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Abstract

There are many sources of free energy available in the form of heat that is often simply
wasted for want of an effective way to convert it into useful energy such as electricity. The
aim of this research project is to design and build a low temperature differential Stirling
engine capable of generating electric power from heat sources such as waste hot water or
geothermal springs.
The engine that has been developed is a research prototype model of a new type of design
featuring a rotating displacer which is actuated by a pair of stepper motors. The rotating
displacer design enables the use of readily available and comparatively cheap and robust
steam pipe as the housing for the engine, and it also avoids problems associated with
sealing and heat exchange that would be present in a large engine of a more traditional
configuration. Owing to the fact that this engine is a research prototype, it has the ability to
have some of its critical operating parameters such as phase angle and stroke length
adjusted to investigate the effects on performance. When the next phase of development
takes place most of these parameters will be fixed at the optimum values which will make
manufacture cheaper and easier.
Unfortunately, construction of the prototype engine has not been completed at the time of
writing so no power producing results have been achieved; however thorough results are
presented on the operation of the control system for the stepper motors which actuate the
displacer. Additionally, after a thorough history and background of Stirling engines was
researched, the understanding gained of how these engines work has enabled a design
process to take place which has hopefully led to a successful design. Analysis of various
aspects of the engine have been carried out and results look promising for the engine to
produce around 500 Watts of electrical power output whilst running on hot water up to
around 90°C.
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Nomenclature

Symbol

Definition

Unit

Aff

Cross-sectional flow area

m2

Ao

Heat transfer area

m2

cp

Specific heat at constant pressure

J/kg.K

cv

Specific heat at constant volume

J/kg.K

Cw

Friction factor

-

d

Inner diameter

m

D

Outer diameter

m

dh

Hydraulic diameter

m

dw

Diameter of matrix material wire/fibre

m

Fs

Schmidt Factor

-

h

Convective heat transfer coefficient

W/m2.K

k

Thermal conductivity

W/m.K

Lreg

Regenerator length

m



Mass flow rate

kg/s

Mass flow rate per unit area

kg/m2s

m

Mass of gas

kg

mf

Mass of gas flow per half cycle

kg

mm

Mass of matrix material

kg

n

Moles

mol

Npr

Prandtl Number

-

Nre

Reynolds Number

-

ns

Revolutions per minute

min-1

ńs

Revolutions per second

s-1

∆p

Pressure difference

Pa

p

Pressure

Pa

po

Nominal engine pressure

Pa



v

P

Power

W

Po

Nominal engine power

W

Pw

Wetted perimeter

m



Rate of heat transfer

W

Heat quantity

J

R

Gas Constant

J/K.mol

rh

Hydraulic radius

m

Sreg

Regenerator matrix surface area

m2

∆T

Temperature difference

K

T

Temperature

K

Tc

Cooler temperature

K

Th

Heater temperature

K

Tr

Mass-averaged regenerator gas temperature K

tw

Wall thickness

m

u

Mean mass velocity

m/s

Uo

Overall heat transfer coefficient

W/m2.K

Volumetric flow rate

m3/s

V

Volume

m3

Vc

Compression space volume

m3

Vd

Dead space volume

m3

Ve

Expansion space volume

m3

Vmax

Maximum gas volume

m3

Vmin

Minimum gas volume

m3

VR

Volume ratio

-

Vreg

Regenerator volume

m3

Vsw

Swept volume

m3

δ


Dead space ratio

-

Porosity of matrix material

-

ηreg

Regenerator effectiveness

%

ρ

Density

kg/m3
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Introduction

Energy seems to be the subject at the heart of many of the greatest issues and debates facing
the world today. Global warming is a huge issue that promises to change the face of the
planet in unimaginable and irreversible ways. It is without question that governments and
industry in the developed world must do everything in their power to try and stop this from
happening; however this objective is at odds with something of even more importance to
those people – money. Cheap energy is the foundation of industry, and industry is the
foundation of making money. If energy costs more, then it ends up costing everybody, and
this is the reason why almost half of the world’s electricity production comes from burning
cheap but environmentally harmful coal (see Figure 1).

Figure 1: World power generation from various sources [1]

It can be both enlightening and shocking to look at the number of coal-fired power stations
both currently operating and the number being built on a daily basis. Figure 2 shows over
100 planned coal-fired power plants in the US alone over approximately the next two
1

decades. China and India are much worse, planning to build 562 and 213 new coal power
plants respectively in the 7 year period from 2005 – 2012 alone [2]. These planned coal
power plants totally swamp any savings that were to be realised from the Kyoto Protocol,
as illustrated by the graph in Figure 3. Many experts believe that it is necessary to not only
reduce, but to actually reverse carbon emissions to avoid a major environmental change
taking place [3], and instead of this happening the opposite is true.

Figure 2: Planned coal plants in the US by 2030

Figure 3: Savings in greenhouse gas emissions from Kyoto compared to extra emissions from new power stations [2]

2

Renewable energy is the answer. This is energy that comes from sources that will not
expire (ignoring the fact that the sun will die out in a few billion years). It is generally also
clean emission free energy as it does not involve burning anything. These sources of energy
are great for the environment, however they cost a lot more to set up than more mature but
environmentally irresponsible technologies. Some of this extra cost is made up for by the
typically lower operating costs due to lack of fuel requirements, and with this come greater
security of supply, independence from foreign fuel suppliers and immunity to fuel price
fluctuations.
Currently several main renewable energy technologies are in use around the world, and
their uptake is slowly on the rise. The currently available technologies or sources of energy
are shown in Figure 4, with hydro-electric power on large and small scales making up
almost 2/3 of the total.

Figure 4: World Renewable energy sources, 2006 [4]

While solar energy provides a significant portion for hot water heating it is minimal in
terms of electricity production. Wind turbines provide a significant amount as well, being a
somewhat more established technology than some of the newer techniques such as tidal
power.
3

What is surprising is the minimal amount of energy produced by geothermal energy. There
is a lot of potential for energy production by using hot water or steam from beneath the
earth’s surface, and it is both renewable and relatively clean as well as being available 24
hours a day, 365 days a year.
It is the aim of this project to design and build a research prototype of a type of heat engine
called a Stirling engine which will be capable of generating electricity from sources of hot
water such as geothermal water. It will not even require very hot water, being able to run on
low temperatures down to just 50 or 60°C. New Zealand has a lot of geothermal energy
available, being situated on the ‘Pacific Ring of Fire’ tectonic zone. The Alpine fault line in
the South Island and the upper half of the North Island are home to large regions of hot
springs with temperatures ranging from 30 – 100°C [5]. Currently some of this hot water is
put to direct use although the vast majority is unused.
The central North Island is home to more intense geothermal activity, with high
temperature underground systems and visible geothermal phenomena such as geysers
resulting from high rates of heat flow and a thinner crustal layer at depths of less than 5 km
[5] [6]. This region, known as the Taupo Volcanic Zone, is home to 29 individual
geothermal areas and 6 power stations producing around 6% of New Zealand’s electricity.
Other countries with large geothermal potentials include The United States, Australia,
China, Philippines, Iceland, Hungary and Mexico.

Figure 5: Geothermal resource map of New Zealand [5]
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The beauty of the Stirling engine in this project is that it is able to run on any source of hot
water, not just geothermal heat. This means that there are many areas in which it could be
applied, either in scaled-up versions producing grid level electricity, small versions
producing local supply or distributed generation, or as direct prime movers for pumps or
motors.
One such alternative application could be in an existing installation where hot waste water
is a by-product of the process. An independent agency has estimated that if all waste heat
was harnessed, it could provide 20% of the entire power generation needs of the Western
world [7]. Such installations include but are not limited to geothermal, coal, gas or nuclear
power stations, industrial processes and food processing plants. Often this hot water is
simply discharged back into a river or lake, which can raise questions about effects on local
wildlife. Powering a Stirling engine off the heated water would reduce the injection
temperature of the water into the river or lake, as well as being a low cost source of power
which could be used to pump the water in question or drive some other load.
Another potential application for a Stirling engine of this type is in the offshore oil and gas
drilling industry. In this industry it is common for subsea wells of oil and gas to be located
many tens or hundreds of kilometres offshore. They use pumps and equipment which rely
on electric power transmitted from somewhere on shore through an ‘umbilical’ cable. At
greater distances these become very costly and also inefficient as much power is lost in
transmission. Sometimes diesel or gas generation is used on-site, though it is expensive to
run and requires a constant fuel supply. One of the features of oil and gas wells is the high
temperatures at which the fluids exit the ground. This heat, which is often a nuisance to
pumps, could be instead piped through a Stirling engine heat exchanger to power the
Stirling engine which would drive the pump and/or generate electric power. The reason this
application would be so well suited to a Stirling engine is that the engine would be
submerged at the bottom of the ocean, as much as several kilometres deep. The water
pressure at these depths would naturally equalise the pressure inside the Stirling engine
(and as will be discussed later, the pressure inside the engine directly relates to power
output) allowing a large engine to be built and pressurised using relatively inexpensive
materials. In addition, the water surrounding the engine is a natural heat sink at a lower than
typical temperature of only a few degrees Celsius.
The ability to run on low temperature geothermal water means that vast regions of land are
suitable for use with this engine design, rather than just concentrated geothermal hotspots.
For instance, as show in Figure 6, at a crust depth of 5 km the entire area of Australia is at a
temperature of 50°C or more.

5

Figure 6: Subterranean temperatures in Australia at a depth of 5 km [8]

In the coming chapters a thorough history and theory of Stirling engines is presented to
enable better understanding of what makes them work and how they can best be applied to
make use of free or cheap heat sources. The design for the new engine concept is presented
and analysed, and some preliminary results are also given.
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Chapter 1 – History

“As you enter the past, you will find direction for the future” [9]

During the industrial revolution of the 18th century the steam engine was widely employed
as a prime actuator for all sorts of industrial applications such as pumping, lifting heavy
loads and driving rotating machinery. The technology in steam engines had developed by
the turn of the 19th century to the point where huge engines were being built which could do
the work of teams of horses or gigantic water wheels [10]. Despite their usefulness, steam
engines had a few major failings. Firstly, they were inefficient – at the start of the 20th
century typical efficiency was around 2% and peaked later at roughly 10% [11]. Even
though coal was cheap at the time it still made sense to factory owners to strive for more
efficient machines to maximise their profits. The main drawback of the steam engine
however was their safety, or rather lack thereof. Violent boiler explosions were a matter of
course, reported on a day-to-day basis. These explosions would release scalding high
pressure steam and often led to fatalities, promoting engineers and inventors to search for a
new alternative type of engine [11].
The Stirling Engine is a type of what is known as a hot air engine [12], which appeared
early in the 19th century and has since attracted a great deal of interest from engineers,
inventors, researchers, entrepreneurs and hobbyists. The basis of the Stirling Engine, or any
hot air engine for that matter, is that of a gas expanding when heated and contracting when
cooled. This principle has been known since ancient Greek times, when Hero of Alexandria
invented a machine which used heated air to displace water whose weight was used to open
the doors of a temple [13]. A hot air engine is a device that uses this principle to convert
heat into mechanical work. Numerous designs have been around since as early as 1699,
though it is thought that the first workable design was the open cycle gas furnace designed
in about 1807 by English inventor George Cayley [12].
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1.1 The Stirling Brothers
The invention of the Stirling Engine is widely credited in modern literature to Scottish
minister Robert Stirling. Robert Stirling was a minister for 53 years, however he was not an
engineer and although his name was on the original Stirling Engine patent in 1816 (British
Patent No.4081) it is very doubtful that he had much to do with the invention [9]. It is much
more likely that his brother James, an engineer with thermodynamic and mechanical
knowledge, was responsible for the design and development of the engine.
The original patent of the Stirling brothers actually specified two separate inventions – the
first and principle invention was the ‘economiser’ or what we call today a regenerator [11].
This was a hugely significant invention in its own right, and discussed in more detail in
section 2.1.4. The second part to the patent was the actual engine itself, titled A ClosedCycle Air Engine, using the economiser to “diminish the consumption of fuel”.
The Stirling brothers, regardless of who specifically was responsible, actually developed
the first five working versions of the Stirling Engine from 1815 through to 1845. The first
version in 1815 was very a very basic ‘gamma’ (γ) design, consisting of two separated
cylinders with open fire heating and air-cooling. The second version followed soon after in
1816, which had the displacer and power piston in the same cylinder in order to reduce the
flow losses between the cylinders, making it a ‘beta’ (β) type engine. A description of these
fundamental engine configurations is found in section 2.2.

Figure 7: First working Stirling Engine from 1815 [9]
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Figure 7 depicts the Stirling brothers’ first working model of their engine. The following is
a description of the engine configuration and operating principle, extracted from their 1816
patent:
“The exhibit has a long vertical cylinder containing air which is heated by an
external source. A long and loosely fitting displacer works within this cylinder, it is
made of thin metal and is operated by means of an overhead crankshaft with
flywheel. At the opposite end of the crankshaft there is another crank which operates
the working piston in a separate cylinder. The bottom of this cylinder communicates
with the top of the displacer-cylinder through a pipe. Its working piston is packed
with a double cup-leather and its crank is set 90° behind the displacer crank.
The included air is brought to the warm part of the cylinder has its elasticity
increased and presses upon the piston with a force greater than that of atmosphere.
The piston is thus forced downwards till the pressure of the included air and that of
atmosphere become equal. The impulse communicated to the fly carries the end of the
crank, and the arm and bent lever are brought to such a position as to depress the
rod and thus to raise the plunger from the piston. The included air is thus made to
descend between the plunger and cylinder and brought to the cold part; it is cooled in
its descent, has its elasticity diminished, and its pressure becomes less than that of the
atmosphere, the piston is forced upwards, and the crank downwards. The revolution
of the fly and crank again bring the plunger towards the piston, the air ascends
through the same passage by which it descended, is heated in its ascent and forces
the piston downwards and the crank upwards, and so on alternately. In this manner a
rotatory motion is produced which may be applied to the moving of machinery.”
Although the regenerator or ‘economiser’ was described and patented by the Stirling
brothers in 1816, it was not put into use in a working engine until 1827. The original
description of the regenerator talks about a space filled with “successive layers of plates of
the thinnest iron in use, pierced with holes….kept at a distance of two or three times their
own thickness from one another.” The purpose of the regenerator is to act as a temporary
heat storage element, so that as hot and cold gas is passed back and forth between the
regenerator heat is removed from the gas and then put back into it. This reduces the amount
of heat needed to be transferred by the heat exchangers and dramatically increases the
overall efficiency of the engine.
The next two major improvements in engine design were both introduced by the Stirling
brothers. In 1840 they built an engine with an external regenerator and tubular heat
exchangers which increased the heat transfer area. In 1845 a pressurised cycle engine,
shown in Figure 8, was built which used a separate pump to fill the engine housing with
compressed air. This engine produced 2.5 HP (1.8 kW) and was used to power all the
machinery at a foundry in Dundee, Scotland for many months until it was superseded by a
larger version of the same engine [9].
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Figure 8: Stirling brothers’ 1845 pressurised cycle engine [9]

1.2 Technological Advances
Over the course of the next 30 years, several other designs appeared offering innovations
such as the open cycle engine (Ericsson, 1860) which replenished the hot air in each cycle
with fresh cold air, doing away with cooling difficulties but causing great heat losses and an
efficiency of just over 2% [9]. Ways to increase heat transfer area such as using a toothed
displacer arrangement (Young and Kirk, 1865) were experimented with, and even the idea
of discontinuous displacer motion (Lauberau, 1869) was attempted but failed due to
mechanical complexity [9]. In 1870 Swedish inventor John Ericsson built the first solar
powered Stirling Engine, shown in Figure 9. Its performance is unknown though Ericsson
is recorded as saying that “A solar engine of one horse-power demands the concentration of
solar heat from an area of 10 square feet.”

Figure 9: First solar powered Stirling Engine, built by John Ericsson in 1870 [9]
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The first recorded α-type Stirling Engine was the Rider-engine, pictured in Figure 10. It
was built in 1875 by the Rider Ericsson Engine Company, and was described in a journal
excerpt as having “been in successful operation for some twelve years, many hundreds
being in use in [England] alone….The engine, as introduced into [England] from the States,
was in most parts perfect so that for years no improvements were considered necessary.”
[14]

Figure 10: Rider-engine, α-type engine built in 1875 [9]

The next significant improvement came about in 1880 from A.E.H. Robinson. His engine
featured an air pre-heater, a device that channelled incoming combustion air around the hot
exhaust in order to pre-heat it, resulting in an improvement in overall efficiency by as much
three times [9]. Unfortunately, by the time this engine was made, the rise of the internal
combustion engine had already begun thanks largely to Nikolaus Otto and Karl Benz.
During the late 1800’s and early 1900’s steam engines still dominated industry, shipping
and railroads [11] and this was rapidly shifting towards the internal combustion engine. The
only commercial success being experienced by the Stirling engine at this time was small
engines of a “few or fractional horsepower used for pumping water, powering small
domestic or farm machines, laboratory stirrers and toys” [11]. These engines found success
due to their safe, reliable and versatile operation. The ability to run on such fuels as
household rubbish if necessary was useful in a time when mains electricity was not widely
available [11].
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1.3 The Philips Contribution
By the 1930’s the Stirling Engine had been all but forgotten, that is until 1937 when the
Philips Corporation took an interest in them as a potential method of powering their radio
sets. Philips had built up a sizeable market in Europe selling their radios, however wanted
to expand to more remote areas of Africa and Asia where mains supply was not yet
available in most places [11]. This meant the radios would have to be powered by batteries,
which were expensive at the time and hence a barrier to potential customers. In addition to
this, the radios used vacuum tubes which had a rather high rate of power consumption. This
meant a generator was the best option, and Philips decided that a Stirling Engine would
make the ideal power source for the generator, based on the fact that it could be small,
silent, low-maintenance, safe and economical, as well as running on paraffin oil which was
widely available.
Over the next three years in their laboratory the Nat. Lab in Eindhoven, The Netherlands,
Philips developed a number of engine designs ranging in power output from 6 W to 1 HP
[11]. Some earlier engines included experiments on pressurizing the working fluid and
using hydrogen instead of air, both of which significantly increased output power but
reduced the engine life span of the experimental engines. In 1941 the Type 10 engine was
designed with the novel feature of transferring heat to the cylinder head via a liquid metal
(K-Na eutectic) pumped with an electromagnetic pump. This technology was found to be
unsuitable for the Stirling Engine application but is now used in the cooling of fast-breeder
reactors in nuclear power stations [11]. Using high temperature sodium heat pipes was also
tried, however these proved unstable and after an explosion in the lab they ceased
experiments in this area [11].
Experiments were performed on an already built Type 10 engine in 1941 to run it as a heat
pump by driving the shaft of the engine with an electric motor. The initial motivation was
to find a possible alternative to the Freon compression-evaporation cooling systems found
in refrigerators and air conditioners, however it was quickly found that the Stirling cycle
cooler was much more suited to a cryocooler application, as temperatures as low as -100°C
were reached even with minimal insulation around the cylinder head [11]. By 1945 this had
reached -200°C with only minor changes to the engine.’
When World War II broke out in 1940, The Netherlands was invaded by the Germans who
proceeded to take control of the Nat. Lab, slowing research progress though not halting it
completely. During this time a patent was granted for the double-acting Stirling Engine,
shown in Figure 11, dubbed Type 19 by Philips. This engine, as its name suggests, was
Philips’ 19th prototype engine and held great promise with its compact size and high power
output. Following from this design in 1943 the Type 20 engine was designed, another 4cylinder double-acting engine with a swept volume of 2.9 litres and a target power output of
50 HP. This engine was fast and smooth-running, had a good torque capability and had a
respectable efficiency of 15% [11].
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Figure 11: Philips Type 19 double-acting engine with 4 cylinders [11]

By 1948 Philips had produced a number of V-engines with 2 cylinders, the Type 24 which
also included the subsequent variations Type 24b, 24c, and 24d. The 24d was the most
successful, making an indicated 20 HP though it still had problems with sealing and
lubrication. It was intended for use in a motor car and was even demonstrated to Henry
Ford Jr., though it never found its way under a bonnet [11].
In 1949 an engine known as the SMF-Kroon engine was built as a result of a joint venture
between Philips and the S.M.F group, itself a joint venture of four separate engine builders.
This engine was rather successful, making 45 HP from its 4 litre displacement with an
efficiency of around 20%. However in October 1949 the engine exploded unexpectedly,
tragically killing one person. The cause of the explosion was determined to be oil vapour
that had been forced into the hot chamber and under the 5 MPa engine air pressure formed
an explosive mixture that was set off by the hot piston head. Since this incident a number of
safety measures were adopted, the most significant being the use of inert gases such as
nitrogen and helium, and even hydrogen which was found to be safer than air [11].
In 1953 Philips invented the rhombic-drive mechanism, demonstrated in a small beta-type
engine. It solved the problem of balancing a small displacer-type engine, as well meaning
better piston sealing through lack of side-loading forces. Another major benefit was being
able to pressurize the engine working gas without pressurizing the crankcase, meaning a
significant weight and cost reduction. This was possible because of the perfect seals around
the piston rod that result from no lateral thrust acting upon them [11]. Other benefits
realised were higher possible working pressures, fewer vibrations and a compact design.
The rhombic drive mechanism is shown in Figure 12 in a beta-type engine where the parts
are labelled.
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Figure 12: Rhombic drive mechanism used in a Philips beta-type Stirling Engine [11]
1 = Power piston; 2 = Hollow power-piston rod; 3 = Yoke; 4,4` = Connecting rods pivoted at the ends of yoke 3; 5,5`
= Cranks on the two oppositely rotating shafts coupled by gears 10,10`; 6 = Displacer piston, 7 = Displacer piston
rod; 8 = Yoke; 9,9` = Displacer con-rods pivoted at the ends of this yoke; 11 and 12 = Gas tight stuffing boxes; 13 =
Buffer space containing the working gas at the filling pressure of the engine.

Several smaller engine-generator sets were devised and built over the next few years, and
although they worked well they could not be made cheaply enough to compete
commercially and subsequently Philips stopped all engine production in 1953 in favour of
continuing work on the Stirling cycle refrigerator which later continued to the only
commercial success experienced by the entire Philips Stirling engine research effort.

1.4 Modern Advances
After Philips cancelled their Stirling engine development programme in the 1950’s, little
advancement in Stirling engines took place for the next two decades. It is likely at this point
that any development of a Stirling engine for commercial gain was considered unfeasible,
after seeing the financial failure of the Philips programme. Despite this, a radical new
design was conceived in 1970 by D. West, a research scientist at Harwell Laboratories. His
engine, pictured in Figure 13, used a liquid piston arrangement and was incredibly simple,
using only bent tubes and ball valves and is able to pump water. Essentially, it functions in
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the same way as a regular Stirling engine, with a hot and a cold space, and a volume of
water which displaces heated or cooled air.

Figure 13: Liquid-piston, or fluidyne, Stirling engine built by Colin West in 1970 [9]

Another pioneering Stirling engine researcher was William Beale, inventor of the freepiston Stirling engine. This is an engine with few moving parts and no crankshaft, where
the piston and displacer motion relies on oscillations controlled by gas pressure and springs
or dampers. This is discussed in more detail in Section 2.2.4.
In 1978 an engine was conceived for an entirely new application – powering a submarine.
A Stirling engine is actually very suitable for this as they are silent and vibration free
(making the submarines harder to detect), they don’t require air for combustion (depending
on heat source) and they are surrounded by a very effective heatsink, the sea.

(b)

(a)

Figure 14: (a) United Stirling submarine engine and (b) later improved version (right) with wobble-plate drive [9]
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Swedish company United Stirling was responsible for making the engine in Figure 14 (a), a
4 cylinder double acting engine. This engine was based on a Philips design that United
Stirling purchased the licence agreement for. Several years later, the engine was improved
by replacing the complicated drive mechanism with the ingeniously simple wobble-plate
drive mechanism as shown in Figure 14 (b). The wobble-plate drive was originally
conceived in the 19th century by Sir William Siemens however the concept was never
realised until 1949 when Philips experimented with it in the early days of their development
programme [9]. This version, developed by R. J. Meijer (formerly of Philips) featured a
variable angle wobble plate which overcame many of the failings of the earlier versions.
In 1985 McDonnell Douglas designed a large solar parabolic mirror setup capable of
tracking the sun across the sky and focusing its energy on a centrally mounted Stirling
engine that could reach up to 1430°C [9]. They had an exclusive deal with united Stirling to
use their Stirling engines, which could produce 25kW of electrical power with a very
respectable overall thermal to electric efficiency of 31% [9].

Figure 15: McDonnell Douglas Solar Stirling engine system [15]

These large parabolic mirrors have found their way into several installations worldwide,
most notably the recent (2005) joint venture between electricity supplier Southern
California Edison and Stirling engine manufacturer Stirling Energy Systems. This
agreement will see the installation of some 20,000 solar Stirling dishes into a 1,800 ha area
of the Mojave Desert, for a total power generating capacity of 500 MW – the largest of its
type in the world at the time of the agreement (until the 900 MW project in Imperial
County, Southern California was announced). More recently the project was expanded up
to 34,000 dishes totalling 850 MW. The advantages of solar Stirling systems is high
efficiency (exceeding that of parabolic troughs and non-concentrated photovoltaics),
relatively low cost per kW compared with other solar technology and high life expectancy
(the Stirling engine used is the 25kW unit same as that pictured in Figure 14 (a), and has
been tested for 26,000 hours of continuous operation) [16].
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An interesting and very different type of Stirling engine is the thermoacoustic Stirling
engine – an engine that converts heat into intense acoustic power with no moving parts. The
sound waves produced can be converted into electricity by way of a linear alternator or
electro-acoustic power transducer, or used directly in acoustic refrigerators or pulse-tube
refrigerators to provide heat-driven refrigeration [17]. The invention of the engine, pictured
in Figure 16, is credited to researchers at the Los Alamos National Laboratory (LANL).

Figure 16: Thermoacoustic Stirling engine developed by LANL

1.5 Current Commercial Stirling Engine Ventures
1.5.1 STM Corporation
STM Corporation, formerly known as Stirling Thermal Motors Inc., was founded by Dr.
R.J. Meijer (formerly of Philips) who is the holder of numerous patents on the Stirling
engine and inventor of the rhombic drive. They own the rights to a great deal of the Patents
from the Philips development era, and developed a 40 kW engine used by General Motors
in their HEV (Hybrid Electric Vehicle) programme.
1.5.2 WhisperGen™
WhisperGen™ is a New Zealand based company founded by Don Clucas, a former PhD
student at the University of Canterbury. They specialise in gas-fuelled CHP systems for offgrid applications such as remote power or vehicle auxiliary power, as well as on-grid
applications such as domestic hot water heating that turns the waste heat back into
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electricity. Their engines use a unique wobble-yoke design and are a compact and
affordable solution.
1.5.3 Sunpower
Sunpower is a privately owned company formed in 1974 by William Beale (see Section
2.2.4). They specialize in free-piston Stirling engines and cryolcoolers, and have made a
range of engines producing between 35 W and 7.5 kW. They have achieved a number of
technological milestones such as high-frequency engine operation (115Hz), the first
successful application of an on-sun solar powered free-piston Stirling engine, the first tuned
dynamic vibration absorber and developing for NASA the ASC (Advanced Stirling
Converter), a free-piston engine that can run in space from the heat of a radioactive
substance.
1.5.4 Infinia
Infinia are a Stirling technology company with a range of Stirling based products. Most
notably, they are producing 3 kW solar Stirling parabolic dishes for domestic or remote
power generation designed to compete on price and reliability with currently available PV
(photovoltaic) technology. They also produce some 1 kW free-piston CHP units and freepiston cryocoolers. Their free-piston engines claim long life and no maintenance through
use of flexure couplings and clearance seals in a hermetically sealed casing.
1.5.5 SES
SES, or Stirling Energy Systems, are the manufacturers of the large parabolic dish solar
power stations mentioned in Section 1.4. The ‘SES Suncatchers’ will be used in two
projects; Solar One, the 850 MW project in the Mojave Desert, and Solar Two, the 900
MW project in Imperial County, Southern California.
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Chapter 2 – Stirling Engine Background

“In all places where there exists a difference of temperature, there can be a production of
motive power.” - Sadi Carnot, 1824

2.1 Stirling Engine Components
A Stirling Engine always has 5 main parts to it that are essential to its operation. Figure 17
below shows one of the Stirling brothers’ early engines where the regenerator and cooler
are separated from the body of the engine. This makes it simple to see and understand the
role of the 5 main parts.

Power piston

Cold side heat
exchanger

Displacer

Hot-side heat
exchanger

Regenerator

Figure 17: Stirling brothers’ 4th engine, built in 1840, main parts labelled [9]
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2.1.1 Heat exchangers
The heat exchangers are responsible for transferring all the heat in-to and out of the engine.
There are always two heat exchangers, one to heat the working gas and one to cool it. In
Figure 17 the hot-side heat exchanger is simply the bottom of the engine, situated over a
furnace and the cold-side heat exchanger is a tubular type heat exchanger using water as the
cooling fluid. The working gas in the engine flows over and around the tubes containing
cold water, and is subsequently cooled. There are many different types of heat exchanger
and countless configurations possible, but the basic principle is to have two fluids, one hot
and one cold, interacting by some thermally conductive configuration that will cause the
outlet temperature of both fluids to approach some point in between both inlet temperatures.
Usually there is no direct contact between the fluids; they are separated by some medium,
usually a metal of high thermal conductivity. There are also some cases of direct contact
heat exchangers such as cooling towers.
Some of the main ways to categorize a heat exchanger are by its design type, its flow
arrangement, whether it is single or multiple pass and whether it is regenerative or not.
2.1.1.1 Common Heat Exchanger Types
Shell and Tube Heat Exchangers
Perhaps the most common type is the shell and tube heat exchanger. They consist of a tube
bundle carrying one fluid, enclosed within a shell carrying the other fluid. The tube bundles
are connected at the ends, depending on the flow arrangement (see Section 2.1.1.2), to run
either back and forth in a series arrangement, in parallel, or a combination of both. Due to
the nature of their construction and their shape, shell and tube exchangers are robust and
suitable for high pressure and temperature systems [18].

Figure 18: Typical shell and tube heat exchanger [19]

Tube and Fin Heat Exchangers
Tube and fin heat exchangers are similar in principle to shell and tube types, except that
there is no shell covering the tubes so they are more suited to liquid-to-air applications such
as car radiators. The tubes are attached to fins which conduct the heat away from (or into)
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the tubes by effectively increasing their conduction surface area. It is important that the
thermal contact between the fins and the tubes is good; hence they are usually bonded in a
high thermal conductivity manner (for example brazing).Sometimes the thermal contact is
improved by using L-footed joins, where the fin is bent at a right angle where it joins,
increasing the area of contact.

Figure 19: Tube and fin heat exchanger [20]

Plate and Fin heat Exchangers
In the plate and fin exchanger design, fluid flows through stacked plates, alternating
between the hot and cold fluid. Fins sandwiched between the plates increase surface area
for heat transfer and space the plates apart. The fins can be made quite dense which gives
the plate and fin exchanger type good performance from a small size, however a downside
is that it is difficult to make these suited to high pressure differentials between the two
fluids.

Figure 20: Plate and fin heat exchanger [20]
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2.1.1.2 Heat Exchanger Flow Arrangements
The flow arrangement of a heat exchanger can be put into one of three categories; parallel
flow, counter flow and cross flow.
Parallel Flow Arrangement:

Figure 21: Parallel flow heat exchange [19]

Figure 21 depicts a parallel flow arrangement, where both the hot and cold fluids enter from
the left and run parallel against each other before exiting from the right hand end. The
parallel flow arrangement is ideal for situations when both fluids need to be brought to the
same temperature. It has the disadvantages of having high thermal stress at the inlet end
where the large temperature difference causes opposing thermal expansion and contraction
which can eventually lead to material failure [21]. Also, the cold fluid outlet can never
exceed the lowest temperature of the hot fluid, which can be a disadvantage if used as a
heater.
Counter Flow Arrangement:
Figure 22 depicts a counter flow arrangement where the cold fluid enters left and exits
right, and the hot fluid enters right and exits left. This type is generally better at heat
exchange than the parallel flow arrangement with all other things being equal. It is possible
for the cold fluid to approach the inlet temperature of the hot fluid unlike the parallel flow
and there is also less thermal stress due to more uniform temperature distribution.

Figure 22: Counter flow heat exchange [19]
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Cross Flow Arrangement:
Figure 23 depicts a cross flow arrangement, where the fluids flow perpendicular to one
another. The performance of this type of exchanger is typically in between that of a parallel
type and a counter flow type, and they are often used in applications where one of the fluids
changes state (2-phase flow) [22].

Figure 23: Cross flow heat exchange [19]

2.1.1.3 Heat Exchanger Performance Analysis
The rate of heat transfer,  (W), by a heat exchanger is a valuable quantity to know for
design and analysis. It is given by the following equation:
 

 



(1)

Where Uo is the overall heat transfer coefficient (W/m2K), Ao is the effective cross-sectional
heat transfer area (m2) and ∆Tlm is the log mean temperature difference (K). In order to find
the value of , the other values must be known. Finding Uo can be done by solving the
following equation:







 
  
  

(2)

Where h1 is the convective heat transfer coefficient between the exchanger wall and the hot
fluid (W/m2K), h2 is the convective heat transfer coefficient between the exchanger wall
and the cold fluid (W/m2K), tw is the exchanger wall thickness separating the hot and cold
fluids (m) and k is the thermal conductivity of the exchanger wall material, (W/m.K) which
can be looked up in a table (see Appendix B Appendix A). The values for h depend on the
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fluid properties such as viscosity and flow velocity and whether the convection type is
natural or forced. Typical values for h are 10-100 W/m2K for air and 500-10000 W/m2K for
water. Typical values for Uo can be found in Appendix B.
If insufficient data is available to solve the previous equation for Uo, it is possible to
estimate this value graphically. Figure 24 shows such a graph, based on the heat transfer of
a single fiinned tube of the given dimensions carrying a hot liquid, being cooled by forced
air flow. The value of Uo can be estimated knowing only the velocity of the cooling air, u
(m/s), and the value of heat transfer coefficient for the hot fluid, αi (W/m2K), which is found
by looking up the value on a table (see Table 2, Section 3.1.5).

Figure 24: Overall heat transfer coefficient for a given size of single tube and fin [23]

The temperature across the heat exchanger profile is not linear, but rather depends on a
logarithmic relationship known as the log mean temperature difference or LMTD. If the
inlet and outlet temperatures are known for both fluids, then the LMTD can be calculated
using the following equation for counter flow exchanger designs:
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(3)

Or for parallel flow designs:









        
   
 
    

(4)

Where  is the hot fluid inlet temperature,  is the hot fluid outlet temperature,  is the
cold fluid inlet temperature and  is the cold fluid outlet temperature.
In the case of a cross flow exchanger design a correction factor dependant on design factors
is applied to the LMTD formula to obtain the correct numerical solution.
Another method for looking at the rate of heat transfer in a heat exchanger is to use the
NTU (number of transfer units) method which can be used when insufficient data is
available for the LMTD method. In order to use the NTU method, the values of heat
capacity rates (product of specific heat capacity C (J/kgK) and mass flow rate in kg/s), Ch
and Cc, for both the hot and cold fluids must be known. The smaller one of the two values is
denoted as Cmin and the bigger as Cmax. Using the methods mentioned previously for finding
Uo and Ao, the value for NTU can then be found:




 



(5)

The value of NTU represents the ability of a given heat exchanger to exchange heat
between fluids. Formally, it is the ratio of a given heat exchanger’s capacity for heat
exchange by convection per unit temperature difference to the capacity of the flowing fluid
to carry that heat away per unit temperature rise [14].
After defining NTU it is possible to find the heat exchanger effectiveness, ε, a
dimensionless measure of how much heat the exchanger can actually exchange compared to
the theoretical maximum value. It is found by the following equation:
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Where C=Cmin/Cmax. Next, the maximum theoretical heat transfer amount possible,  max, is
found by the following equation:
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Where Th,i is the initial (inlet) hot fluid temperature and Tc,i is the initial cold fluid
temperature, both in K. Finally, the total overall heat transfer rate in Watts is found by
multiplying the maximum possible heat transfer by the effectiveness of the heat exchanger:
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The heat exchanger design criteria must also take into consideration a number of other
factors, such as allowable size and weight, cost, required efficiency, types of fluids to be
used and materials available, operating pressures and temperatures.
2.1.2 Displacer
The purpose of the displacer, or displacer piston, is to simply move the working gas around
inside the engine. The heat exchangers create two distinct regions inside the engine; a hot
region and a cold region. These regions occupy the majority of the volume inside the
engine. It is the role of the displacer to shuttle the working gas alternately between these
regions in order to alternately heat and cool the gas, giving rise to the necessary expansion
and contraction that facilitates the operation of the engine.
Ideal characteristics of a displacer are for it to be lightweight so that it can accelerate and
decelerate quickly without drawing too much power from the engine, it should be thermally
non-conductive to avoid unwanted heat transfer, it should be rigid and should offer minimal
flow resistance while keeping dead-space around its edges to a minimum.
Most existing Stirling engines use a displacer that looks not unlike a piston. The main
difference usually between a displacer and a piston is that the displacer is a loose fit inside
the cylinder which allows gas to flow past it through the annulus when it moves.
The layout of the displacer in relation to the power piston is often used to classify the
Stirling engine into one of three main categories, as discussed in Section 2.2. One of these
categories, the alpha type, does not use a displacer but rather two power pistons which are
connected in a similar manner as a piston and displacer.
2.1.3 Power piston
The power piston is similar to that of a piston found in an internal combustion engine. Its
job is to transmit power created by pressure acting on the piston face to the crankshaft of
the engine. The piston slides within a cylinder and is tightly sealed against the cylinder
walls by the piston rings in order to maintain the necessary pressure differential across the
piston for motive power.
Design criteria for the piston are that it is light weight and perfectly balanced (this is
actually achieved by counterbalancing the crankshaft), as well as being made of a material
suitable for use at the design temperature. In some cases thermal expansion must be
considered where it can mean that the piston expands to the point of seizing in the cylinder.
The piston rings can be made of metal, rubber or other suitable materials. They need to be
capable of sealing against the design pressure difference, which is typically quite low for a
Stirling engine. In most cases some form of lubricant is used to prevent excessive friction
between the cylinder wall and the piston rings, though care must be taken to ensure that the
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lubricant will not vaporize and subsequently condense inside the regenerator, causing it to
become blocked and lose effectiveness.
2.1.4 Regenerator
The regenerator is probably the single most studied and talked about feature of a Stirling
engine. As mentioned in section 1.1, the regenerator (then referred to as the ‘economiser’)
was the main point of Robert Stirling’s 1816 patent. The point of the regenerator is to act as
a temporary heat storage element that is able to quickly absorb heat from the hot working
fluid and transfer it back again into the cold working fluid. This greatly reduces the amount
of thermodynamic work needed to be performed by the heat exchangers and in turn greatly
increases the overall efficiency of the engine. John Ericsson stressed the importance of the
regenerator when in 1855 he famously said “…. we will show practically that bundles of
wire are capable of exerting more force than shiploads of coal…” [14] The graph of Figure
25 illustrates this point to some degree, showing a typical relationship between the
effectiveness of a regenerator (with 0 being no regenerator and 1.0 being the perfect
regenerator) versus the overall efficiency of a Stirling engine.
Regenerator design is so complex and involved that it would take many pages of text and
equations to begin to describe their thermodynamic operation. It is a balancing act of
several factors, namely reducing dead space and flow restriction while maintaining a high
level of effectiveness. These criteria are by their very nature contradicting – a high value of
effectiveness necessarily means that the regenerative matrix is able to store a lot of heat in
it, meaning that it must have a significant amount of material within it. To have a
significant amount of material the regenerator must either be large and sparsely packed,
meaning a large dead volume is inherent, or else the regenerator must be small and densely
packed, meaning a high flow resistance is unavoidable.

Figure 25: Effect of regenerator effectiveness on engine efficiency [24]

Although thorough analysis of a regenerator is very complicated, it is possible to fairly
easily calculate its basic performance parameters such as effectiveness and heat
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regeneration per cycle, as per the methods outlined in Mansoor [25]. To begin an analysis it
is necessary to know either the size and shape of the regenerator matrix and the matrix
material parameters, or the amount of heat regeneration per cycle needed Qr and the
temperature swing ∆Ts. Assuming the regenerator size, shape and material parameters are
known, a quantity called the matrix porosity, , can be defined. It is the ratio of free space
to total space in the regenerator, and is calculated as:

. /01

 

(9)

Where Vreg is the regenerator volume, mm is the mass of the matrix and ρm is the matrix
density. Using the result for , the free-flow area is found by multiplying with the total
cross-sectional area of the matrix Am.
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Then using the free-flow area, the mass flow rate per unit area, , can be calculated:
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(11)

Where  is the mass flow rate per second, which is given by:
  3 - 456 - 2

(12)

Where mf is the mass of gas that flows per half cycle and ńs is the revolutions per second,
equivalent to ns/60. Using the Reynolds number can be calculated as follows:
/0 

 7*
8

(13)

Where µ is the dynamic viscosity of the fluid and dh is the hydraulic diameter of the matrix,
given by:
7* 

9/01
:/01
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(14)

Where Sreg is the surface area for heat transfer of the regenerator matrix. This can be
calculated using the porosity, regenerator volume and the diameter of the wire (or fibre),
dw, that comprises the matrix:
:/01  9 ;
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(15)

From finding the Reynolds number, the value of convective heat transfer coefficient in the
matrix, h, can be looked up from a table such as Table 5. This gives an intermediate value,
Y3, which is then used in the following equation to find h:
  => ? ?
 @A ? A/
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(16)

Where Npr is the Prandtl number (see Section 2.3.1.2). It is often assumed to be 1 for all
gases of interest in respect to a Stirling engine [14] however a value of 0.7 is applicable for
air [26].
At this point it is possible to define the effectiveness of the regenerator, ηreg. It is given by:
C/01 

D
D3

(17)

Where Λ is the ‘reduced length’ of the regenerator, which is the same as NTU. It is a
dimensionless value that represents how many Watts per square meter per unit temperature
difference. NTU can be found by following equation:
D
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It should follow from these calculations that ηreg and Λ will fit to Hausen’s temperature
recovery ratio curves on one of the lines represented by the parameter Π, or ‘reduced
period’.

Figure 26: Graph of regenerator effectiveness vs. NTU for different values of Π [14]

The value of reduced period can be found using the following equation:
E

? :/01 ? 
 ? @

(19)

Where c is the specific heat capacity of the matrix and t is the duration of the period, i.e. the
time it takes for the gas to blow through the matrix.
2.1.5 Other features
2.1.5.1 Crankshaft
The crankshaft is usually a traditional crankshaft such as that found in an internal
combustion engine. It is a rotating shaft with an offset crank to which the power piston is
attached via a connecting rod or con-rod. The length of the crank determines the stroke of
the power piston. All power produced by the engine must be transferred to the crankshaft
through pressure acting on the piston.
2.1.5.2 Flywheel
As only one of the four phases of the Stirling cycle produces power, a flywheel is needed to
keep the engine in motion during the two non power-producing phases and one powerabsorbing phase. This is critical in low RPM engines typically associated with low
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temperature differences and low power where the angular momentum of the flywheel is
needed to keep the engine moving smoothly, or even at all, through the cycle.
2.1.5.3 Working Gas
The working gas, or working fluid, is the gas that fills the engine. It is in a sense the fuel for
the engine as all work performed on the piston (and hence by the output shaft) is performed
by the gas. There is much literature that describes the benefits in using lighter-than-air gases
as the working fluid to improve performance. The lighter gases have lower viscosity,
resulting in less flow losses, as well as a greater specific heat capacity, cp, and a higher gas
constant value, R.

Figure 27: Graph of efficiency vs. specific power for air, helium and hydrogen [14]

The graph of Figure 27 is a widely reproduced graph, produced by computer simulation of
a Philips beta engine. It shows that performance is clearly improved by using helium or
hydrogen over air. There is however some debate over the authenticity of these results –
Finklestein [14] argues that the same performance should be achievable from air as with
hydrogen, with only a re-design of the gas circuit to suit the different flow characteristics of
the different gases necessary. This theory has however never been proven and in all
practical tests the lighter gases out-perform air or nitrogen.
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Figure 28: Graph of power (solid lines) and efficiency (dotted lines) for engine under different pressure levels [27]

As illustrated by the graph in Figure 28 showing measured performance of a General
Motors GPU-3 engine on hydrogen, it is not just the gas type but also the gas pressure that
affects the performance of the engine. The dotted lines represent efficiency and the solid
lines power, for four different pressure levels. It is clear that there is a near linear increase
in power with pressure, and a non-linear but still positive increase in efficiency.
2.1.5.4 Phase Shift
There is always a phase shift of about 90° between the power piston and the displacer
piston. This is typically accomplished with mechanical linkages that connect the crankshaft
to the displacer. The phase shift is necessary for the gas to flow to the right parts of the
engine at the right time. Depending on the actual design of the engine and the gas flow
path, the ideal phase difference may be less or more than 90°, sometimes significantly. A
numerical example of this phenomenon is illustrated graphically in Figure 46, Section
3.1.1.

2.2 Engine Types and Classifications
Broadly speaking, a Stirling Engine will fall under one of the four main categories
described here, being either alpha, beta, gamma or free piston configurations. There are
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other obscure types of engine such as the thermoacoustic engine and the fluidyne engine
which were both discussed briefly in Section 1.4.
2.2.1 Alpha (α) Configuration
The alpha configuration uses no displacer and two power pistons connected in series by a
heater, cooler and regenerator. There are two cylinders, the expansion space (hot cylinder)
and compression space (cold cylinder). It is a mechanically simple engine and typically
produces a high power-to-volume ratio, however there are often problems related to the
sealing of the expansion piston under high temperatures. The alpha engine pictured in
Figure 29 is a horizontally opposed type, which has the smallest dead space but requires
rather length and complicated linkages to join the pistons to the crankshaft. Another variant
is the ‘V’ design where both pistons are arranged in a V formation and are attached at a
common point on the crankshaft. This means the heater and cooler are separated which
reduces thermal shorting losses, however it increases dead space through the need to have
an interconnecting passageway, containing the regenerator, between them.

Figure 29: Alpha engine configuration [28]

This design lends itself well to the double-acting configuration as pictured in Figure 30. In
this configuration, there is only one piston per cylinder, but the space both in front and
behind it form the expansion and compression spaces respectively. This type of engine was
researched a lot by Philips from the 1940’s until the 1960’s and was quite successful,
having a good power to weight ratio and capable of very respectable outputs.
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Figure 30: 4-cylinder double-acting alpha engine [28]

2.2.2 Beta (β) Configuration
The beta configuration features both the piston and displacer working inside the same
cylinder. This makes it quite compact and there is typically a minimal amount of dead
space as there are no interconnecting passageways. It is mechanically simple as both piston
and displacer are connected at a common point on the crankshaft, with the only difficulty
arising from the fact that the connecting shaft for the displacer must pass through the piston
where it must make a pressure-tight seal.

Figure 31: Beta engine configuration [28]

2.2.3 Gamma (γ) Configuration
The gamma configuration is similar to that of the beta type in that it uses a piston and a
displacer both directly connected to a common crankshaft. The difference is that they are
not in the same cylinder, meaning that the problems of sealing the displacer rod through the
piston are avoided. The downside for this is the introduction of a gas flow passageway
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which increases dead space in the engine. This configuration is probably the easiest to
build, especially out of budget materials. It is commonly seen in LTD ‘pancake’ engines
(see Section 2.2.5

Figure 32: Gamma engine configuration [28]

2.2.4 Free Piston Configuration
The invention of the free piston Stirling engine is generally credited to W.T. Beale who first
built it in the 1960’s as a solution to overcoming problems with lubricating the crankshaft
of a traditional engine [29].

Figure 33: Section view of a Sunpower 100W free-piston Stirling engine [30]

Free piston Stirling engines are different in that there is no crankshaft and the piston and
displacer are not attached to each other (i.e. they are ‘free’). The motion of the piston and
displacer is controlled by fluid forces and usually by a spring of some sort. Energy is
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typically extracted from the engine by means of a linear alternator, though sometimes the
piston motion is used directly in pumping applications. The advantages of a free-piston
engine are fewer moving parts, meaning greater reliability and simplicity, which also
reduces production costs. They can also be compact and lightweight by comparison with
more traditional designs. Non-contact gas bearings and planar springs can bring friction
down to almost zero in these designs.
2.2.5 Low Temperature Differential (LTD) Engines
The LTD Stirling Engine is not a strict classification of engine type, but since it is of
particular relevance to this thesis it is discussed in some detail here. There is no strict
definition of what constitutes an LTD engine but it can be taken as being something
running on a temperature difference of under 100°C. Anything running at these sorts of
temperatures must typically use a heat source other than some sort of combustion, which
will typically be at a temperature of several hundred degrees.

Figure 34: Illustration of how temperature difference affects geometry [31]

Figure 34 provides a useful insight into how the temperature difference affects the
geometry and proportions of a Stirling engine. With a high temperature difference it is
necessary to maintain a relatively long separation between the hot and cold ends in order to
avoid excessive heat loss through short conduction paths, while the heating and cooling
surface area is less critical. An LTD engine on the other hand requires a large surface area
for heat transfer to allow for adequate heating and cooling of the gas at such low
temperatures. There is also less heat conduction from the hot to the cold end so the distance
here can be shorter.
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Figure 35: Chart of progress in LTD engines from 1980 to 1990 [9]

Figure 35 charts the progress, in terms of required temperature difference to operate, of the
LTD engine through 10 years of development by Ivo Kolin and James Senft, the two
pioneers of this type of engine. It shows what a difference 10 years of research and
development can do for an idea, going from 44°C to just 0.5°C.
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2.3 Theory of Operation
2.3.1 Basics
2.3.1.1 Gas Laws
As previously mentioned, the underlying principle of the Stirling Engine, or in fact any hotair engine, is that of a gas expanding when heated or contracting when cooled. This
principle has been known for thousands of years, but was not really understood until the
science of thermodynamics began to be explored around the 17th century. In 1662 Irish
physicist Robert Boyle published results of several experiments he had performed on air
trapped between mercury in a J-shaped glass tube [32]. Boyle's Law stated that if the
pressure on the gas increased, its volume decreased proportionally and vice-versa; hence
the product of pressure and volume remained a constant. Mathematically this can be
expressed as the following:
F  

(20)

In 1834 French physicist and engineer Benoît Paul Émile Clapeyron produced the ideal gas
law, an equation based on a combination of two other gas laws; Avogadro’s law and the
combined gas law.
Avogadro’s law (1811) states that “Equal volumes of ideal or perfect gases, at the same
temperature and pressure, contain the same number of particles, or molecules.” The
combined gas law is derived from Boyle’s law, as well as two other famous gas laws; GayLussac’s law (1809) and Charles’ law (1802). It states that “The ratio between the pressurevolume constant and the temperature of a system remains constant.”
Using these laws and the gas constant, R, (8.314 J/K.mol) the ideal gas law can be
expressed mathematically:
F  4G

(21)

This equation can be applied to the ideal form of any gas to describe its behaviour under
variations in temperature, pressure and volume. An ideal gas is an approximation to a real
gas; it is “a model of matter in which the molecules are treated as non-interacting point
particles which are engaged in a random motion that obeys conservation of energy. At
standard temperature and pressure, most real gases behave qualitatively like an ideal gas”
[33]. Under the conditions experienced in a Stirling Engine the ideal gas approximation
generally holds true – the deviation from a real gas is expressed using the ‘compressibility
factor’. This factor increases at extreme pressure or temperature, however experimental
data shows that to achieve only a 1% deviation from the ideal gas approximation requires a
pressure of at least 4 MPa at 400 K or 2 MPa at 1000 K [34].
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2.3.1.2 Fluid Flow
Reynolds Number
The Reynolds number, Nre, is a dimensionless number used to characterize the condition of
fluid flow. It is independent of the type of fluid, meaning that a certain Reynolds Number
defines a specific velocity profile, whether the fluid be air, helium or nitrogen [14]. The
Reynolds Number is used to characterize different flow regimes, such as laminar or
turbulent flow: laminar flow occurs at low Reynolds numbers, where viscous forces are
dominant, and is characterized by smooth, constant fluid motion, while turbulent flow
occurs at high Reynolds numbers and is dominated by inertial forces, which tend to produce
random eddies, vortices and other flow fluctuations [35]. Mathematically, Nre is defined
using the density of the fluid in question, ρ (kg/m3), its mean mass velocity, u  H. 22 
(m/s), hydraulic radius, I*  22 HJ  (m) and coefficient of dynamic viscosity, µ (Pa.s):
/0 
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Prandtl Number
The Prandtl number Pr is a dimensionless number approximating the ratio of momentum
diffusivity (kinematic viscosity) and thermal diffusivity. It is expressed as:
A/ 
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For gases of interest in regards to a Stirling engine the Prandtl number is near enough to 1
for it be approximated as this in most equations though a value of 0.7 is typically more
accurate for air [26].
2.3.2 The Stirling Cycle
Thermodynamically speaking, heat is a raw material which has to be transformed into the
final product, mechanical work, by means of a power cycle. The Stirling cycle is actually
only one of many different possible power cycles that any kind of engine, theoretical or
real, can possess. These cycles are all named after their author, and some of the better
known cycles are listed here:
•
•
•
•
•
•
•

1690 – Papin – 2 isobaric and 2 isochoric processes
1807 – Cayley – 2 isobaric and 2 polytropic processes
1816 – Stirling – 2 isothermal and 2 isochoric processes
1824 – Carnot – 2 isothermal and 2 adiabatic processes
1852 – Joule – 2 isobaric and 2 adiabatic processes
1853 – Ericsson – 2 isobaric and 2 isothermal processes
1867 – Otto – 2 adiabatic and 2 isochoric processes
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•
•
•
•

1873 – Reitlinger – 2 isothermal and 2 polytropic processes
1893 – Diesel – 2 adiabatic, 1 isobaric, 1 isometric process
1894 – Lorenz – 2 polytropic and 2 adiabatic processes
1896 – Crossley – 2 polytropic and 2 isochoric processes

Each cycle has its own unique combination of isobaric (constant pressure), isochoric
(constant volume), isothermal (constant temperature), polytropic (pressure and volume
obey a curve relation) or adiabatic (heating or cooling with no change in entropy) processes
to form a cycle. The Stirling cycle contains two isothermal and two isochoric processes,
which can be illustrated by the p-V and T-s diagrams in Figure 36.
The p-V diagram is an indication of how much pressure the working gas in under at any
given moment in the cycle, relative to the total engine volume. As the changes in pressure
cause the power piston to move in or out, the total engine volume is altered.
The T-s diagram plots gas temperature against the gas entropy, s. Entropy, measured in
joules per Kelvin (J/K), is a measure of the unavailability of a system’s energy to do work
[36]. In other words, under maximum entropy, there is a minimum of energy available for
doing work.
2.3.2.1 The Ideal Stirling Cycle
In the following analysis of the ideal Stirling cycle, the following assumptions are made:
[11]
1) The working substance is a perfect gas.
2) Flow resistance everywhere is zero: pressure always uniform throughout engine.
3) Regenerator loss zero: the gas enters the hot end at exactly the heater temperature and
enters the cold end at exactly the cooler temperature.
4) Zero heat loss by conduction, etc.; all heat added to engine passes to the gas.
5) Isothermal expansion and compression; zero temperature drop across heat-exchange
surfaces. At each point in the engine the temperature has some constant value.
6) Volumes of expansion space and of compression space vary in the ideal discontinuous
(non-sinusoidal) manner such as illustrated in Figure 43, Section 2.3.2.2.
7) Mechanical friction assumed zero.
8) Dead space is assumed to be zero
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Figure 36: Idealized Stirling Cycle p-V and T-s diagrams [37]

Figure 37: β-type engine shown at the four points in the Stirling cycle [11]

I.

(1 → 2) Isothermal compression: This stage occurs as the power piston is travelling
inwards, compressing the gas and reducing the overall gas volume which in turn raises
its pressure. The amount of work done compressing the gas, Wc, is equal to the area
under the p-V diagram between points 1 and 2. This work is extracted from the flywheel
in a real engine. During this part of the cycle, heat is removed by the cooler to the
outside environment. The amount of heat removed, Qc, is equal to the area under the T-s
diagram between points 1 and 2.
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Wc

Qc

Figure 38: Work done compressing gas, Wc, and heat removed Qc

II.

(2 → 3) Isochoric heating: At this point, the piston is at TDC (i.e. at its most inwards
point) and remains approximately still, keeping the volume constant. Heat is added to
the gas from the regenerator as the displacer moves through its range of motion,
bringing the gas temperature up from Tc to Th and the gas pressure up to pmax. At the
start of this part of the cycle, entropy is at a minimum value meaning that there is a
maximum amount of energy available to do work. This makes sense given that the gas
is compressed and ready to do work on the piston when the available energy stored in
the regenerator is released. The amount of heat added from the regenerator, Qr1, is equal
to the area under the T-s diagram between points 2 and 3. No work is done during this
part of the cycle.

Qr1

Figure 39: Heat added to regenerator, Qr1

III.

(3 → 4) Isothermal expansion: This stage occurs as the power piston is travelling
outwards, being pushed by the heated expanding gas and increasing the overall volume
which in turn lowers its pressure. The amount of work done by the expanding gas on
the piston, We, is equal to the area under the p-V diagram between points 3 and 4.
During this part of the cycle, heat is added by the heater from the outside environment.
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The amount of heat added, Qe, is equal to the area under the T-s diagram between points
3 and 4.

Qe

We

Figure 40: Work performed by expanding gas, We, and heat added Qe

IV.

(4 → 1) Isochoric cooling: During this part of the cycle, the piston is at BDC (i.e. at
its outermost point) and remains approximately still, keeping the volume constant. Heat
is absorbed from the gas by the regenerator as the displacer moves through its range of
motion, bringing the gas temperature down from Th to Tc and the gas pressure down to
pmin. The amount of heat added to the regenerator, Qr2, is equal to the area under the T-s
diagram between points 4 and 1 and should be equal to Qr1, the amount of heat removed
from the regenerator earlier in the cycle. No work is done during this part of the cycle.

Qr2

Figure 41: Heat absorbed from regenerator, Qr2

Comparing Figure 38 and Figure 40 it can be seen that the amount of work spent
compressing the gas at a low temperature, Wc, is less than the amount of work performed by
the hot expanding gas on the piston, We, meaning that there is net work per cycle
transferred to the crankshaft. This amount of net work, Wnet, is shown in Figure 42 as the
area inside the p-V diagram. The first law of thermodynamics states that the amount of net
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heat added to the cycle must be equal to this value. The amount of net heat is shown on the
T-s diagram in Figure 42 as the enclosed area, Qnet.

Qnet
Wnet

Figure 42: Net work per cycle, Wnet, and net heat input per cycle, Qnet

The amount of net work per cycle can be calculated by the following method. Firstly, the
work done on the gas during the expansion and compression stages is calculated:
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Also, because there are no losses to consider, the work done for each part of the cycle is the
same as the heat added:
L,  ,

(26)

L0  0

(27)

And similarly:

And then the net work can be calculated as the sum of the two. The value of Wc will be
negative due to the sign convention.
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Now, the total cycle efficiency is defined as the ratio between the total net work output and
the total heat input:
C
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Substituting (28), (27) and (25) into (29):

C

4G

*

4G



()
,   


* 

()






*



*

,

 C,

(30)

Which shows that an ideal Stirling cycle with a perfect regenerator is equal to the maximum
theoretical Carnot efficiency, ηc.

2.3.2.2 The Non-Ideal Stirling Cycle
For the reasons mentioned at the start of Section 2.3.2.1, the real Stirling cycle will fall well
short of the expectations of the ideal cycle. Of these eight factors, the three main non-ideal
contributors – imperfect regeneration, non-sinusoidal piston motion and dead space volume
– will be analysed in more detail. The effect of pressure drop across the regenerator and
heat exchangers was discussed in Section 2.1.4 and the effects of heat loss and mechanical
friction are mentioned in Section 2.3.3.
Referring to Figure 41, the heat absorbed by the regenerator can be expressed as a product
of the temperature difference, gas mass and specific heat at constant volume, cv:
/  @Q 
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If the effectiveness of the regenerator, ηreg, is considered, then the values of Qr1 and Qr2 in
Figure 39 and Figure 41 are no longer equal. The shortfall in heat able to be supplied back
from the regenerator, Qo, must be made up for by the heater.
  /  C/01 /    C/01 @Q 
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The overall efficiency must now allow for the extra heat input due to the imperfect
regenerator:
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Which can be rearranged to give the following:
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Which, given that Th > Tc and Vmax > Vmin, shows that the overall efficiency is less than the
Carnot efficiency if the regenerator effectiveness is less than 1, or to put it another way:
C R C, STUIC/01 R VW47C  C, TUIC/01  

(35)

Kolin [38] states that: “Due to the influences of dead space and sinusoidal piston motion,
the actual indicator [Stirling cycle p-V and T-s] diagram is rounded and smaller than it
should be” This means that less net work is produced per cycle as the area enclosed is
smaller. Figure 43 shows what the ideal piston and displacer motion would look like. The
ideal piston motion is quasi-sinusoidal, being a symmetrical waveform with equal time
spent idle at the top and bottom of the range of motion. The displacer motion is somewhat
different, and hard to quantify. When the piston is at its outmost point of travel, or BDC,
the displacer should move through its range of motion to shift all the gas to the compression
space in the time that the piston is idle at BDC. It should then remain still whilst the piston
compresses the gas, before moving the gas back into the expansion space in the time it
takes for the piston to pause at TDC then move back to BDC.
Dead space volume, Vs, is defined as the volume of gas that does not take part in the cycle.
It is the volume of all the ‘free space’ in the regenerator, heat exchangers and clearances
and interconnecting ducts. The effect of dead space volume is to decrease the work done
per cycle in almost linear proportion to the percentage of dead volume in the cycle [24]. To
this end, it is useful to define a dead space ratio, δ:
X

Y
5

(36)

Where Vd is the total dead space volume in the engine and Vsw is the total swept volume of
the engine – that is, the volume of gas swept by the displacer. The dead space ratio can be
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used to find the Schmidt Factor, Fs, which predicts the reduction in power compared to the
ideal situation of no dead space. The Schmidt Factor is equivalent to the ratio of the actual
area enclosed by the p-V diagram to the area of the ideal diagram, in other words the area of
the oval in the p-V diagram in Figure 43 divided by the area of the trapezium. The Schmidt
Factor is given by the following empirical formula:
Z5  [?\9  [?]^X

(37)

Multiplying the Schmidt Factor with calculations of power under the ideal situation will
give a good estimate of actual power produced [9]. The factor 0.74 comes from the
reduction in area associated with sinusoidal motion. If discontinuous motion is employed
this factor can be increased towards unity as appropriate by the degree of discontinuity
introduced.

Figure 43: Piston and displacer motion, discontinuous (left) and sinusoidal (right) and resulting p-V diagrams [11]
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2.3.3 Losses
Due to losses associated with real world conditions compared with ideal situations used for
analytical purposes, it is impossible for a practical Stirling engine to achieve an efficiency
of the Carnot limit. The main factor in this is imperfect regeneration as discussed
previously in Section 2.3.2.2 but on top of that there are several other forms of losses that
contribute to reduction in overall efficiency.
2.3.3.1 Flow Losses
Flow losses, or pumping losses, are caused by the resistance of air flow through the heater,
cooler and regenerator. This can be found using the pressure drop across the regenerator,
∆p, [24], which is calculated from:
F

 3 _ `I"a
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Where Cw is a friction factor which is a function of the Reynolds number (see Section
2.3.1.2). Its value can be estimated using the chart of experimental values in Figure 44,
once the Reynolds number and porosity are found. Lreg is the length of the regenerator in
the flow direction and rh is the hydraulic radius, equal to the hydraulic diameter dh/4. The
definitions of hydraulic diameter, mass flow rate per unit area ( and porosity are found
in Section 2.1.4.
After finding the pressure drop, power loss is given by:
J 55  346 5 F0

(39)

Where 46 5 is the engine speed in Hz and Ve is the expansion space volume.

Figure 44: Experimental data of friction factor vs. Reynolds number for wire screen matrices [24]
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It is more difficult to predict the losses in the heat exchangers as each different exchanger
design will have a different method of finding the pressure drop. The pressure drop across
heat exchangers is usually small in comparison with the regenerator [24] and in numerical
examples is typically around 10% of the value of regenerator loss [39].
2.3.3.2 Friction Losses
Friction losses are caused by all contact points within the engine, that being bearings, seals
and piston rings. Calculating friction losses is very difficult and the only really reliable
method is to measure them [24].
2.3.3.3 Heat Losses
Heat losses are losses that will result in additional heat needing to be added to the input to
maintain the same output. They fall under one of the following categories:
Shuttle Loss:
Shuttle loss is caused by the displacer moving through a temperature gradient, such that it
absorbs heat when it is occupying the hot space and loses the heat into the cold space at the
other end of its cycle. It is difficult to calculate the actual loss, but logic and intuition will
serve to understand the concept; losses will be reduced through an increase in clearance
between displacer and cylinder or a longer displacer (resulting in a less steep temperature
gradient), or through a reduction of the cylinder diameter or using a less thermally
conductive gas.
Heat Conduction:
This includes all heat conduction paths in the engine between the hot and cold spaces. Heat
is mostly conducted through solid, thermally conductive material (i.e. metal) but also
through gas conduction. These paths differ between engine designs, and are typically
greater in smaller engines where conduction paths are shorter. Heat is also conducted away
from the hot space not just to the cold space but to the ambient sink (outside environment of
the engine). Again, logic will show that heat conduction is proportional to temperature
difference and conductivity, and inversely proportional to conduction path length.

2.4 Stirling Engine Advantages and Disadvantages
2.4.1 Advantages
• High potential efficiency (Carnot limit). In practice the best Stirling engines can
have efficiencies of 40% or more. The record for heat input to electrical power
output is held by Stirling Energy Systems for one of their solar dish Stirling
engines, at 31.25% of solar energy converted to grid-level electricity [40].
• Ability to run on any or multiple fuels. This is advantageous in several ways – it
means that engines used in applications such as solar power generation can still
produce electricity even when the sun is not shining if they are fed heat from an
alternative source. This means more income generated by the plant in a given time
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•

•

•
•
•

•

and reduced payback period for the operators. The ability to switch fuels without
altering the engine also means that operators of Stirling engines are less vulnerable
to rises in fuel prices or fuel shortages.
Reversible operation – if the shaft of a Stirling engine is powered with a motor then
the Stirling engine can be used as a heat pump, shifting heat from the cold side to
the hot side. It is possible to achieve extremely low temperatures by doing this, and
there are a number of successful Stirling cryo-coolers.
Cleaner emissions even if burning fossil fuel for heat. This is because combustion is
external to the engine and continuous, meaning it can take place under optimum
burning conditions whereas an internal combustion engine burns the fuel
discontinuously which is less efficient.
Quiet operation due to any combustion taking place externally to the engine, rather
than gas expanding to the atmosphere.
Low vibrations due to the typically easy to balance designs and low operating
speeds.
Low maintenance. They have less moving parts than an internal combustion engine
and if well designed they can last for many hours between services or overhauls. In
addition they are typically slower rotating and have fewer vibrations than an IC
engine which also contributes to less wear. Typically, the only real points of wear
are the piston rings, bearings and any other seals that are inherent with a particular
design.
Smooth torque delivery – as illustrated in Figure 45 the instantaneous torque
available from a 4 cylinder Stirling engine varies only slightly in comparison to that
of a similarly performing 4 cylinder internal combustion engine.

Figure 45: Comparison of torque vs. crank angle between a 4 cyl. petrol IC engine and a 4cyl. Stirling engine
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2.4.2 Disadvantages
• Cost – Stirling engines are not manufactured on large scales so the benefits in cost
reduction of mass production are not realised. A large portion of the cost for any
Stirling engine comes from the heat exchangers which must use typically expensive
materials in order to transfer the required heat without corroding or deforming over
time under heat and pressure.
• Lack of ‘throttle response’ – Stirling engines only operate effectively in a relatively
narrow band of speeds and because increasing speed or power involves putting
more heat into the engine there is ‘thermal lag’. These factors make Stirling engines
unsuitable for applications such as car engines, though they are somewhat suitable
to Stirling/electric hybrid systems.
• Long start-up time from cold. It takes time to get the heater up to operating
temperature and the engine won’t produce peak power for some time after it
actually starts.
• Typically not self-starting, i.e. require a motor to turn the shaft to start the cycle.
This is not such a disadvantage when compared with an internal combustion engine
as they require the same thing, but it still adds cost and complexity.
• Size and weight – Typically for a given power output in comparison with other
engine types a Stirling engine is quite large and heavy. This is often due to the fact
that the engine is internally pressurized, necessitating a robust housing. This also
adds to the overall cost of the engine.
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Chapter 3 – Prototype Engine Design

The objective of this project was to design and build a prototype Stirling Engine capable of
generating electric power from low grade geothermal heat. Low grade geothermal heat is
essentially hot water, i.e. sub 100°C water that cannot be effectively used by traditional
geothermal harnessing techniques which require steam. The target power output for the
prototype is 500 Watts of electrical power.

3.1 First Order Design
3.1.1 Design Overview
Because of the low temperature difference given, power and efficiency will be inherently
low. In order to reach the target power of 500 W and keep the engine a reasonable size, the
engine should be pressurised. Essentially, pressurising the engine puts more moles of
working gas into the same space, meaning higher specific power output per litre. This
necessitates a strong and completely sealed engine housing in order to maintain a high
working pressure safely. The only connections into and out of the engine are the heating
and cooling water and the electrical connections, including the power output from the
generator which is sealed inside the engine. A nominal value for engine pressure, po, of 1.0
MPa (10 bar) was chosen as an achievable pressure level for what was predicted to be a
large pressure vessel. Because of the large expected size of the engine and high internal
pressure, the housing must be very strong. A cylindrical shape is a good choice as it has
great strength for a given material type and thickness (which is why almost all pressure
vessels are cylinders). A cylinder can be formed easily by putting end caps on a length of
pipe, and pipe can be bought that is already manufactured and tested, cutting down on costs
and time for custom fabrication of a housing.
Due to this engine being a research prototype it was desired for a range of adjustments to be
possible to adjust and test certain parameters of the engine. One such adjustment is the
stroke length of the power piston, which in turn affects the compression ratio. The
compression ratio, or volume ratio VR, is defined as the gas volume with the piston at top
dead centre (TDC) divided by the gas volume with the piston at bottom dead centre (BDC).
It is typically very low in LTD engines due to the large overall gas volume that is generally
required for these engines to operate. Kolin [9] describes a ‘rule of the thumb’ for
approximating the ideal volume ratio which depends on the temperature difference of the
engine in question. The formula states:
b   
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The motion of the displacer in a traditional LTD engine design is limited to sinusoidal
motion as it is driven off the same shaft as the crankshaft. In addition, the phase angle is
almost always fixed at 90° however this is not necessarily the optimum value, as indicated
by the graph in Figure 46 which describes a numerical analysis of a certain Philips Stirling
engine. It would be useful to be able to easily alter the phase angle to find the optimum
value, and it is partly for this reason that it was decided to operate the displacer in the
prototype engine via an electronically controlled motor or actuator. The second major
advantage of doing this is the ability to move the displacer in a non-sinusoidal or
discontinuous motion, the advantages of which have been discussed in Section 2.3.2.2. It
will also be possible to do a direct comparison of sinusoidal vs. discontinuous motion and
study the effects on power and efficiency. Further to these benefits, it will allow the losses
associated with regenerator and heat exchanger pressure drop and bearing and seal friction
to be directly and accurately measured simply by looking at the average power consumed
by the motor/actuator.

Figure 46: Graph of power output vs. phase angle for 3 different dead volumes [24]

3.1.2 Engine Configuration and Layout
The design requirements call for a large strong engine housing that can be pressurised, and
a displacer format that can be electronically actuated by a motor or solenoid. In addition,
the heat exchangers must be fed water externally. While it would have been possible to
mimic the traditional ‘pancake’ design of LTD Stirling engines, as shown in Figure 48, on a
larger scale, it was believed that there would be several significant issues surrounding this
design.
Figure 47 shows two cylinders of identical volume but different dimensions. The cylinder
on the left is the sort of shape required for a successful design of a displacer chamber of a
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‘pancake’ engine. It is short and has a large flat area on the top and bottom which makes it
very difficult to pressurise as the flat end plates will experience a tremendous force acting
outwards upon them. The cylinder on the right contains the same volume of gas but can be
easily filled to a pressure exceeding that of the left cylinder without requiring prohibitively
expensive materials or end plate designs. A driving factor of this project is to arrive at a
design for an engine which can be manufactured very cheaply, and the long skinny cylinder
can fulfil this requirement. This shape however does not lend itself well to traditional
displacer operation, hence why the new concept of the rotary oscillating displacer was
conceived.
Another reason for choosing the rotating displacer design is that in existing ‘pancake’
designs the displacer is simply a lightweight space-filler, usually made from polystyrene
and supported by one central shaft. In a large scale design the displacer would need
additional support mechanisms to avoid it moving in an unintended fashion or from flexing
and possibly suffering damage. These extra supports would require extra sliding seals out of
the displacer housing, and these seals are quite critical to the engine performance – if they
leak or create too much friction it can easily stop the engine from operating. Furthermore
the traditional displacer material for these types of engines, polystyrene, would have been
unsuitable at the desired temperatures (it tends to soften around 60°C); hence a heavier
material would have had to be used. Another factor that led away from this design was the
fact that internal pressure would have created huge forces on the large diameter flat end
plates that are typical of this engine type due to the short wide nature of the design. This
would necessitate very thick material for the end plates as well as very robust flanges and
bolts to attach them to the main cylinder, both of which add significantly to cost, weight
and difficulty of manufacturing.

Figure 47: Two cylinders of equal volume but differing dimensions

The final reason this design was unsuitable is the fact that water-to-air heat exchangers
would have very difficult to incorporate into this design, especially in an effective manner.
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Figure 48: Cutaway view of a typical LTD ‘pancake’ engine [41]

The design concept for the new prototype engine was originally conceived as per the
rendering in Figure 49, as a drum with a half-round displacer that would rotate back and
forth through almost 180° instead of using a piston type displacer with linear travel. The
power piston for this concept is attached to the drum and the heat exchangers are shown in
red and blue outside the drum on opposite sides, creating the hot and cold spaces
respectively. The regenerator is shown in green as the central element through which the
gas flow would be forced by sealing the edges of the displacer to the inside of the drum.
This design also offers the advantage of being able to be manufactured largely from
relatively cheap materials such as off the shelf steam pipes for the outer housing.

Figure 49: First concept of reciprocating engine design
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This ‘reciprocating displacer’ engine concept was decided on as the configuration to be
used, and subsequent development then took place. Early on it was realised that the heat
exchangers on the outside of the drum would provide insufficient heat transfer, and
certainly would not act sufficiently on the gas nearer to the centre of the engine (rather than
just the gas near the exchangers at the outside).
The engine was redesigned with a new layout of heat exchangers, and drawn in
Solidworks™, with the result shown in Figure 50. The heat exchangers in this configuration
are to be wedge shaped elements, which will slot into the large displacer chamber. The
regenerator element (green) is flanked by the hot side heat exchanger (red) and cold side
heat exchanger (blue), with each element occupying a 40° wedge of the drum volume such
that all three elements represent one third of the drum volume. The displacer is a 120°
degree wedge of lightweight material such that it occupies one third of the remaining space
in the drum. It is connected to a stepper motor which will be housed in the adjacent shorter
drum, which will actuate the displacer back and forth through a 120° range of motion such
that the gas is forced to flow through the heat exchangers and regenerator. The piston is
connected to a crankshaft which is mechanically independent of the displacer. The
crankshaft will be connected to an electric generator which will allow the output power to
be obtained with only 3 wires protruding from the casing (although there will also be other
wires for stepper motors and related control systems).

Figure 50: Early design of prototype engine

3.1.3 Power Output and Efficiency
Power output can be estimated using a variety of methods which take into consideration
things like temperature difference, operating speed and pressure, expansion and
compression space volumes and regenerator effectiveness. One such estimate is made using
the Beale number, an empirically derived number named after William Beale, inventor of
the free-piston Stirling engine. He noted that the performance of many Stirling Engines
tended to conform to the following simple equation relating indicated power, Po (W), to
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pressure p (bar), operating frequency f (Hz) and expansion space volume Ve (cm3) with the
Beale number Bn.
J  d FT0

(41)

Figure 51 shows a graph plotted by measuring data from many Stirling Engines. The solid
line in the middle is typical of most Stirling Engines while the upper and lower lines denote
unusually high or low performing engines. Based on this graph, with a heater temperature
of 90°C (363K), it would be reasonable to expect a Beale number in the range of 0.002 to
0.008. For further calculations a Beale number of 0.005 is used.

0.008

0.002

363

Figure 51: Graph of Beale number vs. heater temperature for a range of engines [24]

A second power estimate method is called the West number (after Colin West, inventor of
the fluidyne Stirling engine), and is similar to the Beale number except it takes direct
account of the temperature difference. The formula is expressed as:
L  L FT0 ;


*
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Where Wn is the West number, which has an average value of 0.25 [42] and where a higher
number represents a more efficient engine.
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Due to the large expected size of the engine and the associated large mass and inertia of all
moving components, a slow operating speed is expected. For all calculations a nominal
speed of 2 Hz (120 RPM) has been chosen.
The single biggest factor in the engine’s overall efficiency is the temperature difference. In
1824 Sadi Carnot published a work containing a formula which later became quite famous,
the formula being the following which states the maximum theoretical efficiency of any
heat engine, or the Carnot efficiency C, , is a function purely of the temperature difference
between the hot side temperature Th and the cold side temperature Tc (both temperatures in
K).
C, 

*



*

,

(43)

Based on this the maximum theoretical efficiency of the prototype engine can be calculated
to be 19% for a best case scenario of Th = 90°C and Tc = 20°C, or in the worst case scenario
of Th = 50°C and Tc = 20°C the efficiency cannot be any higher than 9%. The actual
efficiency will be significantly lower than this due to heat losses and stray conduction
paths, an imperfect regenerator, dead space and internal friction of bearings and seals.
These factors could reduce the actual engine efficiency to around one third of the Carnot
efficiency, or somewhere between 3% and 7% overall. It is suggested in literature [24] that
a multiplier of 0.58 to the Carnot efficiency would be an optimistic figure; hence a
multiplier of 0.33 is considered a modest and conservative estimate. The electric generator
will add another loss to this figure so the actual efficiency of heat input to electrical power
output will be about 90% of the previous figure. A nominal value of 5% total efficiency is
used subsequently for estimations and calculations.
To test the multiplier figure of 0.58 for accuracy it was applied to several engines with
known operating temperatures and efficiencies. The results of these calculations are shown
in Table 1 below, where it is suggested that the multiplier value is reasonably accurate.
Table 1: Indicated and calculated efficiencies for three engines with published data

Engine

Heater temp
(K)

Cooler temp
(K)

Carnot
efficiency

Indicated
efficiency

Theoretical
efficiency
(0.58 × ηc)

STM 4-120 RH

1073

318

70%

40%

41%

Philips 400
HP/CYL

967

313

67.6%

48.3%

39.2%

Sunpower EG1000

810

310

63%

32%

37%
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3.1.4 Size Considerations
At this point, Equation 41 can be rearranged and solved to find an estimate of the expansion
space volume needed to reach the target power output based on the Beale number.
Choosing an average Beale number of 0.005 (from Section 3.1.3) and solving for a nominal
output of 500 W:
0 
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Which means the piston must sweep about 5 litres of volume. From Equation 40 the
volume ratio VR can be calculated and this will then give an indication of the size of
displacer chamber needed.
b  ; 

[[

<  ; 

\[
<  ?[]
[[

And
b 

() ,  0


,

Therefore
, 

0
e[[[

 ^g+[[[@>  ^gf
b   [?[]

So for a maximum expected temperature difference of 70°C the volume of the displacer
chamber (the compression space) should be about 83 litres. The volume of the compression
space is fixed once chosen, and since the engine also should run on temperatures less than
70°C, a value of around 130 litres is more appropriate. This allows the engine to run ideally
on temperature differences of around 40-50°C, and if the stroke is reduced (thus reducing
both VR and Ve) then the temperature difference should be able to drop to around 20°C
while still maintaining a close to optimal volume ratio. This does leave the engine
somewhat short on compression towards the higher end of its operating temperature range,
however in the interests of researching a low temperature differential engine it was
considered more beneficial to skew the design in this direction and investigate lower
temperature differential operating limits.
After examining available sizes in steam pipes and other available pipes in large diameters
it was found the biggest readily available diameter size was a nominal bore of 800 mm (813
od x 10.0 wt). This spiral pipe was chosen for use as displacer chamber, giving an internal
diameter dc of 793 mm. To calculate the required length Lc of the displacer chamber for a
swept volume Vc of 130 litres:
 7, 
,  h ; < `,
g
3
59

(44)
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Hence a value of 800 mm was used for the length of the displacer chamber. Note the factor
of three used in the equation is because the displacer and heat exchangers take up a third of
the volume each, leaving one third of the remaining volume as swept volume.
The cylinder in which the power piston resides needs to be a honed tube, i.e. perfectly
round and smooth inside. Available sizes of honed tube are somewhat limited, with 228
mm being the largest readily available size. A cylinder of this diameter has a cross-sectional
area of 0.0408 m2, meaning a stroke of only 122 mm is needed to obtain the desired
expansion space volume of 5 litres. It was decided to use a maximum possible stroke length
of 150 mm to allow some room for adjustment on either side. This would allow the use of
higher temperatures through a higher volume ratio.
A stroke length of 150 mm dictates the length of the cylinder (stroke length + height of
piston) and the size of the chamber in which the crankshaft resides. This chamber is also
made of steam pipe similar to the displacer chamber. A pipe with a nominal bore of 450
mm was chosen for this as it provides adequate clearance for the crank.
3.1.5 Heat Exchangers
Given the cylindrical nature of the displacer chamber and the allowable space for the two
heat exchangers, the exchangers are necessarily a wedge shape. Because the engine is
pressurised and enclosed the only real option for getting heat in and out is via a pumped
liquid. Water was chosen as the fluid as it is cheap and accessible, easy to pump, is suitable
at the temperatures chosen and it has a very good heat transfer coefficient, as seen in Table
2. Additives such as antifreeze (ethylene glycol) may be added to the water to raise its
boiling point if a heater temperature above 100°C was desired.
Table 2: Estimated heat transfer coefficients of liquids flowing inside tubes (fluid velocity about 1 m/s) [23]

Liquid

α1, W/m2 K

Cooling water

2000 - 4000

Paraffins (C6H14 - C11H24)

800 - 1200

Benzene/toluene

1000 - 1500

Methanol

1400 - 1700

Ethanol

1100 - 1500

Hexanol

600 – 800

Octanol

400 – 600
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At this stage of the design process it is clear what shape the heat exchangers need to be to
fit into the engine. An early Solidworks™ rendering of a heat exchanger is pictured in
Figure 52, which shows the general shape of the exchanger and its tube and fin
arrangement. Air flow, forced by the displacer, will be in parallel with the fins.
The heat exchangers must offer a significant surface area in order to transfer the necessary
amount of heat into and out of the engine to produce 500 W at the low predicted efficiency.
If efficiency is 5% as estimated in Section 3.1.3, then the heater will need to be able to shift
10 kW of heat into the engine.
Since the shape of the exchanger fins is already determined, the surface area for each fin
can be calculated. Ignoring the holes, the wedge shape is 40° of a circle whose diameter is
that of the inside of the displacer chamber, namely 793 mm, with the inner circle radius
subtracted. This value was not yet known but estimated at 50 mm. This gives an area per fin
of:
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Figure 52: Initial Solidworks® rendering of heat exchanger

Using the NTU method of finding heat transfer as outlined in Section 2.1.1.3, and making
the following assumptions, the heat transfer for this heat exchanger can be calculated.
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Assumptions:
• Water flows in the heater pipes, at a rate of 100 ml/s (equivalent to 0.1 kg/s).
• The calculations assume air as the working fluid, pressurised to 1.0 MPa (10 times
atmospheric pressure)
• The displacer is operating at 2 Hz, effectively forcing the gas volume of 130 litres
through the exchangers 4 times per second, giving a gas flow rate of 0.52 m3/s and a
mass flow rate of 6 kg/s. This also gives a gas velocity of 2.2 m/s.
• The overall heat transfer coefficient from liquid to gas is 30 W/m2K, as read off the
graph in Figure 24 for a velocity of 2.2 m/s and αi of 3000.
• There are 150 fins per heat exchanger giving a total surface area for heat transfer, Ao,
of 8.1 m2.
• The inlet temperature of the water to the heater is 90°C.
• The inlet temperature of the cold air to the heater is 20°C.

Specific heats: cair = 1000 J/kgK and cwater = 4200 J/kgK
Densities: ρair = 12 kg/m3 (at 10 times atmospheric pressure) and ρwater = 1000 kg/m3
Volumetric flow rates:  air = 0.5 m3/s and  water = 0.001 m3/s
Calculating mass flow rates:
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(/  (/

(46)


(P0/  (P0/
- .(P0/  [?aHo

(47)

And calculating the heat capacity rates:
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And combining 48 and 49:
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Calculating NTU from Equation 5:
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Theoretical maximum heat transfer from Equation 7:
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Exchanger effectiveness from Equation 6:
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And finally, total heat transfer from Equation 8:
  () - !  3?]L

So with the previous assumptions, 12.6 kW of heat can be transferred from the water into
the air. Given the accuracy of these calculations this number is acceptable. Further
calculations show that increasing the flow rate of water proportionally increases the
theoretical maximum heat transfer but reduces the effectiveness, leading only to a marginal
increase in overall heat transfer.
3.1.6 Regenerator
The regenerator for this design is a modular element, meaning it can be pulled out and
changed easily to a different regenerator to enable experimentation with different
regenerator types. The shape and size of the regenerator is exactly the same as that of the
heat exchangers, and it is situated in between the heater and cooler.
Since the size and shape of the regenerator is predetermined, the fill material and its
packing density is the only variable to adjust. Table 3 and Table 4 list experimental results
for six different regenerator packing materials. The best results in terms of both regenerator
effectiveness and indicated engine efficiency are obtained from mild steel wool. There
appears to be some discrepancy in the results in terms of regenerator effectiveness not
correlating with overall engine efficiency. This must be attributed to dead space or pressure
drop changes that are not immediately obvious. For instance, kao wool (a product used as
high temperature insulation, often as a replacement for asbestos) is listed as having the
highest heat capacity and good regenerator effectiveness, however it yields low engine
efficiency, whereas stainless steel wool has a relatively low heat capacity and regenerator
effectiveness but it still yields reasonable engine efficiency.
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Table 3: Material properties for 6 common regenerator materials [25]

Table 4: Measured effectiveness of 6 regenerator materials in a small air charged test engine [25]

Based on these tables, it seems that mild steel wool is a good place to start for testing of the
regenerator. The regenerator will be constructed as a framework with some mesh walls to
enclose the steel wool within, and ideally some sort of thermal insulation layer to prevent
direct heat conduction through the regenerator (this is a direct path for heat loss from heater
to cooler).
The volume of the regenerator matrix to be packed is about 40 litres or 40,000 cm3. The
density of steel wool is typically around 0.1 g/cm3 when unpacked [43] as opposed to the
density of mild steel itself at 7.8 g/cm3 (as according to Table 2). This will give a total mass
for the regenerator matrix of 4 kg.
Using the method outlined in Section 2.1.4 the thermal properties of this matrix can be
calculated. Firstly, the porosity and free-flow area are calculated:
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Then the mass flow rate and mass flow rate per unit area are calculated:
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Then calculating heat transfer surface area, hydraulic diameter and Reynolds number:
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Once the Reynolds number is known, the value for convective heat transfer coefficient can
be found. The value of Y3 is first looked up on a table such as Table 5, and then the value of
h is found by solving the equation. For the value of porosity of 0.987 the value of 0.95 in
Table 5 is accurate enough to use, with the resulting Y3 value being 2.75 Nre-0.48, which is
calculated as being 0.051. Then h is found:
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Table 5: Table of selected Y3 values for known values of porosity and Reynolds number [25]

t

Nre < 105

0.95

Y3 = 2.75 Nre-0.48

0.60

Y3 = 0.5 Nre-0.396

Finally the NTU and efficiency can be found:
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For confirmation, it is possible to check the result graphically using the computed value of
reduced period.
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Using the reduced period line on Hausen’s curves that most closely represents 4.04 (i.e. 0)
it is shown that the values of Λ and ηreg correspond closely, with the value for efficiency
read off the graph of 0.67 being close to 0.69.

0.67

4.53
Figure 53: Hausen’s curves with the figures for the regenerator design marked in

In addition to these calculations it is also possible to predict the power loss caused by the
pressure drop across the regenerator by following the method in Section 2.3.3.1.
Firstly, by referring to the graph in Figure 44 the friction factor Cw is found using the
Reynolds number and porosity calculated for the regenerator in the previous section. The
value obtained is 0.4. One other value must be found, the length of the regenerator in the
flow direction, Lreg. This is a somewhat difficult value to find due to the regenerator not
having a constant ‘length’ owing to its wedge shape. The value has been estimated at 10 cm
for this calculation, which is an intermediate value so should be a reasonable
approximation. Now Equation 38 can be solved using the values already found:
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And from Equation 39, power loss is:
J 55  346 5 F0  9[LWo

This figure is acceptable for a first design iteration. It indicates that about 40 Watts of
power is required by the stepper motor(s) just to overcome the fluid friction involved in
pushing the gas through the regenerator matrix. Other factors contributing to this power
requirement will be the fluid friction associated with forcing the gas through the heat
exchangers, and the dynamic friction of the sliding seal of the displacer against the chamber
wall. Power loss through fluid friction in the heat exchangers will be of an order of
magnitude lower than that calculated for the regenerator due to the relatively large spacing
between fins (which gives it a very large effective hydraulic radius, leading to a low
pressure drop as per Equation 38.

3.2 Second Order Design
The second design iteration seeks to optimise parameters from the first iteration within the
constraints already established, to arrive at the final working design for the engine.
3.2.1 Piston and Con-Rod Design
The requirements of the piston are that it:
•
•
•
•

Is as light as possible
Perfectly seals the gas
Has minimal mechanical friction
Is low cost

In order to satisfy these requirements it was decided to use a lightweight all aluminium
piston, constructed in separate pieces and bolted together. The piston design should be
‘oversquare’, meaning that it is longer than it is wide, as this gives it greater stability
meaning a better seal. The seals are silicone rubber O-rings, lubricated with silicone grease.
Silicone is strong and temperature stable, and silicone grease will not vaporise at higher
temperatures. Vaporisation of light mineral oils and the like can be a problem in Stirling
engines as clogging of the regenerator elements and heat exchangers can occur. The piston
is designed with 3 O-rings, the front two being for sealing the gas pressure and the back one
is for stabilising the piston in the cylinder. There is provision to remove the second front Oring if friction proves too great with the two. The back O-ring groove is machined down
slightly more than the front ones so the O-ring is a looser fit. This is to help reduce friction,
and as the back O-ring does not seal against any pressure it will not affect operation.
67

Figure 54: Solidworks™ drawing of piston (left) and assembled piston and con-rod (right)

Figure 54 shows the piston design. The top and bottom discs are machined from solid billet
and the sides that the discs are bolted to are made from 10 mm aluminium plate. The piston
could have been machined out of a solid billet of aluminium however this would have come
at a significant cost.
The requirements of the con-rod are that it:
•
•
•
•

Is as light as possible
Is rigid enough that it won’t flex under load
Is adjustable in length
Has bearings at the ends

In order for the length of the con-rod to be adjustable (to enable the stroke to be adjusted)
the arrangement shown in Figure 55 was used.

Figure 55: Con-rod assembly
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There is a left hand thread at one end and a right hand thread at the other, such that when
the ball joint at the ends are held in place (i.e. when they are attached to the piston and
crankshaft) the length of the con-rod can be adjusted by turning the middle bar, which has
two flat sides to allow the use of a spanner. There are locking nuts (not pictured) that lock
both ball joint and middle bar in place against the lengths of threaded rod.
It was decided to use ball joint rod ends as these have built in bearings and allow for
imperfect alignment as they are able to twist. They are also available cheaply off the shelf
components with both left and right hand female threads readily available.
3.2.2 Crankshaft
The crankshaft is what transmits the power from the piston into rotational motion to the
generator. Its requirements are that it must be:
• Very rigid, any flexing will lose power and eventually lead to failure of components
• Perfectly balanced to reduce vibration
• Able to facilitate crank length adjustment
The crank design is pictured in Figure 56, Figure 57 and Figure 58. It uses two flat
aluminium plates with slots milled in them in which the crank pin is bolted between. The
crank pin attaches to the con-rod, and is able to be moved within the slots to allow stroke
adjustment. The length of the slots is 100 mm, meaning the stroke can be adjusted between
50 and 150 mm. The other ends of the flat plates also have slots milled in them which allow
the fitment and adjustment of counterbalancing weights. The shaft itself is attached to the
plates by means of four triangular braces that are bolted securely to both the shaft and the
plates.

Figure 56: Piston and crankshaft assembly
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Figure 57: Exploded view of crankshaft assembly

The gear at the end of the shaft is for driving the generator. The smaller gear mounted to the
generator means it is driven faster than the crankshaft, allowing the rated speed of the
generator (480 rpm) to match up with the rated speed of the crankshaft (120 rpm).
The crankshaft is attached by four bearings to ensure that it is rigid. There is a bearing at
each end (thrust bearing at the non-geared end where the shaft sits facing downward) and
two stabiliser bearings (pictured bottom right in Figure 58) near the middle. The flywheel
(bottom right in Figure 58) is also mounted to the crankshaft between the thrust bearing and
one of the stabiliser bearings.

Figure 58: (From top left) Crankshaft, attachment of cranks to shaft, stabiliser bearings and flywheel
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The force exerted by the piston on the crankshaft is easily calculated. If power output is 500
Watts at 2 Hz, then torque generated is as follows:
J v-w

(51)

Where P is power, τ is torque and ω in rotational speed in rad/s. To obtain ω in rad/s from
Hz simply multiply by 2π. This gives torque of 500/4π = 40 Nm. To obtain the force from
this:
Z

v
I

(52)

Where r is the crank radius. Worst case scenario for force is when r is at its minimum,
which is at the smallest stroke of 50 mm. Using this figure, a force of 800 N is exerted on
the centre of the crank. The high tensile bolt used as the crank pin is sheathed by a steel
sleeve 15 mm outside diameter, and this combination will easily take this load without
bending or breaking.
3.2.3 Heat Exchangers
The construction of the heat exchangers needs to be considered. In order to reduce both
costs and weight, the fins should be made of aluminium. The pipes will be copper as this is
the most readily available material in this form. This leaves the problem of how to join the
fins to the copper tube – these joints need to be highly thermally conductive to enable heat
to flow effectively from the pipe to the fins. Welding or soldering the fins is out of the
question as the large surface area of the fins would conduct the heat away too fast, and
heating the aluminium would cause it warp out of shape. This leaves mechanical
attachment as the only option.
The following solution was chosen as pictured in Figure 59 and Figure 60, where the fins
are stacked up over the copper tubes with aluminium spacer washers, and then the whole
stack of fins and washers is clamped down with nuts at one end on lengths of threaded brass
tube. The washers are a very tight fit over the copper tube and provide the necessary
thermal contact. To enable them to be fitted on the copper tubes they are to be heated (in an
oven or similar) to expand them before sliding them on. Thermal grease compound will
also be used on all washers to improve the thermal contact in all contact areas.
Copper elbow connectors are used to make the right angle joins at the ends, and the brass
tube (which is brazed onto the copper tube) also forms the entry and exit points to and from
the water source. These pipes must pass out of the engine and therefore across a pressure
boundary, so they must form a robust airtight seal. Because the tube is threaded, bolts can
be used to tighten against washers and o-rings which seal against the base plate of the
displacer chamber through which the pipes pass. Silicone sealant will also be used to spacefill around the threaded tube. This arrangement is illustrated in Figure 61.
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Figure 59: Heat exchanger assembly (with only two fins shown for clarity)

Figure 60: Heat exchanger assembly close-up

Washer
Engine housing

O-ring

Nut

Threaded brass tube

Figure 61: Section view of pipes passing through bottom of engine housing
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3.2.4 Displacer
The displacer’s purpose is to simply shuffle air between the heat exchangers and through
the regenerator when it is moved. It must have seals that force the gas to move through the
exchangers and regenerator rather than around the edges of the displacer. It must also be as
lightweight as possible. The design of the displacer is shown in Figure 62 and Figure 64.
A framework is made up of aluminium sheet which forms the outer faces of the displacer
and the central rib along which the seal is run. Having the outer faces of the displacer made
of aluminium adds an extra heat exchanger effect, due to the aluminium heating up (or
cooling down) as it comes in close proximity to the heater (or cooler). This heat can then be
imparted on the gas as the displacer moves back and gas fills the space adjacent to the
aluminium. The outer and central pieces of framework are welded and riveted to a curved
central piece, which bolts onto the PVC pipe in the centre.
The purpose of the PVC pipe is to provide a rigid base for the displacer to attach to, as well
as a solid flat surface at the top and bottom in which seals are located that seal around the
bearings. There are two aluminium rings which attach to both the PVC pipe and the central
aluminium shaft. The shaft is attached to a gear which is driven by the stepper motors.

Figure 62: Exploded view of displacer assembly
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The bulk of the displacer itself is made of HP35 expanded polyurethane foam. This foam
has a density of approximately 30-40 kg/m3(depending on how it is mixed), so with its
volume of 0.13 m3 it will have a weight of roughly 4-5 kg.

Figure 63: Displacer framework in the construction stage

In addition to the seals that run around the central rib and top and bottom of the PVC pipe,
there is one more seal that runs down the back of the PVC pipe which seals against the
inner surfaces of the heat exchangers and regenerator, which will be lined with a piece of
polypropylene plastic.

Figure 64: Displacer assembly

The bearing at the bottom of the displacer shaft is a thrust bearing, as it has significant
downwards force component on it. The bearing at the top of the shaft is a regular bearing

74

3.2.5 Engine Housing
The sizes of the tubes that will house the engine have already been decided upon in Section
3.1.4, however there are still several other considerations to be made with respect to the
engine housing.
The estimated weight of the entire built engine is roughly 800 kg. It would be useful to be
able to move the engine around during construction and testing, so a wheeled base was
designed and constructed for the engine to sit on. It uses 6 castor wheels rated to carry 250
kg each, two of which are braked for safety. The wheels will be mounted on a box section
frame that is welded to the base of the engine. The wheeled base in pictured in Figure 67.
Joining together of the tubes is achieved by means of steel flanges, welded to the tubes. The
flanges are laser cut from 12 mm mild steel plate for the larger tube and 10 mm mild steel
for the smaller tube. Since the bottom plates of the engine need not be removed once in
place they are simply discs welded on, which reduces costs significantly over using flanges.
The design of the flanges is shown in the photographs in Figure 66.

Cylinder
Motor
housing
Generator
housing

Crank
case

Displacer
chamber

Figure 65: External design of the engine housing and flanges
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Figure 66: External housing during construction, showing flange design

Figure 67: Design and construction of wheeled base

The inside of the displacer shell (sides, top and bottom) will be lined with a sheet of 3 mm
thick polypropylene plastic. The reason for this is to provide a smooth low-friction surface
for the sliding seals to work against, and also to counteract heat losses through conduction
of the metal outer shell.
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3.2.5 Safety Considerations
Due to the fact that the entire outer casing of the engine will be a pressure vessel, safety is
of course a major concern.
3.2.5.1 Tube Wall Thickness
The minimum wall thickness of the tube can be calculated using the method outlined in
UG-27 of the 2004 ASME Pressure Vessel Code Section VIII Division 1. It states that the
‘minimum thickness of cylindrical shells shall be the greater thickness as given by [two
formulas]’. The two formulas stated are:


J? G
:? x  [?]J

(53)



J? G
3:? x  [?9J

(54)

And

Where t is the minimum thickness of the shell, P is the internal design pressure, R is the
inside radius of the shell, S is the maximum allowable stress value and E is the joint
efficiency.
The value of S is obtained from the same ASME code, Section II part D, Table 1A, Line no.
16. For the material type (Spec no.SA-53 welded carbon steel pipe) at a temperature of
100°C, the maximum allowable stress value from the table is 80.7 MPa.
The value of joint efficiency E is determined by the quality and strength of the weld in the
pipe seam. The value is unavailable for this specific pipe, though looking at other similar
materials a value of 0.85 is a good estimate.
Using these values and calculating for the larger pipe, the greater thickness is obtained from
Equation 53 and is 6 mm. This is exceeded by the wall thickness of the pipe chosen (7.9
mm) hence the pipe is safe at the design pressure.
By inspection it is clear that the smaller tube will be safe, as its radius is around half that of
the larger tube.
3.2.5.2 Pressure on End Caps
The end caps must sustain the pressure of the engine without deforming or rupturing. The
force on the end caps can be calculated easily. Engine pressure of 1 MPa is equivalent to a
force of 1 N/mm2. By computing the area of the end caps the total force can be found.
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Large end cap:
793 mm diameter, area

 hI   h - gk]?e  9kg+^k\

Therefore force on the large end cap is 494 kN.
This end cap is made from 12 mm mild steel plate and will be bolted onto a mounting
flange with sixteen 1” UNC high tensile bolts, rated to 32.46 tonf each bolt. Each end cap
will be beam-reinforced with an 8-pointed star constructed from 10 mm thick, 80 mm high
mild steel plate to stop end-plate deformation under pressure. Additionally, each flange
will be reinforced with eight 10 mm thick mild steel braces to stop any flange deformation
or peel.
Small end cap:
438mm diameter, area

 hI   h - 3k  e[+]\9

Therefore force on the small end cap is 151 kN.
This end cap is made from 10 mm mild steel plate and will be bolted onto a mounting
flange with sixteen ¾” UNC high tensile bolts, rated to 17.90 tonf each bolt. Again, each
flange will be reinforced as described above.
3.2.5.3 Hoop Stress
The hoop stress, σθ, on the steel tubes is defined as the stress caused by internal pressure
forcing outwards circumferentially on the tube. It can be calculated by the following
formula:
yz 

F? 7
3

(55)

Which for the larger displacer tube, having an inside diameter d of 793 mm and a wall
thickness wt of 10 mm, is calculated as:
 - [r - [?\kg

 9[{JW
3 - [?[
And for the smaller tube, having an inside diameter of 438 mm and a wall thickness of 9.5
mm:
 - [r - [?9g^
 3g{JW

3 - [?[[ke
3.2.5.4 Axial Stress
Axial stress, θ≈, is caused by pressure acting on the end caps. It is the force pulling the tube
apart from the ends and is calculated as:
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|l 

F? 7
9

(56)

Which, for the larger displacer tube is
 - [r - [?\kg

 3[{JW
9 - [?[
And for the smaller crankcase tube is


 - [r - [?9g^
 3{JW
9 - [?[[ke

3.2.5.5 Stress Limits
The material test certificate for the larger pipe (API 5L Grade B Spiral Pipe) state the
following tested values for tensile and yield strength:
• Tested Tensile strength = 456 N/mm^2 (456 MPa)
• Tested Yield point = 329 N/mm^2 (329 MPa)
Hence the values for hoop and axial stress fall well within these limits.
3.2.6 Stepper Motors
There are two stepper motors used to drive the displacer through a 2:1 gear reduction (see
Section 4.1.2). The arrangement of the gears and motors is shown in Figure 68. The mounts
for the motors have slotted bolt holes so that the motors can be precisely positioned relative
to the larger central gear, which is attached directly to the displacer shaft. The whole
assembly is mounted inside the motor housing chamber with the two mounting tabs welded
to the inside of the housing.

Figure 68: Stepper motors bolted to mounting plate, driving the displacer shaft at 2:1 reduction ratio
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3.2.7 Generator
The generator, pictured in Figure 69, is mounted in the engine in a similar fashion to the
stepper motors; bolted to a flat plate which is bolted to welded brackets on the inside of its
housing. It too has slotted mounting bolts to allow perfect mating of the gears. The
generator is a permanent magnet rotor, wound stator 3-phase generator with a rated power
of 1 kW at 480 RPM. It is geared up (using the gears shown on the left in Figure 70 with
the big gear on the crankshaft and the smaller gear on the generator) at a 6:1 ratio off the
crankshaft to enable it to make its rated power from as little as 80 RPM from the engine.

Figure 69: Generator assembled (left) and disassembled (middle and right) showing permanent magnet rotor

Figure 70: (Left) Gears used to increase speed to generator; (Right) mounting plates for generator and motors
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Chapter 4 – Experimental Data

4.1 Motor Control System
4.1.1 Control System Overview
The displacer in the prototype engine is driven by means of an electronic stepper motor.
Stepper motors allow precise position control as they move one ‘step’ at a time. In the case
of the motor used here, a step is 1.8°, and within that step a ‘microstep’ resolution can be
defined, down to as little as 0.014°. This is essential for the displacer control as the
displacer needs to be moved between a 120° swing in a reciprocating manner.

Stop

Controller

Limit switches

Direction

Motor

Driver

Step

Go

Optosensor

Crankshaft

Figure 71: Control system block diagram

Operation of the motor control and drive system is illustrated in Figure 71. The motor is
energised through the driver, which sends the appropriate power to the windings depending
on the step and direction inputs from the controller. The controller takes several inputs and
sends the appropriate signals to the driver based on the code which it is programmed with.
4.1.2 Control System Operation
The control system operates in open loop control. This means that feedback is not taken
into account by the controller, but the motor just moves through x number of steps that
correspond to 120°, then back again. The advantage of this type of operation is its
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simplicity, the downside being a lack of reliability. Under open loop control if the motor
misses steps, stalls or overshoots its position target, then the controller doesn’t ‘know’ that
something has gone wrong, and just keeps on trying to move the motor back and forth by
120°. Obviously it would be preferable to use closed loop (feedback) control however the
controller used does not facilitate support for this. Fortunately, the scenarios in which open
loop control fail are reasonably rare, meaning a rather elegant solution presents itself in the
form of using the limit switch inputs of the controller as a form of pseudo-feedback. If the
motor drives the displacer too far then it will trip one of the limit switches (pictured in
Figure 72), causing the motor to stop abruptly and reset the position counter. This means
that even if position drift from dropped steps occurs over time and it eventually reaches the
point where it is a major problem (activating a limit switch), then it will be reset back to
zero again.
In order for the controller to know when to start moving it is necessary to have some sort of
trip signal based on the position of the crankshaft. This is achieved by using an opto-sensor
(pictured in Figure 72) which consists of both a light source and light detector, such that
when a reflective surface is near enough it will send a high signal. The crankshaft has a
small ring fitted to it near to where the opto-sensor is mounted. This ring is dark in colour
and has two small reflective strips 180° apart from each other which signal the start of
displacer motion in the clockwise and anti-clockwise directions respectively. The ring has a
grub screw allowing it to be rotated, thereby effectively allowing adjustment of the phase
angle between the piston and displacer.

Figure 72: OPB770TZ Optical sensor (left) and SPDT microswitch (right)

The flow chart in Figure 73 shows the control algorithm used by the controller. The startup
routine consists of rotating slowly in the anti-clockwise direction until a limit switch is
reached, then backing off that limit by a small margin so that the displacer is at the position
known to be its correct anti-clockwise end point. From here it moves based on a trigger
signal from the opto-sensor, based on crankshaft position. A direction flag is set after each
move to ensure that the displacer moves in the correct direction on its next trip.
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Figure 73: Flow chart of control system algorithm
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4.1.3 Control System Test Setup
It is necessary to fully test the control system before implementing it into the engine. The
motor/gearbox combo was tested in the test rig setup to see what sort of speeds and
acceleration could be obtained. The flywheel from the engine was attached to the gearbox
shaft to approximate the inertial load of the displacer. The inertia of the flywheel slows the
acceleration of the motor, which during testing is trying to oscillate through 120° at the
output shaft at the maximum possible speed. The gearbox is a low-backlash inline planetary
gearbox with a 10:1 reduction ratio. This increases the available torque from the motor but
sacrifices its speed, both by a factor of 10.

Figure 74: Motor and gearbox set up on the test rig, flywheel mounted as dummy load

The moment of inertia I of the flywheel is approximated as:
}


I   I  
3

(57)

Where m is the mass of the flywheel and ri is the outer radius and ro is the inner radius of
the solid ring. This calculation ignores the small contribution of the spokes in the flywheel.
With a mass of 12 kg, outer radius of 150 mm and inner radius of 125 the moment of inertia
is calculated as being 0.23 kg.m2.
The moment of inertia of the displacer can be calculated as for a solid cylinder with a radius
of 400 mm:
}


I 
3

(58)

A sample block of expanded foam was weighed and measured, showing a density of 35
kg/m2. The volume of the displacer is 0.13 m3, giving it a total weight of 4.5 kg. This makes
the inertia for the displacer 0.36 kg.m2, a value about 1.5 times that of the flywheel used for
testing. Even though the flywheel does not equal the displacer’s inertia (and ignoring the
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effects of mechanical friction of the seals), the flywheel still provides useful information
about the capabilities of the motor and gearbox.
It was found in testing that the maximum speed of the motor was the parameter holding
back its performance the most, rather than just its acceleration. The speed setting of the
controller was set at 34,000/4 SPS, or 8500 steps per second. This was the maximum speed
that could be obtained without motor stalling occurring. This setting was used with the
driver at half step resolution, giving 400 microsteps per revolution (0.9° per microstep).
This means that 8500 SPS equates to about 6.3 rad/s angular velocity. Through the 10:1
reduction gearbox this gives 0.63 rad/s on the output shaft, hence it will take 0.16 seconds
to rotate through 120° (1333 microsteps) at full speed (ignoring ramping).
4.1.3.1 Ramping
For a displacer speed of 2 Hz the process of ramping up to full speed, travel at full speed
and ramping down to a stop again must occur in the space of 0.25 s, and preferably less as
the faster this process takes place the better the approximation to the ideal discontinuous
motion.
By using the information available for motor torque and load inertia, the maximum
acceleration possible can be calculated:
~

v
}

(59)

Where τ is the motor peak torque available at the shaft (motor torque × gear ratio) and α is
the angular acceleration of the motor shaft. The result of this calculation is a maximum
acceleration of 526 rad/s2.
The maximum ramping obtained without stalling was with the settings at K=6/2, where 6 is
the acceleration parameter and 2 is the deceleration parameter. It is easier to decelerate the
load than accelerate it, hence why the deceleration has a steeper slope than the acceleration.
An acceleration parameter of K=5/2 was tested with the flywheel load and while it worked
most of the time it would cause stalling occasionally, hence the lesser value (6) was taken
as the maximum possible acceleration.
An acceleration parameter of 6 equates to approximately 30,000 steps/s2 as measured (this
value had to be measured as the value of K has no rational units – it is defined as being the
delay time between increments in speed, where the increment is undefined). This translates
to an acceleration of 471 rad/s2 at the output shaft. An acceleration - K parameter of 5
equates to 565 rad/s2.
The maximum deceleration parameter is theoretically zero, i.e. an instantaneous or ‘hard’
stop. While this is somewhat achievable it will adversely affect the life of the displacer and
the motor and gearbox components through the large forces experienced in such an abrupt
stop. In regular use, even with a non-zero value of deceleration, it is still likely that hard
stops will occur at such times as when a limit switch is hit or if the optical sensor is
triggered before the end of travel is reached (see Section 4.1.2).
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4.1.3.2 Predicted Performance
Using the values already calculated for load inertia and motor torque, the graph in Figure 75
was produced. The blue line shows the motion achievable under maximum acceleration and
speed conditions – it is clear that the torque and/or speed of this setup is insufficient to drive
the displacer at the desired operating speed. At this operating speed the displacer is unable
to complete its full range of motion. The red line shows the predicted motion if two motors
with a lower gearing ratio of 2:1 were used instead. Clearly this is a much more preferable
motion profile, as it gives the desired discontinuous motion by being able to move the load
faster. This graph is produced using the inertia figure for the dummy load (the flywheel).
The second graph, Figure 76, shows the same load and motive sources operating at the
reduced speed of 1.5 Hz. This is the maximum speed achievable by the single motor while
still moving through the entire 120° motion.
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Figure 75: Displacer profiles at nominal operating speed with dummy load
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Figure 76: Displacer profiles at reduced operating speed with dummy load

Figure 77 shows what the displacer motion would look like for the actual load of the
displacer (the calculations used a higher than actual value for inertia to allow for the effects
of mechanical friction) when driven by the two motors at 2:1 gearing. The three lines
represent different operating speeds, showing that at slower speeds it is possible to get a
very good approximation to the ideal discontinuous motion profile.

87

Displacer Motion with Actual Load
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Figure 77: Predicted motion profiles with the actual displacer load at different speeds

4.1.3.3 Actual Performance
To compare the results for predicted performance with real-world performance a new setup
was introduced using the limit switches and an optical encoder as pictured in Figure 78. The
optical encoder consist of a disc with 1000 slots in it, such that when it is rotated through a
light source with a detector on the other side, a square wave output pattern is generated and
each pulse represents 360/1000° of rotation. Using a Cleverscope© USB oscilloscope the
output from the encoder was recorded and saved as a text file, where it was subsequently
copied into a spreadsheet and used to produce the graphs in Figure 79 and Figure 80.

Figure 78: Setup for testing limit switch operation
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Due to the layout of the limit switches and encoder it was impossible to do these tests with
the dummy load of the flywheel in place. However this does not affect the results as it has
already been determined what maximum acceleration can be used and this value has been
used throughout these tests. Figure 79 shows the motion profile of the displacer, as
measured, at an operation speed of 1 Hz. The step pulses in this setup come from a signal
generator operating at twice the engine frequency, so 2 Hz in this case. At this speed the
motion profile is a good approximation to the ideal motion.
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Figure 79: Plotted graph of actual motion vs. time taken from optical encoder

Figure 80 shows the motion profile of the displacer again, this time operating at twice the
speed, which is the maximum engine operating speed of 2 Hz. The blue line in this graph
also shows position drift that occurs over time due to open loop operation. If left unchecked
this would have dire consequences. However the limit switches do their job as shown by
the red line where at a certain point past the desired motion limit they are struck, stopping
motion and resetting the origin point.
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Figure 80: Plotted graph of actual motion vs. time with and without limit switches

4.2 Motor Wiring
The stepper motor used is an 8-wire 2-phase motor, enabling it to be wired in either a
bipolar series or bipolar parallel configuration. Because series wired coils have greater
inductance they tend to produce more torque at lower speeds, while at higher speeds the
larger inductance leads to a greater resistance to current and consequently less torque
compared to parallel wired coils, as illustrated by the generic characteristic shown in Figure
81.

Figure 81: Toque speed characteristics of series and parallel wired stepper motors
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For the application of driving the displacer the maximum torque is required at low speeds to
accelerate the load quickly. For this reason it would be ideal to wire the motor in the bipolar
series configuration as shown on the left in Figure 82, however when tried in practice it was
found that the motor would stall at relatively low speeds under this configuration, meaning
that the bipolar parallel configuration (pictured right in Figure 82) was instead adopted,
which was found to allow much greater operating speeds necessary for fast actuation of the
displacer.

Figure 82: Wiring diagrams for motor phases, bi-polar series (left) and bi-polar parallel (right)

After connecting the coils in parallel there are 4 wires that protrude from the motor. These
are connected to the Phase A +, Phase A -, Phase B + and Phase B – outputs from the
driver. In addition there is a shield wire that connects to the grounding point on the motor
frame and to the shield connector at the driver.

4.3 Motor Current
Measurement of motor current waveforms under various conditions was carried out to
confirm current draw and current waveform shape. The graph in Figure 83 shows current in
each of the motor phases under steady state rotation. The phases are 90° apart from each
other and equal in magnitude. RMS current under this condition is approximately 1.2 A per
phase. This waveform is pictured in greater resolution in Figure 84, where the current can
be seen to be a chopped waveform as delivered by the driver.
Figure 85 shows the motor current (red) during unloaded oscillating operation, where the
blue pulses are from the signal generator, signalling the start of a move operation. Figure 86
shows the transient peak current draw when the motor is under acceleration with a dummy
load. Figure 87 is a higher resolution view of Figure 86, and shows the waveform of this
peak current whose magnitude is as much as 10 A RMS, the maximum current supplied by
the driver.
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Figure 83: Motor current in each of the two phases during steady-state motion with no load

Figure 84: Motor current waveform under steady-state operation with no load, approx. RMS current 1.2 A
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Figure 85: Motor current (red) and pulse signal (blue) vs. time

Figure 86: Motor current in each phase during acceleration. Initial Peak current is 15 Apk lasting for 280 ms
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Figure 87: Peak motor current waveform during acceleration

4.4 Motor Power
In order to gain an understanding of how much power the stepper motors consume during
normal operation, some measurements of current and voltage were taken under both steadystate and peak operation of the motor. Figure 88 shows the voltage and current waveforms
under steady-state operation, with no load on the motor. It shows an RMS voltage of 15 V
(square wave of 50% duty cycle with 30 V peak) and RMS current of 1.2 A. This gives an
RMS power consumption of 18 Watts per phase (so 36 Watts per motor), which was
confirmed by using a clamp-type power meter. Under the conditions expected during
normal engine operation, any movement made under these conditions (i.e. not accelerating
or decelerating) can be expected to have much higher power consumption due to the
pumping losses described in Section 3.1.6, which would add at least 40 Watts to the
motor’s power consumption. With two motors in operation, the total consumption under
these conditions is expected to be around 120 Watts, allowing a little extra for seal and
bearing friction.
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Figure 88: Motor current (blue) and voltage (red) waveforms during steady-state operation

Figure 89 shows the voltage and current waveforms under peak acceleration conditions. In
this situation, the maximum possible power is delivered from the driver to the motor.
Additional loading will not make a difference to the power consumption but will instead
limit the peak acceleration. With an RMS voltage of approximately 15 V and an RMS
current of 10 A this consumption is 150 Watts per phase, or 300 Watts per motor (600
Watts for 2 motors).
Using Figure 77 as a basis, power consumption can be estimated at different operating
speeds. At 2Hz, the motors are ramping approximately 65% of the time, during which they
will consume the maximum power of 600 Watts. For 15% of the time they are operating at
steady state, consuming the previously estimated 120 Watts and for the remaining 20% of
the time they are idle and consume no power. As a time-weighted average value, power
consumption under these circumstances is 510 Watts. Similarly calculating for 1.5Hz and
1Hz operation gives 320 Watts and 175 Watts respectively.
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Figure 89: Motor current (blue) and voltage (red) waveforms during peak acceleration operation
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Chapter 5 – Discussion and Conclusions

5.1 Engine Design Review
Unfortunately, at this time the construction of the engine has not been completed due to the
author having a tight deadline and unforeseen delays in the fabrication of the engine and as
a result of this it is not possible to comment on its performance. At this stage all of the outer
casing and wheeled base is completed, the piston and crankshaft is assembled, the generator
and motor mounts fabricated, the displacer shaft and framework is complete, and the
polypropylene gaskets and cylinder liners have been cut. Tasks yet to be completed include
assembly of the heat exchangers (all parts have been made), finishing the displacer by
pouring in the expanding foam that makes up its bulk, welding in the generator and motor
mounts and basically bolting everything together.
In most respects the construction of the engine achieved the goals that it set out to – namely
to build a large engine using relatively cheap and easy-to-pressurise piping that will operate
with an electronically actuated displacer. The motor/driver/controller system was set up and
tested, so once construction of the engine is completed it should be a straightforward task to
transfer this equipment into the engine.
One area in which a large improvement could be potentially made in the operation of the
engine is by reducing the dead space volume associated with the heat exchangers and
regenerator. One possible way to reduce dead space volume is to implement a device such
as that pictured Figure 90, where the flat face of the displacer is replaced with comb-like
fingers that interlock with the heat exchangers to eliminate most of the dead volume inside
them. This idea was not used in this prototype due to time and budget constraints hindering
the fabrication process. A side benefit of this idea is that the combs (which would ideally be
made of something thermally conductive such as aluminium) would take heat from the
exchangers when they are interlocked and then transfer that heat to (or from) the working
gas when the displacer moves, effectively increasing the heat transfer area. In turn this
could lead to reduction in the size of the heat exchangers and further benefits from reduced
dead space.
Another way to improve performance would be to increase the size of the piston. This
would mean a larger displacer chamber could be used while retaining the same
compression ratios. This could be achieved by simply reducing the size of the displacer
wedge, from 120° down to virtually nothing so that essentially just a ‘flap’ with a sliding
seal would become the displacer. This would also reduce the weight of the displacer,
allowing it to be actuated faster by the motors (although it would have further to travel).
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Figure 90: Alternate displacer design with ‘combs’ to reduce dead space in heat exchangers

A significant improvement that could be made to the prototype engine would be the ability
to adjust phase difference purely in the software of the control system. This would speed up
the testing procedure considerably as it would eliminate the need to de-pressurise and
partially disassemble the engine in between tests to make changes. This had been the initial
plan however the capabilities of the stepper motor controller did not allow for this. Given
more time the controller would have ideally been replaced by a PLC or laptop running more
customisable software and allowing for easy changes in parameters such as phase
difference. The phase difference would be calculated as a time delay between receiving the
signal from the crankshaft-mounted opto-sensor, and starting the motion of the displacer.
This would have to account for the engine rotation speed, meaning that rotary encoder
feedback would be necessary. If these improvements were to be made it would also make
possible the use of a closed-loop control system, resulting in greater precision in displacer
motion.

5.2 Engine Operation
Upon eventual completion of the construction of the engine, a number of things must be
done in order to run and test it. Several pressure transducers and temperature thermocouples
shall be placed at strategic points throughout the engine, allowing the pressure and
temperature at the locations to be monitored in real time via a computer, and the data
logged. This will allow not only better understanding of how well the engine is working but
also allow plots to be produced of pressure variations throughout the cycle and temperature
profile across the regenerator. Comparing these results with expected results and other
published results it will be possible to see where future improvements need to be made in
areas such as high flow restriction (pressure drop) and excessive heat conduction.
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The heat source for the engine during testing will be hot water, the source of which is a
large water resistor located in the Dept. of Electrical and Computer Engineering’s High
Voltage Laboratory. This has a large reservoir which can be heated to the required
temperature prior to and during testing, such that a continuous supply of hot water is
available. The water will be circulated via a pump through the hot side heat exchanger and
back into the reservoir. The cooling water is just cold water which can come from any
suitable source, the most likely being simply a cold tap for a sink. It would be useful to
observe the entry and exit temperatures of both water sources to help confirm how effective
the heat exchangers are.
Starting the engine will be achieved by driving the generator as a motor. This is connected
to the crankshaft so that it will turn the piston. If the control system is turned on then it will
start to operate the displacer as soon as the crankshaft rotates past a trigger point. The
generator can be driven by a three phase variable speed drive to start it from low speed.
Because it is geared down by a 6:1, and is rated at 1 kW, it should have ample torque to
turn the crankshaft.

5.3 Testing Procedures
If the engine was completed then thorough testing would have taken place. Because the
engine is designed to run on a range of temperature differences with adjustments in stroke
and phase angle possible it would have been a laborious and exhaustive process to test
every conceivable combination of temperature difference, stroke and phase. To adjust each
parameter it would be necessary to de-pressurise the engine, dismantle it, make the
necessary adjustments, put it back together and pressurise it again ready for testing. The
following tests are proposed as a compromise between thorough testing and time spent.
1) Test engine at maximum temperature difference (90°C hot water, ambient cooling
water)
a) Test with phase angle at 90° and at maximum stroke length, then at a reduced stroke
and see which produces greatest output.
b) Using the best result from (1.a) test with phase angle at 70° and 110° and observe
which angle (including the originally used 90°) produces the greatest output.
2) Test engine at minimum temperature difference
a) Starting with temperature difference of 20°C and using the minimum stroke length
and optimal phase angle from (1.b), continue slowly increasing temperature of
heated water until engine runs under its own power. Use this temperature as the
minimum, and observe power output from this configuration.
b) Test with phase angle at optimum value from (1.b) and at minimum temperature
found in (2.a), set stroke to halfway between maximum and minimum and observe
the power output, then repeat for maximum stroke.
c) Using the best result for stroke length from (2.a) and (2.b), test with phase angle at
90°, 70° and 110° and observe which angle produces the greatest output (90° will
already have been determined).
This process should give clear indications as to the effects of varying phase angle and
stroke length at different temperatures.
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5.4 Numerical Modelling
It was originally intended to optimise the design parameters using a computer software
package called SAGE™. This software allows the user to input a configuration of Stirling
engine components such as variable volume spaces, heat inputs, conduction paths, pressure
sources and pistons and displacers, and then assign numerical values to certain geometries
and temperatures as well as alter the gas type. The model is then able to be solved to find
user defined variables which would be most importantly power output and efficiency. In
early stages of modelling however it was found that, for some reason as yet unknown, the
validity of the SAGE™ model would break down when larger geometries were used. This
meant that in effect the software was no help in designing the engine due to its large size.
It was found however that by scaling down the geometry of the model that some
meaningful results could be obtained. The configuration pictured in Figure 91 was used to
model a smaller version of the prototype engine, with the results produced shown in Figure
92 through to Figure 96.

Figure 91: Screenshot of the SAGE™ model used to simulate the prototype engine
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Figure 92:: Simulated results for phase angle from a SAGE™ model of a smaller engine
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Figure 93:: Simulated results for gas type from a SAGE™ model of a smaller engine
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Power and Efficiency vs. Mean Engine
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Figure 94: Simulated results for engine pressure from SAGE™ model of a smaller engine
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Figure 95: Simulated results for engine speed and pressure from a SAGE™ model of a smaller engine
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Simulated Power and Efficiency vs.
Temperature Difference
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Figure 96: Simulated results for temperature difference from a SAGE™ model of a smaller engine

These results are very much in agreement with both the theory and results recorded from
real Stirling engines. Comparing the graph of power vs. phase angle in Figure 92 to that
shown in Figure 46 (Section 3.1.1), it is apparent that the shape of the graph is nearly
identical, though the peak is centred about a lower value of approximately 80° for the
simulated results vs. approximately 100° for the documented results. Another difference is
that the simulated results show power produced between a phase difference of 0° and 160°
whereas in the documented results the power production extends all the way through to
180°.
The simulated graph of power and efficiency for different gases (Figure 93) shows the
expected increase improvements of the progressively lighter gases which is comparable to
results available in literature and is in agreement with theory presented in Section 2.1.5.3.
It is interesting to note that in Figure 94 and Figure 95 the power and efficiency begin to
drop at high values of engine pressure or operating speed. The main reason for this is the
increase in pumping losses through the regenerator and heat exchangers. These losses
increase according to a squared relationship with fluid mass flow rate (proportional to
engine speed), as stipulated in Section 2.3.3.1. This means that even though the engine is
producing more power at higher speeds (linear relationship due to power being a product of
work per cycle and cycle speed), a greater and greater portion of that power goes into
keeping the engine running. Of course, this is somewhat irrelevant to the operation of the
prototype engine as its pumping losses are all fielded by the electric motors actuating the
displacer which does not draw directly upon the engine power. The shapes of the curves in
Figure 95 are in close agreement with those in Figure 28, Section 2.1.5.3.
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The shape of the efficiency curve in Figure 96 is also somewhat of a surprise, as one would
expect this to increase in a near linear fashion as per the formula for Carnot efficiency.
However, at higher temperatures due to the way this engine is modelled there is a large
amount of heat conduction loss leading to the efficiency curve being almost flat whilst the
power curve is close to linear. This phenomenon was confirmed in SAGE™ by keeping the
component marked as ‘parasitic source’ at a constant value equal to the ambient
temperature, while varying the heater temperature. This resulted in a much more linear
relationship between temperature difference and efficiency.

5.5 Commercialisation Options
The key feature of this engine design that would make it attractive to potential buyers is its
ability to run on a variety of low grade heat sources that are potentially free, however for it
to be successful in the marketplace it must be very cost competitive as an outright purchase.
If a small version (1-4 kW output) was able to be produced cheap enough then it could
potentially find its way into applications such as off-grid domestic power generation,
competing with current technologies such as solar panels, wind turbines and even other
Stirling engine technologies such as WhisperGen. In such an application it would most
likely be driven by hot water sourced from inexpensive solar collectors and may also be
used in conjunction with the domestic hot water system. Other potential heat sources may
include geothermal hot springs (though this would be very limiting in market potential) or
direct heat from the likes of a wetback wood fireplace. In New Zealand, an off-grid solar
power system rated at 1kW typically will cost $25,000 - $30,000 installed, of which
$10,000 - $13,000 is the cost of the actual solar panels and the rest is battery banks,
controllers and inverters and installation [44] which is assumed to remain the same for a
Stirling engine based system of similar output. That means that an equivalent 1kW Stirling
engine generator and the necessary heat collection system would need to be sold to the end
user for around $10,000. To be profitable these would need to be produced for around half
of that, and at this stage of design this seems like a very reasonable proposition though it is
difficult to say without a final design. This is undoubtedly a growing market in itself, as
evidenced by the large number of manufacturers and retailers of photovoltaic panels and
associated equipment to service this demand.
An even larger market share is those who still wish to remain grid connected but also
generate their own electricity either for reasons of saving money on electricity over the long
term, security of supply or environmental consciousness. This situation would offer a
further advantage to the Stirling engine based system as it would simply send the generated
power back through the customer’s electricity meter into the grid at 50Hz, earning them
revenue without the need for batteries, inverters and controllers that are still required by the
photovoltaic systems which generate DC power. This makes the installation a lot cheaper
and hence offers a more attractive payback period to potential buyers.
If a scaled up version were to be investigated then many more commercial possibilities
become available. In the tens to hundreds of kilowatts range there is scope for pumps that
are driven partially or wholly by the heat contained in the fluid that they are pumping.
Pumps that drive hot fluid are found in many industrial processes such as production and
processing plants and power stations. Some industrial processes may have such a great
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output of waste heat that it would be possible to drive a Stirling engine in the megawatts
range, and in such applications it is an added bonus to remove this heat as it is often
problematic and of environmental concern when dumping it to rivers or lakes.
There is further scope for auxiliary power generators on the likes of small to medium sized
boats, particularly private yachts where quiet operation is a big plus. In such an application
the heat source could be provided either from gas, engine waste heat or both and the
cooling would be from the surrounding water.
A further option is on a utility scale, generating power in the tens of megawatts range for
the national grid from a suitable heat source, which would most likely be geothermal heat.
As discussed in the introduction, there is plenty of geothermal heat available that is
currently unutilised due to a lack of an economical way of extracting the energy from it. It
is unknown at this stage how well the engine would scale up to the sizes required for this
level of output, although a quick calculation shows that if the power to volume ratios hold
as size increases then a 5 MW machine would require a gas volume of 1500 m3, which
equates to a cylinder roughly 20 metres in diameter and 24 metres long – a big ask but
certainly not outside the realms of possibility.
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Appendix A: Engine Specifications

A1: General Engine Specifications

Total volume of displacer chamber:

0.402 m3 (797 ID x 806 length)

Cylinder diameter:

228.3 mm

Piston stroke:

50 – 150 mm (adjustable)

Mean engine pressure:

1.0 MPa

Working gas type:

Air, nitrogen or helium

Total working gas volume:

0.212 m3

Dead volume:

0.072 m3

Volume ratio:

1.03 (max), 1.01 (min)

Operating RPM:

2 Hz

Heater design temperature:

50-95°C

Cooler design temperature:

20°C
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A2: Heat Exchangers (Identical heater and cooler)

Number of fins:

159

Fin material:

0.9mm Aluminium

Fin spacing:

3mm

Pipe:

14.7 mm (OD) 12.2 mm (ID) copper

Surface area per fin:

0.0496 m2

Water flow rate:

100 ml/s

Air flow rate (max):

0.52 m3/s

NTU:

0.58

Effectiveness:

0.39

Dead volume:

0.016 m3

Maximum heat transfer:

11.5 kW

Figure 97: Fin design of heat exchangers
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A3: Regenerator

Matrix material:

Mild steel wool

Matrix mass:

4.0 kg

Lreg:

100 mm

Wreg:

806 mm

Porosity
Porosity:

0.987

Effectiven
Effectiveness:

0.76

NTU:

6.3

Effective surface area:

70m2

Dead volume:

0.04 m3

Lreg

Wreg

Figure 98:: Size and shape of regenerator matrix
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A4: Generator

Type:

Permanent magnet rotor wound stator

Phases:

3, delta connected

Rated power:

1000 W

Rated Speed:

480 RPM

Rated Voltage:

48 V

Length:

220 mm

Weight:

24 kg

Figure 99: 3-phase electric generator used to measure output from engine

A5: Stepper Motor

Type:

Lam Technologies M1343061

Peak Torque:

12.1 Nm

Phase Current:

12 A

Rotor Inertia:

0.00025 kg/m2

Phase Resistance:

0.17 Ω

Phase Inductance:

0.9 mH
113

Wiring Configuration:

Bipolar-parallel

Frame Size:

NEMA 34

Length:

150 mm

Weight:

5.0 kg

Figure 100: One of the two stepper motors used to drive the displacer

A6: Stepper Motor Driver

Type:

LAM Technologies DS1078

Phase Current:

10 A rms

Power Supply Voltage:

24-90 V dc

Step Resolution Available:

200-25,600 Steps/Rev

Chopper Frequency:

20 kHz

Figure 101: Stepper motor driver unit
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A7: Stepper Motor Controller

Type:

Advanced Micro Systems IBC-400E

User Input Ports:

4

Feedback inputs:

Limits, home, encoder

Outputs:

Step and direction

Non-Volatile Memory:

512 + 2048 bytes

Figure 102: AMS stepper motor controller
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Appendix B: Thermal Constants

Table of Thermal Conduction Values for Common Substances
Substance

k ( W/m.K)

Air
Aluminium
Antimony
Beryllium
Brass
Cadmium
Cobalt
Constantan
Copper
Gold
Iridium
Cast Iron
Pure Iron
Wr't Iron
Lead
Magnesium
Molybdenum
Monel
Nickel
Platinum
Silver
C.Steel
St.Steel
Tin
Water
Zinc

0.024
237
18.5
218
110
92
69
22
398
315
147
55
80.3
59
35.2
156
138
26
90.5
73
427
50
25
67
0.58
113
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Table of Overall Heat Transfer Coefficients for some common Fluids and
Heat Exchanger Surfaces [45]
Fluid

Transmission Surface

Fluid

Uo (W/m2 K)

Water
Water
Water
Water
Water
Water
Air
Air
Steam
Steam
Steam
Steam
Steam
Steam
Steam

Cast Iron
Mild Steel
Copper
Cast Iron
Mild Steel
Copper
Cast Iron
Mild Steel
Cast Iron
Mild Steel
Copper
Cast Iron
Mild Steel
Copper
Stainless Steel

Air or Gas
Air or Gas
Air or Gas
Water
Water
Water
Air
Air
Air
Air
Air
Water
Water
Water
Water

7.9
11.3
13.1
230-280
340-400
340-455
5.7
7.9
11.3
14.2
17
910
1050
1160
680
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Appendix C: Displacer Control Program

98: M-1000
91: W0
94: W500
97: O0
101: +50
105: O0
109: W0
112: A0
114: L 112 1
118: R 1333
122: W10
125: g 0 1

Rotate CCW until a limit is hit
Wait until complete
Wait 500ms
Set origin
Back off limit by a margin of 50 steps
Set origin at this point
Wait until complete
Sets port 3 low (indicates moving CW)
Stays at instruction 112 until Port 1 is high
Rotate 120 degrees CW
Wait 0.1s
Test ports 1-3, branch based on result

130: W0
133: A8
135: L133 1
139: R 0
143: W10
146: g 0 1

Wait until complete
Sets port 3 high (indicates moving CCW)
Stay at 133 until port 1 is high
Return to origin
Wait 0.1s
Test ports 1-3, branch based on result

[Start of go branch table]
256: @
257: A8
259: G139 1

Soft stop
Sets port 3 high (indicates moving CCW)
Rotate to CCW endpoint

272: G125 1

Goto instruction 125

288: -50
292: A8
294: G139 1

CW Lmit reached, pulse received
Sets port 3 high (indicates moving CCW)
Goto 139

304: -50
308: G133 1

Back off by a margin of 50 steps
CW Lmit reached, goto instruction 133

320: @
321: A0
323: G118 1

Soft stop
Sets port 3 low (indicates moving CW)
Goto 118 (Rotate 120 degrees CW)

336: G125 1

Goto instruction 125

352: +50
356: W0
359: O0
363: A0
365: G118 1

Back off limit by margin of 50 steps
Wait until complete
Set origin
Sets port 3 low (indicates moving CW)
Goto 118

368: +50
372: W0
375: O0
379: A0
381: G112 1

Back off limit by margin of 50 steps
Wait until complete
Set origin
Sets port 3 low (indicates moving CW)
Goto 112

448: G320 1
464: G336 1
480: G352 1
496: G336 1
[End of go branch table]
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