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ABSTRACT

Concerns about the environmental impact of refrigerants used in vapour-compression heat-
pumps and refrigerators, have prompted the Stirling-Cycle Research Group at the University of
Canterbury to investigate the feasibility of low-cost Stirling-cycle machines that use air as the
refrigerant. Such machines theoretically have the highest efficiency possible for any practical
thermodynamic system, and thus provide a tempting alternative to traditional vapour-
compression technology. This paper outlines the working principles of Sirling-cycle heat-pumps
and refrigerators, and describes some of the work performed at Canterbury University. Some of
the heat-pump development programme results are also presented, and briefly discussed.

1) INTRODUCTION

The Stirling Cycle Research Group at the University of Canterbury has been conducting research
on Stirling-cycle machinery for over a decade. The dam of the group is to do fundamental
research into Stirling-cycle thermodynamics, but also to use the results of thisresearch to develop
practica machinery at a prototype level, with aview to later commercial product devel opment.

Initial work has largely focused on Stirling-cycle engines, and hes resulted in the production o
several prototype micro-cogeneration systems. One of these systems has been successfully
commercialized (Clucas and Raine 1997159-168) by Whisper Tech Ltd (Whisper Tech 20021),
a company founded by D. Clucas and J. Raine. Whisper Tech Ltd is now a multi-million dollar
company that designs and manufactures Stirling micro-cogeneration systems in Christchurch,
New Zedand.

More recently, however, the scope of the Stirling Cycle Research Group has widened to include
hea-pumps and refrigerators. This has been prompted by environmental concerns abou the
refrigerants currently used in conventional vapour-compression (also knawvn as reverse-Rankine-
cycle) systems; all of which are either toxic, flammable, ozone-depleting, a green-house gases.

Investigations are therefore being carried out into the feasibility of Stirling-cycle heat-pumps and
refrigerators which incorporate some of the ground-bre&king technaogy that has been developed
for engine gplications. Primarily this work has concentrated on low-cost medium-pressure
Stirling-cycle systems that use ar as the refrigerant (the ultimate environmentally-friendly
chemical).
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2)

In

WORKING PRINCIPLES OF STIRLING-CYCLE HEAT-PUMPS AND
REFRIGERATORS

its smplest form the Stirling-cycle refrigerator or heat-pump uses exactly the same

components as the Stirling-cycle engine (seeFigure 1.); abeit for dightly different purposes.
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Figure 1. Stirling-cycle machine block diagrams: (A) Engine (B) Refrigerator or hea-pump.

There aefive main componentsin a Stirling-cycle machine, as sxown in Figure 1.
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Working gas — the Stirling Cycle is a closed cycle and the various thermodyramic processes
are carried out onaworking ggs that is trapped within the system.

Heat-exchangers —two hed exchangers are used to transfer heat aaossthe system boundary.
A heat absorbing heat-exchanger transfers heat from outside the system into the working gas,
and a heat rejecting heat-exchanger transfers heat from the working gas to outside the
system. For example, onarefrigerator the heat absorbing heat-exchanger would transfer hea
from the mld space into the working gas, and the heat rgecting hea-exchanger would
transfer hea from the working gas to the ambient environment.

Displacer mechanism — this moves (or displaces) the working gas between the hot and cold
ends of the madhine (viathe regenerator).

Regenerator — this acts both as a thermal barrier between the hot and cold ends of the
madine, and also asa “thermal store” for the cycle. Physically a regenerator usually consists
of amesh material (household pot scrubbers have eren been used in some engines), and heat
is transferred as the working gas is forced through the regenerator mesh. When the working
gasis displaced from the hot end of the machine (via the regenerator) to the cold end of the
madine, heat is “deposited” in the regenerator, and the temperature of the working gas is
lowered. When the reverse displacement occurs, heat is “withdrawn” from the regenerator
again, and the temperature of the working gasis raised.

Expansion/compression mechanism — this expands and/or compresses the working gas. In an
engine this mechanism produces a net work output. In arefrigerator or heat-pump a net work
input is required to move the heat from a low to a high temperature regime (in accordance
with the Second Law of Thermodynamics).



A Stirling-cycle madiine can be onstructed in a variety of different configurations. For
example, the expansion/compression mechanisms can be enbodied as turbo-machinery, a piston
cylinder, or even using acoustic waves. Most commonly, Stirling-cycle machines use apiston-
cylinder, in either an a, B, or y configuration. An a-configuration machine uses two pistons
which displace and expand/compressthe gas at the same time. 3 and y-configuration machines
have a separate displacer-piston and expansion/compression @dston (usualy caled a power-
piston).

In an ideal Stirling-cycle refrigerator or heat-pump the wmponents of the machine interact to
produce four separate thermodynamic processes. These processes are illustrated using a
simplified a-configuration machine in Figure 3., and are shown on presaure-volume and
temperature-entropy diagramsin Figure 2. It should be noted that for the ideal Stirling Cycle the
hea-exchangers, regenerator, and transfer passages are assumed to have zeo volume.
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Figure 2. Thermodynamic processesin theided Stirling-cycle refrigerator or hea-pump. (A) Presaure-
volume diagram. (B) Temperature-entropy diagram.

@O—>@:|sothermal expansion —the low-presaure working gas expands isothermally at cold
end temperature, hence @sorbing heat from the cold space (via the heat absorbing
hea-exchanger) and doing work to the expansion pston.

@—>(:1sochoric displacement — both pistons move together to transfer al the working gas
isochoricaly throughthe regenerator to the hot end o the machine. Heat is delivered
to the gas as it passes throughthe regenerator, thus raising the temperature of the gas
to that of the hot space. As the temperature rises, the gas presare increases
significantly.

®—>® :|sothermal compression — the mpression piston dcees work to the gas and
compresses it isothermaly at hot end temperature, hence rejeding heat to the hot
space (via the hea regjecting heat-exchanger). Because the gas is a high pressure,
more work is required for compresson than was obtained from the gas during
expansion(in 1- 2). The gycle therefore has a net work inpuit.

@—>® :1sochoric displacement — both pistons move together to transfer al the working gas
isochoricaly throughthe regenerator to the wld end of the machine. Heat is absorbed
from the gas as it passes throughthe regenerator, thus lowering the temperature of the
gas to that of the wld space. As the temperature reduces, the gas presaure drops
significantly, and the system returnsto itsinitial conditions (at 1).
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Figure 3. Thermodynamic procesesin theided Stirling-cycle refrigerator or hea-pump as siown on a
simplified a-configuration macdhine.
3) ANALYSISOF THE STIRLING CYCLE
The work, heat transferred, and co-efficient of performance (COP) of an ided Stirling-cycle heat-

pump or refrigerator can be readily evauated from first principles using the pressure-volume and
temperature-entropy diagrams hown in Figure 2. i.e. from the definitions of:



work, W = —f pdV (3); heat transfer, Q = [TdS (J); and COP, x = _W :

then the following formulaecan be developed for anideal Stirling-cycle machine:

W = mRIn%@TH -T.)
Q, =—-mRT, In%% Q, =mRT, In%%

X =My N
H STIRLING TH _TL ! L STIRLING TH _-I-L

where mis gas mass (kg), R is specific gas constant (JkgK), and where the subscripts H and L
denate the high and low temperature isotherms respedively.

Inspection of the expressionsfor Stirling Cycle COP reveal s the interesting fact that:

XH STIRLING :XHCARNOT and XLSI'IRLING :XLCARNOT

or, in other words, that the Stirling-cycle heat-pump or refrigerator has the maximum ided COP
possible under the SecondLaw of Thermodynamics.

Unfortunately, practical Stirling-cycle heat pumps and refrigerators differ from the ideal cyclein

several important aspects:

(i) The regenerator and heat-exchangers in practica machines have nonzero volume. This
means that the working ges is never completely in either the hot or cold end d the machine,
and therefore never at a uniform temperature.

(i) The piston motion is usualy semi-sinusoidal rather than discontinuaus, leading to nan-
optimal manipulation of the working ggs.

(iii) The expansion and compresson processesin practical Stirling-cycle machines are polytropic
rather than isothermal. This causes temperature fluctuations in the working gas and leads to
adiabatic and transient hed transfer los<s.

(iv) Fuid friction losses occur during ggs displacement, particularly due to flow through the
regenerator.

(v) Other factors such as heat conduction between the hat and cold ends of the machine, sedl
leckage and friction, appendix gap effects, and friction in kinematic medanisms al cause
rea Stirling-cycle macdiinesto differ from ided behaviour.

The combination of these factors means that the Stirling Cycle differs from its ideal embodiment

more than any other thermodyramic cycle; making it extremely difficult to develop an accurate

mathematical model to predict system performance. On the other hand, the vast number of
criticd parameters that can be varied ona practical macdhine mean that experimental optimization
is enormously time-consuming (and expensive).

Fortunately, cheap computing power has meant that machine simulations can be built up from an
analysis of processes at avery detailed level. Initial modelingis done & a sub-component level,
with the various processes being evaluated using standard thermodyramic and fluiddynamic
formulae These sub-components are assembled mathematically to form comporents, and the
components are assembled to form a mmplete Stirling-cycle machine. The eguations resulting



from such smulations do nd, of course, have dosed-form solutions; but they can be solved using
numericd iteration methods.

This “brute force” approach has been used successfully in several software packages that are now
commercialy available (Gedeon 1996, Thomas 2002 67-74). These incorporate hurdreds (or
even thousands) of different input variables to represent the geometry and materials of a Stirling-
cycle machine.  While this <ftware is extremely expensive, the results produced are
comparatively accurate. Therefore much o the optimization process can be performed in
software, thus greatly reducing the experimental refinement required.
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Some typical results from an analysis of a Whisper Tedh Ltd engine using such a software
padckage are shown in Figure 4. Further information about the Stirling Cycle, its practicd
limitations, and analysis can be foundin West (West 1985) and Wurm (Wurm et al 1991 75-86).

4) STIRLING CYCLE RESEARCH AT THE UNIVERSITY OF CANTERBURY

A number of different researcch programmes are aurrently being undertaken by the Stirling-Cycle
Research Group at the University of Canterbury. These include a Stirling-cycle heat-pump
development programme, and a Stirling-cycle refrigerator devel opment programme. Additionally
there are two main areas of spedfic component research: the seal modeling and development
programme, and the regenerator development programme.

Apart from the system simulation and seal modeling work, which are mathematical analysis-
based projects, the mgjority of the research performed by the Stirling-Cycle Research Group is



experimental in nature. Two main experimental rigs are used for this work: the DH1 hed-
pump/refrigerator experimental rig, and the MAG1 regenerator test rig.

e Em I

heat absorbing
heat-exchanger

!

./
A

piston
pack

regenerator

heat rejecting
heat-exchanger

N
i e
7| ) e

o T St

crankcase ——

Figure 5. Crosssediona general assembly drawing of DH1 hea-pump/refrigerator experimental rig in a
4-a doule-ading configuration (some componrents removed for clarity).

At the heart of the DH1 heat-pump/refrigerator experimental rig is a wobble-yoke (a kinematic
mechanism developed by D.M. Clucas (Clucas and Raine 1994 37-346) in the Stirling Cycle
Research Group), that provides snusoidal movement of four pistons at 90° phase spacing. The
remainder of the system is based arounda number of interchangeable modules, including cylinder
padks (which incorporate the regenerator and heat-exchangers), piston packs, and transfer passage
plates. This gives maximum flexibility to the rig alowing manipulation of cylinder bore,
regenerator size and shape, piston and cylinder length, compression ratio (and amount of dead
volume), heat-exchanger configuration, transfer passage geometry, operating speed, and cylinder
pressure. The rig is currently set up in a 4-a doube-acting configuration (also known as the
Siemens arrangement) as shown in Figure 5., kut can easily be set-up in ather configurations as
well.



The MAGL1 regenerator test rig is a single-cycle a-configuration machine based around two
dlider-crank mechanisms, as shown in Figure 6. Gas temperature and pressure ae monitored
within the regenerator matrix, and materials are tested by varying the package geometry and
measuring regeneration efficiency.
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Figure 6. General asembly drawing  MAG1 regenerator test rig.

In both experimental rigs, overal system performance is evaluated by circulating a temperature-
stabilized coolant and heatant liquid through the agpropriate heat-exchangers, causing the
Stirling-cycle machine to operate continuously between two fixed temperatures. A dedicated data
aquisition system then provides information onoperating temperature, refrigeration and heding
effeds, inpu power, refrigeration and heding coefficients of performance, and mechanical
efficiency, in rea-time as the experiment is running. The temperatures at which the data ae
obtained are chosen in order to simulate the heat-exchanger temperatures of various environments
that the madiine could be operating in, e.g. indoor and autdoor heat-exchanger surface
temperatures for a domestic heat-pump. Error analysis for the data is by a pseudo-Monte Carlo
method.

Manufacturing cost is a major barrier to the introduction of Stirling-cycle heat-pumps and
refrigerators, particularly when competing against the very large-scale production of vapour-
compression technology. The Stirling-Cycle Research Group are therefore investigating pdential
niche appli cations in small markets where Stirli ng-cycle machines offer improved performance at
similar cost to vapour-compression systems, e.g. low mean-outdoor-temperature heat-pump
applications, very low temperate freezer (below -35°C) applications, CO, storage and
transportation equipment, and Hgh-speed battle/can chillers.



5) SOME RESULT SFROM THE HEAT-PUMP DEVELOPMENT PROGRAMM E

Preliminary work from the Stirling-cycle heat-pump development programme indicated superior
performance (compared to vapour-compression systems) in certain situations. This is mainly
asxciated with a lower performance droop as the hot and/or cold heat-exchangers varied from
their design temperatures. Some results from this work are presented in Figure 7.
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Figure 7. Some results from the Stirling-cycle hea-pump devel opment programme.
VC = typicd vapou compresgon machine, SC = DH1 prior to sed development programme,
SC* = DH1 after sed development programme. The temperature stated is the outdoor
temperature. Theindoor temperaturein all casesis20°C.

It can be seen from the results obtained that (following the seal development programme) the
heaing COP of the Stirling-cycle madchine & 6°C outdoa temperature is only very dightly less
than that of a typicd vapou-compression system. However, at 0°C outdoor temperature the
vapour-compression machine has considerable poorer COP than the Stirling-cycle system, even
thoughthe Stirling-cycle machine is operating at an even lower outdoar temperature of -5°C. For
situations where there are large diurna temperature swings during winter this could imply a
greater net COP for Stirling-cycle systems. There are dso ather advantages for Stirling-cycle
maahines in such contexts.

The results prior to the sed development programme ae included in order to demonstrate the
importance of seal design in Stirling-cycle machinery. Further information an the sedl
development programme can be fourd in the proceedings of the International Stirling Engine
Conference 2001 (Haywood, Raine, and Gschwendtner 2001 181-188).

6) CONCLUSIONS
As well as their role @ high-efficiency low-noise engines, Stirling-cycle machines offer an

environmentally-friendly alternative to vapour-compresson systems, by virtue of their ability to
use air as arefrigerant (the ultimate environmentally-safe diemical).



In comparison to aher thermodynamic cycles, the Stirling Cycle is extremely difficult to
optimize for a practical machine. When optimized, however, Stirling-cycle machines have
similar performance to traditional vapour-compresson systems; athough there are certain
contexts where they can, in fact, provide significantly higher performance. It can therefore be
said that Stirling-cycle machines provide atechnically redistic aternative to current vapour-
compression technology. The main challenge will lie in achieving a cmpetitive price througha
low-cost mechanical design configuration, and manufacturingin sufficiently large volumes.

The Stirling-Cycle Research Group at Canterbury University are working onthe development of
low-cost high-performance machines. Initialy these systems will probably be introduced in niche
applications for small markets, where they can dffer improved performance d similar cost to
vapour-compression systems.
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