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ABSTRACT 
 
Stirling engines work with all kinds of heat sources thanks to the external heat supply. It has many advantages over internal 

combustion engines, especially in terms of noise emissions and pollutant emissions. Since the first Stirling engine invented by 

Robert Stirling, development work continues on it. Considering the problems caused by fossil fuels, Stirling engines are promising 

in the recovery of solar energy, geothermal energy and waste heat. As a result of the studies carried out from the past to the 

present, many Stirling engine types, cylinder configurations and drive mechanisms have been designed. In this study, the im-

portance, advantages-disadvantages, usage areas and working principles of Stirling engines are explained. The Stirling cycle has 

been analyzed in detail. Carnot cycle and Ericsson cycle are mentioned and these three cycles are compared with each other in 

terms of work and efficiency. Stirling engine classifications, cylinder configurations and drive mechanisms are explained in detail. 

The design differences, operating characteristics, technological details and structural features of these configurations are exam-

ined. The advantages and disadvantages of all these different structures in terms of design, production, cost, power, efficiency, 

friction, wear, sealing, weight, dead volume, noise and number of parts are stated.  
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1. Introduction 

Energy is the most important requirement for countries to have 

developing technology and to reach a modern life level. The energy 

needs of countries are increasing in proportion to their economic 

growth, and the energy provided from existing energy sources is be-

coming more costly day by day. It is not possible to meet this in-

creasing energy need with existing energy resources. Today, most 

countries meet their energy needs with primary energy sources such 

as oil, natural gas and coal. These fuels, which constitute a large part 

of the energy need, cause global warming. In particular, the increase 

in the concentration of CO2 in the atmosphere is one of the main 

causes of global warming. In addition, emissions that occur during 

energy production from fuels such as coal, oil and natural gas pollute 

vital environments. Pollution of these vital environments such as air, 

water and soil harms nature, human life and ecological system. The 

negative effects of fossil energy sources, which are called primary 

energy sources, have brought to the fore renewable energy sources 

that are easily available and do not harm the environment. Many 

countries accelerated their search for renewable energy sources with 

the energy crisis in the 20th century. Solar and wind energies come 

to the fore in electricity production. On the other hand, biomass en-

ergy is accepted as one of the main energy sources that are shown as 

an alternative to fossil fuels, which are depleted over time.  

Stirling engines can work with many alternative energy sources. 

Since it is seen as a solution to the problems caused by fossil fuels, 

the interest in these external combustion engines is increasing day 

by day. In addition, its high efficiency and advantages in the recov-

ery of waste heat at relatively low temperatures stand out. In Stirling 

engines (Patent No. 4081) [1], invented by Robert Stirling in 1816, 

heat energy is converted into mechanical work by using different 

working fluids such as air, helium and hydrogen. The Stirling cycle 

theoretically has the same thermal efficiency as the Carnot cycle. 

These engines are operated with any external heat source and there 

is no restriction in terms of fuel type. Stirling engines, which can 

operate at low temperature differences (LTD), are particularly strik-

ing in the utilization of low-temperature sources such as geothermal 

energy [2,3]. 
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Although Stirling engines were developed long before internal 

combustion engines, rapid developments in internal combustion en-

gines made Stirling engines unable to compete with these engines. 

However, these engines have come to the fore again due to the de-

crease in fossil fuels and their damage to the environment. The ad-

vantages of Stirling engines are explained as follows. Combustion is 

continuous. There are no intake and exhaust valves. Pressure 

changes are sinusoidal. Noise formation is at minimum level due to 

the fact that it has fewer moving parts compared to internal combus-

tion engines. Therefore, maintenance and repair operations are easy. 

First actuation is easy. They can work with all fuel types and heat 

energy types. Parts wear is less. Since there are no sudden pressure 

rises as in internal combustion engines, moving engine parts are less 

damaged. Therefore, they work longer. Since the lubricating oil does 

not act as a cooling agent, thermal losses do not occur as in internal 

combustion engines. The oil change interval is longer and the oil 

consumption is lower. Thanks to externally controlled combustion, 

CO, unburned HC, NOX and particulate emissions are low. They can 

be designed in different mechanical arrangements and in different 

sizes. They require less maintenance due to the absence of auxiliary 

systems such as ignition, fuel and valve mechanism [3-8]. The dis-

advantages of Stirling engines are explained as follows. They have 

greater mass and dimensions compared to an internal combustion 

engine of the same power. The power/weight ratio is less than inter-

nal combustion engines. There are sealing problems between the pis-

ton-cylinder and the mechanical power output. Deceleration and ac-

celeration responses are very low due to thermal inertia in the heater 

and cooler regions. Many parts have design difficulties. In addition, 

since it requires experimental knowledge, the design costs are high. 

Research and development studies are still continuing. In these en-

gines, in which gases such as helium and hydrogen are used as the 

working fluid, the gas discharge over time increases the operating 

costs. Over time, a corrosion layer forms on the surface of the parts 

exposed to high temperatures [9,10].  

Today, development work on these engines is still ongoing. Dif-

ferent studies are carried out on the selection of the drive mechanism, 

working fluid, regenerator material and optimization of the dimen-

sions of the engine. It is aimed to reduce dead volumes, improve in-

cylinder flow and heat transfer, prevent losses due to friction and 

working fluid leakage, and reduce production and maintenance costs. 

With the development of Stirling engines, the energy needed will be 

produced economically without polluting the environment. Various 

energy sources such as solar energy, radioisotope, biomass, geother-

mal energy can be used in Stirling engines thanks to external con-

trolled heat generation [9-13]. Stirling engines, which have a wide 

range of uses, are used in the production of electricity from solar en-

ergy, in space vehicles, in marine vehicles, in irrigation of agricul-

tural fields, in submarines and torpedoes, in cooling systems, in nu-

clear reactor power stations, in heat pump systems, in automotive 

field and as auxiliary power engine [10,14-16].   

In this article, the thermodynamic cycles of Stirling engines are 

analyzed and explained in detail and comparatively. Information is 

given about the classifications, cylinder arrangements and drive 

mechanisms of Stirling engines. Different structures within these 

headings are compared on important issues such as power, thermal 

efficiency, ease of design, production and maintenance cost, dead 

volume, friction, lubrication, leakage and weight. In addition, an idea 

is given about the technological details and system performances of 

Stirling engines. 

2. Thermodynamics of Stirling Engines 

The basic principle of the Stirling cycle is based on the compres-

sion of the cold working fluid and the expansion of the hot working 

fluid. During these processes, heat is converted to work, as the 

amount of work required for compression is less than the amount of 

work resulting from expansion. 

The cycle consists of two constant temperature and two constant 

volume operations. Heat is given to the system by a heater and this 

heat is thrown out by another heat exchanger called a cooler. The 

heat required for work production is given by an external heat source 

such as coal, gas, solar energy, nuclear energy, which is outside the 

engine, and the cycle is maintained without interruption. For this rea-

son, Stirling engines are examined in the category of external com-

bustion engines. 

2.1 Ideal Stirling cycle 

In the Stirling cycle, isoentropic compression and expansion pro-

cesses in the Carnot cycle are replaced by constant volume regener-

ation processes. With the regeneration processes, heat transfer takes 

place at every stage of the Stirling cycle. During the regeneration 

processes, the heat of the working fluid is stored in the regenerator 

and is used to heat the cooled working fluid again in the later stages 

of the cycle. The regenerator can also be defined as a reversible heat 

transfer device. Regenerators are generally produced from ceramic 

mesh, wire or porous material with high thermal mass. One side of 

the regenerator is defined as the expansion volume (high temperature 

zone), and the other side is defined as the compression volume (low 

temperature zone). It is assumed that the working gas moves be-

tween these zones without friction and pressure losses. 

P-V and T-S diagrams of the Stirling cycle are shown in Figure 1. 

The area under the P-V diagram constitutes the net work, and the 

area under the T-S diagram constitutes the heat transfer. 

 

Figure 1. P-V and T-S diagrams of the Stirling cycle 

The Stirling cycle process includes: 

1-2 isothermal compression: The temperature increased during 

compression is kept constant by cooling the system. 

2-3 constant volume regeneration: Heat is transferred from the re-

generator to the low temperature working fluid. 

3-4 isothermal expansion: The increased temperature during ex-

pansion is kept constant by heat input into the system from an exter-

nal source. 

4-1 constant volume regeneration: Heat is transferred from the 

high temperature working fluid to the regenerator. 

While the working fluid passes from the hot volume to the cold 
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volume, it stores the heat on the regenerator, and when it passes from 

the cold volume to the hot volume, the heat energy stored in the re-

generator is given back to the working fluid. With this feature, the 

regenerator reduces the dead volume of the coolant and brings the 

heat thrown back into the system. This situation increases the effi-

ciency of the system while saving heat. 

For a better understanding of the thermodynamic processes, the 

working processes of a Beta type Stirling engine are shown in Figure 

2. 

 

Figure 2. The cycle of the Beta-type Stirling engine 

In 1-2 isothermal compression processes, the displacer piston is 

stationary at the top dead center of the cylinder. Most of the working 

fluid is in the compression zone and at low temperature TL. In this 

process, the working fluid is compressed by the power piston at the 

bottom dead center, while the system is cooled to maintain its low 

temperature TL. The W1-2 compression work required for this process 

is expressed as the area under the P-V diagram. 

In 2-3 constant volume regeneration processes, the power piston 

is stationary at top dead center of the cylinder. As the displacer piston 

at the top dead center moves downwards, the working fluid flows 

from the compression zone to the expansion zone. There is a low 

temperature TL in the compression region and a high temperature TH 

in the expansion region. No work is done during this process. How-

ever, heat transfer from the regenerator to the low temperature work-

ing fluid takes place. 

In 3-4 isothermal expansion processes, the power piston and the 

displacer piston move downwards together. Most of the working 

fluid is at high temperature TH in the expansion zone. The high tem-

perature TH is maintained by providing heat to the system from an 

external source. The resulting expansion work W3-4 in this process is 

the sum of compression work W1-2 and net work Wnet. 

Finally, in 4-1 constant volume regeneration processes, the power 

piston is stationary at bottom dead center of the cylinder. As the dis-

placer piston at the bottom dead center moves upwards, the working 

fluid flows from the expansion zone to the compression zone. There 

is a low temperature TL in the compression region and a high tem-

perature TH in the expansion region. No work is done during this 

process too. However, in contrast to process 2-3, heat transfer occurs 

from the high temperature working fluid to the regenerator. 

The same working fluid with high thermal conductivity is used in 

each cycle of the Stirling engine. Examples of common working flu-

ids in these engines are oxygen, helium, air and nitrogen. These 

gases provide rapid heat transfer with their low molecular mass. Stir-

ling engines do not have valves, as in internal combustion engines. 

There is no gas input or output to the system during the cycle. Pres-

sure changes are smooth in Stirling engines. Since there is no valve, 

exhaust and intake, they operate more quietly and require less 

maintenance. The main reason why Stirling engines have not been 

widely used in automotive applications is the slow change in power 

output. In addition, for high efficiency, it must be operated in high 

pressure conditions where sealing problems occur. The net work and 

the amount of heat transferred from the Stirling cycle are shown in 

Equations (1-14). 
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Since heat transfer takes place at constant temperatures in the Stir-

ling cycle, the thermal efficiency is higher than that of the Otto and 

Diesel cycle and equal to that of the Carnot cycle. The thermal effi-

ciency in the Stirling cycle depends on the temperature difference TH 

and TL. Since the increase of this temperature difference increases 

the efficiency, it should be worked with hot-cold temperature differ-

ences that cause high thermal loads. High loads caused by heat and 

pressure require production with expensive materials with high 

strength. In Stirling engines, the equations related to the heat stored 

in the regenerator are shown between Equations (15-22). In addition, 

the amount of heat stored in the regenerator was calculated to obtain 

50 joules of net work by using the heat capacity ratio of different 

working fluid. The resulting graph, which is obtained as a result of 

the calculations for hydrogen, air and helium, is shown in Figure 3. 

 

Figure 3. Heat stored in the regenerator for 50 joules of net work 

 (15) 

 (16) 

 (17) 

 
(18) 

 
(19) 

 
(20) 

 (21) 

 
(22) 

2.2 Carnot cycle 

The isoentropic and isothermal processes in the Carnot cycle do 

not occur as desired in practice. Therefore, power machines cannot 

achieve the high thermal efficiency of the cycle. The Carnot cycle is 

basically used as a basic reference in the analysis of power machines. 

P-V and T-S diagrams of the Carnot cycle are shown in Figure 4. 

 

Figure 4. P-V and T-S diagrams of the Carnot cycle 

The Carnot cycle process includes: 

1-2 isothermal compression: The temperature, which tends to in-

crease due to compression, is kept constant at the low temperature 

TL by cooling the system. 

2-3 isoentropic compression: Compression takes place at constant 

isoentropy. 

3-4 isothermal expansion: The temperature, which tends to de-

crease due to expansion, is kept constant at the high temperature TH 

by heat input into the system. 

4-1 isoentropic expansion: Expansion takes place at constant 

isoentropy. 

In the Carnot cycle, the constant volume processes in the Stirling 

cycle are replaced by isoentropic compression and expansion pro-

cesses. If it is assumed that the heat is given to the system at the 

temperature TH, and the heat is removed from the system at the tem-

perature TL, the efficiency of the Carnot and Stirling cycles with re-

generator are equal to each other. However, since the Stirling cycle 

takes place at a constant volume, the net work output is higher than 

the Carnot cycle. The superposition of the P-V and T-S diagrams of 

the Stirling and Carnot cycles within the pressure, volume and tem-

perature limits is shown in Figure 5. 
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Figure 5. P-V and T-S diagrams of the Stirling and Carnot cycles 

As seen in the diagrams, constant volume displacement processes 

replace isoentropic processes and provide additional fields (5-2-3 

and 6-4-1) to the Stirling cycle in P-V and T-S diagrams. The 1-5 

and 3-6 isothermal processes in the Carnot cycle are expanded with 

the 1-2 and 3-4 isothermal processes in the Stirling cycle, increasing 

the amount of heat supplied to and removed from the system and the 

net work amount. The amount of heat given to the system is the same 

in both cycles. In this case, it is assumed that the heat exchange is at 

a constant temperature, and the thermal efficiency is considered to 

be at its maximum value according to the second law of thermody-

namics. Thus, it ensures that the thermal efficiencies of both cycles 

are the same. 

2.3 Ericsson cycle 

Ericsson cycle is quite similar to Stirling cycle. Constant volume 

regeneration processes in the Stirling cycle are replaced by constant 

pressure regeneration processes in this cycle. The efficiency of Er-

icsson with regenerator, Stirling with regenerator and Carnot cycles 

operating at equal temperature differences are considered equal. Er-

icsson cycle is used at lower pressure ratios compared to Stirling and 

Carnot cycles. In these cycles, the thermal efficiency depends on the 

difference between low and high temperature values. The thermal 

efficiency (ɖTh) equation of these cycles is shown in Equation (23). 

P-V and T-S diagrams of the Ericsson cycle are shown in Figure 6. 

 

Figure 6. P-V and T-S diagrams of the Ericsson cycle 

 

(23) 

The Ericsson cycle process includes: 

1-2 isothermal compression: The temperature, which tends to in-

crease due to compression, is kept constant at the low temperature 

TL by cooling the system. 

2-3 constant pressure regeneration: Heat is transferred from the 

regenerator to the low temperature working fluid. 

3-4 isothermal expansion: The temperature, which tends to de-

crease due to expansion, is kept constant at the high temperature TH 

by heat input into the system. 

4-1 constant pressure regeneration: Heat is transferred from the 

high temperature working fluid to the regenerator. 

In the Ericsson cycle, the regeneration process takes place at con-

stant pressure instead of at constant volume as in the Stirling cycle. 

The superposition of the P-V and T-S diagrams of the Carnot and 

Ericsson cycles are shown in Figure 7. Ericsson cycle efficiency is 

on par with Carnot and Stirling cycles with regenerator. However, 

the amount of heat transferred and converted into work at the pres-

sure, volume and temperature limits is greater than the Carnot cycle. 

 

Figure 7. P-V and T-S diagrams of the Ericsson and Carnot cycles 

3. Classification of Stirling Engines 

After the first Stirling engine manufactured by Robert Stirling in 

1816, many engines with similar features were developed. Although 

the working principles of these engines are the same, some design 

differences have occurred due to reasons such as increasing their 

thermal efficiency, reducing dead volumes, reducing manufacturing 

costs and maintenance costs [10]. 

We can basically classify Stirling engines according to their me-

chanical configurations or operating principles. Examples of engines 

classified according to their mechanical configurations are kinematic 

Stirling engines and free-piston Stirling engines. Kinematic Stirling 

engines have mechanical connections between the crankshaft, power 

piston and displacer piston. With these connections, the movements 

of the power piston and the displacer piston are limited. Piston move-

ments are transmitted to the flywheel by mechanisms such as slider 

crank, rhombic mechanism, swash plate or ross-yoke. On the other 

hand, in free-piston Stirling engines the power piston and the dis-

placer piston move in the same cylinder with a certain phase differ-

ence and there is no mechanical connection between them. In free-

piston Stirling engines, the movement resulting from pressure 

changes is usually transmitted by the power piston to the linear al-

ternator [17]. 

Double-acting Stirling engines, low temperature differential 

(LTD) Stirling engines and thermoacoustic Stirling engines can be 

given as examples to Stirling engines that we can classify according 

to their working principles. In double-acting Stirling engines, a wide 

variety of arrangements with few parts can be created by placing a 

heater and regenerator between the expansion volume of one cylin-

der and the compression volume of the other cylinder. LTD Stirling 

engines, as the name suggests, can operate at very low temperature 

differences between their hot and cold ends. Because of this feature, 

these engines are preferred in benefiting from solar energy, in geo-

thermal applications and in the recovery of wastes as a heat source. 
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In thermoacoustic Stirling engines, work is produced by causing 

pressure changes in the system with high amplitude acoustic waves 

caused by temperature difference. The interest in thermoacoustic 

systems is increasing day by day due to their low cost, simple struc-

ture and absence of moving parts. Liquid piston Stirling engines, 

have no moving mechanical parts and the liquid columns act as pis-

tons. Oscillatory movements occur in the liquid columns due to the 

temperature difference. This situation creates pressure changes and 

provides work to be obtained. 

3.1 Kinematic Stir ling engines 

In kinematic Stirling engines, the power piston and the displacer 

piston are connected to the output shaft by a mechanical connection. 

Many types of mechanical connections have been designed to im-

prove power transmission and increase engine strength over time. 

The development and analysis of these connection types remains an 

active area of study. In addition, crank and motion transmission 

mechanisms in kinematic Stirling engines generate lateral forces and 

require lubrication. A gasket is used to prevent the working fluid 

from escaping between the crankcase and the cylinder. The high 

number of moving parts also increases the need for maintenance in 

these systems. The kinematic Stirling engine with Beta-type rhom-

bic drive mechanism designed by Andy Ross is shown in Figure 8. 

 
Figure 8. Beta-type kinematic Stirling engine [18] 

Kinematic Stirling engines are mechanically complex, like inter-

nal combustion engines, due to their mechanical conection. The am-

plitude of the power piston and displacer piston movement is con-

strained by these mechanical connections. Today, 60% of companies 

working on Stirling engine development prefer kinematic Sitrling 

engines. The reason why these engines, which have mechanical con-

nections and shafts, are preferred is the familiarity with the working 

methods similar to internal combustion engines [19].  

3.2 Free-Piston Stirling engines 

Free-piston Stirling engines were designed by Beale at Ohio Uni-

versity in the 1960s with the aim of reducing sealing problems and 

eliminating the difficulties in lubricating the drive mechanism 

[17,20-23]. In free-piston Stirling engines, there is no mechanical 

connection between the displacer piston and the power piston. It is 

therefore mechanically quite simple compared to kinematic Stirling 

engines. In free-piston engines, which are similar to Beta-type Stir-

ling engines in terms of cylinder structure, displacer piston move-

ment is free [21]. The power piston works in connection with a linear 

alternator. 

Generally, the outer surface of the cylinder functions as heater, 

cooler and regenerator. As in kinematic engines, gases such as he-

lium and hydrogen with high heat transfer coefficient are used as 

working fluid in this type of engines. While the reciprocating move-

ment of the piston creates the compression-expansion processes, the 

displacer piston moves the working fluid between the hot and cold 

regions, thus providing the heat flow required for the cycle. The os-

cillation of the displacer piston, which has a very small mass com-

pared to the power piston, is damped by the working fluid flowing 

from the regenerator and is supported by springs and the compressi-

bility effect of the working fluid. The heavy power piston, oscillates 

without damping except for the magnetic field forces produced by 

the linear alternator. The spring between the two pistons provides the 

force required to initiate the harmonic oscillations of the displacer. 

The temperature difference in the system maintains the oscillations, 

allowing the system to operate at the natural frequency of the mass-

spring system [19]. The schematics of the Beta-type free-piston Stir-

ling engine and its basic parts are shown in Figure 9. 

 
Figure 9. The free-piston Stirling engine [24] 

The free-piston Stirling engine, which is directly connected to the 

linear alternator, allows long-term operation due to the small amount 

of part movement it has. It stands out with its low amount of wear 

and less maintenance need. Generating the engine working volume 

as a single closed unit has eliminated the problem of working fluid 

leakage [10]. In addition, the use of flexible rings in this type of en-

gine provides an advantage in terms of sealing by reducing friction 

and wear. 

In this type of engines, obtaining the power at the engine output 

linearly is a disadvantage in systems such as pumps and compressors 

[21]. In addition, the oscillations of the moving parts cannot be ad-

justed mechanically. It is determined by the interactions of the whole 

system with each other. Complex calculations are required to obtain 

the appropriate motion and power output. Due to its oscillating na-

ture, the response time is delayed compared to kinematic Stirling en-

gines and internal combustion engines. Piston positions during oper-

ation are quite critical and difficult to control. The imbalance in pis-

ton movements directly affects the power output [19]. 

3.3 Double-Acting Stirling engines 

One of the easiest ways to increase power output in Stirling en-

gines is to increase the swept volume. However, the performance of 

a single-cylinder Stirling engine with a large cylinder is limited due 
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to increased dead volume and inefficient heat transfer. By increasing 

the number of cylinders, these negativities can be prevented and the 

sweeping volume can be increased. The double-acting Stirling en-

gine designed for this purpose takes its name from the fact that its 

piston is under the influence of hot and cold working fluid on both 

sides. 

The theory of the double-acting Stirling engine was first put for-

ward by Franchot in 1853, and Babcocok produced the first double-

acting engine in 1885. In 1959, after Finkeistein and Polanski's stud-

ies on this type of engine, Siemens designed the four-cylinder dou-

ble-acting Stirling engine. The production of this engine was carried 

out by Weenan with the invention of the swash plate drive mecha-

nism. The Stirling automobile engine, produced by Philips and Ford 

companies, was also designed with a four-cylinder double-acting 

structure, and a swash plate drive mechanism was used in this engine 

[10,25]. Double-acting Stirling engine, which is a joint production 

of Ford and Philips, is shown in Figure 10. 

 

Figure 10. Ford and Philips' double-acting Stirling engine [26] 

Double-acting Stirling engines generally consist of four cylinders 

and are generally used with a swash plate drive mechanism. In this 

engine configuration, the expansion volume of one cylinder and the 

compression volume of the other cylinder are connected by flow 

channels. There are heater, regenerator and cooler on the flow chan-

nels. There is a 90  phase difference between the pistons in adjacent 

cylinders [27]. Since the pistons working with phase difference carry 

the working fluid between the heater, the regenerator and the cooler, 

they also act as a displacer. For this reason, double-acting Stirling 

engines do not have a displacer piston. A wide variety of arrange-

ments can be created with this method. A double-acting Stirling en-

gine has half the number of cylinders and pistons compared to four 

single-acting Stirling engines. This increases the power density of 

the engine, reduces production costs and simplifies the design. The 

disadvantage of double-acting Stirling engines is that the size of the 

engine cannot be reduced as easily as in single-acting Stirling en-

gines. The schematics of the four cylinder double-acting Stirling en-

gine is shown in Figure 11. 

 
Figure 11. The double-acting Stirling engine [28] 

In double-acting engines, only the piston rods are associated with 

the external environment, reducing working fluid leaks. In these en-

gines, the total net work is shared thermodynamically between the 

four cylinders with a 90  phase difference. This shows us that the 

compression and expansion operations are performed by the four 

cylinders at different times in each cycle [29]. The most common of 

the double-acting Stirling engines is the Alpha-type four cylinder en-

gine configuration [30]. 

3.4 Low temperature differential (LTD) Stirling engines 

This type of engine, which has a different structure from other 

Stirling engines, is called low temperature differential Stirling en-

gine (LTD) because it can operate at very low temperature differ-

ences [31]. LTD Stirling engines can operate at very low temperature 

differences between the hot and cold ends of the displacer cylinder. 

Due to these features, these engines are preferred in utilizing solar 

energy, in geothermal applications and in the recovery of wastes that 

can be used as a heat source [10,32,33]. LTD Stirling engines pro-

duce relatively low power. However, it is of interest when consider-

ing the possibility of power generation from heat sources at temper-

atures lower than 100 C [33]. 

The general features of LTD Stirling engines are as follows: 

Å The displacer piston/power piston swept volume ratio is large. 

Å The displacer cylinder and piston have a large diameter. 

Å The heat transfer surface area of the displacer cylinder is large. 

Å Displacer piston stroke is too small for its diameter. 

Å Engine speed is low [33,34]. 

LTD Stirling engines are examined in two groups as kinematic 

engines and ringbom engines. Many of the kinematic LTD Stirling 

engines designed in past years have a large diameter short displacer 

piston, as well as a much smaller diameter power piston. These types 

of engines are Gamma-type Stirling engines with a slider crank drive 

mechanism. In kinematic LTD Stirling engines, the displacer piston 

and the power piston are connected to the crankshaft by a connecting 

rod. 

In some LTD Stirling engines, only the power piston is connected 

to the crankshaft. The displacer piston moves freely in response to 

the pressure difference between the cylinder and the atmosphere. 

This configuration is also known as the LTD ringbom Stirling engine. 

Ross-yoke drive mechanism is preferred in some medium tempera-

ture difference engines. Due to the complexity of the mechanical 

structures, low and medium temperature differential Stirling engines 

with Rhombic or swash plate drive mechanisms have not been de-

veloped. Many LTD Stirling engines use annular space between the 

displacer piston and the cylinder as the regenerator, rather than the 

porous structure [3,31,33]. In 2008, Micro Star International (MSI) 

company placed LTD Stirling engine on the motherboard for cooling 

the motherboard in computers. The LTD Stirling engine seen in Fig-

ure 12 works by taking heat from the motherboard [10]. 

 

Figure 12. LTD Stirling engine used by MSI company [35] 

One of the most important problems to be solved in Stirling en-

gines is to regulate the flow of working fluid between hot and cold 
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regions and to reduce thermal losses. In this way, the conduction heat 

transfer from the hot region to the cold region can be reduced. By 

shortening the length of the displacer piston, the compression ratio 

is also reduced as well as the temperature difference. For this reason, 

the diameters of the displacer piston and the displacer cylinder are 

enlarged to provide sufficient volume in the displacer cylinder [31]. 

Although it has limited application areas, there are many studies in 

the literature about LTD Stirling engines for the recovery of waste 

heat thanks to its ability to operate at very low temperature differ-

ences. Moreover, the cost of these studies is quite low [36]. 

3.5 Thermoacoustic Stirling engines 

In 1979, Ceperley [37,38] noticed that the phase between the pres-

sure and velocity of the working fluid in the regenerator of a Stirling 

engine is the same as in a moving acoustic wave. Thus, the idea of 

using acoustic waves instead of moving pistons was put forward to 

control the gas movement and gas pressure in the Stirling cycle 

[3,39-41]. 

Thermoacoustic Stirling engines work with the acoustic power 

created by heating and cooling on the working fluid. With the high 

amplitude acoustic waves produced, heat can be pumped from one 

place to another, as well as electricity generation with acoustic-elec-

tric converters. Having few moving parts has eliminated sealing and 

lubrication problems. The high amplitude acoustic standing waves 

in these engines cause compression and expansion processes similar 

to the power piston. On the other hand, acoustic motion waves oper-

ating with phase difference act as a displacer piston and cause dis-

placement along the temperature gradient. For this reason, thermo-

acoustic Stirling engines do not have a displacer piston as in Beta or 

Gamma-type engines. Thermoacoustic Stirling engines are designed 

in three types, as traveling-wave engines, standing-wave engines and 

traveling-standing wave hybrid-type engines. 

The traveling-wave thermoacoustic Stirling engine consists of a 

looped-tube in which a thermoacoustic core is inserted. Thermo-

acoustic core consists of heater, regenerator and cooler. The looped-

tube connecting both sides of the thermoacoustic core acts as the pis-

ton in Stirling engines. When the temperature difference on the re-

generator exceeds a certain value, the gas oscillates. For acoustic os-

cillation to reach saturation, the power generated in the core must be 

balanced. In the traveling-standing wave hybrid-type engine, the 

traveling-wave loop is located near the velocity node of the standing-

wave resonator. Thus, viscous losses in the regenerator are reduced 

and performance is improved. The acoustic power obtained as a re-

sult of the oscillations flows from the hot side of the regenerator to 

the cold side and is amplified by the energy conversion effect of the 

Stirling cycle. While some of this acoustic power feeds back to the 

regenerator through the looptube, the rest goes to the resonator as 

output power [3]. The standing-wave thermoacoustic Stirling engine 

can be considered as a simplified version without any feedback sys-

tem. Although this type of thermoacoustic engine does not offer as 

much efficiency as the traveling-wave configuration, it provides the 

opportunity to obtain similar operating characteristics and ad-

vantages with a simpler structure [42,43]. With standing-wave ther-

moacoustic Stirling engines, power generation from a low and me-

dium temperature source is also possible. The engine is a straight 

line with the thermoacoustic core placed close to one end. Intentional 

imperfect heat exchange between the gas and the walls is necessary 

for energy conversion to occur with heat exchange during the move-

ment of the working fluid. Therefore, the cycle cannot be reversed. 

As an example Traveling-standing wave hybrid-type thermoacoustic 

Stirling engine is shown in Figure 13.  

 
Figure 13. Traveling-standing wave hybrid-type thermoacoustic engine [3] 

Thermoacoustic Stirling engines usually have one thermoacoustic 

core. However, using only one core is efficient at high temperatures, 

and performance decreases at low operating temperatures. It is rec-

ommended to use more than one thermoacoustic core to reduce the 

starting temperature and increase the efficiency. 

3.6 Liquid piston Stirling engines 

Liquid piston Stirling engines do not have any moving mechanical 

parts. In these engines, the water column acts as a piston. Volume 

changes in the engine are only provided by these liquid pistons. One 

of the best known of this type of engine, the Fluidyne engine, was 

patented in 1969 at the UKAEA Atomic Energy Research Establish-

mentôs Harwell Laboratory by West [44]. Liquid piston engines con-

sist of three groups as Fluidyne engine, two-phase thermo-fluidic liq-

uid piston engine and hybrid solid-liquid piston Stirling engine. The 

drawing of the Fluidyne engine designed by West is shown in Figure 

14. 

 
Figure 14. Fluidyne engine [45] 

Hybrid solid-liquid piston Stirling engines have both liquid and 

solid pistons. These engines can be thought of as a combination of 

Fluidyne engines and kinematic LTD Stirling engines. Liquid piston 

Stirling engines operate at relatively low temperature differences, 

low power output and low efficiency. Average working pressures 

are around 1 bar when air is used as the working fluid. Pressurization 

cannot be done so that the liquid does not come out of the system. 
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However, the low cost and effortless production of these engines 

outweighs these disadvantages. It is generally used for applications 

such as water pumping in rural areas where solar energy, geothermal 

energy, biomass energy and industrial waste heat are used [3,17]. 

Liquid piston Stirling engines first convert the heat energy into the 

oscillation of the liquid pistons. Then, the output power obtained 

through the variation of the dynamic pressure of the working fluid 

can be used as pumping or electrical power [46]. As seen in Figure 

14, when the liquid column in the displacer starts to oscillate, it 

causes the working fluid to oscillate between the hot and cold zones. 

Temperature changes in the working fluid create dynamic pressure 

forces that force the liquid column in the outlet line to move up and 

down periodically. Thus, the applied heat is converted into work in 

the form of fluid motion periodically observed in the fluid column. 

In these engines, the hot end column in the displacer is produced 

shorter than the cold end column, providing a faster response. In this 

way, the phase difference required for the Stirling cycle is provided. 

4. Cylinder Arrangements 

Stirling engines are divided into three classes according to their 

cylinder arrangements: Alpha (Ŭ), Beta (ɓ) and Gamma (ɔ). In Ŭ-

type Stirling engines, two different pistons in compression and ex-

pansion volumes work with 90Á phase difference. Piston and dis-

placer piston are used in ɓ and ɔ-type engines. In ɓ-type engines, a 

power piston and a displacer piston work in the same cylinder. In ɔ-

type engines, piston and displacer piston move in two different cyl-

inders with a phase difference [3,10,47]. Schematic representations 

of Alpha, Beta and Gamma Stirling engines are shown in Figure 15. 

 

Figure 15. Cylinder arrangements in Stirling engines 

 

4.1 Alpha (Ŭ) type Stirling engines 

Alpha-type Stirling engines have two different power pistons 

called compression and expansion pistons. The cylinder with the ex-

pansion piston can be called the hot volume, and the cylinder with 

the compression piston can also be called the cold volume. Power 

pistons operate with 90Á phase difference in different cylinders con-

nected by heater, cooler and regenerator. This phase difference 

means that when one piston is at the bottom or top dead center, the 

other piston will be halfway through its stroke. Moving the pistons 

with a phase difference of 90Á ensures the circulation of the working 

fluid between the hot and cold cylinders. This circulation is most ef-

ficient by placing the hot and cold cylinders in a V shape. Alpha-

type engines are designed and classified with four different cylinder 

groups as circular, parallel, V and opposing cylinders. If the cylin-

ders are placed in parallel, the pistons are driven by two different 

journals on the crankshaft. There is an angle difference of 90Á be-

tween these journals [48]. The Alpha-type Stirling engine and its 

basic parts are shown in Figure 16. 

 
Figure 16. The Alpha-type Stirling engine 

Although Alpha Stirling engines have a high power-to-volume ra-

tio, they also have some disadvantages. Having two different power 

pistons in two different cylinders of these engines, which work with 

high-pressure working fluid, increases the sealing problems. While 

one power piston and connecting rod are sealed in Beta-type engines, 

sealing is essential for both power pistons in Alpha engines. Thanks 

to the small diameter of the connecting rod, the sealing problem can 

be solved much more easily than with a power piston.  

4.2 Beta (ɓ) type Stirling engines  

In Beta-type Stirling engines, a single power piston and a dis-

placer piston work coaxially within the same cylinder. While this 

cylinder is heated from one end, it is cooled from the other end. The 

region between the power piston and the displacer piston is called 

the cold volume (compression chamber), and the region above the 

displacer piston is called the hot volume (expansion chamber) [23]. 

During its movement in the cylinder, the working fluid passes 

through the heater, regenerator and cooler respectively. When the 

working fluid is in the cold volume, the power piston performs the 

compression process. When the working fluid passes to the hot end 

of the cylinder, it expands and pushes the power piston. The power 

piston, pushed by the effect of the hot working fluid, moves the 
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crankshaft and thus the heat energy is converted into mechanical en-

ergy. Beta-type engines can be designed with kinematic or free-pis-

ton arrangements. The Beta-type Stirling engine and its basic parts 

are shown in Figure 17. 

While the displacer piston and the power piston are located in the 

same cylinder in Beta-type engines, these pistons are in different cyl-

inders in Gamma-type engines. The displacer piston, which provides 

the passage of the working fluid between the hot and cold ends, is 

located in the cylinder with a space and does not receive power from 

the working fluid. Many Beta-type Stirling engines do not have a 

visible regenerator structure. In such arrangements, the surface be-

tween the displacer piston and the cylinder provides some regenera-

tive effect and enables the working fluid to exchange heat cyclically. 

As in Alpha-type Stirling engines, there is a 90Á phase difference 

between the pistons in Beta-type engines [49]. However, since the 

pistons are in the same cylinder, this phase difference is usually pro-

vided by the rhombic drive mechanism. 

In low pressure Beta-type Stirling engines, the regenerator area is 

positioned around the displacer piston, and the flow of the working 

fluid between the hot-cold volumes is ensured through the space be-

tween this piston and the cylinder. In this type of engines, it is nec-

essary to increase the length of the displacer piston, and in engines 

operating with high charge pressure, the heat transfer surface area 

should be increased [50]. Increasing the heat transfer surface area is 

possible by using a separate heater, cooler and regenerator. In Beta-

type Stirling engines, the engines with a displacer piston with regen-

erator are called ñStirling-typeò, and those using an external regen-

erator are called ñRankine-Naiper-typeò [10,32,48]. 

 

Figure 17. The Beta-type Stirling engine 

Beta-type Stirling engines have some design difficulties due to the 

power piston and displacer piston working with phase difference in 

the same cylinder. However, contrary to these difficulties, it has 

many advantages such as low dead volumes, high compression ra-

tios, operation at low temperature differences, less sealing problems 

compared to other cylinder configurations, and higher efficiency. In 

addition to these advantages, Beta-type engines are frequently pre-

ferred in studies to increase power and efficiency in Stirling engines 

due to their high power to volume ratio [51]. 

4.3 Gamma (ɔ) type Stirling engines  

Gamma-type Stirling engines have a power piston and a displacer 

piston, as do Beta-type engines. However, in this engine type, the 

displacer piston is not coaxial with the power piston, but in a differ-

ent cylinder. With this cylinder structure, complications caused by 

the displacer piston rod passing through the center of the power pis-

ton are prevented, and gas leaks in this area are prevented. In 

Gamma-type engines, cylinders can be designed in parallel as well 

as with an angle of 90Á. As in Alpha and Beta-type engines, there is 

a 90Á phase difference between the movements of the pistons in 

Gamma-type Stirling engines. 

One of the cylinders in the Gamma-type Stirling engine performs 

the expansion and compression of the working fluid by means of a 

power piston, and the other performs the heating and cooling of the 

working fluid through the displacer piston. The two cylinders are 

connected to each other by means of a pipe. The regenerator can be 

placed inside or outside the displacer cylinder as in Beta-type en-

gines. The displacer piston operates with a gap between the hot and 

cold volume. The up and down movement of this piston carries the 

working fluid flowing between the cylinder and the piston between 

the heater, the regenerator and the cooler. The cold volume contains 

the cylinder with the power piston and the cooler side of the displacer 

piston. Gamma-type Stirling engines can have kinematic and free-

piston arrangements. The Gamma-type Stirling engine and its basic 

parts are shown in Figure 18. 

 

Figure 18. The Gamma-type Stirling engine 

Cyclic heating and cooling of the working fluid causes it to ex-

pand and compress, as in other Stirling engines. Thus, while being 

transported between hot-cold cylinders, it transfers its energy to the 

power piston in the cold cylinder. Gamma-type engines, which are 

generally seen in multi-cylinder examples, have some disadvantages 

although they have a simple mechanical structure. The fact that the 
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power piston and the displacer piston are in separate cylinders in-

creases the dead volumes in these engines, thus reducing their com-

pression ratio and efficiency. Its advantages are ease of design, it 

does not require sealing on the displacer piston rod, as in Beta-type 

engines, so only the power piston is sealed. 

Finally, Gamma-type Stirling engines consist of four different 

groups called Lauberau-Schwartzkopff, Heinrici, Rainbow and Rob-

inson. In the Lauberau-Schwartzkopff Gamma-type Stirling engine, 

the regenerator area is located on the displacer piston. In Heinrici-

type engines, the power and displacer cylinders are in parallel posi-

tion, and the cold and hot volumes are connected to each other by 

the use of external regenerators. In Robinson-type Stirling engines, 

there is a 90Á phase difference between the power and displacer cyl-

inders [10,52]. The advantages and disadvantages of these cylinder 

arrangements used in Stirling engines are shown in Table 1. 

Table 1. Comparison of the cylinder arrangements 

  Advantages Disadvantages 

Alpha 

-High power to volume ratio. 

-Simplest mechanical structure 

[53]. 

-It has a compact structure and 

high specific power, with the 

double-acting piston design 

[3,23]. 

-Both power pistons ope-

rating in different cylin-

ders must be sealed [54]. 

-For high engine volumes, 

system weight is a prob-

lem. 

Beta 

-It has a more compact struc-

ture. The system weight is low 

[54]. 

-Only one power piston and 

displacer piston rod must be 

sealed. 

-The amount of dead volume is 

low and can be designed at 

high compression ratio. 

-It has a more complex 

mechanical structure. 

-Its design and production 

is quite laborious. 

Gamma 

-It has a simpler mechanical 

structure. It is more effortless 

to design and manufacture 

[23,55]. 

-It is quite suitable for opera-

tion at low temperature diffe-

rences. 

-It is the best cylinder configu-

ration for sealing. 

-The high amount of dead 

volume reduces efficiency 

and power. It also works at 

low compression ratios 

[3,55]. 

 

5. Drive Mechanisms 

In Kinematic Stirling engines, many different drive mechanisms 

are used for motion transmission and control. The most preferred 

ones are rhombic, wobble plate, slider crank, swash plate, ross-yoke, 

scotch-yoke drive mechanisms. The amplitudes and phases of the 

movements of the power piston and the displacer piston are deter-

mined by these connections. These mechanisms are mechanically 

complex, but their analysis is relatively simple compared to other 

types of Stirling engines. Many different types of drive mechanisms 

have been designed throughout the development of Stirling engines. 

With different mechanisms, high cost, wear, vibration, noise, sealing, 

lubrication and imbalance problems were tried to be eliminated, and 

it was aimed to improve power output and efficiency. Today, the de-

velopment of these drive mechanisms continues to be an important 

field of study. The advantages and disadvantages of these drive 

mechanisms used in Stirling engines are shown in Table 2. 

Table 2. Comparison of the drive mechanisms 

  Advantages Disadvantages 

Rhombic 

-Low lateral forces, low 

vibration, small engine 

size, good sealing, suitable 

for high pressure and high 

power, suitable for single 

and multi-cylinder engines 

[8,10,19,52,57]. 

-Mechanically comp-

lex, high number of 

parts [8,10,19,52,57]. 

Wobble 

Plate 
-Low cost [57]. 

-High friction, lubrica-

tion problem [57]. 

Slider 

Crank 

-Easy to manufacture, low 

resistance forces [10]. 

-There is a balance 

problem, lateral fric-

tion is high [10,57] 

Swash 

Plate 

-Suitable for high pressure 

and high power, compact 

structure, small engine 

size, suitable for mass pro-

duction and good sealing 

[10,14]. 

-It has lubrication and 

friction problems, not 

economical, difficult to 

manufacture, only sui-

table for multi-cylinder 

engines [14,65]. 

Ross-Yoke 

-Balanced, low friction, 

low vibration, low noise, 

low wear, easy to manufac-

ture and economic [10,57]. 

-Only suitable for 

small engines [10]. 

Scotch-

Yoke 

-Low wear, low lateral for-

ces [10]. 

-Only suitable for 

small engines [71,72].   

5.1 Rhombic drive mechanism 

The rhombic drive mechanism was first designed by Meijer in 

1953. This motion transmission mechanism, which was designed for 

Stirling engines, was started to be used in Philips engines in 1954 

[7,10,32,55]. The rhombic drive mechanism consists of two gears 

rotating in opposite directions and a rod mechanism combined with 

a crankshaft. The power piston rod connects to the upper link and 

the displacer piston to the lower link. With the help of this connec-

tion type and gears, 90Á phase difference is created between the pis-

tons [56,57].  With the use of rhombic drive mechanism in Stirling 

engines, lateral forces and vibrations are reduced, sealing problems 

are eliminated and engine dimensions are reduced [7,58]. It also al-

lows operation at higher pressures for higher specific power genera-

tion. This mechanism, which is generally used in single-cylinder 

Beta-type Stirling engines, can also be used in multi-cylinder en-

gines side by side or opposite. [7,10,19,57] Beta-type Stirling engine 

with rhombic drive mechanism and drive mechanism parts are 

shown in Figure 19. 

 

Figure 19. ɓ-type Stirling engine with rhombic drive mechanism [59,60] 
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5.2 Wobble plate drive mechanism 

The wobble plate drive mechanism was first used by Siemens in 

1860 in Stirling engines [57]. In the wobble plate drive mechanism, 

two pistons are placed side by side and connected to each other by a 

rocker mechanism. The mechanism oscillates, giving movement to 

the piston connecting rods at both ends. Generally used in double-

acting Stirling engines, this mechanism is also used in compressors 

and internal combustion engines [61]. The main advantage of the 

wobble plate drive mechanism is its low cost. As a disadvantage, it 

can be said that the high amount of wear and friction losses caused 

by lubrication problems [10]. Detailed views of the wobble plate 

drive mechanism are shown in Figure 20. 

 

Figure 20. Wobble plate drive mechanism [62,63] 

5.3 Slider crank drive mechanism 

The slider crank drive mechanism has been used extensively since 

the invention of internal combustion engines. It is also widely used 

in Stirling engines thanks to its ease of manufacture advantage. Since 

the displacer piston is supported through the power piston rod, the 

resistance forces are minimized. However, the power piston is driven 

by the connecting rod, which makes an oscillating movement. This 

increases the frictional forces in the lateral direction.  

Especially in Alpha and Gamma-type Stirling engines, the cylin-

ders are placed in a V shape. Ease of manufacture is provided by 

connecting the piston-piston or piston-displacer piston to the same 

rod journal [3,23]. The disadvantage of this mechanism is difficulties 

in balancing. Beta-type Stirling engine with slider crank drive mech-

anism is shown in Figure 21. 

 

Figure 21. Slider crank drive mechanism [64] 

5.4 Swash plate drive mechanism 

The swash plate drive mechanism, which is widely used in hy-

draulic pumps and compressors, was produced in Stirling engines in 

the 1970s with the license of Philips for use in automobiles and was 

tested by Ford and General Motors companies. Stirling engines with 

swash plate drive mechanism have been also manufactured by 

United Stirling, Malmo and MAN-MWM companies independently 

of Philips license for underwater power systems [7]. This mecha-

nism is used in multi-cylinder engines. It is preferred in Stirling en-

gines, which aim high power output, thanks to its more compact 

structure compared to the rhombic drive mechanism [10]. The swash 

plate drive mechanism has several advantages such as reducing en-

gine dimensions, suitability for mass production, good sealing and 

providing desired torque characteristics. As disadvantages, it is dif-

ficult to produce, not economical, hydrodynamic lubrication and 

friction problems at low speeds [14]. As the number of cylinders in-

creases, the balance problem decreases in engines using swash plate 

drive mechanism. It is suitable for use in at least three-cylinder en-

gines [65]. A Stirling engine with swash plate drive mechanism is 

shown in Figure 22. 

 

Figure 22. Stirling engine with swash plate drive mechanism [32] 

5.5 Ross-Yoke drive mechanism 

Ross-yoke drive mechanism, designed by Ross for Stirling en-

gines in 1976, is used in small Stirling engines [10]. In the ross-yoke 

drive mechanism, two parallel pistons are connected to the crank-

shaft by a triangle mechanism. Since the lateral forces are mutually 

balanced in this mechanism, friction, wear, vibration and noises are 

reduced [57]. Its design is easy and its production cost is very low. 

A small Stirling engine for hobby with ross-yoke drive mechanism 

is shown in Figure 23. 

 

Figure 23. Stirling engine with ross-yoke drive mechanism [66] 

5.6 Scotch-Yoke drive mechanism  

In the scotch-yoke drive mechanism, which was designed for the 

first time by Parsons, the alternative movement of the piston is con-

verted into circular movement by the journal moving in the slot 

[67,68]. In this mechanism, which has fewer moving parts compared 

to other systems, as in the rhombic drive mechanism, the wear on the 

parts is minimized since the lateral frictional resistance is reduced 

[10]. Scotch-yoke drive mechanism is used in small Stirling engines 

without the use of any lubricating element [54,69].  The schematic 




