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ABSTRACT: The first-generation gamma-type Stirling engine prototype, intended for micro 

combined heat and power applications, was manufactured and tested in 2018. Still, the findings were 

not promising due to its low performance. The goal of this research is to improve the performance of 

the gamma-type Stirling engine by using the ideal cycle thermodynamic analysis approach to plan 

more comprehensively. The research approach employed in this study is an experiment that begins 

with the design, fabrication, testing, and evaluation of the Stirling engine's components. With air as 

the working fluid, the second-generation gamma-type Stirling engine was created and tested. The 

maximal volume of this engine is 0.000201 m3. The heat source employed in the test had an average 

temperature of 674oC. The results showed that, while not dramatically, the performance engine 

improved. The value of thermal efficiency, engine speed, and power output all increased. The 

average thermal efficiency is 24.6%. Meanwhile, the engine speed and power generated averaged 415 

rpm and 37.9 W. This increase in performance is a compelling reason to continue to develop the 

gamma-type Stirling engine in the future. 
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1.0 INTRODUCTION 
 

The issue of saving and using environmentally friendly energy sources encourages 

engineers worldwide to continue developing thermal energy conversion systems that have 

higher efficiency. This problem occurs as a result of rising global energy consumption and 

increasing environmental impact daily. Indonesia's energy demand is expected to rise 

through 2050, owing to economic growth, population, energy pricing, and government 

regulations. The annual growth rate of total energy demand is 5.3 per cent. Energy demand 

is expected to rise from 795 million BOE in 2016 to 4,569 million Barrels of Oil Equivalent 

(BOE) in 2050 [1]. As a result of these facts, it is vital to consider energy-saving initiatives in 

various areas [2-5]. Another way is to build a combined heat and power (CHP) system, 

which uses only one fuel and produces both heat and electricity simultaneously. A Stirling 

engine is typically utilized in a micro-scale CHP system. 
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The Stirling engine was chosen for development because it can run on various heat sources, 

including renewable fuels, waste heat, and solar energy. Controllable combustion, long life, 

extended maintenance time, high efficiency, noise, low vibration, and low emissions are all 

advantages of the Stirling engine [6-12]. Based on their configuration, the Stirling engine is 

divided into three categories: alpha (α), beta (β), and gamma (γ). Each configuration has its 

own set of advantages and disadvantages. An overview of the development of several 

gamma-type Stirling engine models from time to time can be seen in Figure 1 [13-26] . 

Because of the same thermodynamic advantages as the design beta, the authors are more 

interested in constructing a gamma-type Stirling engine in this study [27]. Its construction 

is simpler, and it can move at low-temperature differences. 
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Figure 1: Description of the development of the Stirling gamma type engine model  
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Figure 1: Description of the development of the Stirling gamma type engine model (continued) 

 

The first generation gamma-type Stirling engine was manufactured and tested in 2018. This 

engine uses air as the working fluid and has a compression volume of 106 cm3. The resultant 

pressure is 1.82 bar, according to the calculations. With a thermal efficiency of 18.78%, the 

best engine capability is attained at 242.6 rpm and 12.9 W [8]. Based on this investigation, it 

has been discovered that the engine performance is still relatively low, necessitating a more 

detailed design and analysis before the engine can be manufactured. This research aims to 

use an ideal cycle thermodynamic analysis approach to examine the prototype of the 2nd 

generation gamma type Stirling engine. 

 

 

2.0  METHODOLOGY 
 

2.1        Ideal Stirling Cycle 

 

Robert Stirling invented the Stirling engine in Scotland in 1816, about 80 years before the 

Diesel engine, and it was a commercial success until the early 1900s [27]. Since then, several 

methods for analyzing the Stirling engine have been devised, ranging from simple to 

complex. The Stirling engine thermodynamic analysis model has been widely given in the 

literature, with varied assumptions. Stirling engine modelling can be divided into three 

categories. The ideal analysis calculates the theoretical performance of an engine with a zero 

or infinite convection heat transfer coefficient [28-30]. The combined analysis is based on the 

smooth discretization of engines in different control volumes, taking into account all major 

disadvantages [27]. The most basic model in the calculation and analysis of the Stirling 

engine is the ideal Stirling cycle based on the thermodynamic solution approach. 

 

The ideal Stirling engine cycle is shown in the P-V and T-S diagram in Figure 2 [27]. The 

ideal Stirling cycle consists of four processes, namely compression, regeneration, expansion, 

and regeneration.  
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Figure 2: Ideal Stirling cycle P-V and T-S  

 

Process 1-2 is an isothermal compression process in which heat is transferred from the 

working fluid to the outer fin at a temperature of Tmin. This procedure is defined by the 

piston compressing the working fluid to increase the pressure from P1 to P2. Because heat 

flows from the cooler to the environment, the temperature remains constant. 

 

Process 2-3 is an isochoric regeneration process in which heat is transferred from the 

regenerator matrix to the working fluid. The working fluid is moved from the compression 

chamber to the expansion chamber via the porous regenerator, with the two pistons running 

simultaneously. The piston moves towards the regenerator and the displacer away from the 

regenerator so that the volume between the pistons remains constant. The working fluid has 

been preheated in the regenerator. The working fluid temperature increases from Tmin to Tmax 

by transferring heat from the regenerator matrix to the working fluid.  

 

Process 3-4 is an isothermal expansion process, transferring heat to the working fluid at 

temperature Tmax from the external heat source. This process occurs when the displacer 

moves away from the regenerator towards the lower dead centre while the compression 

piston remains at the top dead centre adjacent to the regenerator. Pressure decreases as 

volume increases. The temperature remains constant by adding heat to the system from the 

heater.  

 

Process 4-1 is an isochoric regeneration process, transferring heat from the working fluid to 

the regenerator matrix. This process occurs when both pistons move simultaneously to 

transfer the working fluid from the expansion chamber to the compression chamber through 

the regenerator at a constant volume. Heat is transferred from the working fluid to the 

regenerator matrix. During the working fluid flow through the regenerator, heat is 

transferred from the working fluid to the regenerator matrix, which reduces the working 

fluid temperature to Tmin.  

 

The ability of the Stirling engine is determined by several parameters like the Otto and 

Diesel engines, such as thermal efficiency, engine speed, torque, and power produced. 

Especially for the Stirling engine, another parameter that shows capability is the 
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temperature difference on the hot and cold sides. The thermal efficiency of the ideal Stirling 

cycle can be calculated by equation (1) [24]. 

𝑡ℎ = 1 −
𝑇1

𝑇3
= 1 −

𝑇𝑚𝑖𝑛

𝑇𝑚𝑎𝑥
= 1 −

𝑇𝐶

𝑇𝐸
     (1) 

where 

T1 = T2 = Tmin = TC = Compression space temperature 

T3 = T4 = Tmax = TE = Expansion space temperature 

 

The first stage for designing the Stirling engine is to determine the diameter and stroke of 

the piston and calculate the stroke volume for the displacer, VSE, and stroke volume for the 

piston, VSC using equations (2) and (3) [31]. 

 

 𝑉𝑆𝐸 =


4
× (𝐵𝑑𝑝)

2
× 𝑆𝑑𝑝     (2) 

𝑉𝑆𝐶 =


4
× (𝐵𝑝𝑝)

2
× 𝑆𝑝𝑝    (3) 

 

Where Bdp and Bpp are the diameters of the displacer and piston. Sdp and Spp are displacer and 

piston steps from top dead centre to bottom dead centre.  

 

The volume of expansion space (VE), compression volume (VC), and total volume (V) can be 

calculated by equations (4), (5), and (6) [24,31].  

 

𝑉𝐸(𝛼)  =  
𝑉𝑆𝐸

2
[1 − 𝐶𝑂𝑆(𝛼)]     (4) 

𝑉𝐶(𝛼)  =  
𝑉𝑆𝐸

2
(1 + 𝐶𝑂𝑆 𝛼)  + 

𝑉𝑆𝐶

2
[1 − 𝐶𝑂𝑆(𝛼 −  𝜑)]     (5) 

𝑉(𝛼) =  𝑉𝐸 + 𝑉𝐷 + 𝑉𝐶    (6) 

 

Where α is the crank angle that is used to determine the expansion volume and compression 

volume at different crank angles, which are 0o to 360o. Whereas φ is the difference in angle 

between the displacer and the power piston, it is called the phase angle. This phase angle is 

90° on the gamma-type Stirling engine, which means that the piston displacer and power 

piston will move sinusoidally with each other.  

 

In ideal conditions, all working fluids are located in the expansion and compression 

chamber. But because most Stirling engines have a dead volume (VD) of 40-50% of the total 

volume [23]. VD is the sum of the dead volume in the expansion cylinder (VDE) and 

compression (VDC) and the regenerator chamber (VR). This dead volume causes a decrease 

in pressure and total efficiency. VD is calculated by equation (7) [31].  

 

VD = VDE + VR + VDC    (7) 

 

Furthermore, the important parameter of the Stirling engine is the compression ratio. The 

compression chamber volume consists of two parts because the gamma-type Stirling engine 

uses the compression chamber piston and the displacement to suppress the working fluid. 

The Stirling engine compression ratio is a function of the crank angle. Because the heat 

exchanger and regenerator have a large dead volume, the Stirling engine only achieves a 
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compression ratio of around 2-3, while the Otto and Diesel engines have a value of around 

9-22 [24]. The compression ratio on the Stirling engine can be calculated by equation (8) [24].  

 

 = 1 + 
𝑉𝑆𝐶

𝑉𝑆𝐸+𝑉𝐷
    (8) 

 

The work generated in the ideal Stirling cycle is represented by isothermal compression 

processes and isothermal expansion processes. Both of these processes can be calculated 

using a thermodynamic analysis approach. The isothermal compression process of the 

working fluid between points 1 to 2 in Figure 2 involves the transfer of heat from the 

working fluid to the coolant/fin at Tmin. Pressure, heat, and work in the 1-2 process, then 

equations (9) and (10) apply [27].  

 

𝑃2 =
𝑃1𝑉1

𝑉2
=  𝑃1𝑟𝑣    (9) 

and 

𝑊𝑐 = 𝑄1−2 = 𝑄𝑜𝑢𝑡 = 𝑚 × 𝑅 × 𝑇1 × ln (
1

𝑟𝑣
)    (10) 

 

The isothermal expansion process between points 3 to 4 in Figure 2 is characterized by the 

temperature being kept constant by adding heat to the system from an external source at 

Tmax. Pressure, heat, and work in the 3-4 process, then equations (11) and (12) apply [27].  

 

𝑃4 =
𝑃3𝑉3

𝑉4
=  𝑃3 (

1

𝑟𝑣
)    (11)  

and 

𝑊𝐸 = 𝑄3−4 = 𝑄𝑖𝑛 = 𝑚 × 𝑅 × 𝑇3 × ln (
1

𝑟𝑣
)    (12) 

 

where rv is the ratio of expansion and compression volume assuming V2 = V3 = Vmin and V1 = 

V4 = Vmax calculated by equation (13) [27].  

 

𝑟𝑣 =
𝑉1

𝑉2
=

𝑉4

𝑉3
    (13) 

 

The mass of the working fluid is calculated using the ideal gas equation approach (14).  

 

𝑚 =
𝑃1 𝑥 𝑉1

𝑅 𝑥 𝑇1
    (14) 

 

R is the constant gas value, the R-value of several working fluids often used in Stirling 

engines as shown in Table 1 [32].  

 

Table 1. Gas constant properties 
Working fluids Air Helium, He Hydrogen (normal), H2 

R, kJ/kg·K 0.2870 2.0769 4.1240 

 

While processes 2-3 and 4-1 are isochoric regeneration, the pressure in these two processes 

can be calculated by equations (15) and (16) [27]. 
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𝑃3 =
𝑃2𝑇3

𝑇2
=

𝑃2

𝜏
    (15) 

and 

𝑃1 =
𝑃4𝑇4

𝑇1
= 𝑃1𝜏    (16) 

 

The work performed by the cycle according to the first law of thermodynamics is calculated 

by equation (17).   

 

𝑊𝑛𝑒𝑡 = −[𝑄1−2 + 𝑄3−4] = 𝑄𝑖𝑛 − 𝑄𝑜𝑢𝑡    (17) 

 

The power generated in the ideal Stirling cycle can be calculated using equations (18) and 

(19).  n is the rotational speed of the Stirling engine. 

 

𝑃 = 𝑛 × 𝑊   (18) 

or 

𝑃 = 𝑛.
1

60
𝑊    (19) 

 

   

2.2  Experimental Setup 

 

Tests are carried out in research to obtain experimental data. The variables measured in this 

study include the temperature profile, namely the temperature of the heat source (TS), the 

temperature on the hot side (TE), the temperature on the cold side (TC), and the temperature 

in the cooling water (TW). Besides, the engine speed is also measured at the flywheel. An 

illustration of the tests that will be carried out in the research is shown in Figure 3. Apart 

from the Stirling engine, several measuring instruments are needed to obtain the research 

variables measured. The temperature controller used is Autonics T4WM. The T4WM digital 

temperature indicators can display up to 5 input channels from separate sensors. The units 

feature high accuracy measurement and display of ± 0.5%, and users can select auto or 

manual channel switching based on preference. The auto-switching time interval can be set 

up to 10 seconds. While the thermocouple used is type K (Chromel (Ni-Cr alloy)/Alumel 

(Ni-Al alloy) with a temperature range of −200°C to +1200°C. To measure engine rotational 

speed (n), a Krisbow tachometer type KW 06-563 is used digital contact/non-contact 

tachometer. This tachometer has an accuracy ± (0.05% + 1 digit) with a measuring range of 

2 to 99.999 rpm for non-contact conditions.  
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Figure 3: Experimental setup 

 

The fuel used in this test is 3 kg liquid petroleum gas (LPG) from Pertamina gas products. 

The calorific value and density of LPG are 48.8 MJ/kg and 1.71 kg/m3, respectively [33]. The 

working fluid used is air under ambient conditions. As the working fluid for the Stirling 

engine, the air is used with the initial conditions. The pressure and temperature are the same 

as the environmental conditions. 

 

 

3.0  RESULTS AND DISCUSSION 

 

3.1  Design and Manufacturing Stirling Engine 

 

The initial parameters as a reference for designing the Stirling engine have been determined 

and calculated by equations (2) and (3). The results are presented in Table 2.  

 
Table 2: Parameters Stirling engine 

Bdp, m  Sdp , m VSE , m3 Bpp , m Spp, m VSC , m3 

0.056 0.04 0.0000985 0.048 0.05 0.0000905 

 

Furthermore, the dead volume calculation is carried out in the expansion, compression, and 

regenerator pipe sections based on the measurement results and calculations on the Stirling 

engine components that have been made. At the same time, the compression ratio is 

obtained after being calculated by equation (8).  
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Table 3. Dead volume and compression ratio 

VDE , m3 VDC , m3 VR , m3 VD, m3  

0.00000246 0.00000181 0.00000763 0.00001191 1.82 

 

 

The volume of expansion space, compression volume, and total volume, which is a function 

of the crank angle after being calculated by equations (4), (5), and (6), are then displayed in 

graphical form as in Figure 4. Figure 4 shows that the minimum total volume produced is 

0.000110 m3 occurs at a 90o crank angle. While the maximum total volume occurs at the crank 

angle 270o is 0.000201 m3. 

 

  
Figure 4: Volume as a function of the crank angle 

 

Based on the data generated from the previous selection and calculation, the Stirling engine 

was built. The type of Stirling engine is gamma and is named mCHPSE-012019. The shape 

of the 2nd generation Stirling engine is as shown in Figure 5. The main components of the 

Stirling engine mCHPSE-012019 shown in Figure 5 include a heater (1), the cylinder and 

piston of displacer (2), the cylinder and piston of power piston (3), connecting rod (4), 

flywheel (5), and crankshaft (6).  

 

The displacer cylinder is a part of the Stirling engine that receives hot air from the heater, 

which is then transferred to the power piston cylinder through the displacer piston. At the 

end of this displacer, there is a heater as a heater for the Stirling engine. The displacer 

cylinder is made using cast iron with a thickness of 3 mm, a length of 65 mm, and a diameter 

of 60 mm. This cylinder is equipped with a water jacket that functions as a coolant for the 

displacer cylinder with a length of 55 mm, an inner diameter of 66 mm, and an outer 

diameter of 76 mm. The displacer piston is a piston located in the displacer cylinder, which 

functions as a transfer of air from the hot side to the cold side. The displacer piston has a 
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gap with the cylinder wall, which functions as an alternating airflow. In this design, the 

piston and the cylinder wall difference is 2 mm from a predetermined difference of at least 

1 mm. This difference of two mm is taken to compensate for the expansion of the piston 

when it receives heat. This piston is made of aluminium with a thickness of 1 mm, a length 

of 80 mm, and a diameter of 56 mm. The heater is the heat exchanger component in the 

Stirling engine. This component is located at the end of the displacer cylinder. The heater is 

made of copper with a thickness of 3 mm, a length of 60 mm, and a diameter of 60 mm.  

 
Figure 5: A gamma-type Stirling engine that has been manufactured 

 

The power piston cylinder is a component of the Stirling engine on the cold side. This 

cylinder is made of cast iron with a thickness of 3 mm, a length of 120 mm, and a diameter 

of 48 mm. This cylinder is equipped with a water jacket that cools the power piston cylinder 

with a length of 117 mm, an inner diameter of 54 mm, and an outer diameter of 64 mm. The 

power piston is a component of the Stirling engine that functions to move power to the 

crankshaft. This piston is made of fibre with a diameter of 48 mm and a length of 40 mm. 

The crankshaft is a part of the Stirling engine, which functions to change the translational 

motion of the connecting rod into rotational motion. This shaft is made of cast iron with a 

length of 160 mm and a diameter of 15 mm. The flywheel is the inertia mass to which the 

piston and displacer are combined. There is only one force, and as long as it moves, the 

flywheel gets some energy as rotational kinetic energy; as a result, the flywheel speed will 

increase. The flywheel is made using cast iron with a flywheel size of 8 mm thick and 150 

mm in diameter. The connecting rod is used to connect or as a liaison between the piston 

and the displacer and the flywheel to transmit power from the piston action in alternating 

movements between the displacer and piston when the Stirling engine is working. 

Connecting rods are made with a length of 208.5 mm and 167 mm.  
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3.2  Stirling Engine Testing  

 

The temperature of TS, TE, TC, and TW was measured and recorded. Temperature data were 

recorded every 1 minute for 30 minutes and repeated three times during the test. The 3rd 

data from the test results are averaged, and the results are presented in graphical form in 

Figure 6. 

 

 
Figure 6: The average temperature profile of the Stirling engine for three times testing 

 

Figure 6 shows that the graphs of heat source temperature (TS), hot side temperature (TE), 

and cold side temperature (TC) have the same increase pattern during the test except that 

the cooling water temperature (TW) is maintained between 33oC to 48oC. At the beginning of 

the process, there is high heat absorption by the working fluid through the heater on the hot 

side to the maximum temperature. The temperature at the beginning of the process is the 

same, which is 33oC. The heat source temperature in the first minute has a significant 

increase, from 33oC to 686oC, then only after that it starts to be almost constant in the range 

of 674oC. The average hot side temperature and cold side temperature are 264oC and 131oC. 

The temperature difference between the hot and cold sides is 132oC. Based on data on hot 

side temperature and cold side temperature, the thermal efficiency of the ideal Stirling cycle 

is obtained, which is calculated by equation (1) of 24.6%.  

 

The pattern of increase that occurs in the graph of heat source temperature, hot side 

temperature, and cold side temperature also occurs at an engine rotational speed, as shown 

in Figure 7. The engine starts moving in the first minute with an initial speed of 70 rpm, and 

after that, the average is at 415 rpm. The speed of the Stirling engine is greatly influenced 

by the heat source temperature, hot side temperature, and cold side temperature. In Figures 

6 and 7, it is also seen that the higher the difference in temperature on the hot side and the 

temperature on the cold side that enters the system, the engine rotation speed that occurs 

on the Stirling engine will increase. From the results of calculations using equations (10), 
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(12), (13), (14), (17), and (19), the average power generated by the Stirling engine is 37.9 W. 

The relationship between pressure and volume for an ideal cycle is shown in Figure 8. 

 

 
Figure 7: The average engine speed of the Stirling engine for three times testing 

 

 
Figure 8: Ideal Stirling cycle p-V diagram 

 

The relationship between pressure and volume in Figure 8 obtained after the pressure at 

each state is calculated using equations (9), (11), (15), and (16), and a relationship is made 

with Vmax and Vmin. Figure 8 is generated after conducting thermodynamic analysis in each 

process using equations (9), (11), and (15), then making a relationship with the maximum 

and minimum total volume that has been previously calculated. The initial pressure (p1) is 
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the atmospheric pressure because there is no additional pressure outside the system. The 

pressure at point 2 (p2) is obtained under isothermal conditions (process 1-2) of 1.843 bar. 

The pressure at point 3, which is the maximum pressure (p3) generated by the Stirling engine 

during the testing process, is 2.446 bar. The pressure at point 4 (p4) is 1.345 bar. 

 

4.0 CONCLUSION 

 

In this study, a prototype of the second-generation gamma Stirling engine was developed 

and tested. After analyzing the thermodynamic ideal cycle approach, the performance of 

the second Stirling engine is better than the previous generation. The thermal efficiency, 

engine rotational speed, ideal power, and Stirling engine pressure are all significantly reliant 

on the temperature differential between the hot and cold sides (T) after testing and 

studying the 2nd generation Stirling engine. The three performance parameters have a 

higher value when T is higher.  
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