Alternative Displacer Geometries for Low-Tech Stirling Engines.

Original Article - Stirling News, Summer 1997

This article is in three parts: Firstly a discussion of alternative displacer geometries. Secondly some details of experiences of a model engine using a short displacer and lastly a sketch design for a full sized engine, some parts of which have already been constructed.

High temperature difference Stirling and hot-air engines have traditionally used displacer cylinders of length equal to between 3 and 4 times the diameter. Conversely, low delta-T engines have evolved to have displacer chambers where the diameter is many times the length in order to maximise the surface area of the cylinder end faces where most of the heat transfer occurs.  Between these two extremes of cylinder geometry is there a shape which can benefit from features drawn from either type and produce an engine which can run on intermediate temperatures and be considerably simpler to construct?

Let’s now look at the features of Low delta-T engines and see if anything useful can be applied to mid-temperature engines. 

Low temperature difference Stirling engines are characterised by their short displacer stroke and larger diameter displacer, thus maximising the surface area of the displacer chamber end plates for optimum heat transfer to and from the engine.  The use of low temperatures allows plastic materials to be used, and their excellent insulating properties can be used to advantage, for example, the displacer cylinder wall, often made from acrylic tube, forms an effective heat break between the warm and cool faces of the engine.  The displacer is frequently made from lightweight expanded polystyrene and can incorporate some axial regenerator material. Recent solar engines by Dr. G. Walker, have made the entire displacer out of a black porous plastic air filter material, which is an excellent solar absorber and an effective regenerator. The lowmass and short stroke of the low delta-T engine has opened up opportunities for novel displacer drive systems, rather than conventional kinematic linkages adopted from high temperature engines. Ringbom, free piston and new “erector” mechanisms (see earlier feature) create a wide range of possibilities for driving a lightweight displacer. As such a low specific power is available from low delta-T engines, it is fortuitous that the displacer has very low drive power requirements.

The typical value of solar radiation is quoted as 1000W per m2. Without resorting to the use of solar concentrators this represents the lower limit of power density a practical Stirling engine can be made to operate on.  Figures for biomass fueled Stirling indicate a figure of 50kW/m2  and to benefit from these higher power densities, it is necessary to build heaters incorporating tubes and often fins. Between these two extremes of input power, is there scope for an intermediate class of machine, which although not producing the highest specific power does benefit from dramatically simpler construction?  A figure of 10 to 20kW/m2  would  be typical for this type of engine and ease of construction would be of paramount importance.

The intention was to investigate engines which would produce useful power from heat sources in the 250(C to 550(C temperature range. These lower temperatures would allow a wider choice of construction materials and thus more options for ease of machining or use of readily available parts.  Aluminium, with a melting point of about 600(C, but with a vastly superior thermal conductivity than stainless steel, could be used for the heater system.  Copper and its alloys; brasses and bronzes, although prone to oxidisation at elevated temperatures could also be used more effectively as heat-exchanger materials. Stainless steel can be continued to be used in applications where its low thermal conductivity (one tenth that of aluminium and one fifth to one quarter that of cast iron) provides an effective insulator to thermal shorting between hot and cold ends. Deep drawn, thin walled stainless steel vessels are also available at low cost and are commonly known as cooking pots. With a little ingenuity, one of these pots could form the basis of a 50 to 75W engine. 

The hot-air engines of the turn of the last century generally featured long displacer cylinders, of roughly length equal to three times the diameter. The exception was the Robinson engine, which went against the grain of 1880’s thinking, with its squat hot cylinder and moving regenerator. Victorian engineers tried to separate hot and cold parts by distance and not by materials of low thermal conductivity. Cast iron was the material of the day, and with a typical wall thickness of 6mm, a cast iron cylinder conducts heat away at  25 to 30 times the rate of a 1mm wall stainless steel tube.

An Experimental “Light Bulb” Engine.
Some experimentation was necessary and so a squat displacer unit was constructed from a stainless steel sugar bowl. These are 83mm in diameter and a 55mm deep parallel sided cup can be produced by cutting the radiused end off.  A displacer was produced in brass, 25mm long and with a 25mm maximum stroke.  A water cooled base was added to the cylinder with a bush to accept the displacer rod. This displacer assembly was quickly fitted to an existing model engine with a 32mm bore and a 25mm stroke arranged as a gamma engine.  Heater and cooler surface areas were plain and approximately 54 cm2.  

With model engines, it is not uncommon to use excessive amounts of heat energy to make the latest creation run. Frequently burners of several hundred watts output are used to obtain a few watts of shaft power. Almost all of the heat rises upwards away from the engine and does nothing to promote the engine’s efficiency.  For this reason, limited and measurable electrical heating was adopted for the experimental engine.

A 60W spot-light bulb of 80mm diameter was chosen as a heat source. Not only did it give the convenience of electric heating but it was well matched in diameter to the end of the displacer cylinder. It also was similar in power to a nightlight  (estimated at 40W) but without the problems of soot and inconsistent power output caused by uneven burning or influence of draughts.  

After an initial warming-up period of 60 seconds, the engine was turned over and started, quickly building up to 100rpm. Adding some insulation around the hot-end brought the speed up to a steady 155rpm. The diagram below shows the general arrangement of the displacer unit with water cooling connections and air pipe to the power piston section.
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General View of  Displacer Unit.

Temperature measurements were made with thermocouple probes after about an hour of operation indicated a stabilised hot end temperature of 295(C and a cold plate temperature of 35(C giving a delta-T of 260(C. Tests made after the bulb was turned off showed that the engine would continue to run down to a temperature difference of 130(C.

Loading or stalling the engine brought about a very noticeable rise in hot-end temperature, increasing at a rate of about 20(C per minute.

A commercial watt-meter indicated the input power to the bulb as 54W, and measurements of cooling water inlet and outlet temperatures and flow rate showed 15W to be output by the cooling circuit. 

An estimation of the heat lost by conduction down the displacer cylinder walls showed it to be close to 14W or approximately one quarter of the input power. This was mainly due to the short length of the displacer cylinder, and would be less of a problem with a larger engine, because of the proportionately greater distance between hot and cold ends.

An approximation was made to how much heat was being “used” by the engine, from the figure for the rate of temperature rise when the engine was stalled. This was more difficult to assess, as it relied on knowing how much of the engine was rising in temperature at the measured rate. A lower figure of 5W and an upper figure of 15W was the best estimate.

Specification - Sugar Bowl Model.

Displacer Cylinder  OD

83mm

Displacer Cylinder height

55mm

Displacer diameter 

80mm

Displacer length


25mm

Displacer Stroke


5mm

Displacer swept volume 

125.6cc

Power piston bore

32mm

Power Piston stroke 

25mm

Power swept volume

20.1cc

Phase Angle (


90(
Hot end temperature 

295(C

Cold end temperature 

35(C

Cooling water temperature

26.5(C

The sugar bowl displacer unit performed well when compared with the original conventional displacer system. Changing the geometry of the displacer unit improved the performance of the engine particularly when using low power heat sources and thus lower hot-end temperatures. The large flat surface area of the displacer cylinder end face produced an effective heat transfer surface.

Further Developments -a larger engine

The success of this squat displacer unit inspired me to begin to construct a much larger unit of roughly 10 times the heater surface area and benefiting from a proper cooling heat-exchanger coil and regenerator.

A suitable cooking pot was selected of 260mm in diameter and 180mm deep.  A mild steel flange was made so that the open end of the pot could be bolted down and sealed to an aluminium plate approximately 300mm square forming the cold end and baseplate. The cooler is made from 20m of 8mm OD microbore copper tubing which can easily be wound into an axial and planar coil assembly and enclosed within the displacer chamber.  The regenerator will consist of corrugated shim steel wound into an annular arrangement.

The displacer is made from a stainless steel kettle, 200mm in diameter, again available at low cost and manufactured in volume in China. At the time of writing, the displacer drive and power cylinder have yet to be constructed. Several options have been considered for driving the displacer including Ringbom and other pneumatic systems.  The diagram shows one possible engine system where the working components and generator are enclosed in a pressurised vessel, such as an LPG bottle or beer keg so that modest pressurisation could be achieved. 

The power piston, cylinder and con-rod would be standard automotive  parts. The generator would likely be an automotive alternator fitted with a permanent magnet rotor acting as a brushless dc machine. This would allow the engine to be started electrically. 

The displacer  is shown here driven by a simple rod connected to a scotch yoke on the crankshaft, although other schemes are possible. I am investigating the use of commercial pneumatic cylinders to produced a displacer drive which incorporates a self starting feature. 

A Low Tech Engine for Battery Charging Applications.
The following is a description of a simple air-charged Stirling Engine which could be manufactured and used as a source of electrical power for remote village locations in Developing Countries. Alternatively it could be used to supplement existing wind power or photovoltaic energy systems as a means of recharging battery powered off-grid equipment in remote rural locations.

Low Tech Stirling Engine for  50-100W Battery Charging Applications
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The engine uses simple heat exchanging surfaces, and consequently runs at a lower thermal efficiency than an engine with more complex tubular or finned heater assemblies. However, the geometry of the hot expansion chamber has been chosen such that operation is possible on lower temperature combustion than refined petroleum or gaseous fuel produce, permitting the use of wood, biomass or solid fuels to be used. The stainless steel heater cap is made from a readily available domestic cooking utensil, typical of those which are mass produced in many of the Asian countries.

Many of the precision components have been sourced from the automotive industry, thus reducing the machining accuracy requirements in producing the engine.  The power piston and liner are from a diesel truck engine, the generator is a modified automotive alternator fitted with permanent magnets in the rotor. The cooler is made from a simple wound coil of microbore copper tubing, and because of the modest power output, bicycle components may be used for the chain drive to the generator.

The engine is fitted with a regenerator made from coiled corrugated stainless steel shim, and this improves the efficiency. A simple mechanical waterpump is fitted to circulate the cooling water around the cold end. If the engine is required for water pumping rather than electric power generation, then a suitable pump can be fitted  to the cold plate, and driven from the crankshaft.

The engine features an optional pressure housing which encloses the crankshaft and linkage mechanism, and allows the engine to be pressurised by means of a foot pump for higher power output. This pressure housing can be made from a large diameter steel water pipe or fabricated from a LPG bottle or aluminium beer keg. 
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