spring, The
resonating frequency is fixed by the mass of piston 2 and the system
spring constant, which is the sum of that due to working space pressure P,
and the bounce space pressure Ps.

In the more realistic example shown, the pressure wave is assumed o
fag both pistons, hence its resulting force has work components on both,
and both can produce work through a damping load such as a linear
alternator. If the pressure wave were collinear with the displacement of
piston 2 then that piston would not be able to produce work and would
simply resonate. If the pressure wave lay between the two displacements,
lagging | and leading 2, then the resulting forees would do work on 1 and
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ahsorb work from 2, requiring that it be driven by work from 1 through,
for example, its linear alternator acting as a motor.

The piston-displacer free-piston engine

Fig. 11.5 shows a generalized piston-displacer machine with three
moving components—piston, displacer and cylinder. This figure defines
the nomenclature to be used in the simplified cases described below.

The simplest special case of the general piston displacer machine of Fig.
11.5 is shown in Fig. 11.6, representing the Harwell free-piston electric
generator (Cooke-Yarborough 1975). Here the driving energy for the
displacer comes from the spring between the displacer and cylinder (K
which, as a resull of the phase angle between the displacer and cylinder
motion, has a work component adequate to overcome displacer damping,
The major cycle work flows through the piston damping force (Fp)
represented in the case of the Harwell machine by its alternator.

Fig. 11.7 is another special case of Fig. 11.5—a simple, relatively
low-speed engine with the displacer sprung to the bounce space. The
displacer rod provides a difference in area between hot and cold ends of
the displacer which provides the major drive force for the displacer. This
is the design of sume of the small Sunpower models. In order for this
system 1o operate, it was necessary lo have a very light displacer since the
acceleration forces available were weak (Aghi 1973),

K| B L= | 6 P4y

Dasplacer - [}

I !
L == | af A

Pistaon - P
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Fro. L1.6. Dynamics of the Herwell liee-piston eleciric generator,

A combination of spring linkage and differential area can provide a
strong displacer drive capable of operating the engine at higher frequency
with more massive displacers. Fig. 11.8 shows an arrangement used on
larger Sunpower designs, in which the displacer is sprung to the cylinder
in order lo resonate the displacer mass, and a differential area is used to
provide a force overcoming displacer damping. The sum of damping and
force on the displacer differential area brings the force diagram on the
line of displacement. and a spring of sufficient strength to provide the
necessary resultant foree for resonance is then added, Similarly, a spring
K, of sufficient stiffness 1o resonate the piston is added to the spring
component of the working space pressure wave i order to permit piston
resonance,

For purposes of simplicity, the slight additional effects of the moving
cylinder have not been shown. If it is desired to do so, these effects may
be added in the manner shown previously in Fig. 11.6.

A drive method intermediate between Figs. 11.7 and 11.8 which is
sometimes useful is shown in Fig. 11.9. Here a spring K, between piston
and displacer ussists to resonate the displacer. The fact that neither the
pressure nor the spring force are co-linear with displacer displacement
results in rather large work flows from the displacer to the piston. In
praclice this results in hysteresis losses in the gas spring K, and reduced
system thermal cificiency. Engines made in this way have large rod
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Fia. 11.7. Dyvnamics of an engine with a common spring in bounce space.

diameters compared lo the spring to cylinder models of Fig. 1018 if
operated at the same conditions.

Daowble-acting free-piston engines

The force diagrams of Fig, 11.10 show the possibility of double-acting
free-piston engines. A three piston engine is illustrated but larger mlnnlzrf:rs
of pistons are possible, as well as different connections between Ej-'lmll.'!crﬁ,
as @ study of the figure will immediately suggest, The three piston
double-acting machine was originally suggested by Walkert as a candi-
date for three-phase power generation.

As the figure shows, there must be a large phase angle hetween the
piston and its assoeiated hot space pressure or the force ditagmm .wﬂi not
result in positive work. In fact, for the three piston engine, this phase

t private communication
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angle must exceed 30° or the resullant of the two pressure forces will lie
on or below the line of displacement and hence have a negative work
componenl.

This situation may be avoided by making the cold piston area smaller
than the hot piston area, as would naturally be the case with a power rod
leaving the cold space. With the rod area subtracted, Fy, is a smaller force
and the force diagram may have net positive work with less pressure
phase lag,

Constraints such as the one cited above, resulting from the necessary
symmetry of double-acting piston arrangements, make them less flexible
and less responsive to optimization procedures than piston-displacer
machines. The merit of the double-acting free-piston is the same as its
kinematic twin—higher power density and fewer moving components.

Variations of geometrical arrangements

Besides the arrangements already discussed, there seems to exist an
almost endless array of variations, For example, in Fig. 11,11 are shown a
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number of displacer geometries, each completely equivalent to the others.
This is by no means an exhaustive list and the reader may doubtless add
more after brief reflection, It is the task of the designer 1o weigh the
merits of many possible configurations for his particular applications,
taking into account the realities of mechanical design—thermal distortion
leakape, wear, gas spring losses. centering, control, power modulation,
fouling with wear particles, cost, ease of manulacture, alignment, operat-
ing stability, startup characteristics, and so on,

A host of multi-cylinder arrangements are also possible: heat pumps,
cooling engines, heat-driven cooling engines and other combinations.
Again the designer must choose with care. The author prefers to stick to
the rule cited by Professor Egon Orowon—'Mever try something complex
until you have failed with something simple’. In this case, if one piston
will do, should one be tempted to try two or five?
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Other useful arranpements, and other methods of dynamic analysis are
given by Benson (1977h). Martini (1975a), Martini er al (1977, and
Raunch (1975).

COMPUTER SIMULATION OF FREE-FISTON DYNAMICS

Figs. 11.12 and 11.13 are a much simplified analogue computer Tep-
resentation of the dynamic model of Fig. 11.5. If the chief aim is a study
of dynamics rather than thermodynamics, the analogue computer is g
marvellously easy and, thanks to modern electronics, cheap way to study
free-piston engine dynamics. It is a quite simple matter to construct sucl
a special purpose analogue from readily-available components and with it
to study the lree-piston engine. By manipulating potentiometers repres-
cnting the dynamic components, the student may quickly develop a feel
for the machine and he may be able to get good values for the required
springs, arcas, and loads necessary to achieve desired operation.

.,

i
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With the addition of non-linear elements and empirically—derived
correction factors in the analogue, the modelling may be made an
excellent representation of a real machine, including accurate pressure
drop values and component collision phenomena,

The digital computer may, of course, be used to do precisely the same
thing as an analogue with greater versatility, but in most cases, Icgs
opportunity for the operator to observe instantly the results :ﬁlhls
changes. The IBM Continuous System Madelling ngran_] {":."SMP}. is a
particularly useful tool for digital simulation of analogue circuits, qu.u:kly
learned by those familiar with analogue computers or problems in vibra-
tion (Beale 196Y),

THEEMODYNAMIC AND DYNAMIC OPTIMIZATION

The previous discussion was aimed only at an illustration of free-
piston engine dynamics. The complete desipn task must start with a
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thermodynamic optimization utilizing an appropriate analytical technique
which includes within it a dynamic analysis. Gedeon et al. (1978) have
described the Sunpower procedure, which includes two levels of Stirling
engine simulation, a fast running empirically corrected isothermal
analysis, and a powerful third order code which is well validated by
comparison with engine test results. Associated with these is an automatic
optimizing routine which searches in each coordinate direction and ar-
rives at a maximum ol a pay-off function previously defined by the
designer. Engine dynamics are appropriately considered in the search for

the optimum configuration. The Sunpower design procedure is outlined
below,
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Fio. 11,13 Photograph of pnalogue computer,

Sunpower design procedure

. The purpose is defined, which determines the weighting factors to he

used in the optimizalion, i.e. an artificial heart requires maximum
efficiency and small size; a water circulator for a wood stove mustbe
cheap and durable but may be inefficient,

The other limits on the optimization are sel—power, [requency,
pressure, temperature, ete., are given values or ranges of allowable
values.

. An automatic optimization algorithm is vsed to define the ther-

modynamics, dynamics, and heat-exchanger parameters using ap-
propriate weighting factors on the pay-off functions, and taking due
aceount of 1dss mechanisms—conduction and shuttle heat transler,
seil leakage, pas-spring hysteresis, pas-bearing pumping power,
control and start-ups, and stability requirements,

4, The results of the oplimization are studied and adjusted by consid-

eration of other design constraints not presented in the algorithm, [l
may be decided, for example, that the increase of cificiency from 36
per cent at 20 bar (o 37.2 per cent at 40) bar is not worth the cost
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i the mechanical design problems caused by the higher working
pressure,

5. The final thermodynamic design is simulated in a free-run mode on
the high-level computer code to verify perfarmance, stability, start-
up, and response to load changes, If il passes these Lests, the design
is released for mechanical design,

6. Mechanical design is carried oul, including structure, bearings, seals,
auxiliary pumps, controls, valves, eie,

7. A prototype is construcled, tested, and modified for satisfactory
performance. Test results are fed hack into the computer design
codes to refine them,

8. The design is released for production,

As an example, consider (he design of a 1kW electric generator,
propane-gas fired, This design, SPIKE-0, is intended to provide an AC
supply of G0Hz 120V at (kW maximum power for domestie
requirements—lights, small appliances, and battery charging, It is in-
tended to have long life, low noise. and moderately high efficiency, with
cost not excessive in comparison to competition (e.g. internal combustion
engine-generator set). An overall efficiency of 20 per cent | uel-clectricity
is acceplable for this application. Assuming the hurner-recuperator effi-
ciency o be 75 per cent and the alternator 80 per cent, then the required
enging thermal efficiency is (0.2)/(0.8 x0.75) = 33 per cent.

A crude size estimate  based On 4 power parameter puess of
(.10 watts/ce Hz P, gives a 25 bar engine with 80 cc swepl volume at 2 ¢m
stroke (a convenient stroke for (he Ol bz alternator) to deliver abouy
1200 waits to the alternator. From experience it is known that displacer
phase angle should be about 40° leading the piston, and displacer amp-
litude should be approximately equal to piston amplitude. Using these as
the initial starting conditions for optimization, the computer automatically
sedrches among the allowed variables of pressure, phase angle, heater,
cooler, and regenerator characteristics for a maximum clliciency point,

The mechanical layout for this design is shown in simplified form in Fig.
L1.14. It incorporates a wound field alternator, gas bearings on moving
components, and a thin-walled displacer pressutized fram cycle pressure
peaks. Shuttle heat transfer is kept low by a gap between the displacer
and cylinder wall and axial conduction is minimized by the thin displacer
eylinder and regenerator walls,

DESIGN PROBLEMS IN FREE-PISTON ENGINES
Piston centering

It usually comes as a surprise to practitioners new to free-piston engine
design that the pistons tend to work their way gradually away from the
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Fro. 1114, Drawing of SPIKE eangine design.

desired operaling point, usually toward the working space, ending up
rattling madly against the hot end or whatever mechanical impediment
first intervenes, The designer's usual first reaclion to this perverse he-
havior is to put a mechanical spring in the system intended to foree the
piston to behave, But this seldom works since {he spring reqguired is
usually far too stiff for praclical application and/for the piston capriciously
decides to wander too far in a direction opposite the one it first sought.

Upon reflection, the designer will discover hat there is a non-linear
flow in close annular gaps proportional to the differences of the squares of
the pressures, and that because the pressure wave is not a pure sinusoid,
but is a bit peakier at the high pressure than at the low, a resulting net
loss of working fluid from the working space results, and the piston creeps
toward the working space.

If other seals than close fits are used—rings, cups, or the like—then the
problem is even worse, since these seals tend ta be quite unpredictable
and will cause piston creep one way or the other in an arbitrary manner
deeply frustrating to the test engineer. The reason is that an ardinary
piston ring will move somewhat in its groove and will seat best on one
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side or the other depending on the chance motion of wear particles or the
alignment of minute imperfections.

There are fortunately several effective solutions available, the simplest
being merely a centre-point Jeak deliberately provided to allow a brief
but large flow of gas between working space and bounce space at or near
the desired centre position of the piston (Fig, 11.15),

This method is to be preferred for centering pas-spring displacers
where it is both efficient (low loss) and effective. It is less efficient when
applied to power pistons since it allows leaks across a significant pressure
difference at both in and out passages by the port and hence causes
unrestrained expansion loss, The sudden expansion loss does not accur in
the gas spring nearly so much since there is little or no difference in
pressure between in and out passages past the port in a properly designed
gas spring and the centre port will soon equalize the mean gas spring
pressure with that of the bounce space or other space to which it is
refercnced,

A preferred non-active method of piston centering is shown in Fig.
L1.16 in which the piston uncovers a hole allowing a carrecting flow only
it it reaches a limit of desired travel. Engines designed with close fit
pistons (no rings) may be kept from moving too far in by only one such
hole and check valve arrangement, but if the piston seals are such as Lo
allow drift in either direction, then two limit circuits are required.

Ao third method, and one preferable for high performance svslems,
employs an active control loop comprised of a position sensor, a logic
circuit, and a control valve admitting pas o or from the various spaces as
desired, In Fig. 11,17 for example, the piston position is sensed by a
nan-contact sensor—capacitive, magnetic, or the like. ‘e resulling signal
is contemplated by a microprocessor and compared with the desired
aperating condition, and & signal is duly sent to a spool valve which
adjusts its position to give the desired change in flow in or out of the
working space, This method is capable of allowing long-term cenlering

@L p

L T

Leak position

N

Fig, 1115, Leak tochnique for centering the s L.
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without being unduly affected by wear, distortion of the components, or
change in fluid properties, all of which can disturb the simpler non-active
cpulm] methods. The active method is also adaptable to power madula-
Lion.

Gias lubrication

Gas lubrication may he artanged by use of the natural pressure swings
in the working spice or-gas springs to pump up a gas bearing reservoir
through a check valve. Or an independent pump especially designed for
the purpose may also be used, although this method usually adds un-
necessarily to complexity. Gas bearing surfaces must be hard and very
closely fit; a 50 mm piston, for example, could employ an alumina surface
with clearance gap of 8 microns over a 20 mm length.

Mechanical interferences

The mechanical interference problem is best avoided by designing the
engine and load so that bumps do not occur over the entire range of
loading. If this is not possible, dashpots may be included in the design to
prevent destruction of the parts, or 4 bypass port between working space
and hounce space may be opened by an appropriate sensor, and power
then dissipated,

Power modularion

Power modulation is often not Necessary, 844 i g waler pumping or
other constant-load application, but when it is needed it mity be done by
changing the displacer spring rate, or damping, or by changing piston
average position via the piston centering control. Fig. 11.18 shows
mechanical arrangements o do this. Displacer spring changes have been
found.togive greater change in-power for less loss of enpine efficiency
than do displacer damper changes, although the latter is easier to do
mechanically.

Power drops quite rapidly as the piston mean position is moved away
from the hot end, as is readily predicted from simple isothermal analysis.
This method works only with some loads which will permil any position
of piston. Alternators usually require a fixed piston average position and
are less readily adapted to power modulation by this method,

Starting

The free piston engine will self-start if a sufficient temperature differ-
ence exists, and low enough [riction forces are present to be overcome by
environmental perturbations. Test engines made with close-fit hard sur-
faces have consistently self-started il mounted in a vertical position and if
the displacer was supported from resting on the bottom by magnetic or
mechanical springs, -
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In any circumstance, properly designed free-piston engines are ex-
tremely easy to start by a small applied vibration. Alternator engines may
be started by a slight amount of power fed through the electric circuit.

Solar engines mounted on a sun-tracking mount will self-start as a
resull of the changing inclination to the gravity field, but in order to do so
the piston must be suspended above bottom, preferably by a relatively
soft and [riction-free magnetic spring.

The flame-induced vibration and rapid temperature rise of liguid or gas
fired engines gives them a pood means for self-starting,

One definite impediment to self-starting is 8 massive hot-end heat
exchanger, especially those containing unheated passages which act o
cool the first flow of gas through them and thus reduce the pressure rise
during the starting cycle,

ADVANTAGES OF RECIPROCATING POWER

The majority of engineers customarily think of rotating shafts as the
embodiment of mechanical power. For this reason the free-piston engine
with its pure reciprocating motion may scem strange and relatively
useless. Yet there are many virtues to recipracating motion not possessed
by rotating power plants. The reciprocator has no side loads as are
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imposed by conventional connecting rods, and as 4 consequence, ity
piston lubrication problem is much less severe, and may readily be
accomplished by gas bearings using only a very small fraction of de-
veloped power to pump the gas.

Reciprocators may also use flexing seals which are hermetically shut
with zero leak diaphragms, hollow-spring feeds, torsion tubes or the like.
With such seals there need be none of the seal or lubrication problems
which plague crank machines,

But onc might ask, what use is a pure reciprocator, regardless ol its
other virtues, since conventional loads require a rotating shaft? This
objection is readily dismissed if one notes that often a lpad with a rotating
input contains a crank and piston mechanism to return rotary 1o recip-
rocating motion. For example, a conventional internal combustion engine
driving a positive displacement compressor first turns reciprocating mo-
fion to rotating motion in the engine, then transmils power through the
rotating shafl to another crank to a reciprocating piston which finally
compresses the gas, A free-piston engine simply translers wark {rom the
power cyele directly through a single reciprocating piston to the compres-
sed pas, thus eliminating lubrication, hearings, windage, wear, and much
ironmongery and cost,

RECIPROCATING LOAD DEVICES

There are a lew reciprocating load devices which merit particular
consideration for use with free-piston Stirling engines, The first is the
linear alternator, which can be made in many different ways, some of
which are illustrated in Fig. 11,19, In that figure, (a) is a moving-coil Llype
similar to the commonly-used loudspeaker drive, The chief advantage of
the moving-coil alternator is that it has no side forces, there being no
ferromagnetic components in the coil, but only conductors upon which an
axial force is induced by the interaction of the current and the magnetic
field at right angles to it. The Sunpower model 10-B uses s alternator,
with rolling shim stock for the electric current.

Alternator (b) uses a fux-switching moving plunger which causes a
complete reversal of the flux direction through the winding as it moves
from one end of its stroke to the other. By this means the maximum
power output per unit of flux may be generated. There are side forces on
the plunger which must be kepl to reasonably small values by accurale
centering of the plunger. Gas bearings are required fo resist the side force
and prevent rubbing contact which could guickly wear out the sliding
surfaces.

Another uniquely suited load for the reciprocating free piston engine is
the inertia compressor or pump, Fig. 11,20, This uses a flexing hollow
spring as the means of feeding the pumped Auid to and from the
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compressar through the surrounding high-pressure working gas of the
Stirling engine. The compression takes place in the spaces between the
relatively stationary tnertia mass and the moving enclosure surrcunding it,
which is attached to or contiined within the engine piston. By meians of
the inertia compressor, 8 hermetic seal s assured vel a fow of fluid
through the compressor carries away power (rom the engine, This combi-
nation may be wsed as a refrigeration compressor, a waler pump, i
hydraulic pump, or an air compressor, The fexing hollow spring may
easily be designed for very long life and its stiffness is wseful to help
provide the desired resonant frequency of the engine.

A third important method of removing power from a purely reciprocat-
ing engine is the [ree-cylinder power take-off whereby the engine cylinder
is the power transmitting component, rather than the piston, which is

made heavy so that its motion is small in comparison with that of the

displacer or eylinder. The free cylinder may be dircetly attached to its
load such as an air blower or alternator (Fig. 11.21).
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Frao 11.21. Free-cylinder engine.
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The free-cylinder engine is probably the simplest hermetically sealed
engine, and because of this, is suited to tasks requiring minimum cost and
long life such as water-circulating pumps in home heating systems,
solar-powered irrigation pumps, or air blowers for hot-air heating sys-
tems. Free-cylinder engines, while they appear to be even more unor-
thodox than free-piston engines and hence even less appealing to many,
are not at all intrinsically inferior in performance. In fact, very simple
free-cylinder engines have demonstrated thermal efficiency over 10 per
cent (Beale et al. 1973), They also have the very desirable characteristic
Lhat l.hey cannot be stalled out by an overload, since if the cylinder is
prevented from moving, the cycle energy is transmitted to the piston, and
an increasingly strong reaction force is transmitted to the load. This
characteristic makes the free cylinder engine a potential candidate to
teplace the noisy air hammer as a concrele breaker,

Another hermetically sealed load for the free-piston engine is the
Stirling cooling cycle (Fig. 11.22). In this arrangement the power de-
veloped by the heat engine is transmitted directly to the cooling cycle,
which uses the same working fluid at the same average pressure, Here the
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entire thermodynamic process goes on in the same pressure enclosure, no
mechanical power is transmitted outside, and the leak and lubrication
problems are reduced to the relatively trivial ones of piston sealing and
gas lubrication. This Stirling-5Stirling cooling machine is a very promising
one and at this time under-exploited. As far as is known, only a small
model, made from two identical Sunpower model 10-B demonstrator
engines has been built and operated. Tt was able to keep the cold end at
the freezing point of water despite a poor match of engine and heat pump
and the use of only annular spaces around displacers and regenerator in
both engines (Fig. 11.23),

Free-piston engines may also drive loads through a reciprocating shaft
seal, bul if required to do so, they must face the same very difficult
problem as does the conventional crank machine—Ileakage of working
fluid past the seal. One such possible application is the hydrostatic
vehicle-drive engine, Fig. 11.24. 1t uses a seal which separates leaked gas
and oil and pumps them both back into their respective spaces.

Diaphragm seals are obviously possible, and have been put to use by
the McDonnell-Douglas artificial heart design group, by the Harwell
group (Cooke-Yarborough et al. 1974b) and advocated by Benson
(1977b). Close-fit sliding seals lubricated with working gas are believed
by the Sunpower design team to be much more versatile.

APPLICATIONS

Artificial hearrs

The power required by an artificial heart is about 3 to 5 watts delivered
to the blood pump. This power may be delivered in the form of liquid,
gas, ur electric power, any of which may be provided by the [ree-piston
engine, The liguid power version has been extensively developed by
MelDonnell-Douglas, The gas power method of encrgy transfer has been
chosen by the artificial heart group at Acrojet General, But the electric
ttput free-piston Stirling engine s probably the simplest and most
durable and gives promise of high efficiency. Its mass and reaction forces
need not be greater than those of the other candidates. This engine has
not yet been tried for artificial heart applications.

Heat pumps

The Stirling-Rankine heat pump is being very actively developed by
several large industrial groups and is likely to have an impartant commer-
cial application in the near future. It combines high overall energy
efficiency with long life, low noise, and low pollution, and as a result is a
very altractive competitor for the central power-plant and electric heat
pumps already established (Auxer 1977} (Fig, 11.25).
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Electric power generation

The heat-driven electric power generator is probably the best applica-
tion for a free-piston engine, since here full advantage can easily be taken
of hermeltic sealing—nothing penetrates the pressure enclosure but easily
sealed electric conductors. Small laboratory models have been commer-
cially available since 1974 and have proven to give adequate performance
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" and life (Fig. 11.26). Larger models up o 1 kW are coming on the

* market, and automotive-sized units are likely in the near future. These
larger units should have outstanding virtues for domestic applications,
since they may be made to be exceptionally durable and almost inaudible.
 Homes heated with natural gas could derive much of their needed electric

‘power and heat as well from the same amount of fuel which now gives
only heat. In fact, with the electric generator combined with a Stirling
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heat pump, heating, cooling, and electric power could be provided for the
same o less natural gas or oil which now gives only heat. The promise of
this energy conserving mechanism is so great that it will almost certainly
be widely used in the near future, now that fuel has become so much
more expensive, and the waste of availability represented by combustion
heating systems has become widely recognized.
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Solar electric power

The [ree-piston engine coupled to an alternator is a feasible candidate
for large-scale power generation systems using many relatively small
20 kW unils mounted at the focal point of a parabolic concentrator,
Preliminary studies indicate that system peak efficiencies of nearly 30 per
cent are possible with already proven components. High efficiency is vital
[or solar-electric systems because of the dominant cost of eollectors, the
engine alternator representing a much smaller fraction of total cost. Made
in large numbers, the engines could benefit from economics of mass
production (Fig. 11.26),

Third World power

I countries where petroleum products are already prohibitively expen-
sive, and incomes are low, free-piston Stirling engines operating on field
waste or solar energy could give useful amounts of power for irrigation,
food preparation, cold storage of food and the like (Beale et al. 1973).

PERFORMANCE

The free-piston engine is, at this writing (April 1978), undergoing &
very rapid development, and new designs beneliting from the Sunpower
optimization codes are at present under final assembly butl not yet tested,
Their performance is expected to be in the 30-40 per cent thermal
efliciency range, with hot wall temperatures of 650 10 730 °C, depending
on design and application. For example, the MTI-DOE engine is & highly
refined machine designed to very close mechanical specilications and
intended for use as 4 space power-plant. 1t is expected to go on fest af
MTT in summer, 1978,

The Sunpower SPIKE-( engine is the first in a series of Sunpower
commercial engines designed lo provide reliable power below 1 kW for
long periods of time, utilizing either propane, Kerosene, sunlight, or solid
fuels as heat sources,

The model 10-B demonstrator is a very simple model designed as a
classroom leclure aid. 18 uses an annular gap regenerator. 1ts power and
efficiency are low but adequate for its intended purpose. It is also adapted
for operation on solar energy using a4 Fresnel lens concentrator. 1L has as
Ipading devices an alternator, an inertia water pump or a refrigerant
inertia pump.

The Ohio University frec-cylinder witer pump is an carly maodel
constructed in ignorance of the necessity for greal eare to avoid parasitic
losses. Under these circumstances, its performance is remarkable.

AREAS FOR FURTHER WORK

This brief description of free-piston Stirling engines leaves many im-
portant guestions unexplored. Active arens of research of current interest
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to free-piston engine designers include:

(#) Mapping of possible geometries and their ranking according to
merit [or various applications.

(b} Development of simplified thermodynamic-dynamic analyses for
use by designers,

(e} Studies of start-up, dynamics, stability, and load response.

() Materials for long-term unlubricated wear,

ic) Efficient position-control devices.

{f} Methods of power modulation,

(g} Load devices capable of efficient matching to free piston engines.

{h} Lincar alternator design.

(i) Stirling-Stirling heat-driven heat pumps.

{j} Hyhrid-free displacer-crank piston engines.

(k) Analysis of free pistons with working Ruids other than ideal gases.

(1} Applications in which frec-piston engines would have special com-
petitive advantapges.

CONCLUSION

While the practitioners of the crank engine are pursuing the clusive
goual of a competitive automotive engine, the free-piston engine rapidly
develops loward useful applications unsuited to the dominant internal
caombustion engines. It is likely that the first significant modern commer-
cial application of Stirling engines will be the Sticling free-piston heat
pumyp and free-piston alternator, Mo fundamental problems remain, aside
from those related to cost and lack of operating experience,

12 PHILIPS STIRLING ENGINES

INTRODUCTION

Work on Stirling engines has been in progress since 1937 al the
Research Laboratories of N, V. Philips Gloeilampenfabricken, Emdhr!-
ven, Netherlands, the large international company well known for electni-
cal and electronie products.

The work on Stirling engines, extending over 40 years, can be hroken
into distinct phases: . .

The initial phase, from 1937 to 1954, was primarily concerned with the
establishment of new ideas and concepts about air engines and the
development of small engines.

The cryogenic phase, from 1945 to the present (1978) was concerned
with the development and production of Stirling engines working as
cryogenic conling engines. _ .

The rhombic phase, extending from 1954 to 1970 saw the invention,
development, and maturation of single-acting displacer machines with the
rhombic-drive mechanism.

The double-acting phase, extending from 1969 to the present (1978)
saw emphasis of effort on double-acting engines with the swashplate
drive.

IMITIAL PHASE
Crigin

Interest in Stirling engines at Philips sprang from the need Lo ;Ier'irlu il
simple lightweight electric-power generator for their radio receivers and
transmitters in areas with no electric-power supply. Various thermally-
activated systems were considered, including steam engines and-ther-
moelectric generators. Stirling engines were chosen for duve_Inpmunt
because the actual thermal efficiency of the hot-air engines available or
known about at the fime was so very low compared with the ideal value.
Professor Holst, director of the program, thought there was a high
potential for improvement in Stirling engines with the applicalion l{:i
heat-resistant steels and recent knowledge about heat transfer and Muid
flow. .

It is said that interest in the hot-air engine was stimulated by a visit 1o
the Museum of Technology in Paris by one of the Philips engineers,
where he saw hot-air engines exhibited, The early history of the program
has not been extensively recorded, however, and this may be apoc-
ryphal. It is known that work continued during the German ocoupalion
of Eindhoven in the Second World War, but progress was hampered by
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the need for secrecy and the lack of heat resisting steels and other
mitterials.

Early publications

The first public announcement of the program, esseatially the renaiy-
sance of the Stirling engine, was two publications which came out in 1946
(Rinia 1946a), Rinia and du Pre 1946). These were followed a year later
by two other papers (de Brey ef al. 1947, and van Weenan 1947), These
four papers were in fact the only source publications on the initial phase
of the work, but together they represent a substantial foundation for all
thal wis to follow. They excited attention world-wide at the time of their
publication and even today are essential reading for those with a serious
interest in the subject.

The theory presented by Rinia and du Pre (1946} followed that
developed much earlier by Schmidt (1861), In the initial paper mention
was made of engines capable of operating at 3000 revolutions per minute
with ‘most satisfactory figures for weight and efficiency’! Most of the
discussion was about ‘air engines’, but, in closing, mention was made of
the wse of Sticling engines as relrigerating machines with alternative
working NMuids. One experimental engine with hydrogen as the working
fluid had attained a temperature of 801K (144 °R).

De Brey ef al. (1947} discussed considerations {or the development of
high-speed, high-output engines in lerms of the variable parameters in
the engine, including the cycle pressure, speed, and design of heater,
cooler, regenerator, and alr preheater. Van Weenan (1947) discussed
some aspects of construction of Stirling cogines including single-acting
two-piston and  piston-displacer engines and double-acting machines,
Fhotographs were included of an experimental single-cylinder piston-
displacer engine, of about 0.7 KW (1 hp) at 2000 revolutions per minule
treproduced in Fig. 12.1) and the [our-cylinder double-acting engine,
shown in Fig. 12.2 delivering 11 EW (15 hp) at 3000 revolutions per
minute. Further papers were promised containing details of the test
results on these engines, but unfortunalely these were never published. In
his paper, van Weenan mentions that double-acting engines with a
wobble-plate drive were thought to be limited to 15 to 22 kW (20 o
30 hp) capacity. For higher powers other driving mechanisms had been
worked out based on an arrangement of ‘the eylinders in V form one
behind the other’. An early engine ol this conliguration is shown in Fig,
12,3

Dinible-acting engines
The existence of doulle-acting engines at this early stage in the Philips
work is remarkable. The principle was deseribed by Rinia (1946a) but the
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first discussion of substance was given by van Weenan (1947) along with
the photograph of the high speed 11 kW (15hp) engine. IF.ven more
remarkable, however, is the historical facl that double-acting engmes
were invented nearly a eentury before, Babeock (1885) ascribes the
original double-acting engine to Charles Louis Franchol, who patented

Fig., 12.1, Single-cylinder erank-drive displacer-type sir engine, (a) pemernl yiew, (b) dia-
prommatic erims-section (alter Meijer 1969a).
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the double-acting two-cylinder configuration in 1853, Babcock (1885)
also describes the invention, patented in 1860 by Sir William Siemens, of
an engine having ‘four eylinders each, hot at one end and cold at the
other, all connected to one shaft through a wobbling disc at equal
quarters of the revolution and so arranged that the hot end of one
communicated through an economizer with the cold end of the other in
arder”,

I'I'h'rs describes exaclly the multiple-cylinder double-acting Philips en-
gimes of the 1946 era and also the present-day machines developed
following a return to the double-acting engine in the 1970s. So far as is
known Sir William did not reduce his novel concept to practice. He was
prolific with ideas and concepts but his perception was truly remarkable,
Babcock in his account provides a prophetic comment on the promise of
the Siemens engine for development. [t is not known il Siemens’ engine

wnlﬁdknnwn to Philips or if the engine was reinvented 80 vears after the
ariginal,

= T T T N T

PHILIPS STIRLING ENGINES 2u1

Fris, 12.2. Four-cylinder double-acting nir engine with wohhle-plate drive mechanism (alter
Medjer [960e),

Small power generators

It is difficult to overestimate the accomplishment of the Philips en-
gineers in this initial phasc of the program. As Ross (1977) says:

i the fei short years [rom their first tentative interest in 1937 until these nrt'sc_les
in 1947 and with a World War in between Philips had taken the Stirling engine
and increased its power per pound by a factor of fifty, reduced is Hizc‘ per unit of
power by @ factor of 125 and increased its speed by a factor of ten.

Work on the small fractional power engine generators continued in the
late 1040s. Markel surveys indicated the need for a self-contained
clectric-power generating set of 150 to 200 watts (1.2 to .27 hp).
Eventually, after much detailed engineering work, the Type 102C shown
in Fig, 12.4 evolved. This unit was to receive considerable dcvclupmlunl
including a duration test of 2000 hours without mai:'.termnu_e. 1}1gh—
altitude testing on the Jungfrau Joch in the Swiss Alps, in thin air at
temperatures of —23°C {(—9.4°F). Low temperature lests 1o —4(! 20—
40 °F) were also carried out. Ross (1977) describes one test in which an
engine with water cooler and other modifications to increase the power to
2kW (2.7 hp) was fitted to a row boat and motored Tor 8005 km (50
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Fro, 123, Four-cylinder double-peting

qair enging with crank-drive mechanism (aller Meijer
1969¢).
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miles) at a speed of 4.6 m/s (% knots) on the Du tch canals. Viewers on
shore were apparently startled at the sight of the boat with several
passengers maving without noise through the water with no visible means
of propulsion, The engine was concealed under a cardboard box.

The decision was made in 1952 to start production of the 102C
penerator sets. Initial production was set at five series of 50 engines. In
the end about 100 were made before production was stopped in 1954 and
further elforl was concentrated on larger engines. The reason was nol 80
much the fault of the engine as the lack of a market,

The original application for radio sets had largely disappeared with the
invention of the transistor, the development of electric storage hatleries,
and improvements in radio valves, No substitute market could be found
or foreseen and finally, about 1958, the Type 102C generators were
dispersed to universities and technical colleges in Europe.
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An unexpected application of the unit was made in February 1953 as
part of the relief work at the time of the great sea floods in Holland, A
contemporary newspaper report filed from the inundated village of
s'Gravendeel describes how seventeen of the generators from the Philips
factory at Dordrecht were used for emergency lighting in hospitals, and
reflugee centres and for amateur radio installations providing communica-
tions for the Red Cross. One flat-hottomed hoat with two hot-air engines
for propulsion carried blankets and foodstuff for a thousand people!

The engine of the Type 102C generator perhaps represented the acme
of air engine technology, for subsequently all development was concen-
trated on larger engines using helium or hydrogen as the working fluid,
The performance characteristics of the Type 102C engine were never
published by Philips nor, surprisingly, by any of the recipients of the
engine alter their final dispersal. Tt was left to Ward (1972) to conduct
careful measurements of the engine modified (o operate with water
cooling and on liquid petroleum gas, The operating characteristics were
finally published by Walker ef al, (1978) and are reproduced here in
Chapter 9, The U.S. Navy developed an inguisitive interest in the small
engines developed by Philips. Several engines were acquired and tested
with results reported by Schrader (1951),

Many other varieties of engines were also considered by Philips. Fig.
12.5 shows a configuration of opposed pistan engine that was investigated
experimentally.

Little is known of the 11 kW (15 hp) double-acting engine. A contem-
porary newspaper report contains an account and photograph of a de-
monstration of the engine ta Henry Ford 11 in 1948. Percival (1974}
recounts how the attempt in 1950 by General Motors to form a working
agreement with Philips was rebuffed as premature.

Meijer (195%9a) identifies the reasons-for the failure to persist with the
development of the double-acting engine as ‘an exceplionally intractable
lubrication problem’, thought to be the dry-rubbing piston seals in each
cylinder separating the hot and cold spaces. The similar problem in
displacer engines was eventually overcome with the development of
Rulon seals and this permitted the resumption of work on double-acting
engines. Another less significant factor was the aerodynamic and ther-
modyamic penalties of this type of engine. The volume variations in the
hot and cold spaces could no longer be chosen freely as regards mag-
nitude and phase.

CHY(MGENIC PHASE

Kéhler (1965) has recounted how one of the small Philips air engines
was found to operate effectively us a refrigerator, With hydropen as the
working fluid the cylinder head {expansion space) cooled to such a low
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Fio, 12,5, Configuration of opposed-piston engine.

temperature that atmospheric air condensed upon it. This led to the
formation about 1948 of a research group, headed by Koéhler, to de-
velop the cryopenic cooler, This team was brilliantly successiul :!IIL'IIHH.'
first cryogenic cooling engines were being sold in 1954, 'Il'hus:u machines
produced liquid air at the rate of about 2.22 em®/s (8 litres per hour)
Kihler and Jonkers (1954a and b} have provided a full account ol the
fundamentals and construction of the gas refrigerating engine.

This machine and other later developments were manufactured in large
numbers and have been sold all over the world. It may be considered the
ouistanding commercial success for modern Stirling engines.

Further details of the Philips work on refrigerating machines _and
associated cryvogenic equipment are not included here because of 1i.m:l.cd
space, but there are many important contributions Frlum Philips in [Ih{_'
cryogenic literature. The material 15 [ully covered in 1LL I'L‘Jrl]!l;:::jmmg
companion work to this volume entitled Regenerative Cooling Engines.

RIMOMRIC PIHASE
A fresh stant
The chombie drive for Stirling engines was invenied by Rolf Meijer in
1953. Its adoption in 1954 for all engines represented virtually a fresh
start on Stirling engines for Philips,
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A first account of the new engine conliguration was given by Meijer
(1959 )—some lwelve vears afler the final paper by van Weenan about
the early air engines. Meijer deseribed the single-eyvlinder rhombic-drive
engine of 30 KW (40 hp: the Philips Type 1-365) shown in Fig, 12,6, This
engine had a cylinder bore of 88 mm (3.46in), a piston stroke of 60 mm
(2.36in), a speed of 1500 revolutions per minute and it used hydrogen as
the working Auid at nominal heater and cooler temperatures of 700°C
(1290°F) and 15°C (60°F). The mean pressure was 1.3 MN/m?®,
(1500 hpersgin)  the  maximum  pressure  was 13,7 MN/m?
(2000 Ib per sqin) and the compression ratio g P, was two, Various
operating characteristics of the engine, reproduced in Chapter 9, were
given Tor output and efficiency as a [unction of the pressure of lhe
working fluid and the engine speed. The eflect of heater and cooler
temperatures on engine power and thermal efficiency at constant speed and
mean pressure were also given, The paper included a comparisan of the
fuel consumption contour chart, in terms of mean effective pressure and
specd for the new Stirling engine and a commercial diese] engine.
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Fie. 126, Cross-section of thombic-drive engine (sfter Meijer 1969¢),
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Bhombic drive

The same data, but in considerably more detail, was given by Meijer
(1960a) in a reprint of his doctoral thesis. This is a most valuable
document, being a comprehensive mathematical analysis of the dynamics
af the rhombic drive, Some features are discussed in Chapter 6. A similar
kinematic arrangement for reciprocating engmes was invented by the
renowned British automotive engineer, Lanchester in 1893 (Crabtree
1976). The Lanchester drive for horizontal llat twin internal-combustion
engines is so remarkably similar to the rhombic drive, that it must be
considered a blood relation even if not truly the grandfather of the
rhombic drive, All the essential features are there, just as the Siemens
engine predated the double acting engine by 8l years.

Tuhilar heater

The new rhomhbic-drive engine was dramatically different to the earlier
small air engine. A cross-section of the rhombic-drive engine is shown in
Fig. 12.6. The heater, also shown in Fig. 12.7, consisted of a complicated
tubular structure with a horizontal annular manifold at the top, Alternate
heater tubes were connected to the eylinder head and 1o the regenerator
housings with the tubes to the regenerator housings provided with fins for
improved heal transfer.

Split regenerator

The regenerator on the new engine was divided into ten units contained
in small cups instead of being a single annulus around the eylinder. This
overcame the problem of thermal stress distribution of earlier designs.
Three heater tubes were connecled 1o each regenerator cup.

Water cooler

Water cooling was used on the new engine with the working fluid
passing through @ tubular ceoler mounted below the regenerator cups,
The design of the cooler was adapted to that of the regenerator so that a
number of tubes were bunched together in groups, the ends of each
cooler unit protruding into a regenerator cup. The tubes were mounted
with a sliding fit in the cooler housing so as to allow unrestrained axial
movement of the regenerator cups due to thermal movement of the heater
tubes.

Air preheater

The heater was surrounded by the exhaust-gas/air preheater shown in
Fig. 12.8. This was a recuperative type heater with spirally curved plates
forming narrow passages through which exhaust gas and fresh air passed
in alternate channels.
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Fra. 12,7, Hester assembly for thombic-drive engine (after Maijer [9hthe).

The burner arrangement is shown in- Fig: 12.8. The single burner was
centrally located within the ring of heater tubes and was of the ‘swirl-
chamber’ type suitable for use with a variety of gaseous and liguid Tuels,
An atomizer was used for operation with liquid fuels.

Power contral for the engine was obtained by a hydraulic governor.
This adjusted the pressure of the working fluid in the engine to maintain a
pre-selected speed of operation. A thermostat control was included to
regulate the fuel supply to maintain the heater lubes al a constant
muaximum temperature. These controls are described in more detail in
Chapter 11,

Cias seals
To save weight, the crankcase of the rhombic-drive engine was noi
pressurized- and so the guestion of sealing the reciprocating piston and
displacer was critical. Seals were required against the egress of working
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Fiei. 1.8, Cross-section of hot-parts assembly of the rhombic-drive engine, {a) vertical
seelion, () horizontal seotion,

fluid (hydrogen) and also the ingress to the working space ol crankcase
lubricant. Seals are not mentioned in either of the papers by Meijer given
in 1959 and 1961 but some details of Philips contemporary seal praclice
have been given by Percival (1974).

(On the early air engines it was found that ciarbon piston-rings similar to
those used in air compressors resulted in unacceptable fevels of contami-
nation of the heat exchangers, and probably blockage of the fine inter-
stices of the regenerator. Therefore, on the displacer of the air engines, #
close clearance wear band was used. For the power piston a combination
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of three to live conventional iron piston rings was found to be adequate
lor reasonable life but it was dillicult to prevent the ingress of oil to the
working space with consequent contamination and blockage of the re-
peneralor,

Development of the rhombic drive climinated the side loading of the
piston against the cylinder wall that is characteristic of conventional
crank-slider mechanisms. Because of this, piston rings were not required
on the piston for sealing and guiding, Instead {rom about 1955 to 1960
Philips developed close tolerance seals for both the power piston and the
displacer. Percival (1974) describes these as a tin-lead alloy band with
circumferential grooves and treated with molybdenum disulphide. The
piston band was machined slightly oversize then shrunk in a dry ice bath
for initial fitting, The piston was then honed into the cylinder by motoring
the crank-piston assembly for several hours, Percival remarks that the
procedure proved to be more of an arl than a science and usually had to
be repeated if the piston was remaoved for any reason. At best the seals
were eflective against leakage and had a slightly higher mechanical
efficiency than piston rings.

Rolling seals

Clearly such a procedure was unsuitable for anything other than special
applications. An apparent solution was at hand with the invention of the
rolling scal described by Rietdijk et al. (1965). Work on rolling scals,
deseribed also as ‘positive seals’ started at Philips in 1960L The result is
shown in Fig. 12.9. Tt consists basically of a thin membrane of Nexible
material held by clamping rings against the stationary part and against the
moving piston or rod, A small pressure difference across the seal was
suflicient to hold it snug against the piston or eylinder wall so that it rolls
off these surfaces without creasing. Fig, 12.10 is a photograph of a rolling
diaphragm,.

By this time the working fluid pressures were as high as 14 MN/m*
(2000 1b per sq in) of hydrogen, It was simply not possible 1o contain this
pressure across a diaphragm that was sufficiently thin and flexible to act as
a rolling seal. Therefore the system shown in Fig. 12.11 was adopted. The
flexible diaphragm was supported on a cushion of oil and the pressure of
the oil was varied in sympathy with the gas pressure variation in the
cylinder, A small pressure difference of less than 1.5 MN/m*
(75 Ib per sq in) was maintained across the diaphragm and a high pressure
difference was taken by an oil seal of conventional type separating the
ail-filled space beneath the diaphragm from the crankease. This was a
much less demanding seal problem, To maintain the oil space at constant
volume as the piston moved in the cylinder, it was necessary (o ‘step’ the
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Fia, 129 Raolling seal.

piston and cylinder such that:

di=3(d? + d}) (12.1)

where dy,dy, and d, are piston or cylinder diameters as shown in Fig,
12.11.

The success of the rolling seal was absolutely dependent on the
mﬂlmrinl used. The requirements were a high fatigue strength, high creep
reststance, and resistance to chemical attack by oil or hydrogen. Promis-
ing results were oblained with a polvurethane rubber. In rig tests it was
found that endurance was largely dependent on three parameters, temp-
erature, pressure difference across the seal, and the ratio of the dia-
phragm thickness and the piston/eylinder wall clearance. Temperature was
found to be a critical parameter. Seals running at 1500 revolutions per
minute would endure for over a year (10 000 hours) at a temperature of
25" (77 °F) but would Fail at 150 hours il the temperature was raised to
LODC (212 °F), This was attributed to the strong dependence on lemper-
ature of the tensile strength of the seal material, At 100°C (212 "F) it had
only 20 per cent of the tensile strength at room temperature,

Basic designs of displacer-type Stirling engines with rhombic-drive
mechanisms and uvsing rolling diaphragm seals are shown in Fig, 12.12
(Rietdijk et al. 1965). The single-cylinder machine required four seals
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Fic, 12,10, Photograph of rolling seal,
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Froze 12,11, Rolling dinphragm seal with fuwid suppart in m stepped system.

because of the need to provide a high-pressure ‘buffer’ space below the
piston to reduce the mechanical loading on the drive mechanism, In the
two-cylinder-opposed design there was no requirement for a buffer space
and therefore only two seals per cylinder were required,

General Meotors licence

The invention of the rhombic drive and the rolling seal provided an
apparently invincible combination for the development of successful
Stirling engines. The pace of development at Philips was greatly stimuo-
lated and was no doubt enhanced by the association with General Moors
in the United States following the licence agreement in 1958, Single
cylinder prototype engines of 7.4 kW (L0 hp: the Philips Type 1-98
engine) and of 65kW (90 hp: designated GM Type 1-51050) were
developed in addition to the original 30 kW (40 hp} engine. The photo-
graph shown in Fig. 12,13 of this trio of prototype engines was given by
Meijer in a review paper (Meijer 196Y¢). The four-cylinder 265 kW
(360 hp) engine (designated GM Type 4-51210) shown in Fig. 12.14
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Free 12,12, Displacer-type engine with thembic drive: {a) single-oylinder version, (h) two-
eylinder-opposed version.

incorporated four 65 kW (90 hp) single-cylinder engines into a common
crankecasc. It was designed and built by Philips for the Electromotive
Division of General Motors and subsequently was tested by the U.S.
Mavy in acoustic (Schab 1964) and performance (Loftus 1964) studies,

The 1-98 engine
The small single-cylinder Philips Type 1-98 engine became the work-
horse for numerous developments. It most likely provided guidance and
inspiration for both the General Motors Ground Power Units (GPU)
{Helfner 1966} and the Allison solar space power plant (Parker and Malik
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Fig. 12,13, Trio of prototype engines (after Meijer 106%:),

1962). A considerable number, perhaps as many as thirty (Michels 1976),
1-98 engines were built at Philips. They were much used in rig testing for
seals and other component developments. In 1969 they were supplied for
evaluation to the new licensees, United Stirling of Malmo, Sweden, and
the West German group MAN/MWM.

A 1-98 engine was used in the remarkable machine shown in Fig.
12.15. This was built to demonstrate both the perfect dynamic balance of
the rhombic-drive mechanism and the omnivorous mullifuel capacity of
the Stirling engine. Containers of different fuels were provided along the

frame of the generating set including crude oil, lubricating oil, olive oil,
salad oil, diesel fuel, gasoline, and liquid petroleum gas. The engine
would run happily on all these individually or as mixtures. On one visit {o
Eindhoven in 1966 the author witnessed the machine running, at 3000
revolutions per minute, on a mixture of crude oil containing large bubbles
of gasoline and aleohol, with one of the multiple-sided English three-
penny pieces standing vertically and motionless on the crankcase,

A type 1-98 engine was incorporated as the power unit in a garden
tractor, for presentation on his retirement to a senior member of the
research laboratory. Another, incorporated in a 2.5 kW (3.4 hp) peneral-
ing sct has been on trial with the Swedish navy for a decade.
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Fra. 12,14, Expedmental four-eylinder 360 bp engine with rhombic drive;

Murine engines

A IO KW (40 hp) single-cylinder engine (the Philips Type 1-365) was
installed in the motor yacht Johan de Win, to gain expericnce on
pleasurc-hoat installations and for the development of engine auxiliary
equipment. Following this, the four-cylinder opposed-piston (Philips Type
4-235 Boxer) engine shown in Figs. 12.16 and 12.17 was desipned and
built (Meijer 1965). This engine was intended as an underfloor engine for
pleasure boats or other marine installations. It was designed to produce
55 kW (115 hp) at 300 revolutions per minute and to have a maximum
thermal efficiency of 41 per cent. Research on this engine was suspended
when the need appeared for a four-cylinder in-line engine {(van Beukering
et al. 1973), for bus and truck propulsion.
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Fic. 12.15. Philips Type 1-98 Stirling engine with clectric-power generator, bt tor 4llumnn-
strate the perfect dynamic balance of the thombic-drive mechanism and the omnivorous
: multifuel cupacity of the Stirling engine (after Meijer 1965e),

Vehicle engines: the new licensees
The cylinder module of the opposed-piston ung:inc was incorporated
into the new four-cylinder (Type 4-235 In-line} engine. This development
was undertaken at the request of the new licence holder, United Stirling,
to assess the suitahility of the Stirling engine for vehicular applications. It
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Fig. 12,16, Cross-section. of four-cylinder opposed piston-displecer engine (Boxer) for
underfioor marine installation (after Meijer 1963),

was about this time the Germun consortinm MAN/NMWM also negotiated
a licence agreement with Philips,

Up Lo thal time, Philips appear to have given little serious altention to
the use of Stirling engines in vehicles. In a wide ranging comprehensive
review paper directed principally to the potential for applications with a
radinisotope power source van Witteveen (1966) listed a variety of civil
and military uses lor Stitling engines, He did not emphasize vehicular
applications to any degree but mentioned the possibilities for heavy
traction,

Once started, work on the in-line 4-235 engine proceeded apace and
progress was reported by de Wilde de Ligne (1971} and by Neelen ef al,
(1971}, The engine shown in Fig. 12.18 had four cylinders, a bore of
8.28 cm (3.26 in), stroke of 5.00cm (1,97 in) and operated at 300 revolu-
tions per minute with a mean pressure of 21.6 MMN/m?* (3140 Ib per sq in)
to produce 147 kW (200 hp). The engine was installed in a rear-
mounted Nat underfloor arrangement in 4 DAF bus chassis model S3200
as shown in Fig. 12.19,

The original radiator (front surface area 0,42 m? (651 in") of the bus
was retained along with the existing electrically driven fans. It was
supplemented with additional radiator capacity (0.67 m*/1038.5 in®) fitted
at the rear above the engine, but fans were not fitted to the supplemen-
tary radiator. The mean water temperature was calculated to be 62°C
(143.6 °F) at an air temperature of 25°C (77 °F) with the engine at the
full power of 120 kW (163 hp) and maximum speed 25.5 m/s (57 mph).
Neelen er al (1971) provide many other interesting details about the
installation including the power and fuel control system and the bus
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Fic. 1217, Four-cylinder opposed piston-displocer engine (Boxer) Tor undesfloor miring
installutions (courtesy Philips Bescarch Laboratory],

gearbox and transmission particulars. Van Beukering et al. (1973} indi-
cated that commencing in 1971 the bus had undergone extensive testing
in respect to cooling, power control, and vehicle *driveability’ characteris-
tics,

Similar engines of this type were supplied to United Stirling for
imstallation in a MAN bus and a motor yacht, According to Hallare and
Rosengvist (1977) the Swedish engines were rated at only half power
because the hot parts were constructed of stainless steel rather than the
superior heal-resisting steels necessary for the full pressure and high
temperature to achieve the rated 147 kW (200 hp). 1t is likely that the
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Fuo, 1218, Four-cylinder in-line Philips Type 4.235 yehicle engine {courtesy Philips Re-
search Lahoratore).

engine of the Philips bus installation was similarly restricted. No substan-
tial report of the bus performance and operation has been given, bul
hearsay has it that the rolling scals have been a persistent source of
difficulty.

The Fhilips Type 4-235 in-line engine was the last major multiple-
cylinder development ol the rhombic-drive displacer-type engine, but
Metjer (1970a) described extensive studies of advanced displacer engines
for city buses with hydrogen and lossil fuel and with thermal storage
Syslems.

However, detailed work by United Stirling, MAN/MWNM, by General
iMotors, and perhaps by Philips themselves, all combined to show that
double-acting engines would have a size, weight, and cost of one half or
less than multiple-cylinder rhombic-drive displacer-type machines. The
principal saving was, of course, in the simplified drive and the need for
only one reciprocating element per eylinder. Thus as the sixties drew to a
close there was a concerted movement by Philips and the three licensees
away from rhombic-drive engines, and a resumption of work on double-
acting engines.

The lifteen years of development effort on rhombic-drive engines hiad
adyvanced the technology of Stirling engines immeasurably beyond the

Fie, 12,19, Philips Type 4,235 Stirling-engine installation in a DAF bus (after Neelen ef al,
1971).

small air engines of the ecarly Philips programme. The rhombic-drive
engines were nearly ready for work, They were comparible in size and
weight Lo diesel engines, were low in noise and emission products, had an
omnivorous fuel capacity, good torgue characteristics and excellent part-
load perlormance. But the cost was high, perhaps three times the cost of a
diesel, and there was simply no means in prospect to halve the cost.

DOUBLE-ACTING PHASE
The Swash-plaie drive

Van Beukering et al. (1973) have disclosed thal a return o the
double-acting engine was made at Philips in 1968 with the design of the
Type 4-65 LA, engine shown in Fig. 12.20 and conceptually in Fig.
12.21,

Elsewhere, Percival (1974} identifies 1965 as the date of the revival of
interest in double-acting engines at General Motors, specifically as a
propulsion unit for torpedo motors, and probably with liguid metal
combustion, 1t is elear from Fig. 12.21 that the swash-plate engine has a
configuration well suited to torpedoes. At General Motors a six-cylinder
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Fic, 12,21 Philips Twpe 4-65  dooble-actng  enpine.  (Coortesy  Philips.  Resenreh
Laboriory),
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Fie, 12,21, Conceptunl view of Philips Type 4-63 double-ncling engine. (Courtesy Philips
Research Laboratory),
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370 kW (500 hp) design was completed in 1966, and by 1967 experimen-
tal work was under way on swash-plate drive components, This sugpests
that Philips were somewhat delayed in their return to double-acting
engines and, as with thermal enerpgy systems, followed the lead of their
licensee, General Motors. A measure of support [or this view comes,
indirectly, from their use of nomenclature, Whereas early (19405) double-
acting air engines were said {(van Beukering et al. 1973) to have wobble-
plate drive mechanisms the later (19605) double-acting engines were
described as having a swash-plate drive mechanism. A distinction be-
tween a swash-plate and a wobble-plate is sometimes hard to make,
Many dictionaries make no distinclion and treat the two ferms as inter-
changeable. Maki et al. (1971) define a true swash-plate drive mechanism
as one that features an inclined dise rigidly attached to the rotating shaft
whereas the wobble-plate does not rotate with the shaft bt merely
rotales. In any event, Philips have now adopted ‘swash-plate’ to describe
the drive on recent engines and, interestingly, refain the lerm ‘wobble-
plate’ for the older engines (van Beukering et al, 1973). Further support
for the view that General Motors initiated and led a return to double-
acting engines comes in a discussion on the Philips Type 4-65 DA engine
by van Beukering e al. (1973) from the references o work on swash-
plate drives and bearings by Maki et al. (1977) and Hays et al. (1971),
both these papers emanating from General Motors,

The Philips Type 4-65 DA engine is a four-cylinder double-acting
engine designed for 44 kW brake power (60) brake hp) and in 1973 was
said (van Beukering ef al. 1973) to have been running over 2000 hours on
test, Mo other details of performance have been disclosed in the literature
and the engine probably served as a workhorse for the development of
subscquent engines of the saime form but of larger capacity,

Termination of General Motors licence

In 1970 the three licensees, General Motors, United Stirfing, and
MAN/MWM  were all working on  double-acting engines with
crank/connecting drives of one form or another while Philips concen-
trated on double-acting engines with the swash-plate drives. Then, in
early 1970, General Motors did not renew their licence agreement and
their programme was suddenly and unexpectedly terminated. I is not
difficult to imagine the consternation this must have aroused at Philips,
for General Motors had been a partner in development since 1958,

The Ford licence

Vigorous negotiation resulted in the announcement in August 1972, of
a licence and development programme with the Ford Motor Company,
Dearborn, Michipan (Ford, 1972). Under the terms of the agreement
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Ford obtained

rexclusive worldwide licence rights for Philips. know-how und patents for car,
truck, tractor, bus, military vehicle, industrial and surface vessel Stirling engines,t
and a non-exelusive licence for all pther Stirling engines. Both licences are subject
{0 rights reserved for certain European countrics. An initial three year joint
development program of a seven year plan was initiated with Philips o design and
build experimental engines for Ford.”

Hard on the hieels of this agreement came Lhe important review paper
ol van Beukering et al. (1973) emphasizing the suitability of the Stirling
engine for automotive use. Three double-acting Stirling engines with
swash-plate drive were discussed in addition to the 44 kW (60 hp) Philips
Type 4-65 DA engine mentioned above.

The three engines were @ car engine and two heavy-duty truck or coach
enpines:

(a) Philips Type 4-215 DA Passenger car engine of 125 kW (170 hp).

(b) Philips Type 4-1400 DA engine of 295 kKW (400 hp).

(¢) Philips Type 8-300 DA engine of 295 kW (400 hp}.

Sehematic views of the two heavy-duty engines are shown in Fig. 12.22.
One was a double-acting four-cylinder swash-plate unit and the other was

T Mote omission of uniderwaler power fystems {uthork
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an eight-cylinder twin swash-plate unit. Both engines were designed for
long life and high efficiency at full load.

Some projected characteristics for the 4-1400 cngine are torgue at
maximum power of 2.1 kN.m (1590 fi-Thy) at 1300 revolulions per minute
and a maximum torque of 2,6 kN.m (1900 ft-Iby) at 400 revolutions per
minute with the maximum efficiency near 40 per cent. For the 8-500)
engine a torgue at maximum power of 1,5 kM. (1090 [t-Ibg} at 1900
revolutions per minute and maximum torque of 1.8 kiN.m (1302 {t-Iby) al
400 revolutions per minute with the maximum efliciency near 40 per cent,
These data were caleulated for a coolant temperature of 70°C (158°F), 4
working fluid pressure of 22 MN/m? (3200 1b per sq in} of hydrogen, and
heater-tube wall temperatures of 700°C (1292°F) with no allowance
made for the auxiliary power consumption for fan, allernator, and power
steering, A 10-15 per cent allowance for these would therefore reduce
the peak thermal efficiency to about 35 per cent, No other details of the
heavy-duty engines have heen published.

The Philips Type 4-215 double-acting engine

Most work has been done on the Philips Type 4-215 DA engines for
passenger cars shown in Fig, 12.23. Some aspecets of the design of this

Fig. 12.23, Philips Type 4-215 DA, engine with swash-plute drive. far passenger car appli-
cation. (Cowrtesy Ford Mator Companyl.
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Fra. 12,24, Installation sketch for Philips 4-215 esgine in a 1873 Ford “Torine (alter
Postma ef ol 1973

engine have heen reviewed by van Giessel and Reinink {1977}, Fig, 12.24
is an installation skeich of the-engine in a 1975 Ford Torino car and Fig.
12.25 is a photograph of the engine compartment of the actual Torino
test vehicle. Fig. 12,26 shows the predicted performance characteristics
for the Type 4-215 DA engine reproduced from Postina e al. (1973),

The review paper by Postma et al, (1973) disclosed that the first
meeting of Ford and Philips was held in late 1970 (it will be recalled the
General Molors program was terminated in early 1970). Following that
meeling, a joint technical program was undertaken to investigate the
applicability of the Stirling engine to cars. More specifically, the aim was
lo replace the Ford 3752 em® (351 in”) displacement VB gasoline engine
in the Ford Torino passenger car of intermediate size. The result of that
initial joint program was @ decision announced in August 1972 1o
continue with a second phase to design, build, and develop Stirling
engines lor cars,

The initial program was most likely a joinl exploratory venlure with
Ford and probably involved no cash royalty or fee payments. The
ohjectives of the program were Lo demonstrate Stirling engine ¢mission
capability, to investigate installation in cars, to predict vehicle perfor-
mance and fuel economy, and to identily the major unknowns requiring
further efforl.

According to Postma et al. (1973) each company assumed specific
tasks:

Ford provided specifications for engine design, conducted package studies, pro-
jected vehicle performance and fuel econamy, designed the nocessory syslems and
provided customer acceplance criteria,
! | I i | " i
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Fll.'{.l1lﬁ. Phustograph af the engine compartment of 1973 Ford Torino ear with Philips
Pype 4-215 double-seting Stirling engine installed. (Courtesy Ford Motor Company), .
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Philips designed the engine, provided engine drawings, conducted simulated
California Vehicle Standards (CVS) emission tests, provided hasic engine perfor-
mance and specific fuel consumption and furnished information on general engine
operating characteristics.”

The results achieved in this preliminary phase were sufficiently en-
couraging for Philips and Ford to undertake the development of a
prototype installation in a 1975 Ford Torino car. Philips” task was 1o
design, build, test and develop the basic engine while Ford designed and
built the accessory and cooling systems, supplied the vehicle, installed
the engine, and performed vehicle tests and evaluations,

Al the start of the second phase of the program there was a note of
cautious optimism in the paper by Postma et al. (1973) but some concern
was evident about the size of the cooling system, the use of hydrogen as a
working fluid, the feasibility of maintaining low emission levels over the
projected life of 80 467 km (50 000 miles) and the cost of manufacturing.

Progress in the develapment of this program has been well documented
in the semi-annual contractors coordination meetings for advanced au-
tomotive power systems organized by the U.S. Department of Energy
(formerly the Encrgy Research and Development Administration). At the
meeting in May 1975, Ford were able to announce that the Type 4-215
engine had been under extensive test and development at Philips for the
past year, had been installed in the Torino test car and would be in the
United Stales before the end of 1975 In the subsequent report
{November 1975} it was confirmed that the Stirling powered car was
received on schedule from Philips. In addition, a feasibility study was
sponsored by ERDA for a Stirling engine of 60 to 73 kW (30 to 100 hp)
for use in a passenger car of 1134-1361 kg (2500-3000 pound) weight,
Preliminary data was included for this smaller engine obtained by scaling
the 4-215 engine. Ambitious plans were projected for the extensive
development of Stirling engines for automotive and other applications
under joint Ford-ERDA-other sponsorship.

The subsequent report (May 1976) described the progress of design
studies for the small engine. An important development was that:

‘Uhe assembly, difficulty, cost and possible reliability problems with the rofl sock
seal used to contnin the high pressure hydrogen at the piston rod{block interface
has prompted a look at an allernative system’,

Abaut this time Ford had been working also with United Stirling of
Sweden with the installation of one of their engines in a Ford Taunus
estate car. The Ford report of May 1976 bricfly discussed the United
Stirling sliding seal and also disclosed that the material of the seal was
Rulon, a proprietory filled PTFE (teflon) plastic with exceptional wear
properties. By May 1976, ‘some 2-300 miles (322-483 km) of driving on
the cars (sic) had been accumulated but “they have not yet been in a
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satisfactory enough condition to obtain meaningful test data™, .. Prob-
lems to be resolved before serious tesling can begin were general engine
durabifity, power control stability and air/fuel control stability.” A major
mechanical problem had been ‘the eccentric crosshead rotation with
consequent noise and {riction”. The same report also noted that the DAF
bus with the Type 4-265 in-line rhombic drive engine had been brought
to the United States for demonstration purposes and press review,
The Philips Type 4-98 double-acting engine

In the October 1976 report on passenger car trials, the small engine
referred to six months earlier had become identified as the Philips Type
4-98 DA engine of 60 kW (84 hp) shown in Fig. 12.27. The projected
performance characteristics of the engine are shown in Fig. 12,28, The
working Nuid was hydrogen at 20.2 MN/m® (200 atm) mean pressure with
a heater inside wall temperature of 750 °C (1382°F) a cooler temperature
of 80°C (176 °F) and a maximum engine speed of 5400 revolutions per
minute. The engine had four cylinders, a swash-plate angle of #/10
radians {18°), swept volume per cylinder of 98 ¢m™® (5.98 in’) a volumetric
ratio of expansion/compression of 1,10 and a regenerator filling factor of
38 per cent. Further work was described on the development of a sliding
seal as an alternative to the rolling seal. Another interesting aspect was
the comparison made between two engines having identical Type 4-98
parts, one with a swash-plate drive and the other with a dual crank drive
(similar to contemporary United Stirling engines). The comparison was
made for installation in a 1976 Ford Pinto car. The dual crank engine
with front-wheel drive was contained in the existing engine compartment

P AWAY AT DR R

Fre 12,27, Philips Type 4-98 1A, engine for use in o Ford Pinte talter Kitzner 1977a),
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Fro, 1228, Performance characteristics of the Philips Type 4-98 DUAC engine (niter Kitzner
1977k,

without modilication. To accommaodate the swash-plate drive engine it
was necessiary to increase the length of the vehicle by 8.1 em (3.2 in),

The Tovino tests

In the October 1976 report no details of the Torino tests were given
but it was disclosed that the program ‘had not proceeded as quickly as
originally hoped, because a variety of .. failures have prevented running
a sequence of engine calibration tests.” The design of the swash-plate
drive mechanism had been modified and, more importantly, to permit
carly resumption of the engine development test program the rolling seals
were replaced by the piston rod seals used for the smaller engine although
rolling seals were ‘still believed to be a possibly proper approach for
production’,

Acoyear later the October 1977 (Kitener 1977a) report contained an
extensive review of the work on the Philips Type 4-215 engine. The major
innovations of the engine were identified as:

L. 20,2 MN/m?® (200 atm) instead of 15.2 MN/m? (150 atm) for work-
INg gas pressure,
first engine with a rotary regeneralive ceramic preheater system.
new air/lucl control system to satisly dynamic requirements.
new power control system for automobile demands.
three times larger than previous swash-plate engines.

Lh e L0 b
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6. half the specific weight of previous Stirling enpgines.
7. packageable within existing engine compartments,
&, 4000 rev/min capability instead of the 2000-3000 rev/min with
rhombic-drive,
9. first engine with exhaust gas recirculation,
L0, unique coalant flow through cooling units.
1L new lubrication system,
12, first engine designed to drive full range of automotive type acces-
sories,
The major technical problems encountered in the engine hoth in
dynamometer and in the Torino vehicle tests were divided between
problems resolved and problems unresolved.
The problems resolved were identified as:
I. swash-plate surface galling,
2, drive system noise due to non-concentric crossheads.
3. regenerator end-plate bending,
4. crankcase Iailure,
3. engine out of balance,
f. piston attachment failure.
7. insufficient exhaust gas recireulation,
8. unstable air-fuel control system,
Y. corrosion of check valves,
10. ‘unstable combustion and power control contamination.
The problems unresolved were identified as:
. roll sock seal system failure.
. preheater leakage,
- preheater hinding,
- fuel burning on preheater core.
- heater-head temperature distribution.
excessive warm-up lime.
insufficient burner air supply.
power control instability,
heater-head cracking,

CHWNO s W
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Kitzner {1977b) have reported comprehensively on a feasibility study
for & 60 to 73 kW (80 to 100 hp) automoative Stirling engine, conducted
jointly by Ford and Philips, and commissioned by the U.5. Department of
Energy. This report puts into the public domain a good deal of technical
data und information nat previously available. It is recommended for close
study by anyone interested in advanced Stirling engine systems. Earlier,
Kitzner (1977a) gave some details of a comprehensive  cost-shared
Ford/[ERDA/NASA Stirling-engine development program extending over
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eight years with fundings ot the level of 5160 million. A program of
similar magnitude is being undertiken by United Stirling/MT1/ American
Motors with ERDA or, as it is now, Department of Energy (DOE)
backing, Thus, it would appear, forty years alter the inilial effort by
Philips. Stirling engines are finally to be given the benefit of adequale
funding to permit comprehensive development to be undertaken.

RELATEDRD WUORK

Since the Tate 19605 the main thrust of Philips's efforts seems o have
Leen directed to automaohile applications. Meijer (1970a) discussed appli-
cations of heavy-duty Stirling engines to huses. At the same time he
introduced the coneept for vehicle applications of the combination of
Stirling engines and thermal storage systems (heat bulfer) for completely
pollution-free operations. He also introduced the possibility of wsing
hydrogen as the fuel for engines following the discovery at Philips of the
menns to ‘store’ larpe quantities of hydrogen in hexagonal intermetallic
compounds of rare-earth metals and nickel or cobalt {van Vucht et al
19701, 1t had been found, for example, that in the material LaNi; the
density of hydrogen absorbed at 0.25 MN/m” (2.5 atm) pressure and at
room lemperature was nearly twice as high as the density ol liquid
hydropen,

I a paper published about the same time (Meijer 1970b] the prospects
for application of the Stirling engine to vehicles were further discussed
with first mention of the new double-acting swash-plate engines. The
discussion included a review of the advantages of indirect heating using
heat pipes and a heat storage system using lithium Auoride. Further
details of the hydrogen storage system for vehicle fuels were alsa given,
The results of caleulations were presented for a variety of vehicles: cars,
vans, taxis, and buses operating with Stirling engines in combination with
thermal storage systems or hydrogen fuel. Conclusions were that both
systems were well suited for vehicular application except in the large
Aumerican cars requiring a wide radius ol operation,

More recently, Asselman ef al. (1977) have contributed further work
on  the Stirling  auwtomotive  engine  with  thermal energy  storage.
Boser (1977) has discussed some aspects of safety with high-temperature
thermal storage systems. The vehicle Stirling engine with thermal energy
storage is believed to have an important part to play in the future when
fossil fuels are no longer so readily available. Clearly Philips belicve this
and are at the forefront of research in this important field, Various
ather papers, important to the literature of Stirling engines, have been
contributed by Philips workers.

Asselman e al. (1972) reported on the development of a high-
performance radiator. A design called the ‘folded front’ radiator was
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described that was found to be lighter in weight, smaller, and with better
heat-transfer properties with less fouling than conventional radiators,
This work was stimulated by the handicap of the very large cooling-
system load that is characteristic of vehicles equipped with Stirling
engines. Use of an improved radiator or other cooling system is of course
not confined to Stirling engines. It could be just as easily adopted
with great advantage for diesel engine use, and so the penalty of double-
sized cooling systems would remain with the Stirling engine.

Michels (1972} presented the results of studies of the emission charac-
teristics of the combustion systems used on Stirling engines in support of
the development of the Type 4-215 DA engine. Earlier, Michels (1971)
had reported on the theoretical and experimentally measured effects of
exhaust gas recirculation on the NO, content of exhaust gases from a
Stirling engine.

Later, Michels {1976) presented interesting data in a study of the effect
ol temperature and different working fluids on the efficiency of a Stirling
engine with particular reference to the Philips 1-98 displacer engine with
rhombic drive. Some of these resulls are reproduced in Chapter 8.

Hermans ef al. (1972) and Ullemann et al. (1974) reported on the
possibilities for the combination of a nuclear isotope heal source and
Stirling engine for remote unattended power generation.

In the field of thermal energy storage systems in combination with
stirling engines, Asselman and Green (1973a and b) discussed the tech-
nology of heat pipes and their application at Philips to Stirling engines.
Gawron and Schroeder (1972) presented information on the thermal
storage aspecls of eutectic fuoride mistures, and van der Sluys (1975)
and  Bierman (1975} presented  experimental  data  ahout  lithium
sulphurhexafluoride heat sources in combination with Stirling engines for
underwater propulsion systems. Design studies for underwater power
systems and for total-energy systems were deseribed by Jaspers and du
Pre (1973).

Under ERDA contract the Fhilips Laboratories in North America
investigated the application of Stirling engine prime movers to total-
energy power-generation systems in hospitals, office buildings, and a
residential complex. The results of this study were reported by Lehrield
(1977). Asselman (1976) described experimental work with fluidized
bed coal combustion to provide heat to a Strling engine with a heat
]_j]FII:..

In addition to all the above work, major research and development
progriums on Stirling engines as cryogenic cooling machines have been
carried out continuously since 1948 at the Philips Research Laboratories
at Eindhoven and, later, at the North American Philips Laboratories in
New York. None of the cryogenic work has been reviewed here bul is
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included in the companion volumet. It should be understood there was
much interchange between the different groups working on prime movers
and refrigerating machines with developments in one field finding their
application in another,

Another important program not covered here is the joint North Ameri-
can Philips/Westinghouse program to investigate the feasibility of the
radioisotope artificial heart under contract to the U.S. Atomic Enerpy
Commission (AEC), and later the Enerpy Research and Development
Administration, This program is reviewed in Chapter 17.

T Regenerative Cryogenic Conling Engines—in preparation.

13 GENERAL MOTORS STIRLING ENGINES

INTRODUCT IO
Berween 1958 and 1970, much valuable work on Stirling engines was
carried out in the United States by the General Motors Corporation
(Percival 1974). [nterest at General Motors was stimulated in [948 by the
publication of the three classic papers about the early Philips work (Rinia
and du Pre 1946, de Brey; Rinia and van Weenan 1947, and van Weenan
1947). General Motors proposed a working agreement with Philips but
the idea was rejected as premature. Later, in 1957, Philips considered
their work sufficiently advanced and negotiated a licence agreement with
General Motors. The agreement provided for a ten year information
exchange with provision for mutual licensing of patents relating to Stirling
engines.

At General Motors, the interest in Stirling engines was focused on
applications in marine propulsion, locomotive power, generating sets, and
various military and space applications. Percival {(1974) notes that in
1O58:

“There was no interest by anyone in road vehicle power. It was believed that cost,
bulk, and weight would he excessive. Also, that higher heat rejection would make

it impaossible 1o install radiators. However, G.M, made no investipation of Stirling
vehicle propulsion untl 1962, .,

The work at General Motors can be broadly classified into three
principal elements identified by the division responsible for execution of
the program, namely,

{a) G.M. Research Laboratories, Technical Center, Warren, Michigan,

{b) Electromotive Division, La Grange, Hlinois (and earlier, Cleveland

Diesel Engine Division).

(e Allison Division, Indianapolis,

By far the higgest effort was invested at G.M. Research working on their
awn programmes and on work related to the other two division program-
mes. The size of the team, or the total man-years of effort expended on
Stirling engines have never been disclosed. An estimate of 50 engineers
for 10 years would perhaps not be unrealistic.

Very carly G.M. Research was encouraged hy the U.S. Army Engineer
Laboratories, Fort Belvoir, Va., to develop Stirling engines for outhoard
motors and small generating sets. Percival (1974) attributes the ‘near
certainty of an Army contract’ as a major consideration influencing the
corporate decision to proceed with the licence arrangement.

Subsequently the Army did commission the development of a small
(3KW (4 hp)) electric-power generator designated the Ground Power
Unit (GPU). This contract ran for several years and was in fact the only
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much interchange between the different groups working on prime movers
and refrigerating machines with developments in one field finding their
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radicisotope artificial heart -under contract to the U.5. Atomic Energy
Commission (AEC), and later the Energy Research and Development
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publication of the three classic papers about the carly Philips work (Rinia
and du Pre 1946, de Brey, Rinia and van Weenan 1947, and van Weenan
1947). General Motors proposed a working agreement with Philips but
the idea was rejected as premature. Later, in 1957, Philips considered
their work sufficiently advanced and negotiated a licence agreement with
General Motors. The agreement provided for a ten year information
exchange with provision for mutual licensing of patents relating to Stirling
engines.

At General Motors, the interest in Stirling engines was focused on
applications in marine propulsion, locomotive power, generating sets, and
various military and space applications. Percival (1974) notes that in
1958:

‘There was no interest by anyone in road vehicle power, It was believed that cost,
bulk, and weight would be excessive. Also, that higher heat rejection would make

it impossible to install radiators. However, G.M. made no investigation of Stirling
vehicle propulsion until 1962 ., .,

The work at General Motors can be broadly classified into three
principal elements identified by the division responsible for execution of
the program, namely,

ia) G.M. Research Laboratories, Technical Center, Warren, Michigan.

(h) Electromotive Division, La Grange, Winois (and earlier, Cleveland

Diesel Engine Dhvision).

ey Allison Division, Indianapolis.

By far the biggest effort was invested at G, Rescarch working on their
own programmes and on work related to the other two division program-
mes. The size of the team, or the total man-years of effort expended on
stitling engines have never been disclosed. An estimate of 50 engineers
for 10 years would perhaps not be unrealistic,

Very early G.M. Ressarch was encouraged by the U.S. Army Engineer
Laboratories, Fort Belvoir, Va., to develop Stirling engines for outboard
motors and small generating sets. Percival (1974) attributes the ‘near
certainty of an Army contract’ as a major consideration influencing the
corporate decision to proceed with the licence arrangement.

Subsequently the Army did commission the development of a small
(AW (4 hp)) electric-power generator designated the Ground Power
Unit {GPU), This contract ran for several years and was in fact the only
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{j) governor refinements,

(k) controls reliability,

(11 reduction of friction.

Percival’s report contains o wealth of detail about all these matters.

In twelve wvears between the start of the program in 1958 and its
abrupt termination in 1970 over 30000 hours operating experience on
Stirling engines had been gained. The accelerating pace of the project was
such that over 50 per cent of the operating experience was gained over the
final three years and 75 per cent in the last five. In addition many
thousands of hours of operation were accumulated on seal. bearing,
combustion, regenerator, and heat transfer rigs.

significant financial support received from external sources by G
Research during their whole program. Most of the other work appears
to have been carried on with funding provided by the corporation. A
particular difficulty in securing funds from U.S. government sources was
the severe restrictions of the licence agreement on the release of technical
information, .

In 1958 the Allison Division were also anticipating the award of an Air
Farce contraclt for a Stirling engine power plant for a solar-heated
satellite. An experimental engine was in fact commissioned and evaluated
in a program extending through 1959/1960. ‘ . o

Finally, at that same period, the Cleveland Diesel IE‘.ngme F}lv1smn
believed that the Stirling engine could compete with diesel engines for
river and harbour work, including boat propulsion as well as suhmﬂr[nes.
Several large Stirling engines were made by or for thﬂ ICh:uclund_Dmsci
Engine Division and, later, [or the Electromotive Division following the
dissolution in 1962 of Cleveland Diesel.

Ground power unit

The principal visible achicvement of the G.M. Rescarch program
wits the Ground Power TUnit Stirling engine generator. These units
sustained a decade of development, The final model, a GPUS3, is shown in
Fig. 13.1. The engine was a single-cylinder machine with rhombic-drive
having a bore of 6.98 cm (2.75 in) and a stroke of 3.05 em (1.2 in). Figs.
13.2 and 13.3 show the operating characteristics of the engine (repro-
duced from Percival 1974). In the course of development the engine
experienced many vicissitudes, principally in the sovernor control and
hydrogen compressor systems (see Chapter 10). However, by 1967 the
engine was capable of stable operation to within 5 revolutions per
minute and satisfactory response to sudden increases or decreases in load.
Reliability was progressively increased so that in 1969 the system passed
a rigorous 500 hour military qualification test.

One of these engines was used in an experimental vehicle installation,
the Stir-Lec 1, the hybrid Stirling-engine electric-drive car shown in Fig.
13.4. Details were reported by Agarwal et al. (1969), The GPU3 engine

G.M, RESEARCH ENGINES
Companent development

Percival (1974) has indicated that in the first five years of research and
development work on Stirling engines effort was concentrated on compo-
nent development, specifically: _ ‘ _

{a) seals for the piston and pision rods in rhombic drive gngmc_s Lo

prevent both leakage of gas and ingress of oil to the working fluid,

{h) reduction of pear noise, _

(¢) improvement in combustion and burner nozzle designs,

{d) durability of the preheater,

(¢) engine speed governing,

() reduction of regenerator cost,

(g) endurance testing, y

{h) refinement of the cycle analysis, :

(j) numerous studies and demonstrations c‘f thermal energy storage
systems in combination with Stirling engines. . ‘
Effort in the last five years was concentrated in other areas including:

(a) cooler and heater heat transfer,

(k) rolling seal quality control,

{c) low-cost preheaters,

(d) swash-plate drive bearing studies,
{e) reduction in engine volume,

(1) stress analysis of heater cylinders,
(g) vehicle applications.

(h} exhaust emissions,

Fig. 13,1, General Motors Stirling engine generator GPUZ (after Hefiner 1965,
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Fi1e. 13.2. Performance data for GPU3 engine {alter Percival 1974),

was mstalled in the rear compartment of a standard Opel Kadett, The
engine was not connected directly to the drive train of the car but drove,
at constant speed, a three-phase alternator. Alternator output was rec-
tified to charpe electric storage batteries. The battery power was mod-
ulated and inverted to a three-phase induction motor driving the car,

This exercise was largely a demonstration of the feasibility of a low-
emission engine/electric-drive hybrid vehicle. Aparwal et al. (1969) cop-
clude that *. .. the extra cost and complexity of the hybrid system would
make it difficult to compete with simpler propulsion approaches for
private passenger vehicles .,

Earlier vehicle work was undertaken in 1964 with the installation of a
22 kW (30 hp) Stirling engine in a Corvair, This vehicle, christened the
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Fig. 13.3. Performance data for GPU3 engine (nfter Perclval 1a7d,

‘Calvair', was energized from a tank of heated alumina and formed parl
of the studies in progress for thermal energy storage systems,

Underwater power systems

The double-acting Stirling engine was invented at Philips in the late
1940s in both swash-plate and crank configurations, but was abandoned
because of problems with the piston seal. In 1965, the concepl was
revived at G.M. Rescarch specifically for advanced torpedo motors. An
important paper about this work was published (Mattavi et al. 1969)
which reviewed various studies of compact double-acting engines and
contained performance data projected for a number of underwater pow-
erplant engines up to 110 kW (150 hp}. The paper also contained some
discussion of energy-storage materials and metal combustion systems.
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F1c. 13.4. Stir-Lec hybrid Stirling engine electric-drive car (pfter Agarwsl or al. 1969),

Metal combustion involves the rapid oxidation of a liquid metal using the
resultant heat of reaction as the primary energy source. For underwater
power systems it is attractive primarily because the reaction products can
be retained ‘on board’ thereby aveoiding detection and, in deep sub-
mergence systems, avoiding the need for compression equipment to
discharge the efffuent,

Vehicle engines

These studies for compact underwater engines coincided with the
development of public interest in the emission characteristics of vehicle
engines. The promising efficiencies and specific outputs achieved with
Stirling engines coupled with their low noise and low exhaust emission
characteristics generated intense interest at General Motors in potential
vehicular applications. In 1967 the Pontiac and Oldsmobile Divisions
cooperated with G.M, Research in a study of a 185 kW (250 hp) swash-
plate Stirling engine for a Torino car. At the same time the Truck and
Coach Division was interested in a Stirling engine of 110 kW (150 hp) for
city buses as a replacement for the diesel engine. It was said that the
advantages of reduced noise, smoke, odour, hydrocarbon, and NO,
emission with essentially no oil consumption would be worth up to
515 000 more per bus.

Another possibility carefully considered in the late 1960s was the
production of small cars for shopping and short-distance city travel. Part
of the work involved study of a 18 kW (25 hp) swash-plate Stirling engine
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complete with accessories, transmission, and power train, The compact
engine studies carried out embraced by 1968 the five fundamental ar-
rangements shown in Fig. 13.5. Comparative sizes of these five arrange-
ments showed the double-acting engines to be about half the size of
rhombic in-line or rhombic opposed-piston configurations. Thereafter,
detail designs were undertaken for compict double-acting engines of
90 kW {120 hp) output from four eylinders. The results; shown in Fig.
13.6, indicate that swash-plate design is not necessarily the most compact
form of double-acting enpine. Subsequently (in 1968) the design of a
four-cylinder engine of 110 kW (150 hp) was undertaken for vehicular
applications as part of the Truck and Coach Division demonstration
program. The engine, designated Type 4123 was & double-acting,
four-cylinder, in-line, single-crank configuration with crossheads and pis-
ton displacement of 377em’ (23in"). The engine was designed for
operation at 2000 revolutions per minute with a mean hvdrogen pressure

@gr = —

(b

| !

(eh u: L]_)

(@=="mca——Sn

Fig, 133, Compact engine arrangements (after Pereival 1974): {a) single-acting, single-

eylinder rhombic-drive or in-lise: (b) Single-acting, opposed-cylinder rhombic-drives (o)

Double-acting, multiple-cylinder in-line: (d) Double-acting, multiple-cylinder, swash-plate
drive; (e) Double-acting multiple-cylinder, opposed-piston, in-line,




Fro. 136, Relutve volumes of dauble-acting Stirling engines of 120 hp with different drive
mechanisms (after Percival 9743 (a) Swush-plute; (k) Crank and connecting rod; (o) Scatch
yioke.

of 10.3 MN/m* (1500 Ib per sqin). To provide a margin for future de-
velopment of the hot parts the drive mechanism was designed for a mean
pressure of 2().6 MN/m® (3000 Ib per sq in).

Caleulated performance data for the model 4123 engine are shown in
Fig. 13.7 and o comparison of the engine with equivalent General Motors
diesel engines is given in Table 13.1 Percival (1974) notes laconically:

‘Approximately 95 per cent of the basic engine parts were on hand carly in 1970
and the engine was being motored on the dynamometer as a part of the balancing
procedure when the programme was halted on February 27, 1970, Target date for
start of the coach installation had been May [, 1970,

Publications

In the course of their duodecade of effort on the Stirling engine, G.M,
Research contributed several Papers of permanent interest and value to
the open literature in addition to those referenced above, The first by
Flynn et al. (1960) was a lengthy paper primarily surveying the Philips
rhombic-drive engine hut included an interesting historical section.

Another paper by Flynn et al. (1962 surveyed the possibilities for heat
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Fia. 13.7, Pedormanee daty for the Type 4L23 Stirling engine: 1 four-cylinder in-line
doushle-acting engine of optimized design for use in buses {alter Percival 1974},

engines in combination with thermal energy storage systems with particu-
lar reference to the Stirling engine. Subsequently Heffner (1966] re-
viewed the progress of the G.M. Research program with emphasis on
the Army GPU. The paper was also of interest because of the photo.
graphs and passing references to the other larger cngines, 1o some aspects
of the analytical procedures and to work on the reciprocating seals.

Percival (1967) discussed naval applications of Stirling engines and
covered some of the same ground, but less substantially than the subse-
quent paper by Marttavi et al. (1969),

A report on the favourable environmental characteristics of Stirling
engines in terms ol smoke, adour, noise, and exhaust emissions was
presented by Lienesh and Wade (1968) and contained measured dara on
the GPU 7.3 kW (10 hp) engines. Other measurements made by Philips



334 GENERAL MOTORS STIRLING ENGINES

Table 13.1. Calewlated perdormance dati far the Genernl Motors Stirling cngine Type 4123
double-acting vehicle engine and & compirison with General Moators disse] engines of
comparable power and size,

MR DAL DAL
Parameter Linits Stirling [hesel [iese]
model 4L23 £-53N 671N
harre in 4.0 3875 4.25
slrake in 1.83 4.50 5.0
oylinders 4 4 fa
displacement fuin o2 212 42h
heater temperaiure E 14010
witer lemperature i 135
working gas H-
lenpth in 3295 Al 36
widih in 23.75 29 a3
height in 3025 34 a4
volume euft 2R.A0 22.8 &7
weight In 160 1180 La40n
working gas pressune 15000
rated bhp/rpm 130721001 130/2800
min, bsfe/rpm A25¢14007 A0{2300
wirking ges pressure A0
rated bhp/rpm 2257021001 2I82100
min. hsfe/rpm A15 15001 371800

T Met valnes after combustion blawer and water pump power have been dedueted,

were also included, Further data in this area was presented at the G.M,
Symposium on Emissions (1972), Papers about swash-plate mccha:}isms
highly relevant to compact Stirling engines were presented by Maki and
DeHart (1971}, and by Hays and Maki (1971).

ELECTROMOTIVE DIVISION ENGINES
Cleveland Diesel Engine Division

Work on Stirling engines at the Electromotive Division was not well
documented but useful information about this activity can be compiled
from the warious references listed above, principally Heffner (1966},
Percival (19671, Mattavi ef al (1969 and Percival (1974),

Work on heavy, high-power Stirling engines apparently started at the
Cleveland Diesel Engine Division of General Motors about 1958, Cleve-
land Diesel had supplied the majority of submarine engines during the
Second World War and had strong connections with the 1).§. Navy. In
addition, they were builders of heavy diesel engines for locomotives and
surface vessels. Their interest in Stirling engines was for use as an
alternative to diesel engines for submarines, river and harbour work
boats, and for locomotive propulsion, The Cleveland Diesel Engine
Division was dissolved in 1962 and the Stirling engine project was
transferred to the Electromotive Division at LaGrange, Illinois.
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Large marine engine

The first substantial project was the design and construction of a four
cylinder 265 kW (360 hp) engine designated the Model 4-51210 and
shown in Fig. 13.8. 'This was basically four 65 kW (9 hip) Philips
rhombic-drive engines compiled in an in-line darrangement on a common
crankease and with a common air preheater hood. The engine was
constructed at Philips and, at the Electromotive Division, was fitted with
4 madified locomotive generator, Both units were mounted an g mon-
strous bed plate said to be equal to 15 per cent of the enging senerator
weight (Schab 1964). The engine weight was 3175 kg (7000 1b), the
generator weight 2721 kg (6000 1b) and the total system was 6895 kg
{15 200 th). With a nominal power rating of 295 kW (400 hp) the specific
weight was therefore 23.4 &/'W (38 Ibs per horsepower)! The unit was put
together in a crash program to demonstrate the low noijse and wvibra-
tion characteristics, It was delivered to the Navy and the noise charie-
teristics were evalunted (Schab 1964) with favourable results but with no
great enthusiasm.

In addition to the noise eviluation studies, the performance of the
engine was separately evaluated by Loftus (1964) principally with hyd-
rogen, but also with helium as the working fluid. The engine achieved a
maximum power of 265 kW (360 hp) at 1500 revolutions per minute with
a hydrogen pressure of 13.8 MN/m* (20001b per sg in). Maximum
efficiencies in the range of 28 per cent were ohserved at 150K revolutions
per minute and a power output of 205 kW (275 hpl. On test, the enging
experienced numerous operational difficulties and ran for only about 5(
hours. Loftus concluded the engine was feasible for operation where

Fia, 13.8. Made Type 4-81210 380 hp four-cylinder thombie-

drive engine (after Heffper
1966},
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‘extreme quietness and presumed adaptability’ for low-grade fuels were
of importance. However, ‘the fuel economy. . .is 10-15 per cent poorer
than would be expected in a diesel engine of similar size and speed’. In
retrospect it is difficult to avoid the feeling that this unit did more harm
than goed to Navy interest in Stirling engines. What a pity that a proper
level of time and effort was not expended to produce a fully developed
machine for MNavy evaluation. Tt is understood that the unit was finally
consigned to the Smithsonian Institution in Washington, D.C.

Hefiner (1966) in his paper includes photographs of a single-cylinder
Type 1-51050 65 kW (90 hp) engine and a two-cylinder Type 2-51210
130 kW (180 hp) engine, both attributed to Electromotive but little 1s
known about these engines. They were most likely both rhombic-drive
engines used basically for component development in dynamometer
work.

Vee engine with variable phase angle

In 1865 the Electromotive Division built and tested a four-cylinder 295
KW (400 bp) engine vusing four Type S1050 eylinder assemblies (Perciyal
1974, It was intended as an eight-cylinder vee engine but for test work
only one bank of four cvlinders was constructed. A photograph of the unit
was given by Percival (1967), This engine was remarkable not only for its
size but, principally, because the method of power contral was by
variation of the phuse angle between volume variations in the compres-
sion and expansion spaces. Each of the four cylinders contained a
conventional piston and displacer but the four displacers and the four
pistons were connected to different crankshaflts, Phasing hetween the two
shafts was maintained by a sun-and-planet gear system at the rear of the
engine. The phase angle between compression and expansion spaces
could be readily varied by simple rotation of the sun gear thereby
increasing or decreasing power as required. Sufficient rotation of the sun
wheel resulted in zero and then negative power so that, in fact, the engine
reversed in rotation. Response was virtually instantaneous and reversal
could be obtained in little over one revolution. This facile reversal of the
direction of rotation was the principal attraction of the engine for use in
tugs and other marine coastal vessels requiring high manceuverability,
Fig. 13.9 contains the calculated forward and reverse characteristics af
this engine, reproduted from Percival (1974). The figure appears to refer
Lo output per cylinder,

In 1967 Electromotive Dhvision began construction of a double-acting
version of a displacer engine, called the “W' model, having one double-
acting pistion and two displacers operating in separate cylinders. The
engine had a power output of 105 kW (140 hp) but no other details of this
engine were given by Percival (1974).
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ALLISON DIIVISION AND THE 50LAR ENGINE PROJECT

So far as is known, the Allison Division was actively engaped in only
one Stirling-engine development: a 3 kW (4 hp) solar space power plant.
The work was done for the 115 Air Force and has been excellently
documented in & series of ten technical reports (Parker and Malik 1962)
of which Volume 1 on engine design, and Volume 10 on engine experi-
mental evaluation, are most relevant, The remaining reports are con-
cerned with other aspects of the system. The engine was also reported by
Parker and Smith (1960), by Welsh ef al. (1939}, and by Welsh and
Monson (1962). The engine designated the Type PD46, shown in Fig,
13,10, was a single-cylinder rhombic-drive machine having a cylinder
bore of 6.03¢m (2.3751n). a stroke of 2.84 cm (L1158 1n) with heliuvm as
the working fluid at a mean cycle pressure of 10.3 MN/m" (1500 Ib per sq
in). The rated electrical output of the generator driven by the engine was
3kW at a speed of 3000 revolutions per minute. The design overall
thermal efficiency was 30 per cent,

The engine was notewarthy principally because the evlinder head and
heater tubes were heated by liguid metal (MNaK) at a temperature of
677 %C (1250 °F). This represents an historic frst in view of the subse-
quent developments that have been made and are yet to come with
thermal energy storage, solar power, and nuclear energy systems,
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Fia. 13,10, Allisan Type PD46 Stirling engine for salur-heated space power-plint.

The engine was also noteworthy as the only significant expt:nditure.‘ of
1.8, government funds on Stirling engines for space power plants during
the era of high space expenditures in the |960s, For reas::ms_ti?at h:.m:
never heen explained the National Aeronautics and Space A‘dmlms:ralmn
(NASA) resolutely neglected to consider the Stir!ing engine for space
applications and the Air Force invested only relatively minor expendi-
tures in the Allison program.
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The PD46 engine generator operated a total of 76 hours on test. The
design objective of 3 kW (4 hp) electrical output at 30.5 per cent was not
achieved, The actual maximum output was 2565 watts (3.5 hp) at an
efficiency of 23 per cent, Such a near-miss of objective is typical of initial
efforts and there is little doubt that subsequent development would have
seen sipnificant improvement in performance. Regrettably, funding for an
advanced flight-qualified engine was not forthcoming and the develop-
ment was abandoned. Volume 10 of the report referred 1o contains detailed
test results of the engine operation with descriptions of the various
difficulties encountered. It is a prime repository of practical operational
experience and is recommended for close study.

Following the termination of the PD46 engine work, no further Stirling
engine development is known to have occurred at the Allison Division.
Percival (1974) has disclosed that various conceptual design studies were
made for solar, chemically fuelled, and isotope-heated space power
plants, for torpedo engines and for residential air conditioners.

SUMMARY

The contributions to Stirling engine technology made by General
Motors in the period 1958-1970 were summarized by Percival (1974) as
follows:

1. Their program developed smokeless, turbine-type burners and
the direct ignition of diesel fuel,

2. Their program developed complete, self-contained  Stirling
Ground Power generator sets and introduced these to the ULS.
Army Research Laboratories for evaluation. These were the only
modern low-noise enzine packages to puss formally-specified mili-
tary performance tests

3. Their program developed the first precision-control constant-
speed gowvernor for Stirling engines, which embodied entirely new
concepts to the field of poverning and which accomplished the
following:

(a) Speed variation at constant load 3 per cent

{b) No load to full load droop § per cent

fch 100 per cent sudden load change, off speed surge of 4 per
cent and recovery in & seconds.

4. Their program developed the first automatic fuel controls for
starting a Stirling engine over o wide ambicnt temperature range,
without smoke emissions,

. It developed the first engine to be manually started and operated
entirely from hydraulic controls.

6. It developed two new hydrogen compressor systems having zero
leakage capability.

un
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7. 1t developed the first mechanical temperature control of proven
_rcHahilIt}- for many thousands of hours,

8. The program also initiated and completed analyses and tests of
Iuw-cqst regenerator materials, particularly the proprietary MetNet
material, which have shown a reduction in cost per unit power
output over 50 to 1.

9. It made detailed cost and design studies with several General
Motors' Divisions of a 35 kW (50 hp) single-eylinder engine, which
included cost reduction techniques in cylinder construction, pre-
}n_cnter sheet metal construction, and simplified crankease construc-
1o,

1. The program made the following contributions to the analysis of
the Stirling cycle:

(a) It corrected errors in cooler calculations sao that ther-
modynamic cycle heat rejection and cooler heat transfer rate
were equil,

(b) Tt introduced routine flow measurements of heater, cooler,
regencrators, and assemblies, to provide correct data for
caleulation of Alow losses.

{c) It developed a theory for heat Aux distribution on the
SEirlfng heater tubes and ran experiments to show the effect
ot radically different heat flow patterns.

{d) It made the first analytical and experimental determination
of heat trunsfer film coefficients on the heater tubes and
concluded they were 2 to 3 times greater than could be
deduced from the literature.

(e} It developed an original analysis of combined thermal and

~ pressure stresses in non-uniform wall cylinders.

if) !t added and refined calculations related to drive mechan-
isTms,

Ll. The program developed piston-sealing technology which in-
cluded the following items: '

(a) Systematic piston-seal studies to eliminate white-metal clear-
ance seals which were Philips’ standard at the beginning of
program,

(b) The first screening of Tellon and other self-lubricated mater-
lals (in the Allison Division studies).

{c} A method of measuring piston leakage in operating engine.

{d) Experimental verification of accuracy of piston-seal l:akune
power loss, )

{e) Data indicating an optimum combination of piston-seal leak-
dpe and friction.

(f) Concepts for controlling the relationship between working-
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space and buffer-space pressures by slots in cylinder walls,

(g) Basic ideas for the present Rulon piston rings (the develop-
ment of the rings used in all Philips and GMR engines is a
closely integrated result of contributions from both sources).

12. The program developed new engine-drive mechanisms and ex-
plored different types of eylinder/piston arrangements, including the
following, which were all designed and tested:

{a) The first modern, four-cylinder, 275 kW (350 hp) phase-
angle control engine, which could also be directly reversed
{Electromotive Division).

{b) The first “W* configuration, double-acting engine of 100 kW
{140 hp) (Electromotive Division},

(¢} The idea of swash-plate-tvpe axial Stirling engines (the pro-
gram provided analytical and experimental verification of
the low-friction characteristics of properly designed swash-
plate mechanisms with hydrodynamic type bearings).

(d) The first hermetically-sealed 7.3 kW (10 hp) engine with
pressurized crankcase (Allison Division).

(e} A single crank-displacer engine of 7.3 kW (10 hp).

(f) The first minimum weight, 1.5 kW (2 hp) *V" type displacer
engine; with separated cylinders, which could be adapted to
isolope heat sources,

(g) The first 90 kW (120 hp), four-cylinder, in-line double acting
Stirling engine for a proposed bus installation, The General
Motors program was cancelled as testing just started.

13, The program developed special fuels and heat sources as fol-
Tows:

ta) The only potassium-sodivm {(MNakK) heated engine, under a
Government contract (Allison Division.)

{b) The concept of thermal energy (heat) storage with the Stirl-
ing engine. (Initial work on heat storage began at G.M. Re-
search in the early 1950s and led on to the first heat-storage
power-plant using specially shaped aluminum oxide pellets;
the first Stirling-engine automobile (the Calvair) with heat
supplied from an aluminum oxide heat-storage container,
and tests on lithium Auoride and lithium hydroxide as energy
storage materials, including a joint program with Oak
Ridee MNational Laboratory which determined suitability of
various alloys for containment of lithium fluoride.)

Tests to demonstrate controlled combustion of lithium fuel
with Freon oxidizers, including operation of a Stirling engine
[rom lithivm combustion heat.

{d) The first Stirling engine with natural gas fuel.

ic
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Table 13.2. Summiry of design or lest

Test dutn
451210
10-36" QUPFZ QPU3 3005 Wiy EMD EniD
Dicsipnation engine  engine  enging  (Calvair) 4 Cyl. 1-51050 ZW17A
iz, hyp TaT 7.3 11.2 40 380 75 138
flrpm 3600 3E0G 3600 2500 1500 1500 1800
mix. eficiensy 26.3 2803 265 an 35 2R 2HAHHY
{ rpm L8O0 2400 1900 1400 70 1206 8o
heater walk (°F) 100 1400 1400 1270 1202 1270 1100
watar in (°F) 75 126 100 i a0 100 140
working gos Hy H- H- Hy H Hs H
F.L. Pressure (pal) L 1000 1000 1560 15400 1436 1100
cylinders {n,| 1 1 1 1 4 1 o
bexre {in) 1362 2375 275 347 5.70 5.70 .50
stroke (in) 1.23h 1238 1238 287 2.4 2,850 320
toti] displ, (in®) 544 547 7.32 223 aug T4.0 3120
hypfin" L37 133 183 L9 1.2 L.o] 065
piston speed (max, rpm}
welght {Th ] 127.4* G0t 2 S50 OO0 ZAMIE koo
L {in) 14 12 14 17.5 74 a6 36,25
W (L) 14 16,5 15.5 17 4 215 62,25
H fin} 28 26,5 28 3725 76 [T R5.43
Wolume (Ft') .17 304 3:51 42 e 332 110
hpyie? 236 240 310 £.25 2.92 02 124
!Ihg.l'l!gr 171 123 1130 1375 1320 3an60E 27.50%
The/ i 40,2 206 el H6.11 3BS HLEIZ 34204
prekenter weipht (lbm) 1 2] 0 97 194
147 166 264 339 208 143

BMED (psi) 151

* pare enging with prehesmer,
dawithout fiywhesl,
Bvolumes include avcessories,

14. The program designed, built, and operated the 7.3 kW (10 hpl
engine generator sets for the first Stirling-electric hybrid passenger
cars, known as the Stir-Lec 1 and 1I. It also made the frst
exhaust-emission tests on a Stirling powered vehicle.

15. The program performed the first endurance tests approaching
‘military standard’ severity on a Stirling generator set.

16. The program made the following application and design studies:

(#) Tt designed complete Stirling engine submarine powerplant
with LiF heat storage and submitted proposal to the U.S.

Navy in 1959,

(b) It made a design study of a high-performance swash-plate
drive torpedo engine of 440 kW (600 hp).
(e} It included design studies of 7.3 and 22 kW (10 and 30 hp)
Stirling-LiF thermal energy storage plants for small research
submarines, and 735-3680 kW (1000-5000 hp) plants for
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data for General Motors Strling engines,
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(d)
(e)

{f)

larger military submarines incorporating aluminum oxide
heit storage,

It designed rhombic engines for installation in buses,

It included conceptual designs of a swash-plate automobile
engine for Oldsmaobile,

At the Allison Division, it included conceptual design studies
of a solar-heated power-plant, a chemically fuelled space
power-plant, an isolope-heated space power-plant, a
rthombic-drive torpedo engine, an ASW power-plant to op-
erate from hydrogen peroxide, a residential air-conditioner
engine, and a back-pack power-plant to operite from indi-
eenous fuels,

17. Thul program published eight engineering papers on Stirling
engines, including their heat sources and application studies,
18. It also produced internally 330 research reports and  technical
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memoranda at the Research Laboratories,
Table 13.2 is a summary given by Percival (1974) of test or design data
for many of the General Motors Stirling engines.

CLOSURE

Work on Stirling engines at General Motors started in 1958 and
formally ceased early in 1970. It stands as the most sustained and
concentrated effort ever made outside the Philips Research Laboratories
and the achievements realized are impressive. The big question, of
course, is why did they stop? Why did they stop, suddenly, in February
1970, with the Model 4123 bus engine on dynamometer test and pro-
jected for vehicle installation a month or two later?

It is @& question that has never been addressed in the literature but is
important, for it has profoundly affected the development of Stirling
engines in North America and the world. It is eclear that the people
working on the program were taken by surprise when the decision was
made to terminate it. They were by no means at the end of the road. In
fact, the program was rapidly accelerating with the culmination of
many independent development studies in the design of optimized engines.

Hearsay has it that, at the time, the top management of General
Maotors was preoccupied by incipient problems concerning the brakes on
G.. school buses. Thus, when the time for renewal of the Philips licence
came, it was easier to stop the work than to evaluate the situation
properly. So it was that one day, out of the blue, the Stirling engine team
was told to ‘stop work on engines; tomorrow start on emission controls’,
If hearsay is correct, then, in light of developments in the seventies, the
decision must qualify as one of the most crass and stupid that industrial
management has ever made.

Percival (1974) attributes the stimulation of interest in Stirling engines
at General Motors to Mr. Arthur Underwood. not only for the initial
interest in 1948 but also for successful negotiation with Philips of a
licence agreement in 1958, In the light of the abrupt termination of work
in 1970, it is not without interest that Mr. Underwood retired in 1969 as
Manager of the General Motors Research Laboratories; he remains a
public champion of Stirling engines (Underwood 1976).

The fate of the Stirling engine hardware developed in the course of the
General Motors program is unknown. At least one of the GPU3
engines came into the possession of Wayne State University, Detroit,
Michigan, and was used for the combustion and emission studies reported
by Davis et al, (1971 and 1972). The other GPU3s developed for the U.S.
Army were acquired in 1976 by the NASA Lewis Research Centre as a
part of the Strling engine program for highway vehicles. Cairelli and
Thieme (1977) have reported on tests carried out with these engines.
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In May 1978 a collection of about 110 internal reports and mun‘{urandn
prepared by General Motors during the tenure of their licence _permcl was
transmitted to NASA Lewis Research Center as a G.M. Special Publica-
tion (Hefiner 1978). The reports are expected to be reproduced and
circulated by the Stirling Engine Project Office of NASA Lewis or by the
National Technical Information Service. .

Superficial examination of a copy of the reports indicate that they
contain much useful and interesting information but that they have heen
heavily expurgated of much material that would have added to their
value. Further. it is well to recall that although a hundred reports have
been made available this is in fact less than one-third of the 330 iten_n.v.
referred to above. Many of the reports included appear to conlam
material referred to by Percival (1974), and if Percival's repart pmwde!j
the basis of selection for the material now released by General Molors, it
therefore becomes the ‘executive summary’ of the new Special Publica-
tion. It is to be hoped that these reports will be widely distributed and
further. that the remaining two-thirds of the G.M. technical reports and
internal memoranda will eventually be released to the public domain.



14 MAN/MWM STIRLING ENGINES

INTRODUCTION

[x 1967, two West German diesel engine manufacturers, Maschinenfah-
rik Augshurg-Niirnberg (MAN] and Motorenwerke Mannheim (MWM)
farmed the ‘Entwicklungsgruppe Stitlingmotor MAN-MWM', and a li-
cence and cooperation agrecment was negotiated with Philips. The new
company at Aupsburg, West Germany, undertook scientific and develop-
ment work directed to the development ol heavy vehicle engines and
underwiler power systems.
Single-acting engines

Initial work included the acquisition of a 7.3 kW (10 hp) Philips 1-98
engine. Some test results ohtained with this engine were included in the
important review paper by Neelen et al. (1971) containing reviews of the
Dutch, German, and Swedish developments on Stirling engines for vehi-
cular use. The German contribution to the paper included the results for
torque and efficiency characteristics, a noise spectrum distribution and an
assessment of the significance of the dead space on the efficiency and
power output of the 7.3 kW (10 hp) engine.

Following this early experience MAN/MWM designed a single-cylinder
thombic-drive engine, designated the Type 1-400, which developed
22 kW (30 hp) at 1500 rpm. The engine was equipped with all the
auxiliaries for independent engine operation and was intended principally
as a lest unit for the development of a four-cylinder 90 kW (120 hp)
engine designated the Type 4-400.

Alm et al. (1973) gave further information about the Type 1-400 and
Type 4-400 engines. This paper was presented jointly with the Swedish
licensees, United Stirling, but did not include a contribution from Philips.
It was principally a recitation of the favourable environmental charac-
teristics uf Stirling engines (low noise and exhaust emissions). For vehicu-
lar use. however, it is noteworthy because it contains recognition by hoth
MAN/MWM and United Stirling of their inability to reduce the produc-
tion costs of rhonibic-drive engines to an acceplable level. Both were
therefore Torced to seck cheaper alternatives in the form of multiple-
eylinder double-acting engines of the Siemens type.

Double-acting engines

A eross section of the MAN/MWM four cylinder double acting engine
is shown in Fig. 14.1. Two important features incorporated in the design
are the simplified heater head and the air preheater assembly. Fig. 14.2 is
a4 section of the heater-head configuration and Fig. 14.3 is a further detail

Fig, 14.1. Cross-section of MAN/MWM four-cylinder double acting Stirling enpine [Alm ef
al. 1973).

of the heater tubes. The heater consists of straight tubes of heat-resistant
steels, one set of which is finned, joined in pairs at the upper ends by
brazing & cast U-shaped tube element. The lower ends of the tubes are
brazed to the regenerator casing or the expansion space cylinder, The
tubes are arranged to form a plane heater screen.

The accordion-type preheater developed by MAN/MWM is shown in
Fig. 14.4. This can be made at relatively low cost by simply folding a
sheet metal strip to produce the plate-type recuperative heat exchanger
shown. 1t will be recalled that low oxides of nitrogen in the engine
exhaust have been achieved by recirculation of a significant proportion of
the combustion products. One way to achieve this might be to use a
‘leaky’ recuperative exchanger. The accordion-type preheater is clearly
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Fro. 14.3. Detsil of heater tubes {Alm o al. 1973),
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well suited for this application. If rigorous separation of the fluid stream is
not necessary, the unit could be made at very low cost indeed, It provides
an economically attractive alternative to the more complicated brazed
plate-type recuperative exhaust heat exchangers featured elsewhere.

The new heater head and air prehecater could be used on multiple or
single cylinder rhombic-drive engines but it is clearly evident from their
publications that MAN/MWM plan their future developments to be
principally double-acting Siemens engines.

COMPARISON OF STIRLING AND DIESEL ENGINES

Zacharias (1974) drew a comparison of diesel and Stirling engines in
terms of size and volume. Some of his data is summarized in Fig. 14.5. In
the crank-driven, double-acting Stirling engine it was necessury Lo usc 4
crosshead. Furthermore, it was customary o use a long piston/displacer
so the displacer seal operated always in the cold space of the engine.
Good sealing of very high pressure hydrogen or helium was necessary
where the piston rod leaves the cylinder. All this conspired to increase the
height of the engine measured from the oil pan to the crown of the piston
to he ahout 25 fimes the crank throw. In contrast, conventional diesel
practice called for a height of about 10 times the crank radius. Parentheti-
cally Zacharias noted the corresponding height for rhombic-drive and
swash-plate engines was about 32 and 25 times the crank radius, respec-
tively.

Some savings in height for the Stirling engine could be achieved by the
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Mo~ 25K Ry Height of crunk gear  Ap = 10X Ap

L= 1B DK E Length of crank gear Ly =1, 2
L Widlh ol erenk gear W

g =18 bar at 110 bar m.p. | BEMET Fiy = 8 bar

Ve = 0,002 m kW Volume combust. syst. Vyy = 0001 m kW

Fig, 14,5, Size proportions of Stifling and Diedel engines (Facharizs 19745,

use of a small oil sump. The lubrication requirements were lar less
demanding than for the diesel engine and a reduced guantity of oil was
required,

The cylinder centre-line distance of Stirling engines was larger (1.6 %
eylinder diameter) than that of diesel engines (1.3 = digmeter) because the
very high pressures uwsed required thick walls, Also, the cylinders were
divisible into hot and cold regions with heat-resistant steels used for the
hot parts and a cheaper metal for the lower temperatures.

The width of both Stirling and diesel engines was found to be about the
same with the inclusion of all the auxiliaries.

The work done per unit piston displacement or the brake mean
effective  pressure (bmep) was guoted by Facharias to be aboul
(1.8 MN/m* (8 bar) for non-turbocharged diesel engines and 1.8 MN/m®
{18 bar) for Stirling engines having 8 mean cycle pressure of 11 MN/m*®
(110 bar). This significant difference (in the ratio of 18/8) was almost
exictly the inverse ratio of the difference in height in terms of crank
radivs {from above HJ/H;=25R/10R}. Thus for engines of the same
height the power output was about the same despite the smaller crank
rading {and hence piston displacement) of the Stirling engine.

Zacharias estimated the combustion chamber and inlet-air preheater of
a Stirling engine to be about 2em®/W. (90in*fhp) For the non-
turbocharged diesel vehicle engine he estimated the cvlinder heads, gas
manifelds, mufflers and related parts 1o be about half this volume, ie.
1 em™W (45 in*/hp). Zacharas also pointed out that the Stirling engine
does allow some Hexibility in arrangement so that, in fact, the inereased
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size of the equipment related to combustion could be accommodated such
that the space requirement of the engine would be no greater than that
required for o diesel engine.

In vehicular use a further handicap for the Stirling engine compared
with a diesel was that the cooling system had to handle about twice the
load. Furthermore, the efficiency of the Stirling engine was directly
related to the cooling water temperature and increased as the tempera-
ture was reduced. This was in contrast to the diesel engine where the
efficiency increased with increase in the cooling temperature. In the
Stirling engine therefore the guantity of heat to be transferred was double
and the temperature limitations were more stringent.

Zacharias was less precise in regard to a weight comparison bul made
the point that the specific weights of both diesel and Stirling engines were
comparable. With regard to cost he was able to do no more than reiterate
the attention MAN/MWM have paid to cost reduction by careful design
for series production of a range of engines using common components,
connecting rods, crossheads, piston rods, piston seals, heater head as-
semblies, regenerator/cooler units, air preheaters, etc. Aluminum was
used for the cold paris of the enpine, heat-resistant steels for the hot parts
and, for the heater tubes, cast super alloys joined by vacuumn brazing,

CYLINDER ARRANGEMENTS

Elsewhere Zacharias (1973) discussed a variety of arrangements for the
MANMWM engine, some of which are reproduced herein. Fip. 14.6
shows a cross-section and plan for a four-cylinder double-acting in-line
engine. It will be noted that this machine was designed with thres
combustors and had a ecommon exhauvst-gas/inlet-air preheater. Fig. 14.7
shows the cylinder connection arrangements for four- and six-cvlinder
double-acting in-line engines, '

Fig. 14.8 shows a cross-section of a double-acting Vee-6 engine. The
cylinder connections for this machine are shown in Fig. 14.9, A schematic
arrangement of this engine is shown in Fig. 14.10.

HEATER-TUBE DEVELOPMENT

Some insight into the very careful and detailed development carried on
by MAN/MWM was given by Zacharias (1973) in a scholarly discussion
of the interrelation of computation and design in the development pro-
cess. Part of this presentation included a discussion of stress and tempera-
ture distribution in heater tubes. Fip. 14.11 shows the elastic stress
distribution in a heater-tube wall due to thermal strain and internal
pressure. Fig. 14,12 shows the computed temperature distribution in a
heater tube and Fig. 14,13 shows the computed creep-limited life expee-
tation for heater tubes of different nickel-base stecls.
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Froo 147, Cylinder eonnections for four- and six-cylinder in-line double-acting Stirling
engines {Facharias 19730,

The arrangements for transferring high-temperature heat available
from the source {combustion gas) to the working finid through the
eylinder walls or heater tube walls are always of particular interest to the
designer of Stirling engines. The MAN/MWM heater was an elegant and
functional system but it can be seen from Fig, 14.12 that the temperature
distribution was by no means uniform in the tbe. The highest tempera-
tures occurred on the upstream or leading face of the tube. Thus the
thermal expansion of the tube along its length. at the [ront, was greater
than at the rear and so to minimize thermal stress the tube must be
allowed to bend. The second row of tubes in the heater was finned o
increase the area for heat transfer and so compensate for the lower
downstream combustion gas temperatures. Because of the fins, a similar
temperature distribution fo that for the frst tube row was likely to be
found in the second tubes. These would therefore bend svmpathetically
with the first tubes and so could be joined at the top end by the rigid U
connection as shown in Fig, 14.3, To minimize dead volume in the cngine
the heaters were short and of small diameter. For high efficiency they
operated at the maximum temperature tolerated by the heater-tube
material. Satisfuctory design could only be achieved by careful matching
of the internal engine thermodynamic cycle with the temperature dis-
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19731

Fio, 4.8, Cross-section of MANDWM Ve f-cylinder double-acting Stifling engine
(¥acharizs 19731

tribution resulting from the heat-transfer process, and the strength
characteristics resulting from internal pressure, thermal strain, and anchor
Testraints.

Some insight into the computational procedures  utilized  at
MAN/MWM was provided by Feurer (1973) in a discussion of some
aspeets of the “degrees of freedom in the lavout of Stirling engines’. The
material presented was intensely interesting and so far as is known has
not heen given elsewhere, It is reproduced in extended form in Chapter 4,
on the theoretical analvsis of Stirling engines,

COMPOUND ENGINES. AND MULTESTAGE COMBUSTION

Earlier, Zacharias (1971b) examined the external system of combustion
in a Stirling engine, The study was a scholarly work (in German) beyond

the scope of our discussion here but provided an interesting catalogue of ¥ F1G. 14.10. Schematic diagram of Vee 6-cylinder double-acting Stirling engine (Zacharias
logses and the effects on combustion efficiency. He considered the 1973),
I [ I | | . . . S =S —
| |
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Siress kpdmo?

Fia, 1411, Elmte stress distribution in heater-mbe walls dise to thermal strain amd internal
pressure {Zacharias 1973).

requirements that must be met by the combusion system, and examined a
number of alternative designs for the combustion system including:
(1) conventional atmospheric-pressure single-stage combustion with air
movement by mechanically-driven fan.
(b) multi-stage combustion at low pressure with mechanically-driven
fan.
(ch single-stage combustion at elevated pressures in combination with a
turbine and compressor (& compound engine).
Zacharias concluded that there was no thermodynamic advantage to be
gained from the use of a turbine/compressor unit provided an effective
exhaust-gasfinlet-air preheater can be incorporated into the low pressure
system. He further concluded that multi-stage combustion systems should
be reserved for high power units where the complex control system might
be justified. For engines of low to moderate output (e.g. vechicle engines),
the conventional single-stage low-pressure combustion system had advan-
tageous economic and thermodynamic characteristics.
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CURRENT ACTIVITIES

Little is known about current activities and recent developments at
MAN/MWM on Stirling engines. Following the important paper by
Zacharias in 1974 little further information was published until the
general review paper by Zacharias (1977a). This contained a broad
survey of the characteristics of double-acting engines and a brief account
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Fro. 1413, Computed ¢reep life expectation for heater tubes of nickel-base steels (Meelen
etal. 1971},
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Fra, 14,14, Cross-section of MANMWM four-cylinder Type 4-100 double-acting Stirling
engine {after Zacharias [977).

of various Stirling-engine programmes in progress throughout the world,
The principal activity of MAN/MWM was the development, in four-
cylinder versions, of the MAN/MWM Type 4-100 engine shown in Fig,
14.14. Six- and eight-cylinder versions were said to be in prospect
Another interesting machine, briefly discussed by Zacharias in the 1977
paper, was the Stirling engine hydroelectric generator shown in Fig,
14.15; This unit was the result of a cooperative development program
between MAN/MAMWM and the Battelle Institut, Frankfurt, The unit was
rated at 15 KVA and operated at 3000 revolutions per minute with
helium as the working fluid at 12 MN/m” (120 bar) pressure, The overall
system efficiency was 23 per cent, the system envelope measured 970 %
bO0 <600 mm (38.18x23.62x23.62in) and the total system weighed
300 ke (661.5 Th,,).

It is understood that marine applications for Stirling engines, both
surface and underwater, have always been part of the MAN/MWM
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F1G. 14,15, Cross-section of MAN/MWM—Battelle [nstitur 15 VA Stirling-enpine hyd-
roelectric genentor {after Zacharias 19770, : -

detvcinpmcnl program. Yet none of their publications have acknowledped
this. It is further understood that this work is classified and sponsored by
the German Ministry of Defence. It is said that the principal emphasis of
the work is the development of underwater power systems of 515 to
T35 kW (700 to 1000 hp) capacity, This, of course, is simply hearsay and
should be treated speculatively until independently confirmed.
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INTRODUCTION

Tue Swedish company, United Stirling A.B., was formed in 1968 by
Forenade Fabriksverken (FFV) and Kockums Mekaniska Verkstads A. B,
FFV is a defence-related industrial group owned by the Swedish govern-
ment. Kockums is a large publicly-owned Swedish company having its
main business in shipbuilding and the lumber industry.

The declared aim of United Stirling is to commercialize the Stirling
engine. Following a decade of development they appear 1o be well on the
way to achieving this aim with both the technology and the will to do it.
United Stirling will not manufacture engines on a production basis, but
rather, will serve as design and development consultants for established
engine manufacturers. An important development announced in 1977 by
the U.S. Department of Energy was the formation of a second major
Stirling engine development group for automotive engines including
United Stirling, of Malmo, Sweden, Mechanical Technology Inc., of
Latham, New York, and American Motors Inc., of Detroil, Michigan,

SINGLE-ACTING VEHICLE ENGINES

Since inception of United Stirling a decade ago, the vehicular applica-
tion of Stirling engines has dominated their papers in the open literature.
Principal emphasis has been given to the engines’ advantageous charac-
teristics from the aspect of atmospheric pollution, noise, and more
recently, omnivorous fuel capacity and high thermal efficiency. Marine
applications, in particular underwater power systems, have also occupied
substantial effort and attention, but little in this field has been reported.

Spon after it was founded. the company became a Philips licence
holder. In the important paper by Neelen et al. (1971), outlining work by
United Stirling, MAN/MWM, and Philips, it was mentioned that work on
the four-cylinder in-line rhombic-drive engine Type 4-235 was started at
Philips in mid-1968 at the request of United Stirling. This engine has
been deseribed by deWilde de Ligne (1971). Swept volume was 235 cm’
per cylinder, the nominal speed and power were 3000 rpm and 145 kW
(200 hp) at a mean pressure of 22.3 MN/m” (220 atm) helium with heater
tube and cooler temperatures of 700°C and 60°C (1292°F and 140°F),
respectively. The early engines of this type were limited to a mean
pressure of 11,1 MN/m® (110 atm) because the heater heads were made
from conventional stainless steels rather than the high nickel alloys.
Because of this low mean pressure the engines delivered only half power.

At United Stirling, engines in this form were installed for evaluation in
a pleasure boat and a medium-sized bus (Alm er al, 1973). In the boat,

Fio, 15.1. Stirling engine Type 4-235 installstion in plessure boat, (Courtesy United

Leirlinnh



Fra, 15.2. Stirling engine Type 4-235 installation in bus. Note the conling system fnstalln-
tion in luggipe compartment. {Courtesy United Stirling,
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shown in Fig. 15.1, the engine was rated at 75 kW (100 hpl, and at a
speed of 2200 rpm drove the boat at 5.66 mfs {11 knots),

The bus installation is shown in Fig. 15.2. The engine was installed at
the rear, in the same place as the conventional diesel engine, and was
matched to an automatic split-torque type pear box comprising a hyd-
rokinetic lorque converter and two mechanical gears. Cooling was ab-
tained by a hydrostatically-driven radiator fan, The cooling system could
not be accommodated in the engine compartment but was installed in the
underfloor baggage compartments. The grilles for this large cooling system
can be seen in Fig. 15.2. Even with this it was necessary o increase the
cooling water temperature and hence reduce power of the engine in the
bus from 75kW (100 hp) to 65 kW (80 hp) (Hallare and Rosengvist
1977). No performance details of the bus or boat have been published
but, no doubt, both provided invaluable installation and pperational
experience.

United Stirling also had available for laboratory use a number of the
Philips single-cylinder rhombic-drive Type 1-98 engines, One of these
was installed in a pleasure boat for evaluation. Another was engineered
into the 2 kW (2.72 hp) generator set shown in Fip, 15.3 under a contract

Fia, 15.3. 24w Eenertor set incorporating a Philips Type 1
drive Stirling engine. This unit has been in service with the
(ot esy [ Inite Stjrlin oy
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-94, single-cylindér rhombic-
Swedish Nuvy for 10 years,
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with the Royal Swedish Navy, Much later (Hallare and Rosenqvist 1977),
this unit was said to be still in use on a Navy patrol boat. This machine
must therefore gualify for the record ‘time in service’ for modern Stirling
engines. A report on the maintenance and operating experience with the
engine would be illuminating.

Neelen et al. (1971) identified the first engine to be produced by United
Stirling as the Type 4-615 engine shown in Fig. 15.4. This engine was
similar to the Philips Type 4-235 engine in that they were both four-
cylinder displacer-lype rhombic-drive engines of 145 kW (200 hp) rating,
but the United Stirling engine was much larger.

In the Type 4-6135 engine the efficiency was accorded a high priority
and, to achieve this, a large slow-running engine was designed, Whereas
the speed of Philips Type 4-235 engine was 3000 rpm, the speed of the
United Stirling Type 4-615 engine was only 1550 rpm with internal gears
to increase the shaft output speed to 2400 rpm. This slow speed and
conservative values for the heater temperature and mean cycle pressure
made necessary the large swept volume of 615 cm” (37.5 in®) compared to
235cm’ (14.34in%) of the smaller high speed engine. Despite these
obvious handicaps Neelen et al. (1971) were sufficiently optimistic to

Fro. 15.4. United Stirling engine Type 4-615.
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project prototype operation in 1971 and for development to series
production of the engine in 1976. Installation in a city bus was projected
for 1973, As in so many other things, however, economic realities pre-
vailed and these projections were never realized.

The optimism of the 1971 paper was tempered two years later with the
publication of the milestone paper by Alm et al. (1973). There it was
wryly noted:

The evaluation of the 4-615 engine with regird to performance, emission and
costs has led 1o the following conclusions:

(a) although performance is satisfactory and emission characteristics are excel-
lent the production cost of the engine mokes it suitable for special applica-
fions only;

{b) major simplifications regarding basic engine design as well as components
and control systems are necessary to make the engine penerally competi-
Hve.'

A conversation in the early "70s is recalled at which a target figure for
the cost of a production series Stirling engine was said to be twice the cost
ol a bus diesel engine of corresponding power. Typically, in a bus, the
cost of the engine is about ten per cent of the gross vehicle cost. Tt was

Fie, 155, Uniled Stirling double-acting cngine Type V4X. (Caurtesy United Stirling).
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said that for a ten per cent increase in the bus price (allowing the engine
cost to double) operators would be glad to have the quiet, low-pollution
characteristics of the Stirling engine. The target figure of twice the cost of
i diesel engine could not be achieved. It is understood the most realistic
estimates for production costs for multi-cylinder displacer-type rhombie-
drive engines were calculated to be nearer three times the cost of diese! of
the same power.

DOUBLE-ACTING ENGINES

Subsequent development effort was switched from single-acting to
double-acting engines. In the paper by Alm er al. (1973) both United
Stirling and MAN/MWM announced their abandonment of the rhombic-
drive engine in favour of double-acting engines with crank and
connecting-rod drive mechanisms. It is likely that both companies were
influenced in their decisions by the expericnce of the other licensee,
Greneral Motors, who had been actively developing double-acting engines
since 19635,

The new engine developed by United Stirling, designated the Type
V43X, is shown in cut-away form in Fig. 15.5, and in cross-section in Fig,
15.6. A schematic view of the connections for the four-cylinder double-
acting engine 15 shown in Fig. 15.7. The new arrangement allowed the use
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Fra, 15.6, Cross-section of four-cylinder double-acting Stirling engine Type VAX {cylinder
bore 50 mm, stroke 46 mm; after Carlgvist ef al. 1975).
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Fic. 157, Schematic connections for the four-cylinder double-acting Stirling enpine.

of a single burner supplying heat to all four cylinders and a single
recuperator for the preheated air. The cylinders, arranged in a narrow
vee, allowed for a favourable cold econnecting-duct arrangement and far
the use of a conventional single crank/connecting-rod/crosshead drive
mechanizm.

Prototype engines of the new form were operating by 1973 and it was
possible to project specific weights of 4,3-5.0 ke/kW (7-8 1b per hp), haif
the values attained with rhombic-drive machines and accompanied by
concomitant savings in cost. Development of the V4 engine has been
vigorously pursued, with progress reported from time to time in the
literature,

Carlgvist ef al. (1975) disclosed that the experimental engines had four
cylinders arranged at a centre-line angle of #/6 radians (30°) with
cylinder bores of 50 mm (1.97 in) and a stroke of 46 mm (1.81 in). Engine
power was in the range of 30-40 kW with efficiencies up ta 30 per cent
and speeds up to 4500 rpm using hydrogen as the working ttuid, The
engine was designed to use established engine technology where possible,
particularly in the area of bearings, crankshafts, and other COMPONEnts,

The shape and size of the engine were such that it could be accommo-
dated in the engine compartment of vehicles with little modification.
Rosenqvist er al. (1977) described the first vehicle installation undertaken
in 1972/74 in a joint U.S, Ford/United Stifling program. The enpine,
designated V4X31, was installed in a2 1972 Ford Pinto car which ran for
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the first time in March 1974, Tests were terminated in December 1974
with total test distance of about 6437 km (400 miles). This vehicle was
equipped with a power train including a torgue convertor and automatic
transmission. The power control system of the engine was a United
stirling development utifizing a variable dead volume to control the
amplitude of pressure variations and hence power output.

A second vehicle installation was undertaken with engine V4X35 in a
1974 Ford Taunus estate car. The engine and transmission are shown in
Fig. 15.8 und the vehicle engine compartment in Fig. 15.9. This machine
utilized @ single dry-plate clutch and an all-synchronized four-speed
manual gearbox. The control system for this engine was of the conven-
tional type where power variation was obtained by adjustment of the
mean pressure level in the engine.

PHRODUCTION ENGINES

Despite these interesting and practical demonstrations the V44X engine
was basically intended as a workhorse for component and system de-
velopment, Much was accomplished and now three different production
series engines have been defined (Hallare and Rosengvist 1977) to

Fig. 158, United Stirling dooble-acting engine Type V4X35 with clutch snd four-speed
maenunl transmission (after Rosengyist ef al 1977).

Inh

Fie. 15.9. Engine compartment of Ford Taunus car with United Stifling Va4X engine
installed (after Rosengvist ef al. 1977).

encompass a range of vehicular and other applications. The main perfor-
mance criteria for these production engines are:

Type Designation Pl P75 P150
Power (kW) 413 T8 150
Speed (rpm) 4000 240K} 2400
Mo, of eylinders 4 4 8
Maximum efficiency

(installed in vehicles) 35 A7 37
Weight with auxiliarics

(kg) 150 350 as(0

Details of the bore, stroke, mean pressure and operating temperatures
are unknown, The P40 engine is most likely a production series version of
the V4X engine with a bore of 50 mm (1.97 in) and stroke of 46 mm
(1.8Lin} (Carlqvist er al. 1973).

A cross-section of the P150 engine is shown in Fig, 15.10. (Carlqvist et
al. 1977). This engine is basically twin modules of the P75 engine
mounted on 4 common crankcase. Fig. 15.11 (Carlqvist ef al. 1977) shows
a P75, V4 engine module with auxiliaries. Fig. 15.12 (Carlgvist et al.
1975) shows the installation envelope of a P150, V& engine having an
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Fra, 1510, Cross-section of United Sorling P15 double-acting Stirling engine (alter
Rosengvist ef al. 1977).

overall length of 1200 mm (47.24 in), width 680 mm (26.75 in) and height
980 mm (38.6 in). Fig, 15.13 (Rosenqvist ef al. 1977) shows the calculated
performance characteristics of a P150 engine. In 1977 four P75 V4 engines
were said to be in lahoratory testing, with field testing scheduled for 1979
in mine vehicles and city buses (Hallare and Rosengvist 1977).

COMPONENT ANMD SYS3TEM DEVELOPMENT

Much effort over the past [ew years has been invested in component
and system development, principally the heater system, the control sys-
tern, and the sealing system,

Heater svstem

Few specific details of the heater system have been disclosed but most
of the recent review papers include a general reference to heater design.

I . ] .. —1

UNITED STIRL

Fig, 15,11, United Stirling 75 kW double-actin
with nuxiliaries after Flallare
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Carlgvist et al. (1977} enumerates some of the important parameters in
heater design as:

‘Combustion gas fllow distribution.

Heater tube temperature distribution,

Radiation contribution 1o heat transfer.

Heater tube stresses, both creep stresses
and thermal fatigue.

Heater tube outside heat transler,

Heater tube inside heat transfer.

Heater tube inside flow losses.

Exhaust gas leskage (exhaust gas bypassing
the tubes).

Manufacturing methods and costs’,

QT Iy
= g
S

Fio. 1512 Installmtion eovelope of United Sticling double-acting 150 kW P15, WVH
gngine, (Length 1200 mm, width 680 mm, and height 980 mm; after Carlgvist et al, 1975.)

In recent papers United Stirling show the three types of heater-head
tube arrangements that have been evaluated. These are shown in Fig
[5.14. The ‘“tower’ type heater consisted of a double row of curved
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Ficn 1513, Coleulwted performance characterdstics of the United Stirling, double-seting

Fra, 1514, Types of hester head evalusted in Unired Sticling proemam (after Hallage
150 kW 150, V8 engine {after Hallare and Rosengvist 1977). S

ond Rosengyist 1977).
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horizontal tubes connected to vertical manifolds, or towers, coupled to
the cylinder head or regenerator case. . 1

The ‘temple’ type had vertical tubes connected with horizontal man-
ifold rings at the top and bottom of the tube assembly. Temple heaters
with both single and double rows of tubes have been made.

The ‘envolute’ type heater comprised a double row of tubes between
horizontal upper and lower manifolds. The inner tubes were inclined at
varying angles so that the clearance between the 1uburi was constant. The
outer ring of tubes was vertical with extended arca fins to improve the
heat transier.

In the recent papers it was emphasized these tlu-c_c types of head
represent valuable background for future impmw_'.d designs. They repf:rrt
that endurance testing has started, that production methmls_m:e being
developed and, while corrosion has not yet been a problem. it 1s under
study for different fuels and contaminants,

Hallare and Rosengvist (1977) mention that, *Sufficient knowledge has
been available for quite some time how to design for high ]J:urfnrmﬂnce,
avoiding creep temperature shocks, local mrur]ma.ling ete...” They also
comment that, ‘Several attempts to develop a simplified heater head have
resulted in lowered engine performance..,

The materials of the heater assemblies have not been fiiisr:ussed in the
recent papers. However, Carlgvist er al. (1977) classify cfficiency levels of
38-40 per cent as El, defined to he:

‘Engines optimized for good efficiency using expansion gas temperatures in the
range 650-700°C (1202-1292 °F) This level represents targets far the present
development and involves a well established materials technology,

Level B2 (thermal efficiencies in the range 40-42 per cent) were defined
as:

‘Engines optimized for pood efficiency using expansion gas temperatures in the
range of 700-750°C (1292-1382 "F). This Jevel represents an increase in operat-
ing temperature that is considered to be compatible with the use of improved but
still metallic materials in the heater.’

Level H (for engines having thermal efficiencies in excess of 43 per cent)
was defined as:
‘Engines optimized for good efficiency using ex]mnsii_m gas temperatures in I!:u:
ringe of 1000-1100°C (1832-2012 °F) require materials of improved heat resis-
tant properties, for example, ceramics. Such high temperature engines represent a
major development step and are only mentioned here for reference.

This latter level provides a tantalizing glimpse of the future. Elh‘{:wl?uru
Carlgvist cr al, (1975) have referred to the use of “high strength silicon
carbides and silicon nitrides.., lor future Stirling engines. Maximum wall
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temperatures of the order of 1300-1400°C (2372 to 2552°F) seem
attainable with these materials...*

Another important element of the heater system is the air preheater
utilizing heat in the exhaust gas but little has heen disclosed of United
Stirling’s effort in this area. Carlqvist et al, (1975) mentioned that the
V4X engine was equipped with a recuperative metal plate type mainly
because the technique for manufacturing was well established. The pre-
heaters were of the counterflow type and it was found convenient to have
one on each side of the engine, outside the vee.

It was also mentioned that testing of ceramic rotary regenerators for
preheaters was in progress. The preheater in Fig. 15.10, a cross-section of
the double-acting P150 V8 engine, looks to be of the recuperative plate
type but the annular design and the general shape clearly lends itself to
adaptation to the rotary ceramic type.

Pistan rod seal

The change from displacer-type rhombic-drive engines to double-acting
engines effected a simplification to the seal problem. In the rhombic-drive
michine there are two pressure seals (working space to ambicnt) per
cylinder, one for the pistons and one for the displacer rod (passing
through the piston). In the double-acting machine there are still two seals,
one for the piston and one for the piston rod. However, the seal for the
piston is an ‘internal” seal separating two working spaces at different
pressures. Therefore, only one seal per eylinder (that for the piston rod) is
required to separate the pressurized working space from ambient pres-
sure.

Philips developed the rolling seal for the rhombic-drive engine and have
carricd this over to the swaush-plate double-acting engines now being
developed with the U.S. Ford Company.

United Stirling have sought alternatives to the rolling seal. One system
of sliding scals, shown in Fig. 15,15, was described by Carlgvist et al.
(1977) as having ‘been tested for many thousand hours both in compo-
nent and engine tlest rigs and has gradually been developed to such a
degree that a viable piston rod seal can now be considered to exist, '

The United Stirling sliding seal had three elements. The upper seal
element acted principally as a throttling device hetween the engine
working space in the cylinder and the seal space inside the seal element.
The pressure in the working space above the top seal varied harmonically
over the full pressure range of the eycle (p,, — Puin)- Inside the seal space
the pressure was nearly uniform at a value close to the minimum cycle
pressure. The seal space was connected to the working space through a
gas-oil separator and filter element and one-way check valve. When the
pressure in the seal space increased (because of leakage past the top seal
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Fro. 1515, United Stirfing multiple-stage sliding seal for the displacer rods in double-
neting engines (after Carlgvist efal. 1973),

clement) the check valve opened as the pressure in the working space
approached the minimum cycle pressure and [uid was returned to the
working space, . _

The second principaf element of the séal was a scraper ring which
cleaned lubricating oil from the piston rod. The oil that was collected
drained into the gas-oil separator and hence to the engine sump.

The third clement was the main seal which maintained the pressure
difference between minimum cycle pressure (of hydrogen or helium) in
the seal space and the ambient pressure (of air and Jubricating oil) in the
crankcase space.

The exact form of the material of the reciprocating pressure seal has

not been disclosed by United Stirling, but was described by Kitzner
(1977b) as Rulon. Clearly, it is not a hermetic seal. Carlqvist et al. (1977)
have advised that with this seal:
‘Leakage rates of working gas, normally hydrogen in modern engines, h.’lls contin-
ausly been redoced by intensive development work on component test rigs and on
engine test rigs. A characteristic hydrogen leakage rate for a P15U engine 1.-.'-':.11:|I|:|
at present development status be LU nlfh at 13 MMN/m” mean working pressure.
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To cope with seal leakage the provision of a storage container of the
working fluid was foreseen. A P150 V8 engine operating 8 hours per day
with a 3-month refill interval would require a 6.5 % 10° cm® (397 in%) gas
bottle decreasing in charge pressure from 25 to 20 MN/m® (3625 to
29001b per sqin). These values were obtained in a 600-hour test and
endurance runs up to 3000 hours have been made. The total seal friction
losses were stated (Carlgvist et al. 1977) to be 2.5 kW (3.4 hp) for a P150)
V8 engine at full speed on full load,

Serious questions concerning the seal unit remain unanswered or unad-
dressed in recent papers by United Stirling. An obvious difficulty is the
seal life. Reference to Fig. 15,10, showing a cross-section of the P150 V4
engine, suggest that the seal replacement will require mijor mainteniance
work on the engine, For vehicle diesel engines the customary expectation
for operation between major maintenance is between 400 000 and
00000 km (250 and 500 thousand miles), This corresponds (ut <48 km
per hour) to 2 range of 8040 to 16 000 hours. To be competitive the Stirling
engine must also provide that level of reliability, Routine maintenance-
free operation for 16 D00 hours probably requires reproducible rig testing
of twice that value, say 30000 hours. This is an order of magnitude
greater than the endurance tests discussed above.

Disposal of hydrogen leaking into the crankease is another matter for
concern. 1t will mix with air and oil vapour and the wide Aammability
limits of hydrogen in air must arouse interest in the measures taken to
combat the chance of an exposion. No doubt the leakage rates of seals in
good operating condition are sufficiently low to avoid problems. How-
ever, the prospect exists that any one of the 8 seals in a P150 V8 enging
may become damaged, worn, or defective with consequent high levels of
leakage into the crankcase. One possibility is to vent the crankease to the
combustion space but this may lead to contamination of the preheater
with oil vapour.

FPower control system

United Stirling have, in experimental testing, evaluated three types of
system for power control;

(a) mean pressure

(h) pressure amplitude variation

(e} bypass control,
A simplified diagram of the mean pressure variation power control system
is shown in Fig. 15.16. The main constituents of the system were a
storage vessel, compressor, and control valves. To increase engine power
the control valve moved to allow high pressure Auid from storage to enter
the engine. Admission of working fluid to the cylinders was restricted to
that part of the cycle when the pressure was close to maximum, Unselec-
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Fio. 1516, Simplified diagrom for the power-control system used on United Stirling
engines. (Courtesy United Stirling).

tive supply of working fluid to the enpgine was said (Hallare and Rosen-
gvist 19771 to cause a drop in engine torque during the charging process.

To decrease power, working fluid was withdrawn from the engine
eylinder and returned to the storage vessel via the compressor, Rapid
decrease in power output could be gained by putting the various cylinders
into mutual communication {(called short-circuiting) by further movement
ol the control valve,

In a vehicle engine the link between the accelerator pedal and the
control valve was a serve-system which for different accelerator levels
moves the control valve to gain and maintain the appropriate mean
pressure levels in the engine.

With this control system, a remarkably effective response characteristic
can be pained as shown in Fig. 13.17. This is reproduced from Hallare
and Rosenqvist (1977) and shows the speed and pressure response for the
V4X, 35 engine in a free-running mode disengaged from a dynamometer
but eguipped with all auxiliaries. The engine was initially idling when the
accelerator pedal was suddenly depressed causing a rapid increase in the
engine speed and pressure level. It will be recalled that engine Type
V4X, 35 was the unit used in the Ford Taunus vehicle installation.
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Atrffuel control

_ A seclﬂndar}' element of the power control system for a Stirling engine
is the H]]_',u"fltﬂf contral. Increase in engine output requires increaserd hens
transfer in the heater and thus an increased fug! supply to the c.:un.h:ﬁ.rri::;.L
chambler 50 45 1o maintain constant heater-head lﬂnlp;.',l'ﬂtllru. Sjmi[ml'l :
reduction in power calls for a reduction in the fue] supply Re':ulatiu: :.'.Pf
t]mlfue] supply could be the principal mechanism of p:mrfer L%ntrcnl but
engine response is 100 slow in anything other than special constant-specd
constant-load applications. Therefore, in most cases an alternative nwe1:
r:nntrc‘ﬂ system is used with supplementary air/fuel repulation "
Un:ted Stirling have sought 1o duvuﬂ:-p an airffuel c::-n‘lr:;] system
having favourable emission and fuel economy characteristics, The 1;;:';-’fuel
system shown diagrammatically in Fig. 15.18 is rupruducﬂfj l’rnm Hallare
arru:i Rasenqvist (1977) and includes a Bosch K-Tetronic unit for I‘t:i;i'
airffuel ratio control, The lemperature of the heater tubes was mciﬁur?ri
by thermocouples and the signal obtained used 1o m}gulatu airxﬂ:
through a throttle to the combustion air fan. The Bosch unit sensed lI:h“I
rate of air flow and adjusted the fuel flow to an appropriate ]L"lr'(:] ’
Remarkably low exhaust emission levels have been achieved Pialhh
and Rosengvist (1977) record emission levels from a 75 kW .{Iflzlimt}
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engine (presumably a Type P75), with no exhaust gas recirculation, as:
Hydrocarbons and nitrous oxides: 2.83 grams per kW hour

(2.1 grams per hp hour)

2 grams per kW hour

(1.5 grams per hp hour)

Carbon monoxide:

This compares with the predicted emission requirements (in California) of
476 and 13.6grams per kW hour (3.5 and 10grams per hp hour)
respectively,

COSTS AND APPLICATIONS

No specific data on the costs of United Stirling engines have been
published. Comparative estimates for total operating costs have been
siven by Rosengvist et al. (1977), and by Carlgvist et al. (1977) for 150 kW
{204 hp) Stirling and diesel engines for the typical 13 000 kg (25 665 1b,,)
city-suburban delivery truck shown in Fig, 15.19. Initial cost for the
Stirling engine was assumed to be 50 per cent higher than the diesel
engine. The radiator cost was assumed to be twice that for the cost of the
diesel engine radiator. A variety of other assumptions, some credible,
some questionable, were made with the result that the Stitling engine
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Fig. 15.19. United Stirling P150, V8 Stirling engine installation- in-13-ton el ium-duty
truck {after Hallare and Rosengvist 1977).

installation had a weight advantage of 40 kg (88.2 Ih) compared with the
diesel installation, The higher initial cost of the Stirling engine was offset
by the lower operating cost so that a pay-back period of (.5 to 3 years
will be achieved depending on utilization in the range 16000 to
LODDOO kmfyear (9942 to 62 137 miles/vear). The economic analysis de-
pends on predicted price levels for fuels and lubricants in the 1980s and
an performance penalties imposed on the diesel by anticipated regulatory
emission requirements. In both these areas prognostication is so specula-
tive that the credibility of such comparisons must be low, It would be
better if specific information for the Stirling engine in terms of original
and operating costs could be published for other, disinterested, parties to
undertake cost comparisons.

The main thrust of United Stirling effort is clearly directed 1o vehicle
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application but other uses are foreseen. Marine applications, both sur-
face and underwater, have always been of interest. Some aspects of the
marine and stationary applications were discussed by Carlqvist et al.
{1977). In such applications it is possible to use lower water cooling
temperatures (10-20°C (50-68 “F}) compared with automotive use (60-
70 °C (140-158 °F)), but the gain in performance is largely offset however
by the preference for helium as the working fluid rather than hydrogen. Tt
is 10 be expected that marine versions of the P40, P75, and P150 engines
will be available.

Stationary applications will no doubt include electric power generation.
Hallare and Rosengvist (1977) touched briefly on the attractiveness of the
Stitling engine for heat pumps. They outlined a district heating scheme
for space heating (and cooling) and hot water production for large
industrial or commercial residential buildings and estates of single or
multiple family dwellings.

Lia and Lagergvist {1973) have discussed experimental work on Stirling
engines heated by heat pipes rather than direct combustion heating. Such
a programme is indicative of interest in high-temperature, high-
performance engines and of engines used in association with thermal
energy storage systems for emission-free vehicles or underwaler power
sysiems.

Recently it was announced (NASA, 1977) that United Stirling was to
be a partner with Mechanical Technology Inc. and Amernican Maotors in
one of the two teams to be funded by the Department of Energy in the
United States for development of an automotive Stirling engine.

Recent developments

Recent developments at United Stirling include the engine configura-
tion shown in Fig. 15.20. This is a double-acting engine having four
cylinders connected as shown in Fig. 15,7, Tt is therefore similar to the
four-cylinder Vee engines described earlier. The big difference between
the new engine and the previous Vee engines is that the eylinders are
parallel and two crankshafts are used with two pistons coupled to
each crankshaft, Twin gears are used to couple the crankshafts,

The relative merits of parallel versus Vee cylinders were discussed by
Fitzner (19774) as part of the study carried out by Ford on behall of the
11.5. Department of Energy, for an 60 to 74kW (80 to 100 hp) au-
tomotive Stirling engine. The parallel cylinder design leads to a4 more
complicated drive mechanism but allows a very compact heater and air
preheater arrangement. Machining costs for the parallel cylinder arrange-
ment are likely to be much reduced,

It is not known which of the two engine forms is projected for
production series engines,

Sy
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Conclusion

Ltfnitecf Stirling now has a decade of experience on Stirling engine
design. development and operation and they appear an apgressive, practi-
cal, commerically oriented team. This accumulated experience ;:nuplcd
wirh‘the substantial funding for development available from U.S, sources
provides the greatest possibility that commercially viable stirling engines
will become available in the 1980s. 3




16 STIRLING ENGINES FOR
AUTOMOTIVE APPLICATIONS

INTRODUCTION

STIRLING engines are attractive for automobile applications, They oper-
ate quietly, have low exhaust emissions, and can operate with any fuel or
source of heat with high efficiency and rapid response. They are compara-
ble in size and weight with internal combustion engines. Their part-load
performance and torque speed characteristic is favourable to vehicular
applications They have the promise for long operating life, extended
periods between maintenance, and low lubricating oil consumption.,

Cost is the principal disadvantage of Stirling engines compared with
internal combustion engines. This arises out of the need to use heat-
resistant steels or ceramic components in the hot parts of the engine.
Moreover, the heat exchange and control systems are relatively compli-
cated and the cooling system has to handle double the laad of an internal
combustion engine of comparable power since the exhaust heat from the
Stirling engine must be kept to i minimuwm,

Scrious interest in Stirling engines for automotive applications de-
veloped at General Motors in the mid-1960s, This followed their revival
of Siemens double-acting Stirling engines and the emergence of compact
engine designs for underwater power systems. Contemporaneously, public
interest in alternative engines wis stimulated by increased concern about
vehicle exhaust emissions and atmospheric pollution.

General Motors”™ interest was locused on the Stirling engine for bus
applications. A four-cylinder bus engine was designed and built before
their Stirling engine program was abruptly terminated in 1970 (see
Chapter 13},

In 1968 Philips undertook the development of a bus engine at the
request of o new licensee, United Stirling of Sweden. These enpines were
instalted in medium-size DAF and MAN buses. Later, United Stirling
developed Siemens double-acting engines and evaluated these in a Ford
Finto car, a Ford Taunus station wagon, and in a suburban delivery truck,
{see Chapter 15).

On termination of the licence agreement with General Motors Philips
became associated with Ford and continued the development of Siemens
double-acting Stirling engines with swash-plate drive for passenger cars.
A I25KW (170 hp) four-cylinder engine was developed and installed in a
Ford Torino car and a smaller engine for compact passenger cars was
investigated (sce Chapter 12).
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GROWTH OF LS INTEREST

The oil embargo and energy crisis of the early 1970s focused public
attention on the cconomic vulnerability of the United States to extra-
territorial pressures. [t resulted in a massive surge of research and
development activity related to energy. The Energy Research and De-
velopment Administration (ERDA) was created to coordinate all energy-
related research of the U.S. Government. This was later reorganized as
the Department of Energy.

In the early 1970s the Ford Company provided one half million dollars
for the Jet Propulsion Laboratory (JPL) of the California Institute of
Technology to conduct an independent evaluation of automobile power
systems for the 1980s (Stephenson 1975). This comprehensive study
arrived at conclusions favourable to development of the Stirling engine as
a potential automotive engine.

Simultaneously the joint Ford-Philips program for development of a
125 kW (170 hp) swash-plate Stirling engine for the Ford Torino car was
proceeding. Progress was sufficiently encouraging for the U.5. Depart-
ment of Energy to commission the feasibility study of a 60 to 74 k'W (80
to 10{t hp) Stirling engine (Kitzner 1977a),

The optimistic projections of this study, coupled with the recommenda-
tions of the JPL work, and the urgent need to explore viable alternatives
to existing engines, led ERDA (now the DOE) to enter a cooperative
Stirling engine development program with Ford and Philips. This
cost-shared program was outlined by Kitzner (1977b). It was antici-
pated the program would require 8 years for completion and require
total funding of some U.S. $160 million. The proposed program was
divided into twelve separate tasks extending to 1985.

A second Stirling engine development effort of corresponding mag-
nitude was proposed by a consortium of Mechuanical Technology Incarpo-
rated and American Motors of the United States, and United Stirling of
Sweden, with funding provided by the U.S. Department of Energy. A
preliminary announcement of this program was made (NASA 1977)
but the final details and scope are presently unknown.

The Department of Energy has vested the responsibility for the man-
agement of these two main development programmes in the Stirling Engine
Project Office at the Lewis Research Centre, Cleveland, Ohio, of the U 5.
National Aeronautics and Space Administration, A review of the Stirling
engine project status was given by Ragsdale (1977).

The objectives of the program were stated to be:

(a) the development of an ‘improved’ engine to permit an engineering

production decision (by 1984-85),
(b} define the ‘advanced’ Stirling engine (by 1983).
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{c) develop the technology for advanced engine production in the
1990s,

An improved Stirling engine was defined as one using existing or near-
term technology and exhibiting a 30 per cent fuel economy advantage
over a comparable 1976 spark-ignition engine while meeting the statutory
emission requirements of the Clean Air Act. The ‘advanced’ engine was
defined us having a 60 per cent fuel economy advantage over a compara-
ble spark-ignition engine. Both engines are to be economically attractive
compared with alternative cngines.

If the efficiency of the 1976 spark-ignition engine is accepted as 30 per
cent, the target efficiency of the advanced Stirling engine is therefore 48
per cent—a challenging, but not impossible, target. To achieve that and
yet remain economically attractive with other engines does not seem to be
realistic, However, time will tell,

In addition to the two principal Stirling engine development program-
mes # number of supporting research and development activities were
described by Ragsdale (1977), These included (a) materials technology
assessment for Stirling engines {Stephens ef al. 1977), (b) studies of
hydrogen permeability in metals and ceramics, (¢} studies ol seals for
Stirling engines, and (d) a survey of available design analysis techniques
for Stirling engines (Martini 1978), Future activities were anticipated to
expand or initiate work on materials, seals, heat exchangers, advanced
engine definition, and fabrication of a general purpose test engine.

In-house research on Stirling engines at the Lewis Research Centre was
initiated to develop a capability in the technology and to provide basic
experimental data for the validation of computer simulation programs.
This program involved the restoration of two General Motors GPU-3
single-cyhinder rhombic-drive engines obtained by NASA-Lewis from the
LS. Army Mobility Equipment Research and Development Laboratory,
Fort Belvoir, Virginia. Test results obtained with the restored engines
were piven by Cairelli and Thieme {1977).

Computer simulation programs for Stirling engines are being de-
veloped at NASA-Lewis and were briefly described by Tew (1977).

The availability of a general purpose laboratory engine for component
evaluation and general test work would undoubtedly enhance the de-
velopment of Stirling engines in all applications. The design and construe-
tion of a Stirling labdratory research engine (SLRE) was undertiaken by
the Jet Propulsion Laboratory and has been deseribed by Hoehn (1978),
The engine is shown in the pictorial section diagram, Fig. 16.1. It comsists
of a single-cylinder opposed-piston unit with twin crankcases and an
in-ling heater, cooler, and regenerator interposed between the pisions.
Phase control of the two pistons is maintained by toothed flexible-drive
belts coupled to a motor-driven countershaft. The engine is designed to
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Fra. 161, Pictarial cross-section of the IPL Stirling laboratory research engine (after
Hoehn 1878).

develop 9 kW (12hp) at 3000 rpm with a cylinder bore of 73.0 mm
(2.87 in), a stroke of 54 mm (2.12in), and a design mean pressure of
6,9 MN/m® (68 atm) of helium working fluid.

The 5Stirling engine development programmes discussed above are only
one aspect of various alternative engine concepts and systems being
explored in the United States. It is not the intent of the U.S. Government
o enter the vehicle engine production business. Rather, by the provision
of financial assistance they are seeking to develop the basic technology to
allow industrial evaluation of all the potentially viable alternative au-
tomobile engines. It has become customary to review the progress of
these various programmes at semi-annual Highway Vehicle Systems
Contractors Coordination Meetings held at various locations in the
United States and organized by the Department of Energy, The procesdings
of these meetings are published and distributed through the National
Technical Information Service (NTIS) Springfield, Virginia. These con-
tractor reports will provide the prime vehicle for information exchange on
the Stirling engine development programmes although occasional papers
will no doubt continue to be included in the technical society meetings,

AUTOMOTIVE APPLICATIONS WITH THERMAL STORAGE SYSTEME

Stirling engines may be driven from any heat source. One passibility for
automobile applications of Stirling engines is to drive the engine from
heat drawn from a thermal-energy storage system, a thermal hattery, The
battery may be charged at intervals (overnight) by natural-gas combustion
or, more likely, by electric-resistance heat.

The combination of Stirling engine and thermal storuage system was first
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explored systematically by General Motors in the 1960s for underwater
power systems. This work is discussed in Chapters 13 and 18, Although
primarily concerned with marine applications, the program, in 1964,
embraced the installation in an automobile of a 22 kW (30 hp) engine
driven from a heated alumina thermal-energy source. This was probably
the first Stirling engine in a vehicle as well as the first vehicle to be driven
from a thermal energy source but was never intended as a serious
alternative propulsion system for automobiles, It did serve to demonstrate
that a Stirling engine driven from a thermal energy source can be a
fraction of the weight of an electric motor/lead-acid battery combination.

Later Meijer (1970a) presented a milestone paper containing the
results of extensive studies carried out at Philips concerned with vehicular
applications of Stirling engines. Part of the paper was concerned with the
combination of a Stirling engine and thermal-storage systems in vehicles,

Fig. 16.2 is a schematic representation of the combination of Stirling
engine and thermal storage system discussed by Meijer (1970a). The
thermal-storage medium was lithium fluoride stored in thin-walled sealed
bottles charged with argon to maintain a slight internal positive pressure
to prevent collapse of the bottles. Lithium fluoride melts at 848°C
{1558 °F) and has a high latent heat of fusion with reasonable volume, a
combination which makes it the preferred thermal storage medium for
use with Stirling engines.

The thermal-energy content (measured from a datum of 550°C
(1022 °F)} of hthiom Auvoride is shown in Fig. 16.3 as a lunction of
temperature, The thermal capacity, Q of solid lithium Auoride increases
steadily with temperature until, at 848°C (1558 °F), the solid begins to
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FiG. 16.2, Schemalic representution of a Stirling enpine with lithium fuoeide thermal
storage system coupled by sadium vapour heat pipe (ofter Meijer 1970a),
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The efficiency of Stirling engines 5, is also shown. The product Q% 5, 5 the mechanical

anergy potenfially available from a Stichng engine driven by thermal storage over the
temperature range 850 to 550 °C {after Meijer 197 0a).

melt, The latent heat of fusion (heat to melt) is 250 Whike (0,15 hph/lb,)
and su the heat capacity increases by this amount at constant temperature
until all the solid has melted.

[t was reasonable to anticipate that the heat stored in this way could be
used to drive a Stirling engine with a reducing temperature of the stotage
media down to a temperature as low as, say, 550°C (1022°F). The
efficiency ol the engine was of course o function of the temperature and
therefore decreased as the storage temperature decreased. The possible
variations in efficiency with temperature is shown in Fig.16.3. The lower
curve shown in the same figure is the potential engine work available.
This is the product of the energy stored, (2, times the thermal efficiency,
7. It can be seen from Fig. 16.3 that as many as 200 Wh (0.27 hph) of
work could be obtained per kg of lithium fluoride contained in the
thermal store ranging in temperature {rom 350 °C to 850°C (1022 °F to
1562 °"F).

The thermal storage system was coupled to the engine by a sodium
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vapour heat pipe shown in Fig. 16.2. Liquid sodium boiled on the hot
bottles of lithiom fluoride salts and condensed on the heater tubes and
heater head of the engine so that heat was cffectively transferred from the
thermal store to the engine. The storage unit and connecting ducts were
all thermally insulated so that condensation of sodivm vapour occurred
only at the engine and thermal loss by conduction was minimized.

Heat could be transferred very effectively by heat pipe systems involy-
ing boiling and condensing of the transfer fluid. There was virtually no
difference between the supply and delivery temperature and the rates of
heat transfer could be orders of magnitude higher than by conventional
conduction. Another advantage when used with Stirling engines was that
the vapour condensing on the heater tubes and cylinder head ensured a
uniform temperature. There could be no *hot spo1s’ which were virtually
unavoidable in direct heating combustion systems, As a consequence, the
mean heater temperature could be elevated to the metallurgical limit of
the heater-tube material. This pain was often as much as 75°C (167 °F)
{Meijer 1970a) with consequent improvement to the power and effi-
ciency of the engine.

Moreover, the heat trinsfer rates of condensing sodium vapour were
very high, so the size of the heater tube could be reduced 1o the Hmit
dictated by thermil conduction capacity through the walls of the heater
tubes and by internal heat transfer in the tubes 1o the working fuid, This
resulted in short heater tubes giving appreciable savings in the dead
volume with further beneficial consequences to the engine power and
efficiency.

This system of indirect heating by heat pipes was not limited to Stirling
engines with thermal storage systems. 1t was equally beneficial when used
on Stirling engines with fossil-fuel combustion systems. Meijer (1970a)
gave the data reproduced in Fig. 16.4 as a comparison of engine perfor-
mance with direct and indirect heating for engines with helium and
hydrogen working fuids. Tt can be seen that the power and efficiency of
indirectly heated engines were markedly superior at higher speeds for
both hydrogen and helium. Lin and Lagergvist (1973) have described
similar work with indirectly heated Stirling engines at United Stirling.

Heat pipes have been extensively studied by Philips not only for
Stirling engines but also for other applications, Asselman and Green
{1973a and b) gave excellent reviews of the basic technology and applica-
tions,

Returning again to the Stirling engine with thermal storage system and
sodium heat pipe as illustrated in Fig. 16.2, the system could be recharged
with heat using the sodiwm boiler shown at point 3 in Fig. 16.2. An
electric heater is shown but a combustion heater could also be used. The
thermal battery is charged periodically by heat supply to the boiler. The
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199 0.
sodium boils and condenses on the lithium fluoride bottles thereby
reheating them. If electric heating is used, the thermal battery may simply
be recharged overnight or when the vehicle is not in use. IT on the other
hand combustion heating is used, there are two possibilities. One is that
a portable external combustion system be emploved when the vehicle is
not in use. The other possibility is that the combustion svstem be
self-contained, on board the vehicle, and is used intermittently when
convenient or as required. A unit similar to this latter type was described
by Agarwal ef al. (1969) in reporting the General Motors “Stirlec” hybrid
vehicle, This was an electric car with electric rather than thermal-storage
battery capacity and an electric generator driven by a Stirling engine

(General Motors Type GPU-3, 7.3 kW (10 hp) engine).

Meijer (19704} presented the results of calculations made at Philips for
six types of vehicles with Stirling-engine/thermal-battery propulsion sys-
tems. The calculations were made with the assumption that the battery
was charged once only every day and that the vehicle radins of action was
the same as that of a gasoline driven car, circa 1968. The basic vehicle
data was similar to that used elsewhere for a study of electric propulsion
of vehicles and is reproduced in Table 16.1. With this basic information,
calculations were made to establish the principal parameters for the
vehicles equipped with a Stirling engine/thermal battery.

The results of the caleulations are summarized in Table 16.2, repro-
duced from Meijer (1970a). Comparison of the results given in the two
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3 STIRLING ENGINES FOR AUTOMOTIVE APPLICATIONS

tables indicates that the Stirling engine with thermal storage has very
advantageous characteristics for application to vehicles. It is possible 1o
drive a city bus, taxi, delivery truck, or passenger car around all day,
without any noise, without using lguid fossil fuel and without exhaust
emissions from the vehicle. Moreover, as Meijer (1970a) pointed out, the
system permits the interior of the vehicle to be heated by engine waste
heat. In vehicles with electric propulsion, interior heating has always been
a particularly difficult problem, especially in cold climates.

A more recent study by Asselman et al. (1977) of automotive applica-
tions of Stirling engines with thermal energy storage was directed particu-
larly to the compact commuter passenger car,

Independently, Folsom ef al. (1977} considercd a number of automo-
tive propulsion schemes using thermal storage concepts and concluded
that the Stirling engine had substantial advantages over Brayton and
Rankine eycle engines.

The safety of high-temperature thermal-storage systems was considered
b Boser (1977) with an account of the accumulated experimental experi-
ence at Philips.

Intense effort is presently being invested in the United States on the
development of Stirling engines for automotive purpases, using gasoline
or diesel fuel with direet heating, The wisdom of this is guestionable,
[nternal combustion engines are perfectly adequate for use where their
noise, exhaust emission, and need for distillate fuels can be tolerated.
Stirling engines can probably never be made as cheap and reliable as
internal combustion engines have become in the century of effort devoted
to them.

A betler use of the time and money now being spent might be o
develop Stirling engines with thermal-energy storage as automotive pro-
pulsion systems for the electric economy that lies ahead, In the electric
economy, liquid distillate [uels will be in relatively short supply and
available at premium prices. Electric energy will be low cost by compari-
son, The electric energy will be derived from coal combustion, from
nuclear fission reactors and, in the twenty-first century, from large scale
photelectric conversion of solar power and by nuclear [usion.

It is conceivable that in the electric economy Stirling engines with
thermal-energy storage will become the primary wvehicle propulsion
system.

AUTOMOTIVE APPLICATIORNS TN MINING

Hallare and Rosengyist (1977} indicated that the first commercial
applications for United Stirling engines will be for underground mine
vehicles. The use of diesel engines in underground minework is a subject
of increasing concern to those involved with industrial health and safety,

i
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There is concern at the long term effects on health of inhaling diesel
exhaust emissions. There are dangers of fire and explosion from the high
temperature exhausts, particularly after the safety devices have been
tampered with by well-intentioned but ignorant mechanics or operators.

stirling engines for underground mine vehicles have advantages in
terms of reduced vehicle emissions, quict operation, and low-lemperiture
exhausts. Moreover, it is possible to foresee the next step for combination
ol the engine with thermal storage so as completely to eliminate exhaust
emission when operating underground. Electric power is always available
lor recharging during shift changes or when loading and unloading. For
mine locomotives used above and below ground, a combustion-heating
system may be turned on when operating on the surface. It would provide
the -energy for both surface propulsion and to replenish the thermal
battery for underground operation.

REGENERATIVE BRAKING AND PROPULSION

In surface mines large trucks are used lo move both the overburden
and product. Payloads of 100x107 and 200= 107 ke (220500 and
441 000 1b,,,) are common. A prototype unit of 35 = 10" kg (771 7501h,,)
payload, the Terex Titan, has been constructed in Canada and larger units
are contemplated. These giant machines are powered by 735 kW
{1000 hp) locomotive diesel engines driving an electric generator which in
turn supplies power to the propulsion motors in the rear wheels. Smaller
trucks, from 35 % 107 to 85 % 107 kg (77 175 to 187 4251b,,) capacity, have
a conventional mechanical drive from the engine through a transmission
svsiem to the rear wheels.

An application for Stirling engines exists with these large mining trucks
to- provide regenerative braking and propulsion. The principle of the
combined repenerative braking and propulsion unit is simple. Consider,
for example, the cylinder arrangement for the Siemens double-ucting
engine shown in Fig. 16.5. When operating as an engine producing power
the expansion spaces are located in the heated spaces at the upper end of
the cylinder. The compression spaces are al the cooled lower ends of the
cylinder, The direction of heat flow is into the engine at high temperature
and out of the engine at low temperature with the production of some
work at the shaft, The expansion space of ane cylinder is connected to the
lower end of the succeeding cylinder through the heater, regenerator, and
cooler,

Now let the connections between cylinders be switched at the cold end
50 that the upper end of one cylinder is connected to the lower end of the
preceding rather than succeeding cylinder. This causes roles of the hot
and cold spaces to be reversed and the engine will attempt to run in the
reverse rotation direction. However, if sufficient power is applied 1o the
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Fro, 16.5, Cylinder arrangement for Siemens double-acting Stirling engine for regeneritive
braking and propelsion concept,

engine shaft to drive the engine in the oripinal forward direction il will
operate, nol 4s a prime mover, but as a heat pump. With the switching of
the cylinder connections the lower ends become the expansion space
abstracting heat from the surroundings to the working fuid. Similarly the
upper ends of the eylinder become the compression space and heat is
rejected from the working fluid to the heater. Thus, by simply switching
connections between adjacent cylinders, the engine can be converted
from i prime mover using high temperature heat and producing power, ta
a heat pump which absorbs power and generates high temperature heat.

When this system is applied to a Stirling engine equipped with thermal-
energy storage in a mine truck, it can absorb power during down-haul
operation to retard or decelerate the loaded truck and, at the same time,
store the thermal energy to drive the empty truck back from the load
tipple to the mine site.

The regenerative braking propulsion system was conceived by the
author in the course of consulting work in coal mines in Alberta and
British Columbia. These are located in mountiainous regions and long
down-haul opeérations of leaded trucks are commonplace. The same
system can of course be applied in railway locomotive engines and in
highway vehicles and is particularly atlractive in mountain or foothills
arcas where considerable downhill braking is necessary.

Preliminary studies [or mining trucks have shown that for loaded
down-haul operations the fuel savings exceed 50 per cent. Economies of
this order with 735 kW (1000 hp) engines in large fleets operating con-
tinuously are very significant indeed. Further savings are attained in
reduced wear and tear on mechanical braking systems and in improved
safety in operation.

17 STIRLING ENGINES FOR
ARTIFICIAL HEARTS

INTRODUCTION

Tue Artificial Heart Program in the United States was established in
1964 by the National Heart Institute (Department of Health, Education
and Welfare). The objectives of the program were to develop devices that
could assist or totally replace the heart. Some devices were intended for
temporary circulatory assistance for patients in hospitals and confined to
bed, Other devices were intended for permanent implantation in the body
to assist or totally replace the heart in pumping blood and to allow the
recipient complete freedom of movement.

Harmison and Hastings (196%9) justified the program on the grounds
that in the United States, heart disease caused about a million deaths per
year and was by far the leading cause of death, 54 per cent, compared
with 16 per cent for cancer, the second most common cause: Moreover,
data compiled in the carly 1960s indicated that about a quarter of the
adult populalion had definite or suspected hearl disease. About two
million of these were seriously handicapped by the disease. An annual
expenditure by the U5, Federal Government of over 300 million dollars
was estimated for welfare benefits to individuals under the age of 63
permanently and totally disabled by heart disease. By way of comparison
the total annual budget for the artificial heart program was eight million
dollars in 1969,

Wiggers (1957) has provided an excellent summary about the heart and
its functions. A more extensive discussion has been given by Longmore
(1971}). Both these sources are written for the lay person and provide a
good foundation for understanding the magnitude of the task facing those
seeking to replace the natural heart,

The U.S. artificial heart program was extraordinarily broad in scope. At
the First Artificial Heart Conference, held in 1969, ninety-two technical
papers were presented by the sixty-three separate contractors on @ very
wide range of topics, Of this total, sixteen papers were concerned with
implantable energy sources and, within this group, only two were devoted
to Stirling engines. A third paper discussed a fluidic control device for
coupling Stirling engine gas compressors to the blood pump. It is clear,
therefore, that work on Stirling enpines was but a small part of a large
program. However, because of the specific nature of this book the
discussion here will be confined to matters related to Stirling engines.

GEMERAL CONSIDERATIONS
Two research and development progeams on Stirling engines have been
sponsored by the Artificial Heart Program of the National Institute of
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Health from its beginning in the mid-1960s to the present time, The two
research contractors have been the Aernjet Liquid Rocket Company at
Sacramento, California and the McDonnel-Douglas Corporation at Rich-
land, Washington, A third program, begun somewhat later at the Ther-
moelectron Corporation, started with a Rankine-cycle steam engine.
Resulting from progressive development, the engine became a ‘tidal
regenerator engine’ and changed its character to a closed Stirling-cvcle
regenerative engine with a condensing/evaporating working fluid. Finally
a fourth program for circulatory assist devices, commencing in the early
"T0s was separately funded by the 1.5, Atomic Energy Commission with
the Westinghouse Electric Co., Pittsburgh, Pennsylvania. This started off
as a rotary steam engine project but changed to a Stirling engine project
with. North  American Philips Inc., New York, as the principal
subcontractor,

All these programs [or engine and svstem development _h:we he:cn
regularly reported at the Intersociety Encrgy Conversion Engiml:urlng
Conferences held annually in the United States and, more fully, in the
guarterly progress and annual or semi-annual contractor reports. Progress
with blood pumps and surgical techniques are reported at meetings, and
in the Journal of the American Society of Arificial Iernal Grgans.

All the four machines are superficially similar in that they seek to
provide the means to converd thermal energy to some form of mechanical
work to drive a blood pump. A typical schematic system is shown by the
block dingram in Fig. 17.1, {reproduced from Johnston ef al, 1977), For
many years the source of the thermal energy was intended 1o be
radioisotope, with plutonium 238 as the preferred material (Sandgvist e
al. 1975). Its high specific power, moderate radiation levels, and long half

| Radio- Energy
isatope | eantroller ™
(or)  |Thermal| |Stirling | [Hydraulic Pump Blood
F battery |7 engine sccumulstor| | actuatar pump
el r
Eleetric Eleetric
utility  [[17] beater Rate pnd
= violume
controller
4 Engine module Pumg module
Skin

Fra. 17.1. Block diangram for artificial heart (after Johnston er al, 1977
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life (89 years) provide the prospect of an cssentially permanent heat
source (lasting more than 10 years). However, an allernative has been
proposed because of the large numbers involved (Harmison and Hastings,
1969, estimate a demand of 200 000 units per vear), Other (actors are the
high cost of the isotope and increasing public concern and government
restriction against the use of plutonium in such Tarpe amounts. The
alternative (Martini 1977h) is an clectrically-heated thermal-storage cap-
sule that would give four to eight hours of artificial heart power before
recharge would be necessary, This approach demands the development of
satisfactory long-term percutaneous {through the skin) power leads (Lee
1969} or the alternative of a transcutaneous (acrass the skin} power
transformer (Newgard and Eilers 1969; Thumin 1969,

For the thermal engine systems the power input levels range from 30 o
50 watts to develop the 3 10 5 watts of actual hydraulic power reguired
for the blood pump. This whole 30 to 50 watt power input must
eventually he dissipated from the system 1o the body and hence to the
atmosphere. In all cases the blood is used as the system coolant, For
comparison an average man asleep and at rest dissipates about 100 watts
of heat. When doing heavy manual work the power level increases 1o as
much as 500 watts. An athlete may be able briefly to exceed a kW
power rate.

The dissipation of an extra 30 to 50 watts of heat from the body is not
seen as an insuperable problem and this has been confirmed in many
animal experiments. It is imperative to avoid hot spots at any external
part of the system in contaet with the body for blood cells and other living
tissues are highly susceptible to temperiture damage;

One of the principal attractions of the alternative electrically driven
blood pumps is the low power input, for it would reduce the amount of
heat that must eventually be dissipated in the body. Electrical systems
have paid the Carnot penalty at the power station where the eleetricity
was generated. Therefore, the power input may be as little as 10 watts to
develop the 3 to 5 watts power for the blood pumj.

The physical structure and arrangement of the circulatory svstem and
the susceptibility of the blood to mechanica) damage require that the
blood pump, even for total heart replacement, be a pulsing system,
operating at a frequency close to the normal rate {about 50 to 100 beats a
minute). For a heart assist system, of course, the pump must be exactly
synchronized with the operation of the natural heart. .

In some of the systems tried the engine operated at a high frequency to
make the unit small and compact. Others operated al heart-beat rate but
in no case was the engine coupled directly to the blood pump. Instead,
the different svstems were packaged in two units as shown in Fig,
17.2—an engine module and pump module. A variety of arrangements
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Pump module

Engine modale

Fra. 17.2. Heart-ussist thermal-energy system concept (after Jobmston ef al, 1077),

were used 1o provide connections between the two modules through
which power was trunsmitted from the engine to drive the blood pump.
The MceDonnel-Douglas and Thermoelectron systems used hydraulic
connections with a hydraulic actuator to drive the blood pump. The
Aerojet-General system used a pneumatic connection and pneumatic
actuator to drive the pump. The Westinghouse/Philips unit used a Aexible
rotating shaft with a crank driven blood pump with intermediate speed
change gears,

For all systems a contral unit was a necessary component and much
engineering ingenuity has been exercised in the development of these
electronic or fluidic control units.

A brief description of the four systems is given below although space
precludes a complete discussion of details for all systems. The general
approach followed is briefly to review published accounts of the most
recent versions of the four systems, and provide sources {or more com-
plete reference. All the systems have experienced successive generations
of development; some are now at the fifth and sixth stages. Development
has procecded in parallel with related development of blood pumps,
actuators, control systems, operating experience with laboratory systems
and with actual installation in animals—usually calves but sometimes pigs
have been used, Space precludes a discussion of all this. Further, the
ethical, societal, and legal questions concerning artificial hearts have not
been addressed,
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There is concern about the use of radicisotope heat sources in artificial
hearts. A heat source of 30 watts would require 54 grams (0.12 1b,,) of
Pu238. Now the critical mass of & fast unmoderated Pu238 system is
(Sandgvist et al. 1975) 52kg (11.51b,) with a steel reflector. One
nightmarish scenario has a convention of 1000 *Arty-Heartys’ providing a
determined terrorist organization with all the plutonium necessary for a
bomb. There is more legitimate concern about the dangers of inadvertent
cremation of artificial heart power sources in hotel or residential fires, in
automobile accidents or even in routine cremations following death by
natural causes, even perhaps mechanical failure of the blood pump, It
would be exceedingly difficult to keep track of all the isotope sources if
anything other than a few experimental units were involved.

The progress achieved in filteen years of development of the artificial
heart has been remarkable. Complete, operating, heart-assist systems
have been installed in calves free to stand and walk about. The longest
time of survival to date was about eight months. No attempt has been
made here to judge the competing systems for this would require & more
intimate knowledge and understanding than can be gleaned from the
published reports. Enough progress has been made to demonstrate the
technical feasibility of relatively long-term (say five years) mechanical
heart-assist systems. There is every reason to believe that total heart
replacements are also possible. When and, indeed, if such developments
will oecur are not certain for there are imporiant issues o resolve.

MCDONNEL-DOUGLAS ARTIFICIAL HEART EMGINE
(NOW UNMIVERSITY OF WASHINGTON)

Johnston e al (1977} have given a goed overall summary of progress
achieved with McDonnel-Douglas Stirling-engine/hydraulic-pump artifi-
cial hearts. A schematic diagram of the system is shown in Fig. 17.3. The
engine module contained the thermal energy source, Stirling engine and
the hydraulic converter/accumulator. The pump module contained the
blood pump and the hydraulic actuator/contraller.

Details of the engine module are shown in Fig. 17.4 and some of the
performance characteristics are given in Table 17.1 (Johnston et al,
1977). The Stirling engine was basically @& piston/displacer in sepuarate
cylinder units. In one cylinder the displacer oscillated with a short stroke
and was caused to move by the balance of pressure forces acting upon it
These were made up of the helium gas pressure acting on the displacer
over the whole area at the top and over part of the area at the bottom,
This pressure changes during the cyele. The displacer piston moves the
displacer by operating between the wvariable engine pressure and the
constant pressure of the buffer space. Variation in engine specd was
accomplished by a power control valve V, (Fig. 17.3) in the hydraulic
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Fic. 173, Schematic dizgram of MeDonnel-Donglas nuclear-isotope or electriz-heating
Stirling engine and hydraulic blood pump (afler Johnston ot al. 1975),

connection hetween the displacer cylinder and the converter.

In this engine the ‘piston’ consisted of a flexing metal diaphragm with
helivm gas on one side and hydraulic fluid (a petroleum hase fluid) on the
other, The regenerator was the annular gap between the displacer and the
eylinder wall.

Motion of the displacer in the cylinder cavsed helium 1o pass through
the regenerator from the hot space above to the cold space below the
displacer resulting in variation of the pressure level of the helium gas
berween 0.9 and 1.3 MN/m® (135 and 185[b per sqin). The pressure
change acting on the ‘piston’ diaphragm caused it to flex and pump the
hydraulic Aluid at the same pressure range. A differential area hydraulic
pump created hydraulic pressure (1.4 MN/m® or 2001 persgin). This
was the delivery pressure to the hydraulic actuator of the blood pump.
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Fic. 174, Cross-section of McDonnel-Diouglas radioisotope, Stirhing engine heated module
{after Jobnston e al, 1975),

The high pressure hydraulic fluid acted as the coolant for the engine and
carried the waste heat for final dissipation to the blood in a heat
exchanger adjacent to the blood pump.

An interesting feature of the McDonnel-Douglas engine was the flex-
ural element used to locate the upper end of the displacer in the cylinder.
This was adopted in preference to a sliding guide ring at the hot end so as
to eliminate the generation of wear debris. The original version of the
flexing element is shown in Fig. 17.5. The present. improved flexing
element has a spiral configuration to provide a long flexure length and so
reduce the stress levels as shown in Fig, 17.6, for long life and reduced
heat transfer,

Four flexing metal bellows were used in the engine module to separate
the hydraulic fluid and helium working gas, the diaphragm, the displacer
drive bellows, and the two buffer bellows. All these flexors do not sustain
a pressure difference and may therefore have a long life. Nevertheless
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Table 17.1. Power source design dnd performuance parameters for MoDonnel-Douglas
artificial heart {after Johnston eral, 1977}

System 3 System 6 Swstam 7
Prototvpe designation (implantabls]  (implantable)  (mplantable)
Owerall system chameteristics
Peak thermal input (W) 0 i3 20
Peak power delivered to blood pump (W) 4.55 310 a7
Peak system efficiency (%) 2.1 13.5 23.5
Volume (1)* 1722 L3 1.33 041/0.61
Fuelled weight (kg) 4.5 2.4 1:E
Peak thermal enérgy to ahdomen (W) o 33 2
Peak thermal energy (o chest (W) 4 L5 1
Feak thermael energy ta biood (W) 32 23 12
Daily average thermal input (W)T — — 1
Year available 1972 o735 19749
Thermal enging module characterivics
Fydrrulic power 1o actuator (W) 5.0 3.76 5.0
Warking fluid-engine Helinm Helium Helium
-hydraulic converter LICON: NE Mo. 1 ME Mo, 1
Peak operating frequency (Ha 22 23 35
Peak cvele temperature (°C) 4740 75 S0
Cyele pressure (psial-engine 2350180 2007160 234155
“converier 200/14.7 2.15/14,7 2507147
Peak engine module efficiency (%) 10 17.5 25
Foelled weight {kg) a0 1.80 f1.61
Yolume (13° .67 77,155 n.25M.33
ey dimensions (cm)
Magimum length® 254267 16,3/17.3 11.4/12.]
Muximum width® 1077119 10.2{12.1 T.1/B.5
Miximum thickness® LIRS 5172 EXTARI
Hydraulte conneciing fnes
Yolume (1)° Mot DOSOM0.I5T 00800151
Weight (kg) Considered 0,260 0,135
Premp achuaion conteoller characteriics ’
Working fluid LCON NF No. 1 NI No. 1
Peak efficicnoy (%) 80,7 g5 939
Yolume: (17 13400, 144 (L082/0,124 (LOS2/0.124
Weight (kg™ 0.504 0.319/0.331 0.319/0.331
Height above pump pum plate (cm)® 373398 305356 3.05/3.560

" With no 1nw temperiiure foam insulationfwith nsulation,
f For 2W daily averape pawer to blood pump push plate,

their pressure must give rise to concern about the feasibility of achieving
the desired l0-vear life with no maintainance. The peak operating fre-
quency was 25 Hz and was projected to increase to 35 Hz (Johnston er al,
1977). An average [requency of say 25 Hz for 10 years corresponds to
3.28<10% cyeles, Trouble-free operation of flexing elements for such
extended periods poses a formidable challenge indeed.

A good deal of eifort has gone into fatigue testing of components and
systems. The best achieved so far (Johnston et al. 1977) was a laboratory
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Fig, 175, Principles of flexural hot-end displacer guide {after Johnston e al. 19735).

bench operation of an engine module for 3 years with continuous
maintenance-lree operation vsing o bellows operating with a pressure
difference of 30 b per sqin.

In # decade of development, remarkable reduction in system weight
and volume has been achieved with concomitant improvements in effi-
ciency. A heart-assist unit prepared for ammal implant experiments was

) C].r[mu:le:r e,

\\\i\x\ \.\

7
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Fia. 17.6{x), Flexural guide of spiral configuration (wftec Johnston «f al, 1975).
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Fic. 17.6(h),

described as having an overall efficiency of 15 per cent with a 33 wat
thermal input, a volume of 930cm® (57 in") with additional 400 em?
{24 in*) foam insulation and a mass of 2.4 ke (5.31b,,).

The McDonnel-Douglas system had been used in a number of animal
experiments {(principally with calves) carried out by the implant team at the
Washington State University, Pullman. Most experiments briefly reported
by Johnston et al (1977) had been of the partial system with electric
heating of the engine module. Full system tests were scheduled for 1978
in six calves.

Johnston er al. (1975) included a history of the MeDonnel-Douglas
artificial heart program and a complete listing of the eight annual reports
and ten technical papers contributed to that time,

:‘LERUJET-I-'.;.EENERAL ARTIFICIAL HEART ENGINE

Moise and Faeser (1977) summarized the status of development of the
Aerojet artificial heart project. The Acrojet system utilized a thermal
energy source and a regenerative enpine to generale pneumatic power
(compressed helium gas) supplied to a pneumatic actuator driving the
blood pump. A block diagram for the unit s shown in Fig, 17.7. A section
view of the engine module is given in Fig. 17.8 and some of the engine
operating characteristics are given in Table 17.2,

|

- .S G - = = ==

STIRLING ENGINES FOR ARTIFICIAL HEARTS 407

Heat exchanger malris @ Pumped fluid tnspon

ﬁW B

Cras enlbulm
1ran5pnrt

oy
= 400 °Ch Plagrenlias
It matrix 38
i 8 Heat to hioo S
1 i 151 W

196 Warts 10 hinod =151 thermal + &3 hydraulic

F1o. 17.9. Acrojet heart-assist thermal-cnerpy system [after Mojse and Faeser 1977)

REDUCE S12ZE 20-WATT MK V11| ENGINE

— |Sem — =3
Laow pressuse
accumuizion Heater High pressure
X ! accumulitar

Piston cuvity Cooler
volume o AWater heat

exchenper

Reversing
4 eavity
= Ll volume

fam

....... _. Lo = |

Regenerator  /Bearing,

rd
20w Theromal Reversi !
rudioisotope  insulation sp?-i:ls:émg FAN} Vilvelinad
capaule assambly

Fia. 174, Cross-ssetion of Aerojel heari assist thermal engine mark VI, 20 watts {alter
Moise and Faeser 1477), )

L S B S S == S




408 STIRLING ENGINES FOR ARTIFICIAL HEARTS

Table 172, Choracteristics of two Aerojet-General artificial heart engines and systems
[after Moise and Faeser 1977)

Engine characteristics MR VI ME VI
Input thermal power, watts a3 a9
Cutpus preumatic power

steady state, watts 0.0 3.3

trangient peak, walts MNIA £l
Peik thermal efficiency, % 14 6.2
Weight [incl, radicisotope), Ki 1.99 0.79
Volume, litres (.68 43
Length, cm 22,12 1663
Diameter, cm 6.02 .93
Specific gravity 2.93 LE4

ME VIPAC-6 MK VIIIPAC-7

System characteristics Woeight (Kg)  Volume (I Weight(Krl  Valume (1)
Implantable engine

(including BRI capsule) 1.9% 1,64 0.65 .41
Actatorfcontroller (1,52 L 13341 R
Systems fluids — - - —_
Coolanl system lines 0.3 0.07 0.0t 0.2

Toul thermal system 254 0.82 .59 0,48
VAL hlood pump (.94 .52 1,24 (.52
Compliance system 021 (.21 021 Q.21

Total assist svslem 369 1.535 214 1.21

The engine of the Aerojet unit operated as a thermocompressor
inhaling helium at a low pressure 1.2MN/m” (1801b per sgin) and
exhaling it at a higher pressure (1.5 MN/m™; 215 |b per sqin) through
inlet and outlet valves, The flow was therefore controlled by valves and
the engine qualified for classification as an Ericsson rtather than a
Stirling engine using the definitions given ecarlier. It was, in fact, an
Ericsson engine of the Bush variety,

The Aerojet engine was a single-cylinder machine containing a recip-
rocating displacer with a heater located at the upper end of the cylinder
and a cooler at the lower end, The regenerator was the long narrow
annulus around the circumference of the displacer. The displacer was
guided in its motion by a linear bearing on a centre-post along the axis of
the cylinder. The centre-post alse provides the reversing cavity or, in the
jargon of other [ree-piston Stirling engines, the bounce space or gas
spring.

Operation of the engine can be understood by reference to Fig, 17.9.
The sequence of operations is divided into four phases shown as (a), (h),
icl, and (d).

At state (4) both inlet and outlet valves are closed, the pressure in the
cylinder and in the reversing cavity is low, and the displacer is at the top
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dead-point and beginning the downstroke, As the displacer moves, fluid
flows from the cold end through the regenerator to the hot end. Although
the volume enclosed in the engine eylinder remains constant the pressure
is raised because the mean temperature level increases as more of the gas
is heated. As the displacer descends, fluid in the reversing cavity is
compressed as the volume of the reversing cavity decreases and conse-
quently the pressure increases. The rate of increase of pressure in the
reversing cavity is less than the rate of increase in the engine cylinder.
The different rate of increase in pressure causes a pressure differential to
be established across the transverse faces of the displacer over the area of
the centre-post. The gas force acting on the displacer is, in fact, the
pressure difference between the cylinder and reversing cavity pressures
times the cross-section area of the reversing cavity centre-post.

The gas force on the displacer then acts to drive the displacer towards
the bottom of the cylinder, thereby increasing the gas flow to the hot
space which in turn further increases the pressure in the cylinder and
consequently the downward force acting on the displacer. This compres-
sion process continues until the pressure in the cylinder reaches the
pre-set delivery pressure, at which point the outlet valve opens and
pressurized helium gas leaves the engine cylinder (Fig. 17.9(h)).

The delivery process continues until the displacer reaches the end of



4110 STIRLING ENGINES FOR ARTIFICIAL HEARTS

stroke at the bottom dead-point. The pressure of gas in the reversing
cavity is highest at that time and on Fig. 17.9 is shown to be identical 10
the delivery pressure on the cylinder. This is not a necessary condition but
a similarity of pressure levels does ease the sealing requirements between
the cylinder and reversing cavity.

The pressure energy stored in the gas spring of the reversing cavity is
sufficient to ‘jump’ the displacer upwards from the bottom position. In
practice this is assisted by the provision of a mechanical ‘reversing’ spring
not shown in Fig. 17.9 but which can be seen in Fig, 17.8.

The wpward motion of the displacer (Fig. 17.9(c)} causes Auid to fow
back from the hot space to the cold space resulting in reduction in the
mean temperature of the fluid and hence a reduction in the pressure so
the delivery valve closes. The pressure in the cylinder decreases, and as
before, at a [aster rate than the pressure in the reversing cavity. Conse-
quently, a pressure differential force is established which causes the
displacer o continue moving up the cylinder, This in turn increases the
Aow to the cold space and further decreases the eyvlinder pressure and
consequently increases the accelerating force on the displacer.

The expansion process continues until the eylinder pressure falls 1o the
pre-set value at which the inlet check valve opens and a fresh charge of
low pressure (1.2 MN/m?®; 180 1b per sq in) helium is inhaled. The induc-
tion process continues unlil the displacer reaches the top dead-point and
the cycle is complete. Fluid pressure in the reversing cavity pressure is
lowest at this point.

A schematic diagram of the complete Aerojet heart assist system is
shown in Fig, 17,10, The pressurized helium gas flowed from the engine to
a pneumatic actuator driving the blood pump. The actual pump work to
the blood was accomplished through a novel magnetic coupling allowing
the use of a rigid hermetic seal enclosure to contain the helium at the
actuator.

Use of the helium working gas for the pump actuation was clearly an
attractive feature for it eliminated the pnenmatic/hydraulic conversion
process of the McDonnel-Douglas machine. However, the advantage was
partially offset by the need, in the Aerojet machine, to provide a liquid
{physiologic saline) cooling circuit to carry heat from the engine to the
vicinity of the blood pump for eventual dissipation in the blood,

Critical features of the Aerojet engine as regards the target 1-vear
design life were the helium check valves, the centre-post bearing and the
displacer reversing spring. Considerable endurance testing has been car-
ried out on these components and on complete systems. Moise and
Faeser (1977) claimed a total test time of 67 000 hours and appeared
sufficiently confident to project that the 10-year operating life target
would be met. The centre-post bearing was perhaps the most critical
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Fig. 17.10. Schematic diagram of Aerojet heart-dssist system {(mark VI engine.

component. This was a dry lubricated rubbing unit of an alumina sleeve
riding on an alumina shaft. It is difficult to share the sanguine view of
Moise. With data from only 3943 hours of actual engine running time, to
project the wear rate for 10 years (63 000 hours) he allowed that the total
quantity of debris generated from all sources in ten years of operation
would be 0.05 em? (0.003in%) . A speck or two of this in the wrong place
on that most critical bearing surface would wreck the chances of achieving
the 10-year life. Wear debris on the valve seats or faces would also
prevent satislactory operation of the engine,

A most interesting feature of the Aerojet engine is the use of long
hollow fine bore glass ‘straws’ as the regenerative matrix arranged in
annular form around the inside of the cylinder. A cross section of squire
straw element is shown in Fig. 17.11. The working fluid flowed around and
through the straws in passing from the hot space to the cold space. A
variety of different cross-section forms for the straws had been evaluated
but no technical details of the optimum forms were released. Straws of
improved ‘arc matrix’ form shown in Fig. 17.12 were investigated
theoretically by Hoffman (1976 using the Aerojet engine simulation
program. He obtained the results shown in Fig. 17.13 for net pneumatic
efficiency as a function of the engine cyclic rate with different section
straws and radial gap dimensions. Details of the Aerojet simulation work
and the degree of correlation between predicted and observed perfor-
mance have not been published.

I | 1
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Typical dimensions for A and C are, respectively, 1055 nnd 0,015 in,

The Aerojet artificial heart development involved considerable
animal experiments with components and part systems to establish and
evaluate various physiological and anatomical compatability criteria (see
Fig. 17.14). Animal test-work for the Aerojet program was cartied out in
cooperation with medical and veterinary personnel of the University of
California, Davis,

A complete discussion of all aspects of the Aerojet program may be
found in the series of annual reports, for example see Andrus {1976),
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eyclic rate with different regencrator sections (after Hoflman 1976; RGAP denotes the
radial gap in inches; VIRY denotes the regenerator void volume),

Mk ¥1I thermocompressor

PAC 6/PVAD pump

Fig. 17.14, Animal tests of Aeropet heart-assist systems are carricd out at the University ol
Califorin, Davis (after Moise and Faegser 19770,
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Fici. 17.15. Block dingram of elements in the Thermo-Electron artificial hears systern {ufter
Watelel, Ruggles, and Hogen 1970).

THERMO-ELECTHON ARTIFICIAL HEART ENGINE

Wark on the Thermo-Electron engine began in 1970 and has been
reported regularly in annual reports (e.g. Watelet, Ruggles, and Hagen
1976), the annual Intersociety Energy Conversion Engineering Confer-
ence (e.g. Watelet, Ruggles, and Torti 1976), and elsewhere. In the
course of development the engine sustained major changes in design. The
system described here is the Model 4 unit reported in the above refer-
ances.

The Thermo-Electron engine was originally called the annular tidal
regencrator engine and was not generally reckoned to be a Stirling
engine, However, the engine is, in fact, a Stirling engine and furthermore,
one of unique character. The working fluid, water, changes phase from
liguid in the cold space to vapour in the hot space and so may be
deseribed as a one-component, two-phase working Auid®,

A schematie disgram of the Thermo-Electron system is shown in Fig.
17.15. It vonsists of two principal assemblies; the engine module and a
pump module. In the engine module, nuclear or electric heat is converted
into mechanical work to operate a hydraulic pump. The hydraulic fluid is
then conveyed to the second unit to actuate the blood pump.

A simplified cross-section of the engine is shown in Fig, 17.16. It can
be recognized as a Stirling engine of Heinrici form having a piston and
displacer in separate cylinders. The expansion space is the heated space

T The reader & referred 1o Chapter 8, on working fluids in Stirling engines, for further
disengsion
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Fra. 17.16. Simplified cross-section of the Thermo-Electran tidal regenerator engine. This
may be clussified as o Stirling enging having separate cylinders for the piston and displice
and with a one-component condensing working fMuid,

above the displacer and the compression space is the cooled spaces below
the displacer and above the piston. The hydraulic pump is a metal bellows
located below the displacer with inlet and outlet check valves.

Piston motion is induced by an electric matar driving a serewed shaft
on which is mounted a nut attached to the underside of the piston,
Rotation of the motor in one direction causes the piston to rise; rotation
in the other causes it to descend. The motor is controlled by solid-state
electronic logic unit in terms of the duration and direction of rotation,
and the cyclic frequency. Power for the motor and the electronic control
is provided from a silicon-germanium thermoelectric unit heated by the
POWET SOUTCE.

As the piston ascends, driven by the electric motar, liguid working fiuid
maoves into the displacer cylinder and passes up the annular gap between
the displacer and the cvlinder wall, In passage through the annular gap it
boils to a vapour and is further heated to a superheated VAPOUT,

The phase change to vapour causes an increase in pressure in the
working space, When the pressure exceeds that in the hydraulic pump
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circuit, in the bellows below the displacer, the displacer begins to de-
scend. This causes more working fluid to be displaced through the
regenerator into the hot space, thereby increasing the pressure further,
which in turn accelerates the motion of the displacer.

As the displacer descends the bellows below is compressed and
hydraulic fluid is expelled through the outlet check valve at the pre-set
discharge pressure,

When the piston drive motor reverses rotation the piston descends, the
direction of fluid flow reverses and the pressure decreases. When it
becomes less than the pressure in the hydraulic circuit the bellows below
the displacer expands, driving the displacer upwards. This causes the
working fluid to flow back through the annulus where it is cooled and
changes phase to liquid resulting in further decrease in pressure and
thereby accentuating the upward displacer motion, As the bellows ex-
pands fresh hydraulic fluid is drawn through the inlet check valve into the
bellows space below the displacer. Waste heat from the engine is carried
by the hydraulic fluid to the blood pump which incorporates a heat
exchange for dissipation of the heat in the blood.

The Therme-Electron artificial heart system was different to other
Stirling engine systems reviewed here for the engine operated at the
frequency of the natural heart. As a heart-assist SYSTem iL was necessary
to have a sensor which synchronized the operation of the engine/pump
operation with the natural heart.

No technical details about the engine in terms of pressure range,
cylinder diameter, or displacer stroke were given in any of the published
matenal consulted. Engine efficiencies were said to be in the range of 15
to 16 per cent with maximum eyele temperatures of 480 °C (900 °F) to
540°C (1000 °F). The engine efficiency was defined as the ratio- n=
indicated work/(condenser heat+ indicated work).

A cross-section of an implantable engine module is shown in Fig.
17.17. This was deseribed by Watelet, Ruggles, and Torti (1976) as 20 cm
(7.9in) long by 6.1cm (2.4in) diameter for a volume of 700 cm®
(42.7 in*) and a weight of 1.6 kg (3.51b,,). In bench tests of the complete
system, a power input of 33 watts to the engine module resulted in
approximately 3 watts hydraulic output from the blood pump at a ire-
gquency of 90 to 110 beats per minute,

Endurance testing of a complete inplantable engine module was carried
out for 24 hour day operation at 70 beats a minute for 1200 hours. In this
time two bellows failures were recorded, both being the main pump
bellows beneath the displacer. A second metal bellows was used to seal
the piston but apparently this endured the test without incident.

Further improvement, to a value of 20 per cent, in the efficiency of the
tidal regencrator engine was anticipated with the development of the
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Fra. 17.17. Cross section of implantable engine module of the Therme-Electron tidal
regenerator engine (after Witelet, Rugples, and Hagen, 19760

binary tidal regenerator engine. This was a combination in a single
machine of two tidal regenerator engines using different working fluids.
The two fiuids discussed by Watelet, Ruggles, and Hagen (1976) were
water and the proprietory fluid Dowtherm A. The two thermodynamic
cycles, superimposed on a common temperature/entropy plane, are
shown in Fig. 17.18. The engine was essentially the existing tidal re-
generator engine with water as the working fluid on which was superim-
posed another engine nsing Dowtherm and operating at higher tempera-
ture. The Dowtherm displacer was a double-wall unit with the water
displacer operating inside it. Heat was supplied to the engine at the
maximum cycle temperature in the Dowtherm boiler and was transferred
at some intermediate temperature from the Dowtherm condenser to the
water botler. It was rejected from the engine at the low temperature of
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Fuz 17.38. Superimposed \hermodynamic cycles of the binary tidal regenerator engineG
with water and Dowtherm working fluids {after Watslet, Ruggles and Hagen, 1976),

the water condenser and hence dissipated to the blood,

Watelet, Ruggles, and Hagen (1976) described a bench model binary
engine at an early stage of development: ‘that started easily and gener-
ated 3.6 watls power output at a frequency of 100 beals per minute with
an efficiency close to 10 per cent. The maximum ENgine pressure was
(.86 MN/m® (1251b per sqin) corresponding to a Dowtherm saturation
vapour temperature of 382 °C (720 °F)',

Animal experiments associated with the Thermo-Electron system de-
velopment have been carried out in cooperation with the Cardiovascular
Surgical Research Laboratory of the Texas Heart Institute, Houston.

WESTINGHOUSE/PHILIPS ARTIFICFAL HEART ENGINE

The Westinghounse/Philips artificial heart system development was
sponsored by the U.S. Department of Energy, formerly the Energy
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Research and Development Administration and before that the U.S.
Atomic Energy Commission, The AEC program was reviewed by Mott ef
al. {1972],

An early indication of Westinghouse interest in this field was given by
Lance and Selz (1968) reporting a conceptual study for a Rankine-cvcle
rotary steam engine with a Plutonium 238 heat source. When the present
program started in the early 1970s the concept had been converted to a
radioisotope-fuelled Stirling engine driving & blood pump by means of a
flexible shaft. The system was a cooperative effort of the Westinghouse
Electric Corporation and the North American Philips Corporation.
Philips was responsible for the Stirling engine development.

Pouchot and Daniels (1974) described the coneept and early work
carried out on a bench model demonstrator. A conceptual view of the
complete system is shown in Fig. 17.19 and a schematic diagram in Fig,
17.20, The engine was a low-speed (600 revolutions per minute)
rhombic-drive piston-displacer unit. The shaft speed was increased by
gearing to 1800 revolutions for the flywheel rotation then down to 900
revolutions for the flexible shaft drive with a further reduction in speed 1o
120 revolutions per minute at the blood pump. The pump was a double
cup unit driven by a crank Scoich yoke mechanism as shown in Fig.
17.21.

Goldowsky and Lehrfeld (1977) have reviewed the progress in the
engine development following several vears’ work. The protolype im-
plantable unit has been defined to the system envelope shawn in Fig.

Tharmal converter

Sli_.'_l.lll:-iﬂ ches

F1G. 17.19. Conceptual disgram of the Weslinghouse/Philips antificial heart system (after
Pouchot and Dignpiels 1974),
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Fra, 17.20. Schematic diagram of the Westinghouse artificial heart system (after Powchat
and Dhaniels 19745
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Fro. 17.21. Cross section of blood pump for the Westinghouse/Philips artificial heart (afier
Pouchot and Danlels 1974).
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Fro, 17.22. Tmplantable prototype system envelope for the Westinghouse/Philips artificial
heart (after Krasicki snd Plerese 1977; dimensions are centimetres).
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Fra, 17.23, Cross-section of Philips Stirling engine for the implantable prototype artificial
heart system (after Goldowsky and Lehefeld 1977).
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Table 17.3 Design denils for Westinghouse/Philips artificial beart engine (after Westing-
house 1975),

General speeification:

Input power (BOL)

Met output power {BOL)
Ciross dimensions

Weghl

Working pas

Mean working pressure
Crankease pressure
Expunsion space temperature
Cantrol system

Her finger desige:

Wlax, thin-wall temperature
Mnx. siress

“lddeal™ life ar above stress
Stationary regenerator
Insulation heat loss

Dirive mecharism;

Oil-lubricsted rhombic-drive piston stroke

Dhisplicer stroke

Piston dismeter

Dusplacer diameier
Pressure-fed drive hearings

Seals:

Piston and displacer rods

Piston and displacer
Flywheel/mapnetic coupling cavilies
Marerials:

Titanium & steel drive elements
Titanium crankcase & housings
Mickel hot-side heat exchanger

Aluminum/titenivm ambienl lemperature

heat exchanger

Extermal couplings:
Direct drive starter
Magnetic output shaft coupling

Mark I prototype weigitt estimaie
Heat source snd vacuum insulation.
Hot finger and ambient cooler
Rliombic drive

Flywheel/magnetic coupling
Crankease and Nywheel housings
Ol

Other (confrols, Attines, pears, il pump, oie,)

Total

205 watts
S watts
179 cm % 7.6 em= 89 cm
=19k
Argon
14,6 atm ahs
6.1 atmabs
Q00 K
Automatic shor-circun contro! valve

PASK

44,4 ks (180 atm abs peak pressere)
130 years (LM parimerar = 43,4}
Sem thin-wall, 2,25 em effective dia,
1.5 watrs

.8 cm
LB en
2.86cm
2.54¢m

Roiling dirphragm seals
Fiston rings
Mugnetic fluid seals

ol rpm
2400 rpm

g
204 g
1958
230 g
550 g

b3 g

250p
L
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17.22. A cross-section of the engine for this prototype unit is shown in
Fig. 17.23. Some of the design details for the engine given in a quarterly
progress report (Westiyghouse 1975) are reproduced in Table 17.3. The
projected energy balane for the engine, shown in Fig. 17.24, indicates
that a thermal output o 29.5 watts from the isolope source is converted
to 5.4 watts delivered to the flexible shaft.

In course of development a number of novel features have been
introduced in this mast interesting engine, some of which are likely io
find application in larger machines. Argon is used as the working fluid,
The reasons for this selecion were not discussed in any of the references
consulted but may have been to facilitate sealing or reduce thermal
conduction. At the low spred of operation (600 revolutions per minute)
the thermophysical characteristics of the working fluid are not so critical
as in high power density machines.

Another innovation is th: use of a magnetic lubricating oil or “ferro-
Auid”. This is discussed in detail by Goldowsky and Lehrfeld (1977). Use
of the ferro-fluid made powsible the development of a low-loss high-
reliability engine shaft seal and a magnetic-type oil intake system to the
lubrication pump. In future engines, ferro-fluidic-type seals may allow
climination of rolling-diaphragm seals on the reciprocating members.

—
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Fra, 17.24. Energy balance for the Philips Stitling engine in the artificial heart syslem {after
Westinghouse 1975,
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Another feature of interest is the use of magnetic coupling for transmit-
ting power from the engine shaft to the Aywheel ard hence to the output
shaft. Construction of the flywheel in two parts coupled magnetically
permits the interposition of an impervious titanism membrane and the
consequent hermetic sealing of the engine crank:ase. Interesting details
of these innovative features will be found in the cuarterly progress report
(Westinghouse 197a),

One particular difficulty of the Westinghouse/Philips system was the
transfer of engine reject heat to the blood pump for dissipation in the
blood. Early versions used a water cooling circuit energized by a bellows
pump incorporated in the blood pump (Pouchot er al. 1975). This was
supplanted by a flexible heat pipe describes by Krasicki and Pierce
{1977).

Mo mention of animal experiments was induded in any of the refer-
ences consulted. It may be these are projectzd for a later phase of the
program when operational prototypes of the system have reached a
reasonable level of development.

Complete details of the progress of the Westinghouse/Philips program
are reported in the quarterly progress reports (up to No. 29 at mid-1977).
These are not readily available and are somewhat tedious to search
through, so the peneral reader may find mose useful the annual SUmmary
papers published in the Intersociety Energy Conversion Engineering
Conference.

CLOSURE

Outside the United States the only known artificial heart research
involving Stirling engines is the Messerschmidt-Bulkow-Blohm program
in West Germany reported by Frank et al, (1974) and by von Reth et al.
(1975). This is an early slage of development of a Bush-type free-piston
thermocompressor engine similar to the Acrojet unit described above.
The status of the program is unknown.

The other work on Stirling engines summarized above is o small part af
& large program on artificial hearts in progress in the United States,

Frequently, these Stirling engine programs are overlooked because the
power levels are wo low and the subject so esoteric as to be outside the
general interest. This assessment is mistaken. Four teams of exceedingly
capable and innovative engineers have labourad for a decade at the
absolute frontiers of technology in materials, control systems, heat trans-
ter, fluid mechanics, thermodynamics, instrumentation, and experimental
technique. There is much in their work that can be carried over into
engines of larger size and power output, and close study of the annual
contractor reports and papers in the open literature is recommended to
all those professionally interested in Stirling engines.

18 STIRLING ENGINES FOR
UNDERWATER AND SPACE
POWER SYSTEMS

INTRODUCTION

STIRLING engines are prime candidates in applications where air-
breathing engines cannot be used. Such applications are found primarily
in underwater and space power systems. Self-contained engines capable
of operating independently of the environment are required to convert
stored energy to electric power, to mechanical work for propulsion, or to
perform other necessary functions. The power level and mission duration
requirements vary widely. At one extreme, a few watts for a short time
can be adequately provided by batteries. At the other, thousands of
horsepower for long periods in large submarines can only be provided by
steam-turbine/nuclear-reactor systems. In between there are oppor-
tunities for many other combinations of energy source and conversion
systems.

ENMERGY SOURCES

Energy sources may be nuclear, either reactor or isotope, solar, or
chemical. Nuclear encray sources, both reactor and isotope, depend on
the radicactive decay or fission energy of certain materials for the
production of highly energized particles. The energy of the particles is
converted to thermal energy in dense materials enveloping the radicactive
source. Reactor and isotope nuclear energy sources are essentially the
same thing. In reactor systems, control devices are provided to vary the
level of radioactive decay and hence power production, the engines can
be shut down, or the output reduced as required. On the other hand
isotope sources are essentially uncontrolled, They simply decay at a
steady rate producing a virtually constant energy which declines slowly at
a predictable rate depending on the isotope used. For example, plutonium
238 has a half life of 89 years. Thus, the power of a plutonium 238 source
declines exponentially to half the power at intervals of 89 years. On the other
hand, cobalt 60 isotope has a half lite of only 5 vears, The variations are
endless, ranging from less than a second to thousands of years. In peneral,
reactor systems are suitable for high-power, (say above 50 kW (68 hp)).
long-endurance (greater than 1 month) applications. Isotope sources on
the other hand are suitable for low and moderate power levels lup o
15 kW ar 20 hp) and for long duration (greater than six months).

Solar energy is an attractive energy source for space power systems and
has been widely used with photovoltaic converters, for the low power
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level energies required on small exploratory space craflt. The energy is
available in virtually unlimited amounts at a rate which is inversely
proportional to the square of the distance from the sun. It may be used to
produce electricity directly, as in selar cells, or concentrated to produce
high temperatures o drive engines,

Chemical energy sources comprise two or more chemical species which,
when combined, react to form other compounds together with the pro-
duction of electricity or heat. Lead-acid batteries, hydropen-oxygen [uel
cells and pasoline-air combustion are all common chemical energy sys-
tems. In space power systems chemical energy sources may include
electric batteries or hydrogen and oxygen stored at low eryogenic temper-
atures as liquids for combination in fuel cells or combustion systems.
Because of the weight involved chemical sources can only be psed in
space power [or short duration missions at low or medium power levels.

Chemical energy sources are attractive for underwiter power systems
for short duration missions al all power levels. Weight is much less
important than in space power systems but a major consideration is
whether or not the reaction products can be stored on board. This is
important for deep submergence systems where very high pressures
would be necessary to expel the reaction produocts. It is important too in
torpedoes and small tactical vehicles where the absence of a vapour trail
of reaction products assists in evading detection. White (1961) has
discussed the potential for lithium and sodium reacting with sea water for
underwaler propulsion.

THERMAL CONVERTERS

Nuclear, solar, and chemical sources can all be used to generate heat,
Then u thermal converter may be used to change the thermal energy into
electricity or mechanical work. All thermal convertors share a common
limitation in the fraction of the heat supplied that can be converted to
electric or mechanical power. This fraction, called the thermal efficiency,

= f:f Tmn\ PR T—:'I'Iirl-]'ll Tlnmc { 18. i]

where C is some factor characteristic of the converter system involved and
(Toax ™ T T Will be recognized as the Carnot efficiency discussed
carlier. When € has its maximum possible value of 1, the cfficiency
equals the Carnot efficiency, the highest possible efficiency between given
temperature limits, In practice C ranges from .05 to 0.6,

Thermal converters mav be split into two classes. Those without
moving parls are called static thermal converters. Those with moving
purts are called dynamic thermal converters.

Static thermal converters include thermoelectric systems. The absence
of moving parts, seals, bearings, pistons, ete. makes it likely they will have
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long life but they tend to be large and bulky, and have a low elficiency
{less than 10 per cent). They are therefore mainly confined to relarively
low-power applications of less than 100 watts (0.14 hpl. Radivisotope
thermoelectric generators (RTGs) are used in many low-power space
and underwater applications.

Dynamic thermal converters tend to have a high power-density and
efliciency compared with static thermal converters. although the differ-
ence is less marked in small sizes. Dynamic systems are therelore
favoured far power levels exceeding 100 watts. There is no known upper
limit. Dynamic thermal converters include all types of heatl engine, but
clearly, air breathing engines such as diesel or gasoline engines cannot be
used for space and underwater systems, There are in fact three contend-
ing systems, Stirling engines, Rankine-cycle (steam) engines, and
Joule/Brayton closed-cyele gas-turbine engines. All these engines operate
on closed thermodynamic cycles converting heat to mechanical work to
drive electric-power generators, pumps, or drive mechanisms. They can
all use any kind of heat source and they must all reject a substantial
fraction of the heat from the system. T hey can exist in a wide variety of
forms or mechanical arrangements. Stirling engines are generally thought
of as reciprocating machines and loule/Brayton engines as rotary
machines. However, the closed-cycle regenerative gas turbine conforms
exactly to the definition of a Stirling engine adopted earlier and may
simply be regarded as one type of rotary Stirling engine. Many other
forms of rotary Stirling engines are possible. In a similar way the Rankine
engine exists both in reciprocating and rotary forms,

Turhine engines operate at high speeds and high power-densities
compared with reciprocating piston engines. However. the thermal effi-
ciency ol reciprocating engines is usually higher and appreciably so at the
lower power levels (less than 50 kW or 68 hp), primarily because of high
turbine blade leakage losses, and in turbines without regenerative heat-
ing, high stack losses. At high powers the efficieney of turbine systems cian
approich those of reciprocating systems and the power-density advintage
is so greal that piston engines are rarely found in lurge sizes.

At medium and low powers (less than 200 kW or 272 hp} Stirling
engines are favoured because in comparison with Ruankine-cycle engines
they are much less complicated, have a higher efficiency, and a better
power-density. Further, they offer more flexibility in the independent
selection of pressure and temperature levels than vapour systems where
the pressures and temperatures are related,

In most applications, but particularly so in space power-plants, the
thermal efficiency is of great concern. A high efficiency requires a reduced
isatope or fuel inventory or, alternatively, allows for a higher power or
longer mission for the same isotope or fuel weight and cost. Furthermore,
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a high efficiency reduces the amount of heat that has to be rejected from
the spacecraft.

The process of heat rejection from a spacecraft is a major [actor. All
the energy used for any purpose on the vehicle eventually ends up in the
Ifnrm of he‘izt and must be rejected from the spacecraft if the temperature
18 Lo remain constant, There is no cooling water or cooling air as we
have available on the Earth so consequently convective heat transfer
cannot be used. Radiation heat transfer is the only mechanism for
dumping the heat into space. i

The controlling equation for radiation heat transfer from a bady is:

Quu=ceAoT' (18.2)

where & =the emissivity, an optical property that is characteristic of the
surface, i.c. a dull black surface has a high emissivity whereus a
polished gold plate surface has a low emissivity,

A =area of the body for heat transfer (this is the projected area
looking out to space—it does not help much to have a convo-
futed or irregular surface with a large surface area).

=i number, called the Stefan-Boltzmann constant.

T'=the absolute temperature of the body.

The most important aspect of the abave equation is to nole that the
quantity of heat transferred from a body by radiation depends on the
feurth power of the temperature. Doubling the lemperature increases the
heat lost by sixteen times!

On spacecraft, radiators are used to effect the heat transfer 1o space. [T
fluids are used to transfer heat from the power-plant to the radiators it is
necessary to armour the radiators so as to prevent punctures by particles
in space. Radiators therefore tend 1o be large, heavy units which provide a
large arca for heat transfer.

However, the rate of heuat transfer increases only linearly with the
radiator area whereas it increases as the fourth power with temperature.
There is, therefore, great attraction in operating the radiator at high
temperatures since it can be made smaller and lighter.

Unfortunately this trend is exactly opposite to the requirement for high
efficiency. It will be recalled that the efficiency 7= C(T0o— Toioll Toaee
IThe: maximum temperature T, is limited by metallurgical considerations
in l}m hot parts of the system and should be as high as possible, The
mimimum temperature T, is the temperature of heat rejection from the
cycle, the radiator temperature and should be as low as possible,

. In the design of space power systems there is, therefore, a dichotomy of
interest in the minimum cycle temperature between a low value on the
one hand and a high value on the other. Considerations of system weight
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are dominant, Frequently the radiator is the principal system mass,
perhaps as much as 30 to 60 percent of the total system, but can be
limited in size by the use of & high minimum cycle temperdture which in
turn results in a low cycle efficiency. There is great advantage in increas-
ing the maximum cycle temperature and this may lead to the use of
relatively exotic materials for the hot parts that are too expensive or
difficult to [abricate except for highly specialized applications.

STIRLING ENGINES FOR SPACE POWER

Given the elementary but irrefutable logic above it is difficult to
understand the virtual total neglect of Stirling engines by NASA during
the 1960s. This was the era of prodigious expenditures on hydrogen-
oxyeen fuel cells for the Apollo missions, on the Rankine cvele SNAPS
reactor power-plant, and on various Brayton torbines. So are as is
known, no NASA funds and only minor Air Foree funds were expended
an Stirling engines.

One possible cxplanation for NASA neglect of Stirling engines is that
the confidentiality clauses in the Philipg licence agreement foredad
full-hearted participation by General Motors in Government contracts
which required full disclosure. Other companies konown o have been
interested in the possibilities of the Stirling engine were daunted and
discouraged by the impressive thorn-fence of patents that Philips built
around the new technology and the exclusive licence with General
Motors.

Al any event only one program of substance on Stirling engines for
space power-systems was carried out in the 1960s, and another small
program is presently in progress.

The earlier program, sponsored by the U.5. Air Force, was executed
by the Allison Division of General Motors and was directed to the design
and development of a 3 kW (4 hp) solar space power-system. The Stirling
engine, shown in Fig. 18.1, was a single-cylinder piston-displacer machine
with rhombic drive and aniccedents that were recognizably Philips. The
engine used helium as the working fuid and was heated by solar energy
concentrated by a large Fresnel lens, A comprehensive report (Parker and
Malik 1962}, in ten volumes, was prepared on the project and even at this
late stage remains an interesting and worthwhile reference source. Yol-
ume 1 deals with the design of the engine and Volume 1 the test and
evaluation of the prototype machine. So far as is known the unil never
went beyond a first prototype and was never developed o the Right
hardware stage.

This engine was particularly notable because it represented the frst
application to Stirling engines of an intermediate heat-transfer liguid-
metal heating system, A sodium/potassium culectic mixture was used to
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Fig. 18.1. Allisan Type P46 Stirling engine for 3 ¥W solar-heated space power-system
{after Parker ¢ al. 1962).

transfer heat from the solar energy absorber to the heater head of the
engine. The use of an intermediate heating fluid is now becoming com-
monplace in advanced Stirling engines [or various applications, Further
details of the Allison space power-system are given in Chapter 13.

Another application of Stirling engines for space power-plants was
inittated in 1975 by the U.5. Energy Research and Development Ad-
ministration, now the Department of Energy. This is a 1kW (1.4 hp)
isotope power system (KIPS) being executed by Mechanical Technology
Incorporated, Latham, New York,

Goldwater and Morrow (1977} have described the concept and the
early phases of the developmenl. The unit combines a single-cylinder
Beale displacer-type free-piston engine with an MTI linear generator as
shown in Fig. 18.2. The engine is heuted by a radioisotope energy source.
To establish a system in perfect dynamic balance an opposed-piston
arrangement is proposed for the ultimate flight engine.

The well-publicized but unscheduled descent in Northern Canada in
early 1978 of the Russian satellite with an isotope power-system (ther-
moelectric generator) aboard casts some clouds on the political accepta-
bility of the KIPS system for the future. It is likely that, in civil
applications at least, sclar-powered systems will be emphasized. These
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Fra. 18,2, MTI-Beale free-piston Stirling engine and lineer alternator for 1 kW isalope
spece power-system (after Goldwaler and Martaw 1977)

can be easily disabled by hostile action so that it is likely that military
spacecraft will continue 1o use isotope sources.

The intensity of solar energy diminishes as the square of the distance
from the sun. Therefore spacecraft engaged in exploration of the remote
solar system find it increasingly difficult to collect adequate solar energy
as their journey proceeds away from the sun. Power levels of a few watts
are all that is required to remain in radio contact with the Earth and to
provide power levels for space experiments, Where higher power levels
are necessary one possibility being vigorously explored for energizing
remote spacecraft is 1o use laser beam transmission. This would supply
power by optical beam that could be collected, absorbed, and converted
to heat and hence using a Stirling engine to electrical energy. A laseris a
device which can highly concentrate fight energy to a coherent beam or
ray.
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STIRLING ENGINES FOR UNDERWATER POWER

The situation with regard to Stirling engines for underwater power is
much like that for space power—Ilots of promise and potential but little
dctual application experience.

A major United States report (Chapman 1968) on underwater power
systems in the 1 to 100KW (1.4 to 136 hp) power range recommended
that significant effort be invested in Stirling engine development in
preference 1o other dynamic vonverters and fuel cells. The particular
advantages were that the reciprocating Stirling engine was admirably
suited for the modular concept, There was little penal Ly in system weight,
volume, or fuel consumption if four 10 kW (13.6 hp) units were used
instead of one 40 kW (54.4 hp} unit. The modular system would allow the
use of a small inventory of parts and components to fulfill a broad power
range.

They judged the reciprocating Stirling engine to have g higher thermal
efficicney potential than any of the rotary engines, and to have the
favourable characteristic of Operating on any source of heat at different
lemperature levels without noise and without the need to dump waste
produets overboard,

The Stirling dynamic converter system was judged to have g weight and
volume advantage over fuel cell systems up to 3000 kWh (4079 hp hour)
capacity. It was thought to have the advantage at all levels of energy
requirement when fuelled with g halogen-metal reaction. Cost compiri-
sons of the fuel cell and Stirling engine were established in favour of the
Stirling engine.,

The isotope-powered Stirling engine appeared particularly attractive in
the power range from | to 15 kW (1.4 to 20.4 hp). It was found that a
high proportion of U.S. Navy requirements for future deep-sea activities
could be adequately served by three sizes of power generators of about 3,
WY, and 25 kW (4, 13.6, and 34 hp) coupled in various combinations with
three sizes of energy storage containers of 40, 100, and 1000 k'Wh (544,
136, and 1360 hp hours).

Despite these favourable recommendations no substantial activity in
Stirling engine development was undertaken by the U.S. Navy. Indeed in
a later study {McCartney and Cates 1975) of power sources for remote
ocean-oriented applications Stirling-engine systems were not elen men-
tioned despite the inclusion of other highly esoteric concepts.

During the tenure of their licence dgreement with Philips, 1958-1970,
General Motors invested considerable effort in studies of stirling engines
for underwater power systems. Percival (1967) reviewed some of this
effort with particular reference to thermal energy storape svstems and
liquid-metal combustion. General Motors' interest in thermal-energy
storage systems predates the Philips licence, for in 1957 a preposal was
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made to the U.5. Navy for a Rankine-cycle system combined with lithium
hydroxide thermal storage. Later in 1959 the prupm_:ul_ was converted to
lithium Auoride thermal storage combined with a Stirling engine.

THERMAL STORAGE SYSTEMS

A thermal-storage system consists esscntiullyl of an insu[:{ted tank
containing some material having a high heat capacity. The material can be
heated by combustion, by electric heating, or h?r nuclear source. When
the temperature of the material increases on hunung the heat is said t.u_l_u:
‘sensible’ heat. When during heating the material meltstut constant
temperature, changing phase from solid to liquid, the ]_'.cat is said Lu_he
‘latent’ heat. Energy-storage materials should have a high hf:IEI.I: L"Elpﬂl:ﬂj.-’:
low vapour pressure, and high density. They should be chumwulllj: ?lﬂ_blL
and compatible with the container and heat I.ran:it'n_:r Sl..ll'fl'l.l:clﬂ'lr]tLl’l!th,l

The heat capacity on a weight and volume basis of pumhle. ENErEy-
storage materials is shown in Fig. 18.3. This figure was prlspﬂrc:d lor 1]113
energy transfer per unit mass or volume to effect a change in Lumperarjn:._
from 538°C {1000°F) to the maximum temperature shown ulun;%m-:le t?di.h
material. The maximum temperatures were selected on {:ﬂn.'i[delr.'ltll:ms
relating to the heat-storage materials and without regard to containment
ar insulation characteristics, .

The first four materials are molten salts in which a high proportion of
the heat transfer is latent heat associated with a phase change oceurring at
the maximum cyele temperature. Lithium hydride has an exceptionally
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Fig. 18.3. Energy density of thermal encrgy-storage mnl:riu]ﬁ on @ '.IJm_j;gh'L inel valime
basis (minimum temperature 1000 °F, after Mattavi et al. 19659,
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high heal capacity on a mass basis but this salt readily dissociates at
temperatures only slightly above its melting point. A preferred material is
lithium fluoridé which has a higher melting temperature and a better
volumetric heat capacity. Unfortunately the latent heat capacity on a
mags basis is less than hall that for the hydride. High latent heat capacity
is Favourable 10 maintain a constanl temperature as heat is withdrawn to
operate the engine,

Most of the General Motors work on thermal-energy storage was done
with lithium fluoride but other materials were stodied, particolarly
aluminum oxide. Percival (1967) describes one experimental unit using
60 000 hexaponal pellets of aluminum oxide in an insulated tank. The
system operated between temperature limits of 1482.2°C (2700 °F) and
B15.6°C (1500 °F) with a storage capacity of approximately 73.6 kWh
brake power (100 brake hp hours) when used in conjunction with a
22 kW (30 hp) Stirling engine.

Fig. 18.4 is @ cross section of a 22 kW (30 hp) Stirling engine under-
waler power-plant with lithium fluoride thermal energy-storage. (Percival
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IE:‘!E&?}. Approximately 4533.6 kg (10001R) of lithium fluoride was con-
tained in the lower hemisphere of the spherical capsule, 106.7 cm (42 in)
in diameter. The engine heater tubes were immersed directly in the
molten salt, heated initially by electric-resistance elements. In this sVsEen,
thf:- heat losses through the 2.54 cm (1 in) of multi-laver insulation were
said to be 0.1 per cent of the stored heat per hour. A pump was used o
circulate engine coolant 1o an ambient-temperature, sea-water heat sink
!ncﬂlud outside the pressure hull to eliminate high-pressure sea-water
mside the hull. Power output was regulated by varying the pressure of the
working fluid, hydrogen, or helium in the engine.
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Mattavi et al. (1969) provided the data shown in Fig. 15.5 for the
thermal energy-storage/Stirling-cngine system weight and volume re-
quirements as a function of the mission duration. Three different power
levels, 7.3, 37, and 74 kW (10, 50 and 100 hp) were considered,

Other data included that reproduced in Fig. 18.6 showing the weight
and volume capacities for a thermal-energy storage system as a function
of storage time with two different types of insulation. Table 18.1 is a
weight estimate and heat balance given by Mattavi et al. (1969) for a
L1 kW (15 hp) Stirling engine and accessories for an underwater power
system. This unit was basically a modified G,M. Type GPU-3 engine for
which performance data is given in Chapter 13

[t should be noted that none of the above data included allocations for
the pressure hull to house the power system or the material necessary Lo
achieve a neutral buoyancy.

METAL COMBLUSTION

The combustion of hydracarbon fuels such as gusoline in air with
consequent release of heat is a matter of common experience. In a similar
way most metals can be combined with an oxidant to release heat. The
advantages of metal combustion for underwater power systems are the
relatively high heat of reaction and the absence of gaseous products of
combustion. The reaction products are either solid or liquid depending on
the temperature and occupy practically the same space as the original
fuel. The products can therefore be retained on board, This climinates
bath the problems of compressing the products to a sufficiently high
pressure for expulsion to the marine environment and of vapour bubbles
trailing from the vehicle.

Fig. 18.7 shows the energy density, on a weight and volume basis, for
several metalfoxidant combinations (Mattavi et al. 1969). The desirable
characteristics of a fuel/oxidant combination include:

. A high heat of reaction on hoth a weight and volumetric basis.

2. The reaction should be controllable.

3. Reaction temperatures should be within limitations associated with
construction material properties,

4. The products of combustion should be non-gascous af the desired
reaction temperature. In general, the formation of solid products is
also undesirable since they can produce a reaction-inhibiting layer
in the reaction zone. In addition, solid products can also increase
the viscosity of the liguid melt, therchy adversely affecting Tiquid
circulation,

3. The praducts of reaction should be soluble in the parent metal to
promote control during reaction depletion and product formation.

U=t
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6. In a closed system, the produets of reaction should oceupy essen-
tally the same volume as the metal fuel.

7. The reactants and products should be non-toxic. This is particularly
important for the protection of personnel if they are located in the
same closed environment of the underwater vehicle.

8. The fuel and oxidant should be compatible with materials of
construction.

2. The reactants should be readily storable for extended periods of
time. It is also desirable to be able to store the reactants in a soft
package outside the pressure hull to reduce the overall system
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Table L5 1, 15 hp Strling engine and accessories weight

lem Weight (It}
Basic engine for use with heal storaps G
Required accessories:
Water pump 26
Hydrogen reservoir 1.3
Hydrogen valve 1.5
Hydropen comprassor it
Coolant loop 3
[nstrumentation, wiring, plombing 5.0
Total hasic sysiem 823
(hither accessones for specific needs:
Stitrter motor 6.2
Starter switch (LR ]
Battery 14;5
Battery charger 9.1
Speed governor 6.0
Flywheel® i
Waoltage repulatar 1.2
Generetor drive coupling 20

¥ Flywheel requircments depend upon such particular in-
tegration considerationy is inertia of generstor ar reduction
peaning, ele. The above esgine by itself requires shown
flywheel weight for aptimum performance,

Fugl melt  Reactant melt
temp ("F} temp {°F)
! Al-O, —| 1234) 3712
[ Be-0, | 2330 4580
[ Li-0, ] 154 > 310K
| Na-F, I 208 1800
|' Mg -F, ] 1204 2542
! Li-F, ] 354 1558
[Li-ci, | 354 1134
| Li—CIF, ]
Li-CCLF, |
Li-C,CLF,
[Li-€.ciF,
[ Li-cr, ]
[ vui-sk, |
L | T T | j
000 2000 1000 0 3 10 15
(W hrflh) Enerey density W hr/in3)

Fia, 18.7. Energy density of metal/oxidant combinations on a weight and volume nsis
{alter Mattavi eral. 1065}
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weight. In this case, the bulk modulus of the reactants should equal
that of the ambient sea-water in order to minimize changes in
buoyancy during storage periods,

10. The reactants should be cconomically feasible.

Unfortunately no combination meeting all these requirements has been
located. A preferred combination is the metal lithinm with various halogen
compounds, sulphur hexafluoride or chlorine trifluoride. The halogen
compounds, identified generally by the proprietory term ‘Freons’, and
sulphur hexafluoride SF, are safe oxidants for storage and handling
purposes. They combine with lithium in an intense but non-violent
reaction accompanied by the release of heat. Some details of the experi-
mental work on open and closed systems have been given by Mattavi er
al. (1969). Average temperatures outside the reaction zone ranged from
630 to 1040°C (1200 to 1900°F) and were casily controlled by the
admission of an oxidant.

Weight and volume estimates for Stirling-engine underwater power-
systems energized by metal combustion are shown in Fig, 18.8 (Mattavi er
al. 1969) as a function of the mission duration and for the three power
levels 7.3, 37, and 74 kW (10, 50, and 100 hp). These curves are directly
comparable with the corresponding data for thermal storage given in Fig,
18.5. Comparison of the data indicates that a metal-combustion system
could be about half the size and one-third the weight of a thermal-storage
system of equivalent power on a mission of similar duration.

Percival (1967) presented the interesting comparison reproduced in
Fig. 18.9 of the weight per horsepower of various underyiier FTODUISION
systems as a function of the hours of operation, This comparison indi-
cated the metal-combustion system ta be far superior to any other
candidate. In the same paper Percival also presented a comparison of
torpedo propulsion svstems. This is reproduced in Fig. 18.10 and again
the Stirling engine with metal combustion emerges as the preferred
candidate.

The interest in underwater power systems at General Motors stimu-
lated a renewal of interest in double-acting engines to achieve a more
compact design (Mattavi ef al. 1969). In particular the Siemens arrange-
ment of a multiple-cylinder double-acling engine driving a wobble-plate
or swash-plate received substantial attention. This configuration, shown in
Fig. 18.11, is clearly ideally suited for a torpedo drive. Substantial effart
was invested in the development of swash-plate drive systems of im-
proved performance (Maki and DeHart 1971).

Following the abrupt termination of the General Motors program in
1970 (Percival 1974), the General Motors work on underwater power
systems was not entirely lost. Philips appears to have taken over much of
it. As described in Chapter 12, all the Philips development effort in the
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L9705 has been devoted to Siemens-type swash-plate engines. The auto-
motive engines being developed by Philips for Ford under Department
of Energy sponsorship are swash-plate engines, It is ironic that an engine
which started life as a torpedo motor at General Motors will most likely
end up a decade later as the automotive engine of its principal com-
petitor,

Philips also continued work on metal combustion as an ETETEY SOUTCES
for underwater power systems. Two papers (van der Sluys 1975, and
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Biermann 1975) describe in considerable detail experimental and de-
velopment work with lithium/sulphur hexafluoride heatl sources for com-
hination with Stirling-engine propulsion systems.

substantial work on Stirling engines for underwater power systems is
said to have been carried out by other Philips licensees, United Stirling,
Malmo, and the West German consortium MAN/MWM, but no details of
the scope or direction of this work has ever been publicly disclosed.

19 STIRLING ENGINES FOR HEAT PUMEFES,
STATIONARY POWER AND TOTAL-
ENERGY SYSTEMS

INTRODUCTION

STIRLING engines are under study or development for a variety of
non-automotive applications that can be broadly classified into three
groups: heat pumps, stationary power generation and lotal energy or
co-generation systems,

A hear pump is a device used for heating or cooling, usually as part of
the air conditioning svstem of a building. In the heating mode it draws
heat at ambient temperature from a thermal reservoir, such as a river,
lake, or the ground around the building, I ‘pumps’ the heat to a higher
temperature for rejection from the pump to heat the building. The energy
is eventually dissipated by conduction or conveetion from the building at
approximately ambient temperature, In the cooling mode, the situation is
reversed, Heat is drawn [rom the building at a low temperature and
rejected 1o a heal sink, the same river or lake that served earlier as the
source,

Starionary power gereration embraces 3 wide range of energy conver-
sion activity but is usually interpreted to mean the production of electric
power. The same term can also be applied to pneumatic (air compres-
sion) or hydraulic power systems operating in a fixed location or as the
auxiliary power systems on board an automotive. flight, or marine vehicle,
Power levels can range from the few watts of an unmanned navigaTion
signal generator to the gigawatts of a base-load electric-power utility
system. Current interest in Stirling engines for stafionary power is con-
centrated in modular engines of 500 to 2000 horsepower utilizing munici-
pal, agricultural and industrial wastes and small low-power engines.

A total-energy or co-generarion system s a jargon term employed to
describe an ensemble of machinery used principally in buildings 1o
provide all or most of the services required, i.e. electricity for lighting and
power purposes, heating, cooling, and hot and chilled water, ulilizing an
input energy source such as coal, gas, oil, or a waste product including an
exhaust thermal stream,

A total-energy system will therefore include a stationary  power
generator and, in all probability, a sub-system operating as a heat pump.
However, a stationary power generator or heat pump is not necessarily
part of a total-energy system nor need the heat pump incorporate a
stationary power generator. Nevertheless, they can be related and seem
to fit 1ogether in 4 common grouping although from hereon we shall
consider them all under separate headings,
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HEAT PUMPS

A Stirling engine may be used in relation to a heat pump in two ways:

{a} as the heat pump itself,

(b} as the prime mover driving a heat pump.

When the Stirling engine is used as the heat pump it accepts heat at a low
(probably) ambient temperature and rejects the heat at a higher tempera-
ture to a heating system. Such an arrangement is shown diagrammatically
in Fig. 19.1, The system is illustrated by reference to the ideal Stirling
cycle P=V diagram and a single-cylinder, piston-displacer, single-acting,
Stirling engine. Heat is absorbed during the expansion process at ambient
temperature ( Ty from an external source (shown as a fake or river). The
heat is rejected from the engine during the compression process and is
carried off to perform a uwseful heating function in the building.

OF course work must be supplied (equal to the shaded area on the P-V
diagram) 1o allow the Stirling engine to work in this way. This external
work may be supplied from any power source, including an electric motor
or a heat engine, perhaps another Stirling engine.

The arrungement of a Stirling engine acting as a prime mover producing
power o drive another Stirling engine acting as a heat pump of a cooling
engine is illustrated in Fig. 19.2. This may be called the duplex Sticling
arrangement or the Stirling=5tirling arrangement. Laboratory versions of
such a combination have already been constructed {see Chapter 11) and
commerical applications are anticipated in the foreseeable future.
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Frog, 19.1. Stirhnp-engine heat pump.
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Energy fows in the duplex Stirling heat pump are illustrated in Fig.
193, Starting at the left of the diagram, air and fuel combine in the
combustion chamber to produce high-temperature combustion products.
The products leave the system passing through the air preheater where
they heat the incoming air and also through a further heat exchanger
incorporated in the building heating system.

Heat from the hot combustion products is transferred in the heater of
the prime mover to the working fluid. Some of the heat is converted in
the Stirling engine prime mover to work and the remainder is rejected in
the cooler to the building heating system.

The work produced by the prime mover is consumed to drive the heat
pump. The heat pump operates as described above absorbing heat from a
thermal source at ambient temperatures and rejecting heat to the building
heating system at a higher lemperature.

PRIME MOVER HEAT PLIMP
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Preheater i |
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Fre 193, Energy flows in the Duplex Stirling engine.
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The performance of a heat pump is defined as:

Heat rejected to heater Oy

Coefficient of performance =

Work supplied Wy
(19.1)
Similarly the thermal efficiency of the prime mover 1s defined as:
: ; Work done W,
Thermal efficiency 5 = -_="F (19.2)

Heat supplied _C)_ﬁ
[n the prime mover, the work done is the difference between the heat
supplied 10 the engine and the heat rejected to the cooler, i.e.

Wp= Qg — Q¢ (19.3)

similarly in the heat pump, the work supplicd is equal to the difference
between the heat absorbed and the heat rejected to the heating system,
i.e.

Wi=0p= 0,4 (19.4)
Now in the duplex Stirling arrangement the work done by the prime

mover equals the work absorbed by the heat pump.
Therefore, since W= Wy =W, say

Qe —Qe=W=0Qy,—0Q,4 {19.5)
The total heat rejected to the heating system is
Qe+ Oy {19.6)
ar, from (19.5), = {(0Q;— W) (W4 0,)
=0+ 0, (19.7)

1f the same energy inpuf, Oy, were consumed in eleciric resistance
heating or in a gas or oil furnace the healt available for heating would
simply be Q.. Therefore, use of the heat pump has increased the heat
available for heating to Qs+ Q. Depending on the conditions, the in-
crease in gffective heating available may range from 40 to 100 per cent.
Of course the increase in effective heating has been gained at the
expense of a considerable involvement in machinery, The capital cost of a
heat pump system would inevitably be much preater than a simple
furnace. As fuel costs increase, the economy of heat pumps 15 enhanced,
Fortunately the same machinery used in the above heat pump for
heating may also be deployed as the refriperator cooling unit in an air
conditioning system for summer use.

—r
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The machinery works in exactly the same way as described above. The
only difference, as illustrated in Fig. 19.4, is that now the CApansion-space
heat exchanger is connected to the conditioned-space heat exchanper so
that heat is absorbed from the building at a temperature less than the
ambient value. Similarly the compression-space heat exchanger is linked
with the heat exchanger of the thermal source (now acting as a thermal
dump). The lake which provides heat for space heating in winter mily also
be used as the thermal reservoir for cooling applications in the summer.

This reversal of the role of the heat exchanger between winter and
summer operation may be effected by simply reversing the direction of
rotation of the Stirling engine. This would be a simple matter indeed, if
the Stirling engine were driven by an electric motor, In the Stirling-
Stirling arrangement a reversal in the direction of rotation might be more
difficult to achieve.

The preferred method for reversing the role of the heat exchangers
would likely be some form of flow switching, probably of the intermediate
fluids connecting the conditioned space and the thermal source/dump
reservoir and the cngine,

An early attempt to develop a duplex Stirling engine cooling umit was
made by Walker (19684) under contract to the British Ministry of

Sink

Summer conling
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Winter heating

Fre, 19.4. Sticfing-engine beat pump for summer cooling or winter heating,
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Technology, Martini (19754) has well outlined some of the principal
considerations in a duplex Stirling scheme. Similarly Benson (1978) has
outlined some developments in progress at ERG Inc., San Francisco.
Beale, in Chapter 11, refers to a prototype unit operated at Sunpower
Inc., Athens, Ohio, Other developments are known to be in progress and
commercial application appears likely in the future.

One of the principal advantages of the duplex Stirling arrangement is
the use of a common fluid for the combined Stirling engines. This can he
most attractive in free-piston engines where the use of 4 common fuid
greally relaxes the sealing arrangements.

Furthermore, in free-piston engines the use of gas bearings emploving
the working Auid as the bearing media eliminates the prohlem of oil or
grease lubricants contaminating the working space, Finally, free-piston
engines are or can be made self-starting. This is a most attractive feature
for solar-powered air-conditioning units operating intermittently. They
produce a cooling effect only when the sun is shining enough to induce
the engine to start, a rare and happy combination of cause and effect.

STIRLING/RANKINE-CYCLE HEAT PUMPS

Most development work presently in progress is directed to the use of
Stirling engines as prime movers driving Rankine-cycle heat pumps, This
is despite the attractions of a common working uid in the duplex Stirling
heat pump outlined above. The reason for this is probably related to the
historical factors which have led to the separate development of Stirling-
cycle prime movers and Rankine-cycle heat pump and refrigeration
systems, usually driven by electric motors. Furthermore, there iz a
profound lack of awareness in the engineering community about the
capability of Stirling engines for cooling purposes. All the established
applications are at the cryogenic temperature level, The prospects for
Stirling-engine refrigerating engines at relatively high temperature levels
are rarely addressed in the literature.

The Stirling/Rankine-cycle heat pump is illustrated diagramatically in
Fig. 18.5. The system consists of a Beale-type single-cylinder free-piston
Stirling engine. The work developed in the engine is used to drive the
compressor of a Rankine-cycle refrigeration circuit. Typically this would
use # Freon working fluid and consist basically of four elements, a
compressor increasing the pressure from p to p,, a J-T (Joule-Thompson)
valve where the fluid expands from p, to p and two heat exchangers
where the fluid changes phase (a) evaporating from liquid to vapour in
absorbing heat at low pressure and low temperature and (b) condensing
gas to hiquid at high temperature and high pressure.

The system illustrated in Fig. 19.5 is the system used in the Beale
Sunpower engine where an inertia compressor is used in the Freon circuit.
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Fig. 195 Strling-cngine prime maover driving a Rankine-cycle heat pump. T|1_u Stirling
enging shown is o Beale free-piston engine driving the inertia pump of the Rankine cycle,

The inertia compressor consists of a heavy mass, which remains substan-
tially fixed in space. within an enclosure rigidly connected to the engine
piston and which oscillates along the axis of the fixed mass so that fluid is
pumped alternately from the left and right hand sides of the pump.

The cooler of the Stirling engine and the condenser of the Rankine
circuit both transfer heat to the heating system of the building, Heat is
absorbed from a thermal source at ambient temperature in the evaporator
of the Rankine circuit.

Energy to drive the system is provided by burning fuel with air in a
combustion chamber and heat is transferred in the heater o the working
fluid of the Stirling engine. Heat rejected in the cooler of the engine can
be included in the output of the space heater. Further output may be
obtained by another heat exchanger downstream of the air preheiter on
the exhaust side,

In all this utilization of *waste’ it must be recalled that it is advantage-
ous from the power and efficiency aspect to operated a Stirling engine at a
low cooler temperature, probably below the temperature at which the
space heating might be required. Furthermore successive cooling ol the
exhaust stream can be unproductive as the temperature decreases towards
ambient. Overcooling can result in the condensation of combustion
products that may be corrosive or lead to the build-up of surface deposits
that interfere with the flow.

Substantial work has been carried out by Sunpower Inc. on the de-
velopment of gas-fired free-piston Stirling engines of the Beale type used
for driving the inertin Freon compressors of Rankine-cycle refrigeration
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and heat pump systems. This work was sponsored by the American Gas
Association and was variously reported by Beale ef al (1975), The work
centred on the development of a Beale single-cylinder [ree-piston engine
of 3 kW capacity in combination with an inertia pump supplied by the
Eaton Corp.

After proceeding through successive generations of prototype machines
this development was then redirected by the sponsor, A.G.A., to the
General Electric Space Division for pre-production prototype develop-
ment. Recent work on the G.E. Stirling-engine gas-fired heat pump has
been reviewed by Auxer (1977), Richards and Auxer (1978}, Marusak
and Chiu (1978),

Fortunately the years of experience accumulated at Sunpower were not
dissipated by the surprising change in direction by A.G.A. A major L1LS.
oil company recognizing the inherent potential of the thermally-activated
heat pump rapidly assumed financial responsibility for the programme of
prototype development. Public disclosure of this program has not yel
heen made.

It is understood that a major part (one-third) of the total Philips effort
on Stirling engines at Eindhoven was, in 1978, directed to the develop-
ment of small Stirling engines for inclusion as the prime mowvers in
thermally-activated heat pump systems. It is [urther understood the
engine is of the two-cylinder two-piston Rider form of about 10 horse-
power for use in domestic heat pump systems. This hearsay should be
confirmed by reference to the Philips Naturdig Laboratorium or by
reference to publicity or informational material that may be published
subsequent Lo this work.

Benson (1978), in & general review of work on advanced heat pumps at
Energy Research and Generation Inc. (ERG) Oakland, Ca., discussed a
number of concepts including duplex Stirling and Stirling/Rankine sys-
tems. The degree to which these concepts have been reduced to practice
was not made clear. It is not known how far ERG has proceeded with
hardware development.

Interesting and extensive theoretical studies, reported on a comparative
basis, of different heat pump systems including some Stirling engines have
been summarized by Wurm and Staats (1977). This work was carried out
at the Institute of Gas Technology for the American Gas Association,

STATIONARY POWER GENERATION

Stationary power generation i5 a term embracing the widest pos-
sibilities. Engines that may be stationary power plants in one application
may be adapted as the avxiliary equipment or even the main propulsion
machinery in space, aeronautic, marine, railway, aulomofive, or recrea-
tional vehicle applications,
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St!'rlinlg engines have attractive characteristics for stationary power
applications, They have a wide multifuel ecapability, operate without
noise, have excellent part-load performance, and respond fast to sudden
changes in load. They have the potential to operate for very long periods
with minimal maintenance and low lubricant-oil consumption,

In the closing vears of the twentieth century, the multifuel capahility of
the Stirling engine will most likely become important. The ENgine can
Operate on any source of heat, and so as oil and gas become increasingly
vaiual;:ic, more and more use will be made in power gencration of solid
fuel like coal, industrial wastes such as wood bark, forestry trimmings,
agricultural wastes, and municipal wastes. Anything that is combustible
can be consumed in high-efficiency fAuidized beds, or other advanced
unnﬂfbulsmrs to produce the hot gases for heating Stirling-engine systems.

SIMLIi'd.I']}" the combination of a free-piston Stirling—enginefline:;r altern-
ator with an absorber and solar concentrator may be used as illustrated
in Fig. 19.6 to produce electricity from a solar input (Pilar 1978).

A major solar energy conversion demonstration is in prngress.lwr the
U,S: Department of Encrgy in a program managed by the California
1Insl:|tuu: of Technology, Jet Propulsion Laboratory. This program
includes the construction and evalvation in California of twcnt}-—fhree
50 kW Stirling engines used in conjunction with a similar number of solar
cu_]Jccmrs each 16m (52ft) in diameter. The engines to be used for
this program are United Stirling P75, Stemens-type,  four-cylinder
machines derated to 50kW. The program contractor is Ford
Aeroneutronies. No doubt technical papers on this program will be
appe?ring in the technical press in due course. The use of 23 engines
provides a goad probability for 20 systems to be operating continuously at
any one time o provide a 20%x50=1mW capacity. It is said that
electrical storage is to be included for power supply during the dark
hours. -

Ir} solar systems with a tracking concentrator it is possible to locate the
engine at the focus of the concentrator but this is not desirable as it
requires the concentrator and tracking mechanism to be capable of
supporting the relatively heavy engine and generator system. The prefer-
red alternative therefore is to locate the engine remote from the focus of
Lhe1mncc:mrumr in a fixed, secure, location and to indirectly heat the
engine with a liquid metal heat pipe or transfer loop, This has some
important advantageous characteristics for the engine (see Chapter 16 on
ISnr]mg_ engines for automotive use) principally to eliminate hot 5p0OLs,
increase the upper cycle temperature and hence the efficiency, and,
finally, decrease the internal engine dead space with conseq ucntrgain in
power output and efficiency.

In addition to all these advantages the introduction of indirect heating

] & i — i i
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?pislnn stirling zngine/linear alternator
5, \__.

Frg, 19.4, Stirling engine with solar energy input,

with solar power systems offers a number of possibilities for power supply
during the dark hours. A thermal storage system (thermal battery) of
lithium Huoride may be incorporated in the circuit to be recharged by the
thermal energy of concentrated sunlight during the sunlit hours. This
would permit 24 hour (or as required) operation of the engine/gencrator
system. Another possibility is that with indirect heating (and possibly
thermal storage) a supplementary heat source may be added at very low
cost to keep the engine/generator system going whether the sun is shining
or not. Thus a fluidized bed combustor providing energy to a liquid
sodium heat pipe may be the only additional equipment necessary to keep
a large solar-concentrator/Stirling-generator active during the dark hours.
The combustor may consume garbage, used tires, coal, or wood waste, As

e

e
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=

-
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an accessary o an existing or forthcoming solar plant the cost would he
minimal,

Fluidized bed combustion systems offer the possibility of intense ther-
mal Aux, in relatively moderate and well-controlled temperature combus-
tion systems able to operate with a variety of solid fuels over a wide range
of load. Their use in conjunction with Stirling engines has been studied
and reported by Asselman (1976) and by Dunn and Rice (1973), They
may be used to heat the working fluid in the heater tubes direetly but the
preferred use is with indirect heating using a sodium heat pipe or
sodium/potassium eutectic transfer loop,

In 1978 the U5, Department of Energy initiated the External Com-
bustion Engine project under the management of the University of
Chicago Argonne National Laboratory in [linois. This program will
explore the feasibility of Stirling-engine power generators of 300 to
2000 kW for modular application in situations where appreciable com-
bustible wastes do exist but in quantities which do not justify the
installation of a full-blown, base-load, Rankine-cycle steam-turbine plant.
There are thousands of local municipalities which fall into this category.
Publication of the Program Opportunity Annoucement attracted a
response by over sixty U.S. corporations. The Request for Proposal and
subsequent concept design and prototype stages are expected to initiate
innovative enpgine arrangements previously unexplored, but which may
prove particularly appropriate for large Stirling engines.

Earlier, Hoagland and Percival (1978) have reported on a very com-
prehensive technology evaluation of Stirling engines for stationary power
generation in the 375 to 1500 kW (500 to 2000 hp) range. They con-
cluded that the Stirling engine was well suited, principally on account of
the multifuel capability, for commercial development as an alternative to
diesel, gas turbine, and steam plants. On a considerably larger scale
Stirling engines of megawatt capacity have been envisaged by staff of the
Atomic Energy of Canada. Such engines would be associated with ad-
vanced nuclear reactors.f

Small stationary power generators, say up lo 10 kW capacity are of
intense interest on a broad front for a variety of military and civil
applications. In many cases quiet operation is the attractive feature,
particularly in small power generators for the Army or as propulsion
motors for rubber assault boats or clandestine operations. Quiet low-
power generators are attractive for recreational vehicles. camp-grounds,
and similar situations,

F.EV., the Swedish defence-related company, half owner with Koc-
kums of United Stirling (see Chapter 15), has carried out a decade of

T Private Jiscussions with J. Bradley, Chalk River Laborsteries, Canada.
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independent development of a 10 kW generator. This is near the point of
introduction to commercial application (Johansson 1978} and may well be
the first commercial multiple-horsepower Stirling engine outside of exist-
ing cryogenic cooling systems. It is understood the engine has a moderate
efficiency (20 per cent) to allow for the use of non-exotic materials for the
hot parts.

In vet smaller sizes (up to 200 watts) there appears to be a substantial
market for small thermally-activated power generators for navigation
signil generators, particularly light-ships and buoys.

Present systems on buoys utilize acetylene gas supplied in bottles as the
energy source for the periodic emission of light. The timing and flow
control device is activated by the acetylens gas pressure and extremely
religble systems have been developed. Unfortunately there is little that
can be done to optically magnify or concentrate the emission of an
acetylene Aame so that visibility is limited.

The size of larpe marine tankers is now so great and their inertia so
high that the limit of visibility of an acetylene flame is in fact less than the
distance travelled by the ship between the start of a change of course and
a response by the vessel, Radar systems are of course used in the main
but these have proved fallible and an allernative supplementary warning
system of unfailing reliability is required.

The preferred system would appear to be periodic flashes from an
electric Xenon lamp. The flash can be tailored to provide intense energy
ermission [or an extremely short interval and can be further concentrated
optically to cflect an order-of-magnitude improvement in visibility. Elec-
tric batteries are presently used and a variety of turbo-power generators
using wave action are being evaluated, An alternative would be a small
stirling-engine power generator operating on diesel oil, liquid petroleum
gas, or radioisotope. Such 4 unit capable of operating six months (diesel
oil) or two vears {radioisotope) unattended and with guarantecd refiability
would most likely find a substantial market in the international lighthouse
and buoy market of the maritime regulatory authorities.

One promising development in this field at the University of Calgary,
for a generator operating with cobalt 60 radioisotope, was abandoned
when the isotope power program of the Atomic Enerey of Canada
Ltd. was cancelled in the Canadian recession of 1971,

A similar program carried out at the British Atomic Energy Authority
Harwell Research Centre resulted in the successful development of
prototype generators using strontium 90 radioisotope or liquid petrolenm
gas as the energy source (Cooke-Yarborough and Yeats 1975b), This unit
has passed the laboratory prototype stage and 1s presently being evaluated
in a navigation buoy by the Irish Lighthouse Authority. It is projected for
production by the A.G.A. Ltd., a British affiliate of the celebrated
Swedish industrial and maritime manufacturer,
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Fie. 19.7. Harwell {ree-piston Stirling engine power generator.

The Harwell engine, shown in Fig. 19.7, is a large, heavy, free-piston
Stirling engine utilizing a flexing diaphragm coupled to the generator unit.
It has demonstrated long life with excellent reliability,

Another interesting development at Harwell js the Fluidyne engine
(West 1971), a [ree-piston Stirling engine with liquid pistons used for
water pumping, A water column acting as the piston resonates &t natural
frequency to operate a Stirling engine system contained in the cylinder
above the liguid piston. Arrangements can be made for the resonant
water column acting as the piston to pump water, The engine can be
h::ate_d by combustion, by electric heating or by solar heat, Elrod {1974
has given a good description of the Fluidyne engine and instructions for
construction of a prototype. Rallis er al (1977) have described their

I ] [ 1
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experience with experimental Fluidyne engines at the University of
Witwatersrand.
SYNCHRONDOUS OPERATION

Many stationary power engines are required {(a) to operate at constant
speed and (b) to be relatively unaffected by sudden changes in the load,
Utility power companies are required by the regulatory agencies to
provide electric power at & near constant frequency with close limitations
in the permissible frequency variation,

The control devices for Stirling engine stationary power systems will
include (a) a fuelfair regulator to increase or decrease the fuel supply so0
a5 10 maintain a constant maximum temperature in the combustion
region, (b) an engine torque control so as to vary the engine power and
hence maintain constant speed during variation in the load.

The various torque-control systems available are described in Chapter
L0 and include(a) mean-pressure control, (b) pressure-amplitude contral,
ic) phase-angle control, and (d) stroke control.

Martini (1978)1 has described another type of control system well-
suited to the constant-speed repulation required for stationary power
systems with close frequency stability, The Martini control is illustrated in
Fig. 19.5. The engine is a piston/displacer system driving an electric
alternator. The displacer is driven by a synchronous motor consuming a
[raction of the output of the alternator and operating at a speed corres-
panding exactly to the speed of the alternator. Motion of the displacer
induces How of the working fluid between the hot space and cold space so
the pressure varies cyclically at the same frequency as the motion of the
piston-displacer. The engine pressure variations act upon the piston
causing it to reciprocate in the cylinder and so driving the alternator to
produce power, part of which is consumed to drive the displacer. Thus the
frequency of reciprocation of the piston in the eylinder is determined by
the frequency of reciprocation of the displacer. This in turn is determined
by the speed of the synchronous drive motor which itself is determined by
the speed of the alternator driven by the piston. The system is therefore
completely seli-stabilizing with regard to speed control. The phasing of
the piston and displacer motion will automatically adjust to assume the
phasing required to produce the exact amount of torque required to
generate the load demanded from the engine.

Starting would, of course, present a special problem. One way would be
to start the displacer motor using battery power passing through an
inverter set to produce alternating current at the frequency eventually
required. Once up to speed, the displacer drive would automatically be
transferred to the alternator output,

T Private communication
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Fic, 19.5, Condtant-speed control system for pistonfdisplacer Stirling engine {alter Martini,
private communication 1978)

In most instances the displacer drive would consume a small fraction
{maybe one per cent) of the total electric power developed. In other
cases, the alternator would be simply sufficient in size to provide power
for the displacer drive and for battery charging. The principal output of
the engine would be used as mechanical work for driving a gas compres-
sor, fluid pump or some other mechanical system.,

TOTAL-ENERGY SYSTEMS

A total-energy or co-generation system is an ensemble of machinery
utilizing a single or varied energy source to provide a range of utlitics in
4 building or plant. Typically the total energy plant in the basement of an
office building is supplied with natural gas fuel. Combustion of the gas
produces heat, part of which is used in an engine to drive electric
generators providing high frequency (400 cycle per second) power for
lighting and low frequency (60 cycles per second) power for other
purposes. The waste heat may be utilized to generate high-pressure steam
for heating, for process purposes or, in an absorption chiller, to produce
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chilled water. Similarly low pressure steam or hot water may be produced
for laundry heating and bathrooms.

Stirling engines appear to be well suited for use in total energy svstems
as prime movers, heat pumps, or refrigerating engines. The particular
characteristics of the Stirling engine which are advantageous in total
energy applications are, primarily, the multifuel capability, quict opera-
tion, minimal exhaust emissions, excellent part-load efficiency, and pood
starting, contral, and torque characteristics.

Walker (1967) appears to have been the first to consider Stirling
engines for total-energy systems in a survey carried out for the Institute
of Gas Technology. Later Jaspers and du Pre (1973) assessed the prospects
of the Stirling engine in total energy systems to be highly favourable.

Lehrfeld (1977a) analysed, very comprehensively, the use of Philips
Stirling engines in total energy systems in @ variety of applications,
commercidl and hospital buildings, residential apartment buildings, and
offices, This study was summarized (Lehrfeld (1977b) and further referred
1o in a survey of the Stirling engine for co-generation applications,
Co-generation is a term used interchangeably with total energy to de-
scribe an on-site electric power plant fulfilling electric power demands
while utilizing waste heat from the prime mover to supply heating and/or
cooling requirements. Marciniak er al (1978) of the Argonne National
Laboratory carried out an assessment of potential applications of Stirling
engines in total and integrated energy systems as part of the 1.8,
Dyepartment of Energy Total Energy Technology Alternatives Studies
{(TETAS). Simultancously workers at NASA Lewis Research Centre were
engaged in similar studies for industrial-plant applications of Stirling-
engine total-energy systems as part of the U.S. Department of Energy
Co-generation Energy Technology Alternatives Studies (CETAS),

Somewhat earlier Gadsby (1977) assessed the market potential for
Stirling engines in the 750 kW (1000 hp) range in relation to industrial
diesel and gas-turbine engines, in an effort to define limits and targets for
LS. government funding priorilies,

20 MODEL STIRLING ENGINES

This chapter on model Stirling engines was contributed by Mr. Andrew Ross, of
Columbus, Ohio. Mr, Ross is an attorney at taw and an avid collector of historical
Stirling engines and related memorabilia, He is a machinist par excellence and has
an intuitive grasp of engineering fundamentals permitting the reduction 1o prac-
tice of his creative ingenuity, W

[NTRODUCTIOMN

Tue increasing interest among professional engineers and scientists in
Stirling-cycle machines has created a corresponding interest among
model-building engineers. Such engineers are amateurs in the best sense
of the word; they design and make their own engines, clacks, and other
mechanical devices in home workshops for the sheer enjoyment of it.
Although their experimental Stirling-engine work is still at an early stage
of development, it is nevertheless worthwhile to review what they have
accomplished on limited time and modest resources,

The 65cm? (4in”) rhombic-drive engine illustrated in Fig, 20.1 was
ariginally ‘completed’ in 1973 by Ross of Columbus, Ohio, after a veur of
spare-time effort, On its initial test it did not run. After helpful corres-
pondence with several professional engineers in the field, Ross rebuilt this
engine to reduce heat leaks and dead volume. In the revised configuration
it immediately ran, although initially it produced a mere 1.5 walls at
750 rpm, at atmospheric pressure,

Various modifications were made in the burner and the regenerator,
and vast improvements in performance resulted, The most important of
these modifications was the development of a high-temperature annular
propane burner. The engine now reliably produces well over 25 watts on
air at atmospheric pressure, over 50 watts on air a (.2 MN/m?
(301b per sqin), and over 75 watts on helium at just over 0,2 MN/m®
{300b per sq in), as is shown in Fig. 20.2. Although it has been run at
internal pressures of up 1o (L4 MN/m?® (601b per s in), power tests have
not been conducted at these higher pressures.

Typical efficiency figures are 4 per cent net thermal efficiency {power
out/fuel in) on helium, 17 per cent internal thermal efliciency (power
out/fheat into cooler +power out]} on helium and 14 per cent internal
thermal efficiency on air.

Among the regenerator matrices tested were stainless wire, steel wool,
stainless wool, stainless woven cable, stainless foil, and quariz wool. The
metal wool, cable, and foil generally worked well, but the quartz wool
was a disaster; its fibres were blown to and fro throughout the engine,
necessitating a thorough clean-up,
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Fra, 2001, Rhombic-drive model Sticling engine. Piston displacement 65 em”. By A, Ross
{1973,
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Mor were all the modifications on this engine successful. For example, a
low dead-volume, high surface-arca milled aluminum cooler was substi-
tuted for the original drilled cast-iron cooler, with essentially no improve-
ment in performance. Eventually, work on this engine was discontinued
in the belief that the bearings had about reached their limit.

A piston-displacer vee twe cylinder engine of 38 cm” (2.3 in") piston
displatement was then made by Ross. This design used an identical heater
regenerator and cooler as the 65em” (4in”) rhombic. Needle bearings
wete used on the connecting rods’ lower ends to ease bearing problems
with the essentially dry crankcase. After certain pumping loss problems
caused by a porous crankcase-casting were eliminated, power tests were
satisfactory, As can be seen in Fig. 20.2, the engine produced 24 watts on
air at 0.2 MN/m® (30Ib persqin), and up to 31 watts oo air at
0.27 MN/m* (401lb per sq in). Subsequent efficiency lests, however, were
very disappointing, showing only slightly over 1 per cent net thermal
clficiency, with 5 per cent internal efficiency on air and 6 per cent on
helium. During these tests, performance was not up to par, and it is quite
likely elusive leaks were at least partly to blame for the poor figures,

Fig. 20.3 shows two simple engines, described by Ross (1976) and Ross
(1977b). The ¢ngine on the left is a small 12 ¢m? (0,73 in?} rhombic-drive
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Fig. 2003. Two Stirling engines by Ross. Engine at left is o 12 em? prision displacement
engine with rhombic drive, Engine at right is a two-cylinder Rider-1ype engine,

machine which, with its annular propane burner, turns a maximum of
3600 rpm on air al atmospheric pressure. A similar engine, built by
Thomas, but incorporating his own external piston and a seli-pressurizing
pump, produced 4 watts at atmospheric pressure, and 11.5 watts at
0.3 MN/m? (451b persqin) pressure. The engine to the right is of the
two-piston Rider type. The unusual crank geometry shown was added
later, primarily as a means of reducing piston side forces.

REGENERATIVE DISPLACER ENGINES

Another model engineer interested in the Stirling engine is W, D.
Urwick, of Malta, who has undertaken an extensive program of testing
the regenerative displacer. In the Urwick design, the conventional dis-
placer is replaced by a series of screen dises mounted on the displacer
shaft, which act as a regenerator. Urwick (1975) reported various experi-
ments in which the engine tested performed 2s well or better with this
regencrative displacer than with a conventional displacer, despite the
greatly reduced compression ratio accompanying the change. Discolora-
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tion of the screen discs sugpested that a very even temperature pradient 1s
maintained between the discs. Other experiments showed the effect of
greatly increased dead volume on engines with very low compression
ratios,

Later Urwick (1977) described a number of different ENgines incor-
porating his type of displacer, including one with a swash-plate and
several with nutator (wobble-plate) drives. An Urwick engine of 5em’
(0.3in") design is shown in Figs. 20.4 and 20.5. He has resisted the
temptation, sometimes strong among model engineers, to pursue every
new idea. Rather, he has continued carefully and patiently to explore thiy
regenerative displacer idea, in an effort to realize whatever patential it
may have.

Collins {1977) has also developed a regenerative displacer engine. Thig
very interesting 5.5 watt 5 cm® (0.3 in”) engine Dperates on air at just over
0.6 MN/m® (901b per sq in.), and incorporates a simple but effective shaft
seal that permits runs of up to 56 hours without supplemental pressure,
As with most model engines, this machine has been tested in several
different configurations. Some tests were made with conventional displac-
ers, and others with regenerative displacers.
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Fia, 20.5, Cross-section of Urwick engine with nutator drive.

HOT-AIR ENGINE COMPETITIONS

The 5em” (0.3 in%) engines of Urwick and Collins were built for the
first hot-air engine competition, held at the 1977 Model Engineer Exhibi-
tion in London. This competition was sponsored by A, N. Clark and
promoted by Model Engineer magazine. In light of the increasing interest
in model Stirling engines, it was correctly believed that the time was right
for an international competition (Chaddock 1976).

Sinee originality was to be encouraged, the rules were few. The only
significant restriction was that power piston displacement be limited to
Sem’ (0.3 in”), and the only aim was to produce as much power with that
volume as possible,

Seventeen people entered the competition, and the winner, E, F.
Clapham of Bristol, produced an engine beyond the sponsors” wildest
expectations. It was pressurized with air at over 6.7 MN/m®
{1000 1b per sq in}, and it produced 39.4 watts at 900 rpm. This machine
was designed and built in 600 hours, and it was the first Stirling engine
Clapham had ever built,

Clapham’s engine, shown in Fig. 20.6, was a co-axial piston-displacer
design with a pressurized crankcase. Tubular heat exchangers provided
almost 122.6 cm® (19sqin) of external heater surface area, and over
45.2cm” (7sq in) of cooler area. The crankshaft mechanism was a mod-
ified bell-crank type. designed to operate without oil lubrication. The
crankcase was run dry to prevent oil contamination and any danger of
explosion, A separate crosshead was used, with PTFE pads to absorb side
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Fra. 20.6. Model Stirling engine by Clapham (1977). This high-pressure hjgh-__nurfmmanoe
engine wan the first bol-air engine competition for engines with 3 em” piston displacement,
Oulput was 95 watts at 2000 revolutions per minute with helium ar 80 bar mean pressure,
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loads. The piston rings were carbon, backed by O-rings. A commercial
carbon face-seal of the pressure-balanced type was used to seal the
crankshaft as it emerged from the crankcase.

Clapham (1977) has described how, after the competition, further
madifications were made to this most impressive engine, to increase the
power to 55 watls at about 1350rpm on air at 6.7 MN/m?2
(1000 1b per sq in) and 95 watts at about 2000 rpm on helium at 8 MN/m?
(1200 1b per sq in},

It is interesting 1o compare Clapham’s design with the 65 em® (4 in®)
rhombic of Ross. Both are high-speed engines and hoth have produced
35 watts on air, yet Clapham’s machine has only 1/13 the volume, but 34
times the pressure, of Ross's machine. The Clapham engine has # much
higher dead-volume ratio, as would he expected of an engine of such high
output per unit volume. The overall dimensions are comparable, the
Sem® (0.3in%) engine standing about 24.1cm (9.5in) tall, the 65 em’
(4in”) engine being 29.2 em (11.5 in) tall.

The second place engine at the Model Engineer competition was a
beautiful rhombic-drive design of Dr. James Senlt {1977}, of Minot,
North Dakota. He had previously built a number of small Stirling engines
and (Senft 1976) had earlier written a detailed and extensive article for
maodel engineers on Stirling engine theory. Senft is unusual among model
engineers in that he also works professionally on Stirling engines. His
engine, shown in Fig. 20.7, was designed to be a reliable and practical
low-pressure machine suitable for model purposes. Tt employed a com-
pact version of the rhombic-drive, with the connecting rod centre length
only 2.5 times the crankpin radius, A machined teflon cup with a spring
expander sealed the piston; a similar seal was used on the one shaft that
emerges from the pressurized crankcase. The displacer was of the clear-
ance type, with no regenerator,

This engine made 4.7 watts at 1260rpm on air at 0.3 MN/m*
(431b per sq in) during the competition. Subsequent tests on helium at
0.4 MN/m* (60Ib per sq in) produced 12.9 watts at 2920 rpm. The highest
speed recorded on the engine is 3860 rmp. This was not the ‘no Ioad’
speed, as the load then was still 8.6 watts,

Other interesting engines in this first competition were described in an
article by Chaddock (1977) who, as technical consultant to the Model
Engineer, conducted the power tests.

The subsequent 1978 competition was encumbered by considerably
more complicated rules (Model Engineer 1977). To enable testing to be
carried oul within the exhibition hall, various restrictions on fuel tinks,
supply pipes, gas fittings, ete. were specified. External flame euards were
required so no external flame would be visible while the engines ran.
Some sort of rapid extinguishment device was necessary. Pressure was
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FiG. 20.7, Medel Stitling engine by 1, Senft (19771, This engine was second in first hot-wir
cngines compelition,

limited to 0.76 MN/m® (115 Ib per sqin). Helium was permitted, and
many potential competitors no doubt felt it would be essential 1o be
competitive.

Although these rules were not unreasonable, they dampened en-
thusiasm to such a degree that only two builders entered the competition,
The winner was F. R. Wilkinson, whose double-acting piston-displacer
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engine was similar to Robert Stirling’s engine of 1843 for the Dundee
foundry. It made 8 watts when pressurized to  0.76 MN/m?
(115 |b per sq in). One interesting feature was a form of isothermalizer in
the hot end which is said to have increased power by 2 watts,

The other contestant was Dr. Brian Thomas, who has built many small
Stirling engines of imaginative and unusual design, including several with
cam activated displacers, His competition engine was a rhombic-drive
with an ‘external piston’; that is, a piston with a skirt sealing against the
outside of the cylinder. This fine engine had taken third place in the prior
year's competition by producing 2.5 watts at 2000 rpm. For this year, Dr.
Thomas had developed a self-pressurizing pump, but various difficulties
kept power down to 3.7 watts,

FUTURE ACTIVITY: MODELS AND LARGER ENGINES

Regardless of the future of the competition it seems certain that
development of the model Strling will continue. Ross has recently
completed -a practical die to produce wax patterns for externally and
internally finned heater heads; these have been successfully investment-
cast in brass, and in Type 316 stainless steel. Senft and others are
planning to incorporate regenerators in their small engines. Thomas is
making progress on his self-pressurizing machines. and is also experi-
menting with a ‘stuffed’” heater, whereby a simple pressed heater can
provide considerably extended heat transfer area. Mew designs continue
to appear, such as the Henshall (1977) crank geometry linking two
cylinders, each containing a co-axial piston and displacer, 1t seems at least
possible that the history of the model engincers in developing flash steam
hydroplane engines, or miniature two stroke internal combusion engines,
could be repeated with the small Stirlings.

Many of these builders are also very interested in building practical
engines of 100 to S00W (1/8 to 1 hp) suitable for powering small skiffs
ot bicycles, perhaps on solid fuel. One builder who has already completed
such a project is Morris Bomford (1975}, shown with his Stirling-powered
baat in Fig. 2008, His large-volume, slow-turning engine propels the
skiff at 1.3 to 1.8 m/s (3 to 4 mph). [tis expected there will be much more
amateur activity in this arex, too, in the near future,

On all these matters, there exists an active written correspondence, not
only among the model engineers themselves, but also between them and a
number of the independent professionals in the feld. Amateurs and
professionals alike have in common both the rewards and the frustrations
of working in a field where there are more guestions than answers.

Fig. 20,8, Sticling-cngine powerad boat by M. Bamfond (1975).
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(Terms are defined as they are used in the context of Stirling en gines)

Adiabatic compression and expansion: Thermodynamic process of vol-
ume, pressure, temperature change, and also adiabatic process change
that occurs without heat transfer to or from the system.

Beale free-pision Stirling engine: A type of Stirling engine in which the
piston and displacer move entirely under the action of fluid forces. There
are no connecting mechanisms between the piston and displacer. The load
is direct-coupled to the piston.

Clearance space: The minimum volume of the compression and expan-
5I0N spaces,

Coefficient of performance: The ratio of heat transferred to input work,
For a refrigerator the COP = Heat lifted (refrigeration effect)/Work sup-
plied. For a heat pump the COP = Heat rejected/Work supplied (i.e. the
inverse of thermal efficiency).

Compound working fluid: The working fluid of a Stirling engine that
consists of two or more components and which may exist as a liquid, pas,
vapour, or dissociated elements.

Compression space: The part of the working space in a Stirling engine
where the working fluid is principally concentrated when the total svstem
volume is decreased, the pressure rises, and heat is rejected to the cooling
water. In a prime mover the compression space is cooler than the
expansion space. In a refrigerator or heat pump the compression space 1s
warmer than the expansion space,

Constant pressure process: Thermodynamic heating or cooling process
that occurs at constant pressure. This may or may not be regenerative,
Consiant temperature process: Thermodynamic heating or cooling process
that occurs at constant temperature.

Constant volume process: Thermodynamic heating or cooling process that
occurs at constant volume. This may or may not be regenerative.
Cooler: The heat exchanger provided to facilitate the transfer of thermal
energy from the working fluid to the cooling medium, water, air, or some
other flud.

Crank drive: One form of kinematic drive consisting of a crank and
connecting rod used to convert reciprocating to rotary motion and to
convey power belween pistons and drive shatt,

Cryogenerator: A cooling engine capable of achieving refrigeration at
cryogenic temperatures (less than 100 K or 180°R).

]
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Dead-velume ratio: That part of the total working space not included in
the variable volumes of the expansion and compression spaces, expressed
in terms of the variable volume of the expansion space.

Direct heating: A system in which the hot products of combustion pass
directly over the heater tubes in which the working fluid lows so that heat
is transferred directly from the combustion products to the heater tube
walls and hence 1o the working fuid,

Discontinuous piston motion: The non-sinusoidal mation of the piston
and displacers required to achieve the necessary volume variations of the
idealized thermodynamic eycles.

Displacer: A lightweight structural reciprocating element in a Stirling
engine characterized by a large temperature difference but a negligible
pressure difference between the upper and lower transverse faces
Double-acting engines: A family of Stirling engines having a single
reciprocating element per thermodynamic system. There is a minimum
number of two cylinders bul no maximum number.

Duplex Stirling engine: Two Stirling engines arranged sa that one operal-
ing as a prime mover receives heat at a high temperature and produces
work to drive the second Stirling engine acting as a cooling engine
refrigerator or heat pump.

Emission products: The constituents of the exhaust products of an engine.
With fossil fuel combustion these are principally water vapour, unburned
hydrocarbon, carbon monoxide, nitrogen, and oxides of nitrogern.
Ericsson cvele: An idealized thermodynamic eyele consisting ol isothermal
compression and expansion processes at different temperatures bounded
by constant pressure regenerative processes.

Exhaust-gas heat exchanger: See Regenerative cyele,

Exhaust-gas recirculation: A system wherehy a sizeable fraction of the
exhaust pas is circulated back through the combustion system. Used to
minimize the quantity of oxides of nitrogen in the exhaust emissions.
Expansion space: The variable volume of the working space in a Stirling
engine where the working Auid is principally concentrated when the total
system volume is increased, the pressure falls and heat is absorbed. In a
prime mover, the expansion space is hotter than the compression space.
In a refrigerator ar heat pump the expansion space is cooler than the
COMPression space.

Finkelstein adiabatic eyele: An idealized thermodynamic cycle for Stirling
engines with no heat transfer in the compression and expansion spaces
and infinite rates of heat transfer in the heat exchangers,

Free-displacer engines: A form of Ericsson regenerative engine (Bush
type) where the displacer moves under the action of fluid forces, Used
principally as a pressure penerator or pump.

Freezer: The heat exchanger provided in a refrigerator or heat pump o
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facilitate the transfer of heat to the working fluid from an external low
temperature source.

Harmonic pision motion: The near sinusoidal motion of the pistons and
displacers used in practical Stirling engines.

Heat pipe; A device used in an indirect heating system in which an
intermedhiate fluid is used to transfer heat from an external energy source
to the working fluid. Usually the intermediate fuid (a liquid metal,
usually sodium) is evaporated at the thermal inlet and condenses at the
thermal outlet. Large rates of heat transfer can be effected with minimal
temperature differences, Furthermore, large differences in the rates of
heat transfer can be achieved. This provides the possibility for large areas
for heat transfer from the combustion products and small areas for heat
transfer to heat tubes. ‘Hot spots’ on the heater tubes are avoided and a
significant improvement in heater temperature and eyele efficiency can be
gained,

Heaf pump: A machine driven from external power supply absorbing
heat at ambient temperature and rejecting the heat at some higher
lemperature,

Heater: The heat exchanger provided in a prime mover to facilitate the
transfer of thermal energy from an external source to the working fluid,
Hybrid [ree-displacer crank-controlled piston engine: A form of Stirling
engine where the reciprocating piston has kinematic coupling to a rotating
shaft but the displacer is oscillated under the action of fAuid forces.
Indirect heating: A svstem in which thermal energy from an outside
source heats an intermediate fluid (sodium, say) which conveys the energy
to the heater tubes and hence to the working fluid (see Hear pipe).
Isemtropic process: Thermodynamic process of volume, pressure, -and
temperature change that takes place at constant entropy.

Isobaric process: See Constant pressure process.

[sometric process: See Congtant velume process.

Lsothermal compression and expansion: The process of volume and pres-
sure change that oceurs without change in the temperature of the system,
lsothermal process: Sec Constant temperature process,

Kinematic drive: A system of cranks, connecting rods, levers or swash-
plates used to regulate and control the reciprocating motion of pistons or
displacers and to convey power between the pistons and drive shafts,
Metallurgical limi: The maximum temperature of operation for the
materials used in the hot spaces of the engine.

Multifuel capacity: The ability of an engine to operate on various fuels or
eHETEY SOurces,

Phase angle: The angle by which volume variations in the EXpANSION
space lead those in the compression space.

Piston: A heavy structural reciprocating element of a Stirling engine
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characterized by a large pressure difference but a negligible temperature

difference between the upper and |lower transverse faces,

Porosity: The total void volume expressed as a fraction of the volume

envelope of the porous solid (frequently expressed also as a per-

centage),

Pressure drop, Pressure loss: The difference in pressure that arises when

fuid flows through a duct or heat exchanger because of aerndynamic-

[riction effects.

Pressure excursion: The range of variation of the cyclical pressure change

of the working fluid in the cylinder.

Pressure ratio: The ratio of the maximum and minimum pressures of the

working fuid.

Prime mover: A Stirling engine used to produce mechanical work from

heat supplied at high temperatures.

Rallis evele: An idealized thermodynamic cyele with regenerative proces-

ses that occur partly at constant volume and partly at constant pressure.

The process of compression and expansion may occur isothermally or

adiabatically.

Recuperator (Recuperative heat exchanger): A form of heal exchanger
(tube and shell, or finned tube) with separate channels for the hot and

cold fluids. Usually the flow is continuous and constant in the channels,

Regenerative annulus: A narrow annular gap between the displacer and
eylinder through which the working fluid passes en route from the
expansion or compression spaces. There is a temperature difference along
the length of the annulus and as the gas passes through, a measure of
regenerative heat exchange is accomplished.

Regenerative cycle: A thermodynamic evele in which some attempt is
made to utilize the heat in the fluid being rejected from the cycle at low
temperatures to heat the incoming fuid and so reduce the amount of
‘new’ heat required and hence improve the efficiency of the eycle. The
regenerative action may take place periodically as in the Stirling engine or
continuously as in the Brayton-cyele pas turhine. In the latter case the
heat transfer unit which accomplishes the regenerative action may be
either a regenerative or a recuperative heat exchanger, Great care must
be exercised to avoid confusion when discussing exhaust-gas heat exchan-
gers [or regenerative thermodynamic cveles.

Regenerative matrix: A porous volume of finely-divided matenial {usually
metallic) contained in the working space between the compression and
expansion spaces. It acts as a reservoir of thermal energy.

Regenerator (Regenerative heat exchanger): A form of heat cxchanger
consisting of a porous solid mass with a single set of Aow passages
through which pass periodic, alternate flows of hot and cold fluids.
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Regulation; The process of temperature or power control used to regu-
late the output of a Stirling engine.

Reitlinger cycle: Generalized thermodynamic ideal cvele with isothermal
compression and expansion processes at different temperatures bounded
by regenerative processes of any nature.

Rhombic drive: A special kinematic drive for Stirling engines which
regulates the motion of the piston and displacer in single-acting engines.
It is possible to achieve perfect dynamic balance while operating the
reciprocating elements at the required phase difference. There are no side
forces on the cylinder walls,

Roll-sock seal: A rolling diaphragm seal developed by Philips for con-
taining the working fuid in the working space.

Schmidt cycle: An idealized thermodynamic cycle for Stirling engines
with sinusoidal volume wvariation of the isothermal compression and
expansion spaces at different temperatures,

Single-acting engine: A family of Stirling engines with two reciprocating
elements per thermodynamic system.,

Space power systerm: An energy conversion device used to provide power
for spacecraft.

Stirling cyele: An idealized thermodynamic eycle consisting of isothermal
compression and expansion processes at different temperatures bounded
by constant volume regenerative processes,

Swash-plate drive: A system used in double-acting Siemens-type Stirling
engines for repulating the motion of the displacer-pistons and transmit-
ting power to the drive shaft. The pistans are connected to an inclined
disc on a rotating shaft which causes the pistons 1o reciprocate as the disce
rotates,

Swept-volume ratio: The volume variation in the compression space
expressed in terms of the volume variation in the expansion space.
Temperature ratio: The ratio of the temperatures of the working fluid in
the compression and expansion space.

Thermal efficiency: The fraction of total heat supplied that is converted
to useful work.

Total-energy sysiem: An ensemble of machinery receiving a single exter-
nal energy supply that is capable ol providing all the utility needs of a
hospital, or residential or commercial building.

Total working space: See working space.

Two-phase, two-component working fluid: See Compound working fluid,
Uinderwater power svstem: An energy conversion device used 1o provide
power for underwater purposes,

Void volune: The total volume of the void spaces in the working space
of a Stirling engine including the porous volume of the regenerator
and the associated heat exchangers and connecting ducts or ports.

 §
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Volume compression ratin: The ratio of the maximum and minimum
volumes of the total working space,

Wobble-plate drive: See Swash-plate drive.

Worlc done: The work done by or on the working fluid during a change in
volume.

Working fiuid: The gas, liquid or vapour which experiences periodic
compression and expansion at different temperatures in the working
space of a Stirling engine.

Working space; The cnsemble of variable volumes and constant volumes
comprising the Stirling engine system, including an expansion space, u
compression space, void volumes of the regenerator, heater, cooler, and
the volumes of clearance spaces and connecting ducts or ports,




BIBLIOGRAPHY AND REFERENCES

THE LITERATURE OF STIRLING ENGINES

Tue following bibliography of Stirling engines includes books, papers,
patents, and other material generally available from a pood technical
library. The material is arranged in alphabetical order of the prime
author. The list is by no means complete. Additions are being entered
constantly as new papers are written, and as others, previously unknown,
are found. Many of these contribute further new references. All the
material has been through the author’s hand at one time or anather and
most is, euphemistically speaking, on file at the University of Calgary.

The literature of Stirling engines is surprisingly extensive. Some meas-
ure of the interest in a subject can be pained by the number of papers
written about it. Fig. 22,1 shows the annual number of publications about
Stirling engines in the [orty-year period, 1940-80. These numbers were
gleaned from Martini (1978a) who gives an extensive bibliography ar-
ranged chronologically, by subject and by author,

The present situation is perhaps akin to that celebrated by the Dutch
legend of the little boy whose finger in the dyke stopped the flood and
saved the town, In the case of Stirling engine literature, it would appear
his finger is already out of the dyke and the flood is upon us.

In 1971, the author felt competent to review Stirling engines for both
power and cooling applications in the same volume. Since that time an
equally extensive bibliography for cooling engines has been assembled
and separate volumes for the two distinct applications are clearly war-
runted. Plans are already in train for further separate volumes on free-
piston machinery.

Newcomers to the field will find the volume of literature both daunting
and challenging. The following guide to the essential literature is a pood
place to start:

1. Overall survey. Ross (1977a) has provided in a small pocket book
a most readable, entertaining, and non-technical survey of the
whaole field including an interesting history, principles of operation,
and recent developments.
Historical, Finkelstein (1959) has given an extensive historical
account of air engines. The long article by Babcock (1883) is also
recommended for those interested in the history of heat engines.
3. Philips engines. The paper by van Beukering and Fokker (1973) is
the most recent survey of the Philips program.
4. United Stirling engines. Rosenqvist, Gummesson, and Lundholm
(1977) gave a status report on the development of the automotive
Stirling engine in Sweden.
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Fro. 22.1: Growth of interest in Stifling engines (ofter Martini 1978a),

MAN/MWM. A recent paper reviewing development of Stirling
engines in West Germany was given by Zacharias (1974).

. General Motors engines. Percival {1974) has provided a historical

survey of the General Motors program from 1960 (o 1970, [
contains 4 wealth of data and information and is one of the most
important survey documents in the open literature,

Ford/Philips engines. Progress reports in this program are pre-
sented semi-annually at the U.S. Department of Energy Automo-
tive Highway Contractors Coordination Meetings. Kitzner (1977a)
has piven a comprehensive account of recent automotive Stirling
engine activity.

Artificial hearls. Annual reports are filed 1o the U.5, Mational
Institute of Health by McDonnel Douglas, Acrojet-General and
Thermo-Electron. Quarterly progress reports are filed to the US.
Department of Energy by Westinghouse, Papers are contributed
annually by most of the above contractors to the Intersociety
Energy Conversion Engineering Conference.
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Y, Desipn manual, Martini (1978a) assembled much material about
Stirling engines with particular reference to different computational
methods for design, This document is highly recommended. 1t
containg an extensive bibliography arranged chronologically, by
subject, and by author.

10, Contemporary developments. The annual Intersocicty Energy
Conversion Engineering Conference appenrs to have become the
principal vehicle for publications on Stirling engines. One or two
sessions each year are now devoted to Stirling engines. Other
relevant papers may be found in the sessions on biomedical appli-
cations, heal pumps, energy conservation, and on-site power gen-
eration,

11, Automotive engimes. The Us. Department of Energy Strling
engine aulomotive development program is mansged by the
Stirling Engine Project Office, NASA/Lewis Research Centre,
WVarious documents are circulated by the Office from time to time.

12, MNewsletter, Martini {197 7a} publishes an occasional newsletter of
the Stirling Engine Research Institute, It contains interesting and
informative news, and developments in the field that Martini has
been advised about.

13, Cooling engines. Developments of Stirling and other types of
regeneralive cryogenic cooling engines are regularly reported at
the Iniernational Cryogenic Conferences, at the U.S. Cryogenic
International Cryogenic Conferences, and at the 15, Cryogenic
Engineering Conferences (presently biannual). Such material is
also published as Advances in Cryogenic Enginecering, Plenum
Press, New York (now up to about 25 volumes). The most com-
plete repository of information about cryogenics is undoubtedly the
Cryogenic Information Center, National Bureau of Standards, U5,
Department of Commerce, Boulder, Co., U.S.A., (Director, Dr. N,
Olean},

ABBREVIATIONS

In the following references, titles of journals are abbreviated as recom-
mended in the Warld list of sciendfic periodicals (ed. P. Brown and G. B,
Stratton, Butterworth, London, 1963-5 and later supplements),

However, research reports and other documents with restricted circula-
tion, many of which are of United States origin, are quoted in the style
used in journals published by the American Society of Mechanical
Engineers (ASME). A number of abbreviations not found in the Warld
list, but which occur frequently in these references, are as [ollows;

AERE—Atomic Energy Research Establishment, Harwell, United

Kingdom.
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DOE—United States Government, Department of Energy.

EPA—United States Government, Environmental Protection Agency.

ERDA—LEnergy Research and Development Administration (now re-

placed by DOE, sce above),

LE.C.E.C.—Intersociety Energy Conversion Engineering Conference.

MANMWM—Enmtwicklungsgruppe Stirlingmotor MAN-MWN, Augs-

burg, West Germuny,

MTIl—Mechanical Technology Inc., Latham, New York.

NASA—United States National Acronautics and Space Administra-

tiomn,

NTIS—National Technical Information Service, United States Depart-
ment of Commerce, 5285 Port Royal Road, Springfield, Vir-
ginia 22151, USA. (Many of the documents mentioned in these
references can be obtained via this service).

5.AE.—Society of Automotive Engineers,
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Mew York 10510, USA.

D, Ing. F. Zacharias
Motoren-Werke Mannheim A. G,
Postfach 1563,

6800 Mannheim 1,

West Germany.

D, Ing. H. Zapi,

Mhaschinenfabrik- Augsburg-Nurnburg,
D 8900 Augsburg 1,

Stadtbachstrasse 1,

West Germany,

Mr. Bengt Hallare,

United Stirling (Sweden) AB and Co.,

Fack,
201 10 Malmo 1,
Sweden,

F.EV. Industrial Products,
Linkoping, Sweden,

Mr. Lennart Johannson,
Stirling Power Systems Corp.,
T101 Jackson Rd,

Ann Arbor,

Michigan 45103, USA.

Mr. AL Kitzner,

Alternative Engine Programme,
Research and Engineering Centre,
Ford Motor Company,

PO, Box 2053,

Dearborn, Michigan 45121, USA.

Mr. Bruce Goldwater,
Mechanical Technology Inc.,

968 Albany-Shaker R,

Latham, New York 12110, USA.
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Mr. E. Auxer,

Advanced Encrgy Svitems Division,
General Electric Co,,

Walley Forge Space Division,
Valley Forge,

Penna 19481, USAL

Mr. F. Hoehn,

Iet Propulsion Laboratory,
California Institule of Technology,
4800 Oak Grove Drive,

Pasadena, California 91103, USA.

Mr. Morman Paolster,
Argenta, BUC.,
Canada,

2. Stirling engine builders: free-piston engines

Mr, William Beale, President,

‘Sunpower Inc.,

Bromley Bdlg.,
Athens, Ohio, USA,

Dr. Glen Benson,

Energy Research amd Generation Inc.,
Lowell ancd 57th St.,

Oakland, Ca, 94608, USA,

Mr, Bruce Goldwaler,
Mechanical Technology Ine,,

Y68 Albany-Shaker Rd.,

Latham, Mew York 12110, USA,
Mr., E. Auxer,

Advanced Energy Systems Division,
General Electric Co.,

Valley Forge,

Penmit, 19481, UUSA.

D, E. H. Cooke-Yarborough,
Harwell Laboratory,

[nstrumentation and Applied Physics Division,

AERE., Harwell,
Oreford OX11 ORA,
LK.

Mr, M. Spottiswoode,

AGA Navigation Aids Litd.,

77 High St.,

Brentford, Middlesex TWE OAB,
LLE.

Dr. Ir. GG, Praast.

Cryopenics Division,

M. W, Phillips,

Eindhoven, Netherlands.

14
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3. Artificial heart engines

Mr, R, Tohnston,

Richland Energy Laboratory,

Joint Centre for Gradueate Study,
University of Washington,

100 Sprout Raoad,

Richland, Washington 99352, TISA,

Dr, I. Maoise,

Aerojel Liguid Rocket Co.,

F.0, Box 13327,

Sacramento, Ca, 95813, USA.

Mr, Alex Danicls,

Philips Laboratories,

Brivision of North American Philips Co,,
345 Scarborough Road,

Briarcliff Manaor,

MNew York 10510, TISA,

4. Madel Stirling engine builiders

Mr. John Griflin,

Solar Engines,

2937 W, Indian School Rd.,
Phoenix, Avizona 85017, USA.,

Mr. . Pronovo,

ECO Mator Tndustries Lid.,

PO, Box 934,

Guelph, Cntario N1H 6M35, Canada.

Mro AL Ross,

Ross Enterprises,

37 W. Broad 5t.,

Suite 630,

Columbus, Ohio 43215, USA.

Drawings for small Feinricl engines may be obtained from;

Model Acronautical Press Lid.,

13/35 Bridge St.,

Hemel Hempstead,

Herts, L.

Castings Tor the above engine may be obtained from:

A, T, Reeves and Co. Ltd.,

416 Moseley Road,

Birmingham B12 9AX, UK,

Model engines lfor sale are Trequently advertised in;

{a} Model Engineer Magazine,
13/35 Bridge St.,
Hemel Hempstead, Herts, UK,

ih) Catalopues of Cherrys of Richmond, Lid.,
Richmond, Middlesex,
P
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{e} Catalogues of Caldwell Industries,
a03/609 E, Davis S5t
Luling,
Texas THG4H, USA,

5. Demonstration Stirling engine and teaching aids

Mr. William Beale, President,
Sunpower Inc.,

Bromley Building,

Athens, Ohio, USA,

Levbold-Heraeus Lid.,
Kaoln, W. Germany;
and Blockwall Tare,
London SE10, 17K,

G, Cussons Lid,,
102 Gt. Clowes 5t
Manchester, TR,

Fadan Associates Lid.,
20 Grove St,,
Bath, UK,

6. Cryogenic cooling engines

Dr, Ing. G, Prast,
Cryogenics Division,

N. ¥, Philips,
Eindhoven, Netherlands,

Mr. Alex Daniels,
Philips Laboratory,

345 Scarborongh Rd.,
Briarcliff Manor,

New Yark 10510; USA,

Mr. Fred Chellis,
Cryogenic Technology Tne.,
Waltham,

Mass., TISA.

. Bruno Leo,

Flughes Adrcraft Company,
Centinela and Teale Strects,
Culver City, Ca, 90230, 1I5A,
Cryogenics Division,

Martin Marietta Inc.,
Orlando, Florida, TUSA,
Cryogenics Division,

Texas Instruments, Dallas, Texas, USA.
D, William Gifford,
Cryomech. Inec.,

Syracuse, Mew York, USA.
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(viti} Cryo-cooler Division,
Air Research Co.,
durray Hill, N.J,, USA.

tixl  Cryocooler Division,
British Oxygen Co,,
Wembley, London, UK.

T, University research related 1o Stirling engines

(il Professor W. Gifford,
Department of Mechanical Engineering,
University of Syracuse,
New York, USA.

(ii} Professor 1. Smith,
Department of Mechanical Engineering,
Massachusetts Institute of Technology,
Cambridpe, Mass,, TISA.

{ifi}  Professor C. Rallis,
Diepartment of Mechanical Engineering,
University of Witwatersrand,
I Tan Smuts Ave.,
Johanesburg 2001, South Africs.

fivh  Dr. William Martini,
Toint Centre for Graduate Studies,
University of Washington,
Richland, Washington, USA.

vl Dr. Allan Organ,
Drepartment of Engineering,
University of Cambridge,
Cambridge, UK.
ivi} Dr. Graham Rice,
Department of Engineering and Cybernetics,
University of Reading,
Whiteknights,
Reading, Berks, RGA 2AY,
LT K.

(vit) Lt. Com. Dr. Graham Reader,
Eoyal Naval Engineering College,
Manadon,

Plymouth, UK.

[viid) Mr. R, A, Billett,
School of Engineering,
University of Bath,
Bath, Avon, 1J.K.
tix) Dr. G, Walker,
Department of Mechanieal Enginecring,
University of Calgary,
Calgary, Alberta,
T2N 1N4, Canada;
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8. Government departments with active interest in Stirling engines

(1)

i)

(iii}

[iv)

{v)

(vi}

{vii)

ii)

{ii)

fiir)

liv)

v

Mr. 1. Neal,

Division of Fossil Feel Utilization,
Diepartment of Energy,
Washington, ILC., USA.

Mr. Robert Ragsdale,

Stirling Engine Project Office,
Lewis Research Centre, NASA,
21000 Brookpark Rd.,
Cleveland, Ohio, LISA,

Dr. R. Halsi,

Energy Utilization Division,
Argonne National Laboratory,
Argonne, [linois, TTSA.

Mr. F. Vogt,
Jet Propulsion Laboratary,
California Tnstitute of Technology,
Ouak Park Drive,
Pasadena. Ca., USA,
Flight Diynamics Laboratory,
Wright Patterson Air Force Base,
Dayion, Ohio, USA.
Far Inlra Red Laboratory,
U.S. Army Engineer Rescarch and Development Laboratory,
Fort Belvoir, Virginia, USA,
Cryogenics Laboratary,
National Bureau of Standards,
Boulder, Colorada, TISA.
. Computing and Cycle Simulation Specialists

Dr. T. Finkelstein, President,
T )

PO, Box 943,

Beverley Hills, California, USA.
Mr. A. Schock,

Fairchild Industries,
Germantown, Maryland, USA.
Mr. D, Gedeon,

Sunpower Inc.,

Bromicy Bdlg,,

Athens, Ohio, USA.

[ir, Israel Urielli.

Omal Turhines,

IO, Box 68,

Yavne, Isracl,

Mr. Roy Tew,

Lewis Research Centre, NASA,
21000 Brookpark R,
Cleveland, QOhio, 1.8, A,
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10. Specialists in historical aspects of Stirling engines

Dir, T. Finkelstein, President,
T.C.A,

F.O. Box 943,

Beverley Hills, California, TISA,

Mr. Andy Ross,

Ross Enterprises,

Suite No, 30,

37 West HBroad St.,
Columbusz, Ohio 432135, UISA.

Mr, Alan G, Phillips,
P.O. Box 20511,
Orlando, Florida 32814, TUSA.L

Mr, Hobert B. Huxtable,
P.O, Box 1104,
Lansing, Michigan 48904, USA,
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Adiabatic cycle, 58-63, 71, 72, 205-206

Adinbatic processes, 20-35, 36-39, 43, 470

Adishatic residunl losses, 6763

Acrodynamic flow lasses, 42, 47, 6282,
111

Aerodynamic friction, 40, 64, 103, 168

Acrojet artificial beart engine, 123, 406-
412

Adr-{as—working fuid;-105=108; Tal=172Z,
2905

Adrfluel control systems, see Fuellair con-
frol systems

Air liguefier, &

Adr prehemters, 156-169, 207, 209, 347-
348, 376
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Alloys, 78
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Argon, 423
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253, 280-283, 398-425

Automative applications, B4, 87, 129, 158,
162, 172-173, 173-175, 210, 213,
216-217, 219220, 234-235, 216, 287,
A08-312, 314-325, 327-330, 331-333,
347, 369-370, 383, 385-397

Axinl conduction, 154

Balunce, 115, 118, 306

Beale free-pistan Stirling engines, 7, T4,
T1-72, 113, 202, 152, 254, 448-450,
470

Beale number, 73-75

Bearings, 77, 91-492. 118

Bellows engines, 113

Blockage, 150

Biow perind, 142-144, 147

Brayton eycle, 157

Buck engine, 123

Bypass port, 274

Cirbion dioxide, 165-172

Carbonneesus miteriuls, 91

Carnot cycle, 14-16, 19, 20, 21, 23-24
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Carnent efficiency, 12, 50, 74, 179, jog

Ceramic rotary regenerator, 373

Chemicul enerpy sources, 427

Chemically reactive working flisids, 194—198

Clearance space, 79, 470

Cocflicient of performance (COP), 21-23,
42, B3-94, 470

Co-gencration  systems, see Total-energy
SYRTEME

Collins helium liquefier, o

Composite gyeles, 23-35

Compound working fluids, 161, 172, 175-
184, 470

Compression ratio, 77

Compression space, 18-23, 40, 42, 52, 55-
36, 57,82, 100, 108, 119, 186, 470

Compressar, 105, 162, 247

Computer simulation programs, 48, 50, 60,
63-72, 161, 164, 266-267

Conduction heat transfer, 52, B4

Conservation of mass, 6d

Constani-pressure regeneration, 20, 28-18
33, 34-35

Canstanl speed control systems (Philips),
238-240

Constant-valume regeneration, 149, 2829,
3233, 34-35, 36-30, £9_5()

Contamination of waorking fluid, 150-151

Continuous System Modelling  Program
(CSNP), 267

Cantrol systems, 220-221, 234-233, 456

Convection heat transfer, 82, 85, 206-207

Cooler, 82, 124, 125, 135-140, 151, 222,
298,327, 351, 470

Cooling engines, see Refrigerating machines

Corrosion, 374

Cost, 222-223, 254, ‘347, 350, 3166-367,
AB1-384, 385

Crankcpse, 86, 118

Crank-connecting rad drives, 111, 192, 314

Crank-driven engines, 107-123, 191 219,
472

Crankshaft, 108

Cryogenenitar, 470

Cryogenic cooling engines, 8-0. 10, G667,
82, 105, 123, 167, 190, 206-207, 324

Cycle power, 94-07, 100}

Cyele pressure, B4, 86, 108

Cyelic torgee, 210-212

Cylinders, 78-82, 82-85, 85-86, 107-111,
153, 192, 35]
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Damping force, 256-257, 259.-274

Dashpots, 27

Dead space, 42, 52, 57, B4, 9, 134, 140,
150, 151, 154, 177, 185

Dead volume, 203205

Dead-volume ratio, 51, 59, U6, 471

Dense-mesh wire sereens, 154-156

Dense-phase cycle, 200-202

Density, 168, 169

Design charts, 101-103, 148

Deesign, engine, see Engine design

Design equations, 92

Design parameters 92-101

Dinphragm engines, 115

Diesel cycle engine, 45, 312, 324, 335, 250-
33l

Digital computer simulation, 72

Direct heating, 473

Disciplined-piston engines, 71, 73

Displacers, 74, 81-82, 82-85, 108, 111-
113, 151, 193, 471

Displacer-piston  machines, see Pistan-
displacer machines

Displacer spring rate, 274

DOEMNASA Sticling Engine  Automotive
Program, 70

Double-acting engines, 85, 108, 15111,
113-115, 162, 172, 191, 251, 289292,
311, 312-325, 332, 347-330, 367-369,
471

Double-acting Free-piston engines, 263-264

Duplex Stirling engine, see Stirling engine
heat-driven heat pump

Dwnamic optimization, 267-270

Early histary, 2-5

Electrie power generation, B6, 283, 383

Eleetrically-heated thermal-storage capsule,
400

Emission charpcteristics of Stirling engines,
216-218, 236, 324, 327, 366, 180, 385,
471

Encrgy, 64

Energy flows, 65, 127-124

Enerpy supplied, 11

Engine auxiliaries, 209, 210

Engine cylinder, 75

size, 75

Engine design, 73-14d6, 107-123, 124137,
1349-140

Engine cutpur, 57-58, 84, 80, 90, 103,175

Engine response, 220-221, 236

Engine reversal, 251

Engitte size, 94, 162, 221-222, 370

Engine speed, 94, 105, 153, 220-221, 234-
253, 316

Enthilpy, 12

Entropy, 12

Environmental concerns, 8, 105, 126, 216

Ericsson cyele, 20, 21,24, 28 471

Ericsson engines, 1, 9. 107, 121-123, 408

Exhaust, 126, 207, 216-217, 236, 324, 327,
374

Exhaust-gas/inlet-nir prefieater, 124, 125,
157, 299

Exhaust stock loss, 129, 207

Expansion space, 16-21, 40, 42, 52, 54-55,
56, 82, 100, 108, 186, 471

Explosion hazards, 173-175

External Combustion engine praject, 7, 453

Externa] rggenerator, 157

Funning friction factor, 156
Ferro-fluid, 423
Finegold-Vanderbrug nodsl analysis prog-
vam, T0-71
Finkelstein adiabatic cyele, 47, 58-63, 205,
471
Finkelstein nodal analysis, 66-67, 71
Finned heater design, 134-136
First law of thermadynamics, 11
Flexural displacer puide, 403-406
Flow loss, see Aerodvnamic flow losses
Fluid combinations (for compound warking
Huids), 188190
Fluid control, 107, 121-123,
valves, 107, 121-123
volume changes, 107
Fluid friction, 132, 140, 150, 151, 154156
Fluid seils, 190
Fluid velocity, 144
Fluidyne engine, 457
Folded front radigtor, 323-324
Ford Torino car (insmilation in), 317323,
384385
Fortran IV language, 59, 69
Free-cylinder engine, 278-279
Free-displacer engines, 471
Free-piston double-acting Siemens engine,
111
Free-piston Stirling engines, 7, 8, 69, 70,
T1-72, 73, 83, 88, 91, 109, 111, 113,
123, 151, 192, 202, 219, 233,252,
254=287, 450
Friction, 40, 42, &4, 74, 86, 90, 103, 118,
L32, 140, 164, 168, 170, 191, 208, 327
acrodynamic, 40, 64, 103, 168, 208, 232
fluid, 132, 140
mechanical, 40, 42, 74, 164, 208, 230
Fuels, 220, 323, 380, 385, 453
Fuelfair control systems, 237-238, 180-341
Fuel supplicd, 235-236
Future prospects, 9-14, 137
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Cras Jubrication, 273

Gas seaty, 300-301

Cias spring forces, 250

Gas turhine, 45, 147, 157, 158

Gaseous working fluids; 161, 172, 175-192

General Motors control systems, 244-246

General Motors  Ground  Power  Units
(GPLT, 305, 326, 3268-330

Greneral Motors Stirling engines, 117, 325~
346

Generators, 6, 325

Gifford-MeMahono machines, 9, 123

Guide rings, 88, 152, 153

Harwel| free-piston electric penerator, 261,
262 454
Headers, 157
Heut eapacity, see specific heal
Heat exchangers, 43, 45, 77, 107, 124-159,
164, 259, 447
Hear exchanger temperature potential, 207
Hent lifted, 57-55
Heal pipe, 474
Heat pump, 22-23, 54, 04, 162, 251, 283,
4d5-452 474
Heat rejected, 11-35
Hent supplied, 11-39
Heat wansfec, 40, 43, 45, 47-72; §2, 124,
134, 150151, 157, 165-169, 175, 190,
205, 327, 301, 429
canduction heat transfer, 82, 84
convection heat teamsfer, 52
internal convective heat transfer, 84, 134,
139
Heat transler characteristics, 127, 154-156
Heat transfer coefficient, 133, 140, 144,
146, 170
Heat transfer rate, [33, 149, 22 )
Henter, 82, 124-125, 151, 153, 219, 204,
327, 371=376, 474
Heater head, 347-348, 374-375
Heater wbes, 236-237, 348, 352-353
Heinrici engines, 1, 115, 199, 415
Heliwm, 105-106, 1460, 161-172, 100, £10
Hermetic seal, 278, 283
Hot-air engines, 1,2, 3, 5, 6, 160, 223-233
Hot-air engine competitions, $64--469
Hot-pas engines, 1
Hydrogen, 105-104, 140, 161-172, 172-
175, 192, 323, 377

IBM Continuous System Modelling Prog-
ram, 267

Ideal eycles, 11-39, 40, 47-72, 107, 124

Ideal regenerator, 140, 143

Iden! Stirling oycle, 16-23, 24, 27, 47, 48-
50, 129, 198, 203

Insulation, 83, 207

Imtermedinte  heat-transfer  Hquid-metal
heating System, 420-430

Internal combustion enpines, 3, 73, 77, 87—
88, 91, 105, 128, 139, 210, 216, 218,
219, 223, 287, 384, 304

Internal convective heat transfer, 84, 134,
139

Internal energy, 12

Internal regenerstor, 157

Isentropic compression, Ld—13, 40

Isentropic expansion, 14-15, 40

Isothermal pnalysis, 72, 176-177

Isothermal compression, 14-15, 16-23, 36,
40, 42, 449, 190

Isathermal expansion, 14-13, 16-23, 36,
44, 42, 49, 190, 195

lsolope nuclear endrgy sources, 426

Kinematic engine, 83

Kinematic mechanisms, 85-86, 108, 472

Kistler guarts piezoelectric pressure truns-
ducer, 192

Lavberesu-Schwartzkopll engine, 115

Law of Conservation of Energy, 11

Leaking, 83, 86, £9, 90, 118, 172, 254, 272,
280, 377

Lewis Rescarch Center nadal analysis prog-
ram, 70, 71

Linear alternotors, 276-277

Liguid cooling loop, 139, 173

Liguid engines, 39, 252

Liquid metu] heat pipe, 451

Liguid-vapour machines, 16

Liguid working fuids, 161, 199-202

Lithium Ouoride, 434-436

Load, 220-22], 234-253

Lol siress concentrtion, 79

Loss-regulation, see Short-circuiting

Lubrication, 83, 87, 90, 202, 295, 351, 377,
423

Magnetic coupling, 224

Malone dense-phase cyele, 200-202

MAMN/MWM engines, 56, 111, 2358, ida
358

MAMNMWA nodal anulysis program, 71

Manifolds, 157

Marine engines, 307, 327, 336-337, 360,
383

Mlass distribution, 56-357

Mlass flowe, 130

Mass flow rate, 144, 185-158

Mass catio, 177, 182, 183-154

Malerials, 2, 45, TR-79, B3, 87, 89, 91, 105,
140, 151, 153, 154, 158-139, 164, 173,
2X2-7703, 302, IR5-387T, 434437
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Mutrix, regenerative, 16-19, 90, 140-159,
412, 461, 475

MeDonnel-Douples ardificial heart enpine,
402407

Mean cycle pressure, 53-54

Mlean flow tate, 133

bean rubbing veloecity, S0

Mechanical arrungements, [07-123

Mechanical friction, 40, 42, 164, 230

Mechanical vibrations, 254-257

Metal combustion, 436—443

Metallurgical limit, 45, 472

Mining applications, 394-3595

Model hot-air engines, 5, 4614771

Mamentum, 64

Multiphase working fuid, 172

Multiple-cylinder, free-piston arrangement,
1049, 265

Multiple-eylinder, free-pision, ‘eyclic-
compounded” Siemens engines, 111

Multi-stage combustion, 354-3356

Met eyvele work, 42, 174, 206, 2408
Mitrogen, 216

Nitrogen tetraxide, 1951985

Modal] analysis, 4748, 64-T1, 72, 1458

Moise, 105, 107, 218-219, 327, 336, 367,

3u4
MNomenclatore, 1-2
Muclerr reactor energy sources, 426
Murmerical simulstion, 69
Musselt number, 132, 169

il contamment, $0-91

Chperiting characteristics of Stirling engines,
20)3-233, 321-322

Chperation analysis, 12-13

Optimization of design pasameters, $94-101,
l6l

Organ nodal analvsis program, 71

Oscillating-cylinder mechanism, 71

Oscillating-cylinder mechanism, 113

Oitto eyele enpine, 45

Chuter dead paint, 14

Phaze ungle, 52, 61, 62, 63,97, 184, 24%-
231, 472

Phase-angle variation control systems, 240-
251

Phifips engines, 86, 157, 160, 239, 285-325

Philips/Ford automotive engines; 111, 158,
243

Philips nodal analysis program, 71

Philips rhombic-drive engine, 108

Fhilips Stirfing engine simulation computer
program, 161, 164

Philips thermodynamic analysis simulation
program, 60
Pistons, 82-90, 108, 111, 472-473
Piston centening, 270-273, 274
setive technigue, 272, 274
leak technigque, 272
store-and-dump techmgue, 272-273
Fiston-cylinder engines, 115-116
Piston-displacer, 108, 402
Piston-displacer free-piston engine, 261-
203
Piston displecer maechives, 107-123, 251,
264, 289
Piston motion, 41, 252-233, 471
Piston ring grooves, B7-88
Piston rod seal, 375-377
Piston side. foreed, 586
Pollution, 105, 126, 216-219, 236, 323,
367, 385
Falytetrafluoroethylene  (PTFE), 87, 153,
190
Polytropic processes, 23
Porosity, 150-151, 154, 158, 173, 475
Ported constani-valume regenerative cyele,
3B-39
Ported hot gas engine, 123
Positive-displacement work, 232
Pasitive seals, see rolling disphragm seals
under Scals
Power contral systems, 236, 238-253, 204,
377-374
Power densities, 1035, 162, 194, 194, 264
Power votput, 73-75, 77, 84, 90, 119, 134,
165-146, 183, 234-353
Practical cycles, 4il=46, 129
Practical regenerator, 140141, 143
Preheaters, 156-159, 207, 326, 375
Pressure, 12 111, 175
maximum, 99
Pressurc-amplitude variation contral svs-
tems, 246-249
Pressure change rates, 77
Pressure drop, 91, 208, 475
Pressure excursion tange, 77
Pressure penerator, 23
Pressure level, 77, 180, 238-240
Pressure-volume (P-V) diagrams, 17-14
Prime movers, 20, 42, 56, 93, 94, 101, 113,
124, 150, 151-153, 175-190, 192, 251,
324, 444 475
Principal design parameters, 92-101

Radintion, 206-207, 428
Radiation shields, 151, 152
Radintors, 130, 428

Rallis adiabatic cycle, 29-35, 473
Rallis isothermal cycle, 24-20, 473
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Rankine cycle, 157
Ranking-gycle rotry steam engine, 4149
Rankine-Mapier engines, 1, 113
Reciproeating element, 7%, 81, 87-86, 108-
111, 115, 118, 153, 252-253, 254
Feciprocating engines, 11-39, 107-123
Reciprocating load devices, 276-280
Reciprocating power, 276
Recuperative  heat  exchanger, see Re-
ouperatar
Recuperntive prelieaters, 157, 299
Recuperator, 144, 157, 475
Reduced length, 145
Reduced period, 145
Refrigerating machines 8-9, 10, 20-21, 22,
42, 56, 66=67, 82, 03, 04, 101, 10§,
V15, 1247130131, 150, 153154, 1o,
190, 192, 230, 295-207, 447-450
Regenerative annoles, 151, 153, 192, 473
Regenerative braking and propulsion, 395-
394
Regensrutive cyele, 157
Begenesative displacer, 111, 115, 462463
Regenerative heal exchingers, 107, 140-
156, 157-1549, 471
Repenerative prehesters, 157
Regenerative processes, 47-50, 177
Begenerative thermal maching, 1
Repeneratar, 16, B2, 84, 85, 124125, 140-
L56, 176, 207-2048, 327, 473
design, 149-157, 208
effectivencss, I45, 149, 198, 207
efficiency, 149
experimental performance, 148149
ideal, 140, 143
operation, 141-144, 146-147
practical, 140-141, 143
theory, 141
Reitlinger cyele, 23-24, 474
Relative efficiency, 41
Reservoirs, 105, 162
Reversal period, 142-144, 147
Reynolds number, 132, 169
Rhambic drive, 6, 86, 108, 162, 101, 219,
207-312, 332, 347, 476
Rider engine, 115
Robinson engines, 1, 115
Rolling sesls, &7
Raoll-sock seal, 6, 319, 473
Rotary cylinder engines, L15-116
Ratating vectors method of representation,
254-257
Rulon A, 87, 206

Safety, 162, 172-175
Schmidy eycle, 47, 50-58, 64, 72, 92, 103,
140, 175, 195, 474

Schock nodal analvsis program, 7o, 71
Seals, 83, 86-00, 103-105, 111, 115, 118
119, 160, 162, 175, 190, 191, 193-104,
202, 223, 240, 254, 271-272, 27k, 280,
I0D-304, 320, 327, 376-378, 387
close-Mt sliding seal, 280
close tolerance seal, 87, 301
dynamic rolary senl, H6
multipart sliding seal, 87, 320, 375
ralling diaphragm seal, 87, 280, 301-304
slatic geal, 86
Seal rings, 57-88
Second Law of Thermodynemics, 11-12
Shafws, 77, 85
Short-circuiting, 240-241, 242
Shuttle heat tronsfer, 81-82, 206
siemens double-scting engines, 85, §7, 109-
110, 118, 221, 251, 384, 395
Simulation progroms, 48, A0-63, Ha-72,
161, 164, 266-247
Single-acting engines, 108, 111-116, 346,
I6I-367, 476
Single-acting multiple-piston areangements,
115-116, 118, 289
Single blow transient technique, 146
Single  component  multi-phase  switems,
198
Single-cylinder  piston-displacer machines,
108, 111-113, 116, 115-120
Single-cylinder, single-cyele engines, &6
Sinusoidal piston motian, 42, 204
Sinusaidal pressure characleristic, 77
Sinusoidal variation, 148
Size, engine, see Engine size
Solar electric power, 283-286
Solar energy source, 424-4245
Space power applications, 338-340, 425—
442 A74
Specific heat, 133, 144, 168, 195, 202
Specifie output, 221-222
Speed, cngine, see Engine speed
Spring forees, 257, 250
Stack loss, 207
Stainless steels, T8, 80-41
Starting, 219-220, 202, 254, 275-276, 456
Self-starting, 202, 275-276
Stationary. power, 4435, 450457
Steady-fow analysis, 170-172
Steady atate, 64, 177
Stir-Lec hybrid Stirling-engine electrie-drive
car, 327, 391
Stirling cooling cycle, 278-274
Stirling eycle, 16-23, 24, 27, 47, 48-50,
140, 175, 195, 474
Stirling dynumic converter system, 432
Sticling engine simuletion computer privg-
mm, 161, 164, 269

i & i (= 2 | S




330 SUBJECT INDEX

Hu‘r]i‘?ﬂg Modal Analysis Program (SMNAP),

Stirfling/Rankine-cycle heat pumps, 448450

Stirling-engine heat-driven heat pump, 280,
446-447, 473

Stress, 78

Stress raisers, 78

Sirike, 852, 90

Stroke variation control systems, 252-253

Sunpower design procedure, 269-270

Sunpower nodal analysis program, 69, 71

Swash-plate drive, 87, 111, 15§, 191, 219,
312-314, 323, 337, 331332, 385, 443,
474

Swept yolume, 51, 94, 09

Swept-volume ratio, 52, 59, 95, %6, 184,
474

Synchronous operation, 456-—457

Tefion, 87, 153, 190
Teémperature, 12, 175, 235-236
Temperature control systems, 236-238
Temperilure-entropy (T-8) disgrams, 12—
14, 42
Temperature ratio, 32, 90, 185, 474
Theoretical analysis, 47-72
compuler programs, 44, 59, 4l
Theary of regeneratar operation, 141
Thermal Analysis Program (TAP), 66
Thermal capacity, 140, 149-150, 151
Thermul condpction, T9-81, 84, 153, 201,
206
Thermal conductivity, k. 80, 143-144, 168
Thermal converters, 4264249
Thermal effecrs, 79-82, 49
Thermsl efficiency, 12, 24, 39, 40, 64, 65,
T6=T7, 84, 93, 103, 125, 134, 136, 160,
162, 198, 206, 208, 212, 247, 427, 450,
74
Thermal energy storuge, 323, 324, 326,
383, 388-395, 434437, 454
Thermal Fatigue, 159
Thermul loads, 94
Thermal-wheel  regeperative  heat ex-
changer, 158, 150
Thermocompressor engine, 408412, 424
Thermodynamic cycles, [1-39
idenl thermadynamic eycle, 11-39, 40
practieal thermodynamic cycle, $i-d6
Thermodynamic functions, 12
Thermadynamic aptimization, 267-270
Thermodynamie processes, 13
Thermuo-electron artificial heart enping, see
Thermo-electron tidal regeneratar en-
gine

Thermo-electron tidal regencrator engine,
198, 252-253, 412418

Torque control systems, see Power control
sysEEmS

Torquefspeed, 210, 234, 285

Total-energy sistems, 443, 459-460, 476

Total working space, 100, 474

Transient flow effects, 126-133

Tubuler heater design, 134-137, 298

Two-cylinder  piston-displacer  machines,
113=115, 119-120

Twa-cylinder, twin-system, double-acting
engine, 1049

Two-piston free-piston engine, 255-261.

Two-piston machines, 41-42, 111, 112, 117

Two-phase, two-component working Auid,
175-194, 198, 474

Underwater applications, 71, 162, 329-330,
347, dal, 426-414, 474

United Stirling engines, 86, 111, 222, 243,
360-382

United Stirling nodal analysis program, 71

Urdeli nodal analysis, 67-69, 71

Utilization factor, 146

Valves, 105, 107, 121-123
Variable phase angle, 337
Varizhle speed control systems, 241-244
Vee engine, 124, 160, 336
Vibitation, 118, 219, 306, 335
Viscosity, 103, 133, 168, 169
Volume, 12, 120, 175
dead, 52
swepl, 51
Valume changes, 107

Walker composite cycle, 30
Wear, 107, 191
Westinghouse/Philips artificial heart system,
160, 419425
Wire screeny, 154-156
Wabble plate drive, 109, 314, 475
Work, 65, 77, 330, 475
Work dingrams, 99, 100, 175, 132
Work trans{ers, 64
Working fluid, 83, 86, 97, 103-104, 107,
127, 160=-202; 414, 477
gaseous, 103-106
prossure, 94
Warking space forces, 256-259, 475

Lwinver-Wankel engine, 115, 119
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