Re,,

- St

regenerator heat transfer Reynolds number (Equation (4.81))

Stanton number (St = Nu/Pe)

Other Symbols (z used to denote arbitrary symbol)

<> time averaged value

(2] vector quantity (where applicable)

(2) scaler quantity (where applicable)

[ 2] absolute value; phasor magnitude (or amplitude)

z spatially averaged value

r (prime) vaiue in terms of displacer and piston motions;
conditional value

x* non-dimensionai quantity

r* complex conjugate; referenced to axis fixed to displacer

s Laplace transformed variabie

x first derivative with respect to time

4 second derivative with respect to time

v (3/8x 8/dy 8/8z]

\% (/322 + 8/ + 8%/0Z°)

D/Dt  (3/at + ud/ax + va/dy + wd/dz)

O[z]  order of magnitude

bold bold type indicates vector or tensor quantity

e shape factor

(xxxi)



1 INTRODUCTION

1.1 Background

The uncertainty of energy costs and supplies and the increasing awareness

of poliution and noise has made it important to investigate alternative
prime movers. Major requirements for these devices are that they be

efficient, non-polluting, reliable, economical and socially acceptable.

The development and utilization of such systems are important not only

for first world countries, but possibly more so for third worid and

developing countries. widespread use of efficient prime movers can have a

=4

considerable effect on the balance of payments for countries that import

energy supplies [Fin77]. While the high cost of fuel is particularly stifling

to countries which are on the verge of industriaiisation.

its many favorable characteristics. These include:

i)  Minimal pollution. The exhaust gases are comparatively cleanand

cool.
Silent and practically vibrationless operation in some configurations.

i)

ifi)  Potential for low fuel consumption. The maximum attainable
efficiency for any heat engine operating between the same
temperature differenti al.

iv)  Multi-fuel capability. The energy source may be almost of any form

whatever, so long 2s it is avail

) 4
temperature. Stirling engines have been run on solar energy and a



variety of liquid and solid fuels.
v)  Inmany instances it is possible to hermetically seal the engine thus
eliminating problems arising from dirt ingress. Some of these

configurations have demonstrated ope
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vi) Reasonable specific power (currentl

vii) Reversible operation whic allows the same device to be used as a

possibilities of regenerative braking .

.o : s . . . =
bode

This leads to simpler transmission designs.
—ix) Mechanical simplicity.
x)  The highest specific work output of any closed cycle.

1.2 The Stirling Cycle
The Carnot theorem (Ref/exions sur 1a Puissance Matrice au feu, el

surles Machines Propres aDeveloper cette Puissance. Par S5 Larnol,

1824 ) states that the efficiency of all reversible engines operating

eratures is the same, and no irreversible

later shown
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y Clausius and Kelvin to be a necessary

consequence of the Second Law of Thermodynamics. The process during

temperatures referred to by Carnot are the higher temperature at which



extracted reversibly. The processes connecting the heat addition to the

~

must obviously also be reversible to achieve a cycle which is completely

—reversibile:

The cycle suggested by either James or Robert Stirling (there appears to
be some contention here, see for example [Wo1894] and [Ko72]) in 1816
was originally envisaged as a perpetual motion engine of the second kind,
that is, all the heat supplied would Dbe converted to work. This
misconception of the possibility of perpetual motion is borne out by the
fact that the first Stirling patent of 1816 did not include a cooler -=- only

“ witw 5o

a heater was indicated (Fig 1.1). The omission was, however, Soon

corrected in 1ater patent disclosures.

cycle is a closed cycle in which a fixed mass of gas is

alternately expanded, cooled, compressed and reheated to the begining of

—the expansion phase. Figure 1.2 shows the two most common mechanical

configurations for realizing the stirling cycle, known respectively as the

Hualfpisterkandﬁoismn-msolacer arrangements, or more

alpha and beta arrangements. The processes of heating and cooling are

device, which he was the first to use, functions on a principle that is now

~ A

c
-

UI
o
®

known as regeneration. The economiser, or regen
it generally consists of a matrix of fine wires, porous s metal or sometimes

simply an annular gap. It Serves to store unspent heat from-the-expanding

gas as the gas leaves the hot section and to transfer this heat back to the
ua LD ydw 1% eaves Lk

(9
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Figure 1.1 The Original Stirling Engine Patent o

[wa73]). Note no distinct cooler is indicated

returns from the cold end.

substantially improves the efficiency of the cycle. Following the process

in Figure 1.2 it can be seen
can be made isothermal 3

- mmam P N Y., Y. Y Y Y.V W T VYV V.

that if the expansion and compression spaces
t their respective temperatures and the

regeneration perfect,
or maximum attairiable efficiency. |

nte f
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Compression Expansion

Compression IExpsnsion
3_ - =

Space

Expansion
C 3 (a)
|
Displacement
(o) i (b)
Beta configuration

Alpha conf iguration

Figure 1.2 Piston and Disptacer Motions

Whereas it is difficult to even approach isothermal conditions in the

rking spaces with conventional heat exchanger technology,

LYV F .\
VYN NG -

rs, on the other hand, regularly obtain efficiencies greater than

regenerato
re, and especially in machines of 0.5kW and above, separate

QRe Tharafn

IIU., Titwl Wi W

heat exchangers for the heater and cooler are introduced as shown in

—Figure 1.3.- 1t is more plausible then, to

have isothermal heaters and coolers while the working spaces would be



cycle [RU77] or sometimes as the adiabatic Stirling cycle, and is generally

adiabatic. This configuration has been referred to as the pseudo-Stirling

_ considered to be more representative of what may be understood by the

ideal cycle yardstick.
Adigbatic Adisbatic
compression wuﬂnd Regenerator 15_0_‘”:'"“" . "‘p"ma‘s“’“ .
l‘“. I o or l - ll'muﬂ‘ .|‘=P""° _.I
—
 :
C ' :0’0,0,4, P ——
= v’o‘&’ QXX __E_

Figure 1.3 The pseudo-Stirling Cycte Engine

However, despite this argument, it is still held by many that the ideal

cvcle representing all Stirling engines is the one with isothermal working

spaces and ideal heat exchangers.

1.3 Mechanicel Configurations
The mechanical configurations of Sti
into three groups known as the alpha,

engines have two pistons in separate
er. Both beta and gamma engines use

ine having both the displacer

cooler, regenerator and heat

dtsplacer-mston arrangements, C
and piston in the same cylinder w

l- haba O
i

s -g

whilst the gamma engine has separate

ts are
cylinders for the displacer mvmoﬂheammmmemen 5

indicated in Figure 1.2 and the gamma arrangement in Figure 1.4

o))
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Figure 1.4 The Gamma Arrangement

Drive methods may be broadly divided into two groups, namely the
kinematic and free-piston drives. Kinematic drives may be definedasa

series of mechanical elements such as cranks, connecting rods and
flywheels which move together so as to vary the volumes of the working
spaces in a prescribed manner. This may be considered as the conventional
method by which reciprocating heat engines deliver their thermodynamic

= - b

~ work to an output shaft. Free-piston drives

working gas pressure variations to move e the
this case the work is transferred by a iinear alternator, hy
a second free-piston Stirling heat pump. From
important to distinguish between free-pi
that the mechanical dynamics and thermodynamics are strongly coupled in

reciprocating elements. In

free-piston engines. In kinematic eng
only the way the volumes change need

engine’'s performance.



Other workers, notably Professor Graham Walker, have further subdivided
the mechanical configurations on the basis of regenerator location [Wa73,
waBo0]. For theMS of this work, the regenerator location has no

effect on the methods of analysis and therefore this distinction is not

relevant here.

f T gy e MR o e B R o j

Philips-Ford 4-215 swash-plate drive e
1 crank drive engine [CMB5) shown in Figuresi.5 and 1.6 respectively.

Figure 1.5 Philips-Ford 4-215
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Figure 1.6 USS-MTI Mod 1 (United Stirling of Sweden and Mechanical
Technology incorporated joint effort)
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Key
| Hot cylinder
Cold cylinder

Heater
Fire box

Connecting rod to hot piston
Connecting rod to cold piston

bdond o ioteen
TRIN prauwnmi

Cold piston
Regenerator
Water jacket

‘h_}l\l_‘-(-|a~,,§;‘

Figure 1.8 Rider Engine

Beta engines are by far the most common arrangement for single Cylinder

type engines. To obtain higher power densities, beta engines are often
placed in banks of two or more engines which are geared to a common

shaft. Most of the original Stirling ideas were beta arrangements, for

example Figure 1.1. Another important early beta engine is Lehmann's

machine on which Professor Gustav Schmidt did the first reasonable
analysis of the Stirling cycle in 1871 (Figure 1.9). Philips derived their
famous vibrationless rhombic drive for beta machines in the early
nineteen sixties (Figure 1.10). Probably the most ingenious Stirling
machines yet devised are the free-piston engines and heat pumps invented

ninabane alblian
HNGLECIE SIALITO.

i
¥

by Professor William Beale at Ohio University in the m

-
a N

His machines are generally beta arrangements and

. ie of @ machine wv"e!wwv‘"m by his 1) 2
linkage system. An examplé Of Y comp

Sunpower Incorporated, is Shown in Figures 1.11.
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Rad and stator support

ster head £

\ N Moving magnets

Pressure vessel

Finura 1 11 Raala Craa-Dieton Engine

TTYWIE Bl UTAIV VI P ¥ seew =

o .. e eamewhat 1arger dead (or unswept) volumes
U =~ ST ww v r— -

having separate cylinders outweigh the power d!

o
o
<

“this engine is the Robinson, which in Figure 1.12 employs
engine is ,

regenerator in the displacer. One of the
Stirling brothers around 1830 was aiso 2

original engines built by th

gamma engine (Figure 1.13).
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Figure 1.12 Robinson Engine
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1.4 Applicetions
Stirling cycle engines were in wide use up to the beginning of the First

_ World War. The most attractive featurés in those days were the inherent

simplicity of the machine, its ease of maintenance and its safety. Safety

~ was an important consideration since the early steam engines could
compete favorably on almost any other grounds but had unreliable boilers

which had an alarming tendency to blow up. Surprising as it may seem,
efficiency was also 2 consideration. Coal, the chief energy source had been
climbing in price ever since the beginning of the Industriai Revolution.
Typically an overall efficiency of 7% could be obtained with a Stirling .

\YJ
PYv-

“engine [BeB4] and this was considered quite competitive, indeed, even

today this would be respectable in many applications. Table 1.1 lists the

performance of some early Stirling engines.

Table 1.1 Air Engine Trials (taken from [Do1896])

Indicated Breke Consumption  Mechenical Overasll

Air Bore Stroke Speed iy
RPM) power  power of cosl per efficiency  efficiency
ege  (nm) (mm) { (kw) (kW) hour (kg) (%) (%)
Buckett 610 406 61 15.06 10.73 16.59 71 7
Bailey 372 175 106 1.77 098 452 55 2
Bénier 340 350 1176 436 300 6.59 69 S‘
Stirling 406 1219 - 3000 - 45.40 - 7(l.nd)
e 4 - 23900 - 26230 - 10(ind)

Ericsson 43m -

*Based on average heating value of 32.5MJ/kg

in 1876 Otto presented his now famous Otto cycle engine. These engines

were S

ratinae which allowed them to be easily incorporated in motor driven
'-\llisﬁ TYsevwr - ==F

14

afe, reliable and, very importantly, had excellent specific power



transport. To further complicate matters for the Stirting engine, the Otto
engines were cheap to run owing to their higher efficiencies and cheaper

fuels. Broadly speaking, an Otto cycle's efficiency is dependent on its
compression ratio [RM72], while that of the Stirling cycle is dependent on

the temperature ratio of the hot and cold ends. Owing to material
limitations, Stirling engines could not operate at the high temperatures
necessary to ensure good efficiency. Furthermore, early Stirling engines
did not often employ preheaters (also called recuperators), resulting in
exhaust temperatures that were unnecessarily high with a consequent

further reduction in overall efficiency. On the other hand, it was a fairly

s
simple matter to design an Otto engme such that it operated with a

dinmn dam ~
e ime LT Lo

which made steam engines safe soon ove
retarded Stirling engine. However, éven in

remoter areas of the world, the Stiriing en g‘ ne enjoy
Here the Stirling's ability to burn almost a

-

n these circumstances, in the

longer stay.

The recent interest in the Stirling mgmewgrrtheepeheMetene)LMS

high inflation rates in the cost of primary energy

been encouraged by
in the early ninteen seventies. Many governments and

sources, particularly
oraanisations have committed vast sums of money to research the
possibility of the Stirling engine replacing the Otto and Diesel engines as

F Je. StirHing engines were used in India until receatly = end itis still-possible to
or example,

Py ld annfnee ’m
pu U DIRgHIe

n



the prime mover of the world's automobiles. The fact that it should be so
considered is not altogether clear. It is true that of all practical engines
the Stirling has the highest theoretical efficiency for a particular source

e Tmew we e T

to sink temperature differential. Unfortunately, the cold end is limited by
the ambient temperature and the hot end is limited by the strength of the
materials that can be used in the manufacture of the heater. At the
ng future possibilities with ceramics [MC85], the maximum

Vwrsw -

can be tolerated is about 1000K owing to the high

moment, ignori

temperature that

— pressures—whichthe heater must contain. This gives an ideal cycle

efficiency of about 67% assuming 2 cooler temperature of 300K (See §2).

ﬂ%ﬁWﬁm, the ideal cycle efficiencies of the Otto an
Diesel are around 60% and 63% respectively. Since internal combustio
engines curﬁntly operate at around 30% brake efficiency, thereisatot o
room for improvement and it would appear that, efficiency wise, the
Stirling is only r'narginally competitive if at all. However, 5
a major breakthrough in materials technology which would allow heaters

safely tolerate considerably higher temperatures at—————

pressures of around t60bar, the automotive Stirling would then have an

temperature of 1600K and 2
advantage in ideal efficiency (eg, for asourcet

sink temperature of 300K the ideal efficiency would be 81%). Under such
Stirhné could possibly provide an attractive alternate

{8

n

nou

to be designed to

circumstances the

ing ma

Which the automotive Stirl y ful
rative braking. To this
ho

would be to utilise the engine’s potential for regene

—end a thermal energy store would have to be 3

provide an energy store to which heat would be pumped by reversing the

16



thermodynamic cycle. During braking, the engine would be so designed that

reversing the thermodynamic cycle would brake the vehicle and at the
same time regenerate the thermal store. By effectively using the braking

’ vv\ﬂ WY Whw

energy normally wasted during braking, a considerable overall energy
saving could be made. This may even allow the engine to operate at a lower

W T W nuu\l\-

thermal efficiency than its internal combustion counterparts and yet
maintain an overall energy usage advantaae The deS]an Peamrements of

en be a good deal less stringent than by competmg
sis. Various mechanical systems which

o
&
2
3
8
3

offer this flexibjlity to the Stirling engine have been patented by the

—author [Be81.1. Be81.2] One example of a mechanism which allows the

stroke and phase angle between the pistons to be independently varied is
shown in F igure 1.14. By varying the stroke and phase in this manner the
power of the engine may be continuously changed to meet the demands of

the circumstance while maintaining high efficiency. The phase angles can
be changed sufficiently to reverse the thermodynamic process and convert

the engine into a heat pump. In this configuration the engine brakes the
netic energy into therma) energy stored locally in

vehicie by converting K ene
the heater section of the engine. This energy would then be available for
Though the engine mechanism is more

X is greatly

€ aasdod
i VW .

immediate reuse
complicated for such 2 device, the transmission and gear bo

ofore. of much less mass. The overall system mass
Viwvy, we STTEE0

simplified and is, thereiore,
not be much diff erent from the more conventional method of

“abe

may therefore

—ugi—g—aﬁpressurfeomwibungine and a standard gear box which,
ng me ‘
of course, is not a regenerative braking system. Fmally, two other

higher response spee inherent in a

ortan

phase-stroke control system wa80] and a good part- -load engine efficiency

17



curve. Figure 1.15 shows how indicated power and efficiency vary with
phase angle; at zero phase the losses are predominantly gas hysteresis

losses while at 180° the losses are mainly viscous dissipation losses. By
o ol both these losses are minimised and consequently

mamls o mambm
SUURE VUL VI WVLIT Wivey Tuvw

inialn -
(R3S

As
L Uuiing

(=]

the efficiency curve is even flatter.

Connecting rods ———

Figure 1.14 Phase-Stroke Control for Double Acting Alph2 Engines

nerative braking and though the
eems that the

[
- W

Notwithstanding the possibilities of rege

' ig of effiC
Stlrling has been revived on the basis of €
virtues will be the reason for its ul

Zamens it
eIy, v

timate success as an

0
; . ‘ N .
important future engine. As it NOW stands, the most significant advantage

riew (in particular, its ability to burn solid fuels),
JHILY © = =

LI 4

€ its muitifuel capa

its potential for ultra high reliability and low emissions
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Figure 1.15 Indicated Efficiency and Power vs Phase Angle

In many parts of the worid, particularly the Third World countries, the

ne or more of the

(]

only meaningful energy sources are usually solar and

solid fuels, for example, coai, anima etc. In these

3

Situations, the Stirling engine has
Feliability and simplicity help ¢

Sophisticated machines tend to create. Such an engine which was designed
by Sunpower Inc is shown in Figure 1.16 rice husks as fuel. The
prototype Was capable of Skw brake power at 20% brake efficiency

-3
Uantd

i igher
excluding combustor efficiency).

Performance and is currently in production in India under the 3uspices of

Stirling Technology Inc.

19



aN3 1OHN

XMANNRNENRRRRRNRNNNRY,

d _'
: .
e o ¥
A- ;
T ST

\.\\. J
”7 =

N\

o
i

AN
N

o

w“"ﬂanm,,”, ’
Piston
Links

Crank
Camr

ited Kingdom Atomic Energy

jes of the Un

members of the Harwell laborator
Research Authority (UKAERA)

thout

i
4, Co77)

has operated for at least ten years w

2

In.

its fuel [CF?7

any significant maintenance other than renewing

20



some locations solar power may be a possibility. Studies [Po80, PP80]
have shown that solar powered Stirling engines are very competitive for
~small community applications. In 1978 US dollars, the capital cost for
mass produced systems comes out at 90¢/watt. Free-piston linear
alternator combinations are particularly attractive in solar and quiet

£

(7]

21

Figure 1.17 10I<W(e) S'd:i:'afl:Fr:'é;-ﬁ'i'Stdlh'Stirling Engine Linear Alternator

Alternator cooling jecket

Cold section

Combination.




Recently a new field of applications has been opened by a practical
demonstration of the duplex Stirling configuration. The duplex Stirling
system involves two free-piston Stirling machines in a back-to-back
arrangement (Figure 1.18). One machine operates as a heat engine and

~ drives the other which then operates as a heat pump. This idea was first
suggested by Professor Beale at Ohio University in 1965 [Bea69].
immediate applications include gas fired food freezers, domestic gas fired
heat pumps and natural gas liquefaction [PUB4, BeB2]. Of these the

T

intriguing is that of natural gas liquefaction. There are many remote gas
wells of low yield where it is uneconomical to pipe the gas to a central

distribution network. In these cases the duplex Stirling—enables—the
natural gas

2 to be liguefied on site in 2 self-contained system. A container

vehicle would then periodically transport the liquefied gas to-acentral

distribution point. Another application is the advantage of having a ready

f liquid fuel —-- either domestically or in the work piace. Here a

tirling system would hook up to a gas line for on-line liquid gas
and in less space than

supply o
)

U’l

production. Liquefied gas is stored more easily

undergoing development at Sunpowe

energy balance and given average natural gas properties, a yield of 3.3kg

liquefied to 1kg burned is envisaged.

tention recently [LD78] A cogeneration

LTIt IV ]

Finally, cogeneration has elicited
ystem generates on-site electrical power while fulfilling the site

demands for heating from the waste heat generated by the prime mover.

are important features in this application.

Silent operation and 1ong life
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1.5 Anelyticel Research
Compared with the analysis of the Otto or Diesel cycles, the Stirling cycle

presents considerable difficulties. Chiefly responsible for these

difficulties is that the working gas is at any instant in a continuous

f the machine to the other. The first

variation of state from oné
effort to address this issue was made by Professor Gustav Schmidt of the
published in Ze/tshrift fur

German Polytechnic institute in
Deutscher Ingenféure in 1871 [Sc1871]. More recently, others have
nalysis [RD46, Fi53, De33,

l y e

published almost identicai 10 "ms 0
KJS4 Fi60.l K660, Ki62, Wa62 Ki63, Me68, UR76, Ur77, Be78, Go78,

WWMMW individual as
wa80, RH8J, )

indicated by his appreciation of the thermodynamics and practical
analysing the machine was made until 1960, and indeed, even today
Schmidt's analysis is widely used for initial sizing of engines. A valuable
feature of this analysis is that it produces closed-form solutions for the

Lﬂ
5.
.-'-
w0
W

engine performance which are easily manipulated by a designer. The
that it assumes isothermal working

analysis is, however, limited i
spaces and ideal heat exchangers

§

thus calculates the efficiency as
endent (ie

v temperature dependent \i€, Carnot efficiency). As explained
~ being only |
earlier, it is far more likely that the working spaces will approach

adiabatic conditions.

960, T Finkelstein completed an ideal analysis in which he assumed
in | i

non-isothermal working spaces bu eat exchangers % ®
2] As a WH%P‘FM investigated the limiting case of

ideal [Fi60. S : .

- s limiting Case, Finkelstein was able to

t maintained the heat exchangers to be

adiabatic working spaces. In thi

24



show that the ideal efficiency was not equal to Carnot. This analysis has
now become the ideal by which the ultimate performance of a Stiriing
engine may be judged. Unfortunately, Finkeistein was not able to obtain
closed~form solutions and therefore resorted to numerical techniques for

/LT mmdiamimand I'.'inl/n\
IRV

solution. Walker and Kahn [WK65] optimised
special case of adiabatic working spaces.

Both the ideal analyses of Schmidt and Finkelstein are highly optimistic.
They only give a reasonable indication of engi -
of maximum efficiency since at this point irreversibilities {or non-ideal

behaviour) must be at a minimum_—eff—deslig{%ehapiet»eHSQCS—wwmﬂe—

also important, afe thus more difficult to estimate.

Recent Stirling cycie research has been evolving along two distinct paths,

namely: a) Technique
rom the basic ideal cycle; the overall performance then

s by which the irreversibilities are treated in 2

decoupled manner f

________

being determined by cal
im~al eimid .

_to the irreversibilities. b) Numerica
without any attempt to decouple any © of the processes.

culating the reduction of the ideal performance due
tion of the complete cycle

wick [Cr65] was the first to decouple the
The thrust of Creswick's analysis

Cle- v

in the first group, Cres

irreversibilities from the jdeai CY o
was to obtain simple relationships that could be used as a guide in design.
His ideal cycle was that of Schmidt which he used to determine heat rates
re evaluated in @ a qualitative way in that

and mass flows. The losse es W

feri antities.
proportionalities were oermdﬁmmhamb solute qu
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Qvale, under Profesaor J Smith at MIT was the first to decouple the
wwmihmtm frnm the ideal cycle in an extensive analysis [Qv67]. Much

i

of this work was!later published with Smith [QS68]. Qvale's ideal cycle
%Mmcw varying sinusoidally and ideai heat

exchangers. ava!e md Smith published an analysis of the regenerator in

P oan mm o Y

%eh%he%%ommalnv flux was established [Q569]. Rios, aiso
working mder Professor J Smith, [Ri69, R570] extended and refined the

approach adopted by Ovale The relative effects of decoupiing the system
were examinod in greater detail, particularly the losses due to pressure

drop and non-sinusoidal motion of the moving parts. Good correiation was
found betw ioe's analysis and the experimental results from a Stirling

ound wuku een Rios's analys
refrigerator. Rios also analysed the effects of incidental irreversibilities
ke tha lnacae agsociated with the clearance gap around the displacer

SUCh as e 1085¢s assvh
[Ri71]. The most recent contribution to the decoupled approach from MIT is

' ' ific problem
~due to Lee and Smith [LS80). They investigated the specific problems

associated With heat transfer in

——Later Lee developed his owWn version of the Rios-5mith analysis [Le81],
again using thé» idea) adiabatic analysis as the basic cycle. The major

—aﬁvantagrloFdeGoMDroach js that a detaile

losses s produced which is very useful as an aid in making modifications

or design changes.

the working spaces of Stirling engines.

nntin
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ing o of the
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Qvale, Rios and Lee's basic cycle theory, though derived slightly
eal cycle, is essentially the same. Also

differently from Finkelstein's id | |
WMMMADE—

the method of solution is the o |
¢ nf differential equations by time stepping integration. Even for

solutions of this type are impractical on small

this simple model,
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computers in that the caicuiation ti
approximate hand calculations are not possible. This is

preliminary design in that even for very simple initial studies, a large

computer and the appropriate code would be required.

limitation in

Martini [Ma78] was the first to derive 2 simplified decoupled analysis
which gave a reasonably good indication of how a Stirling cycle device
might perform; He relied as far as possible on closed-form solutions. The

only use of numerical integration was for cases in which the motions of
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the moving parts were not sinus
Schmidt cycle, this only involved mtegrating the work and heat eguations.

Convergence of the analysis requir d only 2 few iterations and the entire

analysis could easily fit into the

Though Martini's analysis is 1im
shown [MaB0] that his simple analysis will predict the performance of real

engines with comparabie and possibly
Rios. Martini has developed an adiabatic version for improved accuracy

which has not yet been pumwmmmmm—

working spaces which is an

T

ly better accuracy than the analysis by

of gas enthalpy entering and leaving the

*—rwmwmwﬂlrb&elmﬂ" later).
inaccurate assumptio

t of Godin [Go78],

Another approach to the decoupled analysis has been tha

Rauch [RaB0] and Chen e/ &/ [CGB3, CG84, COBS.1, CGBS.2, CGBE). In these

analyses the describing equations are linearized which allows them to be
ven on sonal computers. Linearization

solved much more rapidly, €V

assumes that all cyclic variations

-+l

fundamental component). The error

are dominated by the first harmonic (or

s introduced by linearization are small

")
~



for a large majority of practical engines. For some low pressure crank

engines the error in linearization is unacceptably large. Godin's analysis is

hormal working spaces and Rauch's anzlvqlq
AT ERI™ ] ) Wiy - -

though it includes adiabatic working spaces, is limited by exclusion of the

e working spaces. This exclusion is not

made in the work of Chen #f a/. Not all of the irreversibilities are

some losses are inciuded directly in

7

(oo o rean and Griffin) [CG86], the analysis is extended to
lautnorea only vy uicil ai or 25
the

include dynamics of free-piston machines. Though Chen and Griffin

WMWMM point out the
inadequacies of the typical time-stepping explicit simulation methods,
essentially numerical in that a sizeable matrix

their solution is still
in an iterative process. However, the describing

needs to be inverted 1
equations are manipulated to 2 point where they do begin to offer some

physical insight into the thermodynamic and gas dynamic processes

occuring in the engine. The dynamic solutions presented in [CG86] follow

.ot estution procedures for linear systems ‘and do not
standard numerical soiution pro

answer basic design questions about the dynamics of free-piston engines.
d derive some basic relationships that would

-A Qf‘
e

Both Rauch and Chen €& &/
be useful in preliminary desi

ntimication.
L Il

gn but they did not particularly address the
issues of design and 0

ie the method of numerical simulation, has

~— The second path of analysis, 1&,

mainly been argued along the lines that th
ocesses and cannot be decoupied in a simple

e Stirling cycle consists of a

~ number of interrelated proce
manner [Ur77). Though this point may be true in the pursuit of highly
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accurate calculations, it does not appear to be a limitation for reasonably

accurate approximate solutions.

simulation and the traditional methods of analysis, namely theoretical and

experimental analysis. He points out that numerical (or computer)
simulation is different from theoretical and experimental analysis but has

aspects of both. Numerical simulation does not have the rigour of

theoretical (or mathematical) analysis but relies upon fundamental

mathematics to set

much closer to experimenta analysis an
disadvantages. The analyst ‘turns on’ the computer and waits to see what

happens, just as the experimenter does. A num
" with a particular conﬁguratlon of machine and the effects of varying the

different parameters on the performar
exhaustive set of triais. Simulation has the advantage over experiment in

that the configuration of tmyﬁem_eaﬂ_be—vm_mmmﬁ.i

g the working gas, say air, with

up the equations for solution. On the other hand, it is

[} %3 LR ive -

mance can only be determined after an

the effects may be examined of replacin

helium or hydrogen without involving-additional expensive equipment and
erformance to independent

safety measures. Tests of the sensitivity of p
theoretical approximations may be made. Furtherm
curacy of the instruments, or whether o

y the parameter that is being measured,
en the most inaccessible locations in the

ore, there is no concern
with the ac r not they interfere
with or modif there is continuous
access to all parameters eve

machine. The list is extensive.

A note of caution is, however, in order. A simulation model will always be
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