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Abstract: This meta-study examines the factors which contribute to Stirling engine 

efficiency. Working fluids should have high specific heat capacity, low viscosity and low 

density making noble gases the most suitable. Each different working fluid has its own 

optimum power output at varying pressures and temperatures. The best being Helium at 4.14 

MPa and 922K. Dead volume also affects the power output of Stirling engines. Theoretical 

engines with zero dead volume are ideal but dead volume can occupy over 50% of the engine. 

Engine configuration also impacts on the efficiency of a Stirling engine. The layout of 

pistons and cylinders about each other can also have drastic effects on these efficiencies. 

Currently the most effective engine layout is the ‘gamma’ configuration, which measures 

30%-32% efficient. Future research is required to produce a more efficient Stirling engines, 

based on the factors considered above to determine the viability of these engines as a 

replacement for coal and fossil fuel powered combustion engines. 
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1. Introduction

With limiting fossil fuel resources, and the global community becoming more aware of the detrimental 

environmental impacts of these as a power source, there is a compelling need for alternative energy 

sources worldwide [1, 2-4]. Stirling engines are a cleaner and quieter alternative to the modern 

combustion engines; and combined with their ability to make use of alternative fuel sources, makes them 

a huge attraction to modern engineers [1, 3, 4]. 

Robert Stirling designed the Stirling engine to try and compete with the only other engine on the 

market, the steam engine [4]. The defining points of a Stirling engine is that the gas or working fluid 

never leaves the cylinders or pipes.  This also includes any other gasses such as exhaust fumes as there 

are no valves, unlike normal engines.  This working fluid is usually air, hydrogen due to their abundance 

or helium due to its high efficiency in these mechanical processes [1].  The other distinctive part of 

Stirling engines is that the working fluid undergoes four stages. These stages, of cooling, compression, 

heating and expansion are known as the Stirling cycle.  

Figure 1. Showing the Stirling cycle of an ideal Stirling engine with ideal working fluids, 
specifically the thermodynamic processes occurring. From A-B there is compression on the 
working fluid but no temperature change. From B-C the regenerator heats up the working 
fluid but there is no change in volume. From C-D the expansion of the working fluid occurs 

and again there is no temperature change. From D-A the regenerator cools down the working 
fluid and again there is no change in volume [5]. 

This special cycle defines the thermal dynamic processes that the working fluid undergoes changing 

the pressure and turning it into mechanical energy [1, 4].  Also, the use of low friction materials prevents 
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the need for lubricants and ensure an airtight seal.  These parts are specially designed to have 

minimalistic normal forces, ensuring there is less fatigue and fracture on the bearings. 

2. Methods

The primary research started on the 20th of March by google searching ‘Stirling engines’ to gain a

brief understanding on how a Stirling Engine operates. Following this simple google search, more 

thorough research was conducted. Resources used within this meta-study were restricted but not limited 

to ‘Elsevier Science Direct’ ‘Web of Science’ and ‘Google Scholar’. There were a few keywords used 

to begin researching Stirling Engines. The following keywords were used: ‘Stirling engine’, ‘Stirling 

engine efficiency’, ‘thermodynamic analysis of Stirling engines’. These keyword terms were chosen as 

they succinctly spoke to the brief which was set as well as describing the subject matter of papers we 

were seeking. A wide range of papers were analysed before identifying some of the more significant 

papers regarding efficiency and structure.  

On the 27th of March the idea initially was to compare the alpha, beta, and gamma with each other 

but soon realised how difficult it would be to compare structures of all three designs, with minimal 

research done specifically on just alpha, beta or gamma. Most of the information gathered looked at 

Stirling engines in general, or did not specify the style.   

Following this, the research team looked at the gamma Stirling engine in more detail, as there were 

numerous articles that had stated the most recent experimental configurations had reached the highest 

efficiencies. A numerous amount of papers were discovered comparing different factors for Stirling 

engines, including looking at dead volume and working gases, but with almost no specification on the 

layout of engine pistons.  

On the 8th of May, the initial idea of comparing the alpha, beta, and gamma Stirling engines against 

each other, was disregarded. The researchers began to look at other factors that influence Stirling engine 

power output/ efficiency. The team began to research numerous Stirling engine efficiency papers, and 

found that the same factors were coming up across papers. 

Finally, it was decided to compare factors that influenced power output and efficiency of Stirling 

engines in general, as there was more information and it allowed the comparison of engine configuration 

on efficiency. At this stage the research team had begun to recognise recurring names in the field of 

Stirling engine research, such as Mohammad H. Ahmadi and Mohammad Ali Ahmadi, and considering 
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papers written by these two, and papers they had cited for more information and to reference our current 

theories. It was also decided that the team split up more of the research, with each person within the 

group given a different database and period to research. The team decided on researching papers from 

Scopus, Science direct and Web of science, as these had the most success researching relevant 

information from these three databases. It was also decided to not research any information that dated 

back further then 10 years from current. This was largely because there was such a huge quantity of 

information on Stirling engines (due to their popularity for an extended period), that anything dating 

back further then this period would no longer be relevant. 

Once there was a sufficient quantity of relevant information gathered, the team started to collate the 

date to look for any similar trends that had discovered across each of the research time frames.  

3. Results and Discussion

3.1 Configuration 

Stirling engines have a piston in a cylinder that drives a crankshaft. The movement of the piston is 

powered by a gas in a closed chamber where part of the chamber is heated and part is cooled. The gas 

within the closed chamber is moved between the heated and the cooled portion of the chamber by a 

sufficient drive mechanism. The gas will be repeatedly heated and cooled causing it to expand and 

contract; powering the piston [6]. There are currently three configurations of the Stirling engine; Alpha, 

Beta and Gamma.   

The alpha Stirling engine is made up of two cylinders with distinct cylinders perpendicular to each 

other both attached at the same point in the crankshaft. The gas passes from the cooling cylinder through 

a regenerator into the heating cylinder. The cylinders are heated and cooled from external sources [7]. 

This engine configuration is the modest Stirling engine arrangement, although both pistons must be 

sealed to hold the working fluid [6].  
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Figure 2. Alpha schematic showing the large separation of the hot and cold chambers and pistons [1]. 

The beta Stirling engine is the simplest form of Stirling engine, with the displaced and power pistons 

being contained within the same cylinder. This cylinder is separated into a hot and cold end. The 

displacer piston is used to pass the gas between the hot and cold ends of the cylinder, while the power 

piston drives the flywheel. This configuration produces the least power, with sources citing efficiency 

of 12%-18% [3]. This is mostly due to the heating and cooling all being contained in a single cylinder, 

meaning heat conduction to the cooling end and vice versa occurs quite readily.  

Figure 3. Beta schematic showing the linear trend of the hot, cold chambers and pistons [1]. 

The gamma Stirling engine is configured like the beta Stirling engine, however the displacer and the 

power piston are in different cylinders. The power piston is located at the cold side of the cylinder, which 
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compresses or expands the gas being pushed back into the cylinder. Although this configuration of the 

engine is mechanically more efficient than the beta and alpha versions, it has higher dead volumes. 

Sources have cited efficiencies of 30%-32% [14]. 

Figure 4. Gamma schematic showing the separation of hot and cold chambers, also the large amount 
of dead volume in the regenerator [1]. 

3.2 Working Gas and Pressure 

The gas on which an engine operates is known as the working gas or working fluid, with several 

different gases able to be used in a Stirling engine. The gas used in Stirling engines should have a high 

thermal conductivity, a high specific heat capacity with low density and viscosity [19]. Using these 

factors, Martini and Clarke devised an equation to produce a capability factor for gases used as working 

fluids in Stirling engines. 

Martini and Clarke capability factor equation 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑓𝑓𝐶𝐶𝑓𝑓𝐶𝐶𝑜𝑜𝑟𝑟 =  
𝐶𝐶ℎ𝑒𝑒𝑟𝑟𝑒𝑒𝐶𝐶𝐶𝐶 𝑓𝑓𝑜𝑜𝑐𝑐𝑐𝑐𝑐𝑐𝑓𝑓𝐶𝐶𝐶𝐶𝑐𝑐𝐶𝐶𝐶𝐶𝐶𝐶 

𝑠𝑠𝐶𝐶𝑒𝑒𝑓𝑓𝐶𝐶𝑓𝑓𝐶𝐶𝑓𝑓 ℎ𝑒𝑒𝐶𝐶𝐶𝐶 𝑓𝑓𝐶𝐶𝐶𝐶𝐶𝐶𝑓𝑓𝐶𝐶𝐶𝐶𝐶𝐶 ×𝑐𝑐𝑒𝑒𝑐𝑐𝑠𝑠𝐶𝐶𝐶𝐶𝐶𝐶

Equation 1. The decrease of specific heat capacity and density of the working fluid improves the 
capability factor of Stirling engines [19]. 
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The total volume of the working gas in the engine is determined by the displacement of the piston 

and is not influenced by the position of the displacer [17]. Gases with an atomic mass lesser than that of 

air, have a higher specific heat and gas constant. They also inhibit lower viscosity, resulting in a higher 

heat storing capacity [15-8]. This can be seen in the following graph which was obtained by simulation 

by Philip Brothers [8]. 

Stirling engine efficiency vs power output for various gases 

Figure 5. This graph shows the difference in efficiencies for various working gases. The graphs begin 
with a general linear trend that is to be expected at higher power outputs. The second linear trend 

corresponds to the point where the engine vibration begins to cause significant efficiency drops, as we, 
as inadequate heat transfer at these higher speeds. [8]. 

Studies have shown that higher temperatures yield higher power output [14]. A systematic study was 

conducted of increasing temperature and pressure of two different working fluids. This study revealed 

that not only did helium double the power output of the engine, but also that there is a certain pressure 

at which the power output peaks. This charge pressure was found to be 4bar for helium and 3bar for air 

[14]. When this charge pressure is exceeded, it was found to cause power output loss as well as increased 

engine vibration. Power output is a function of speed and torque; meaning the higher the speed and 

torque, the higher the engine output. Due to inadequate heat transfer after a certain engine speed, the 

power output begins to decrease. 

Power output (Watts) 
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Power Output vs Charge pressure with varying gases and temperatures 

Figure 6. The above graph shows how the power output can be increased by either increasing the 
temperature of pressure of the working gas (to a certain peak). The lowest three graphs above do show 

an almost parabolic shape with a steady increase followed by a steady decrease. It is therefore 
assumed that the other graphs would follow this same trend (even those that may have not reached 

their peak over the region showed). There would therefore be an ideal pressure that would correspond 
to maximum power output; however, that value is not necessarily just the largest pressure achievable.  

[14]. 

Power Output vs Engine Speed at varying temperatures 

Figure 7. The above graph shows the trend for increased power for higher temperatures of certain 
working gases. Also, demonstrates the increase in in power output with the addition of grooves in the 

heat transfer surface [14]. 

The same study found that the addition of grooves in the heat transfer surface – resulting in a higher 

surface area – led to a greater power output. A surface area increase of 20% led to an increase in power 

output of 23% [14]. 
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Thermal efficiency vs Pressure and Output power vs Pressure 

Figure 8. Showing that the increase of pressure improves both the efficiency and power output in beta 
type engines with an ideal gas (Examples of experimental value) [18]. 

Power vs Charge pressure at varying temperatures 

Figure 9. Showing that the increase of temperature and the increase of internal pressure at the hot end 
increases the maximum power output in an alpha engine with an ideal gas [5]. 

Many experiments use CFD to plot graphs and assume an adiabatic process. Figure 8 demonstrates 

that the increase of pressure shows a linear trend.  This linear trend also improves with the decrease of 

temperature ratio. The efficiency and power output increase with the increase of pressure. From figure 

9 we can view that 1 bar of pressure at any temperature the power is almost equal.  With the increase of 

the hot temperature the power starts to increase.   
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Output power variation vs rotation speed 

 

Figure 10. Comparing the values of multiple simulations of an alpha type Stirling engine with Helium 
as the working fluid at 2.76 MPa and 922 K [19]. 

 

Output power variation vs rotation speed 

 

Figure 11. Comparing the values of multiple simulations of an alpha type Stirling engine with helium 
as the working fluid at 4.14MPa and 922K [19]. 

 

Figures 10 and 11, with the experimental values, further verifies that the increase in pressure 

increases the power output of the engine. 
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3.3 Dead Volume 

Dead volume is the total volume of working fluid which occupies the dead space in the engine. These 

dead spaces include the regenerator and transfer port. In any real Stirling engine, this dead space in 

unavoidable and can make up 58% of the total working fluid [14]. While dead volume is unavoidable, it 

should be minimised wherever possible to maximise the efficiency of the engine. Figure 13 illustrates 

the drop in thermal efficiency as the amount of dead volume increases. The temperature of the fluid 

within the dead volume should be kept at the arithmetic-mean of the input temperature and the output 

temperature. If the temperature is maintained, an inefficient regenerator will have no effect on the engine 

however a more efficient regenerator will require less heating and cooling, reducing the power needed 

to maintain the same power output and in turn, increase efficiency. 

Thermal efficiency against total dead volume ratio 

Figure 12. Comparing the dead volume ratio of a gamma Stirling engine [12] 

4. Conclusions

Gamma configuration proves to be the most efficient type of Stirling engine, over alpha and beta, due 

to the large quantities of dead volume in alpha and the proximity of hot and cold chambers in single-

cylinder beta engines. Each working fluid has shown an increase in performance with the increase of 

pressure and higher temperatures. From our research, it was discovered that helium was the most 

efficient working gas at these high pressures and temperatures (relative to the other gases) but further 

research is needed to determine whether using this is the most viable option due to the constantly 

evolving working gas mixtures. However, these extreme conditions can be quite dangerous, and 

therefore to design a commercially viable Stirling engine, these conditions may have to be sacrificed for 

a small drop in efficiency, or a safer structure of engine design. These dead volumes should be kept at a 

constant temperature unless a highly efficient regenerator is in use. The temperature should be the 
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arithmetic mean of the input and output temperatures. Moving forward, more efficient Stirling engines 

need to be produced with the factors considered to reliably deduce whether they are a viable replacement 

for coal and fossil fuel powered combustion engines. 
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