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This paper uses second-order software for evaluating five Stirling engine 
parameter’s effect on its performance to select an appropriate configuration with 
optimal dimensions for its use in a concentrated solar power plant. Appropriate 
configuration, heater shape, bundle tube heat exchanger size, and regenerator 
type and geometry are studied. Results show that alpha type Stirling engine is the 
most suitable for high temperature differences, U-shaped tubes are advantageous 
in combining good efficiency and fewer pressure losses. Shortening inner 
diameter and increasing U-shaped tubes number is a good strategy to increase 
engine efficiency also an increase in tubes length generates a reduction in engine 
efficiency. Regarding the regenerator, the wire mesh regenerator presents a good 
compromise between minimum pressure drop and heat losses and provides better 
engine efficiency. For its size, better efficiency is obtained for a thicker mesh. 
Key words: Stirling engine, PROSA software, Stirling efficiency, regenerator, 

Stirling configuration, heater, working fluid. 

Introduction 

The Stirling engine was designed and manufactured by Robert Stirling and he 
patented it in 1816 [1], long before the Diesel engine (1893), the gasoline engine (1860), and 
the electric engine (1869) [2]. It is a closed-cycle regenerative externally heated engine. 
Stirling engine contains a working fluid that is generally compressed in its colder part and 
expanded in the hotter part producing a net conversion of heat into work [3]. Considering its 
characteristic of external combustion, the Stirling engine allows diversity in hot source 
choice, thereby, the Stirling engine has recently received much attention to clean, renewable, 
and free energy to reduce the amount of employed fossil fuels resources [4].  

There are three types of Stirling engines, depending on cylinders arrangement in the 
engine [2, 5]:  
–––––––––––––– 
* Corresponding author, e-mail: rabhi.louiza@gmail.com 
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– Alpha type: the simplest Stirling engine design, it contains two separate power pistons, in 
hot and cold cylinders. 

– Beta type: it consists of a simple power piston placed coaxially with a displacer. 
–  Gamma type: the oldest and most bulky configuration. It provides an appropriate 

complete separation between heat exchangers related to the displacer cylinder and, 
compression and expansion workspace related to the piston. 

The three types have the same operating principle. However, performance varies 
depending on each type [6]. 

Ye et al. [3] built 1-D thermodynamic model to quantify exergy loss in the 
regenerators. The effects of oscillating flow pressure drop, the exergy loss to flow friction, the 
exergy losses to conduction heat transfer at the hot and cold side of the regenerator, and the 
percentage of Carnot efficiency of Stirling engine were presented and studied. Munir et al. [7] 
proposed an axisymmetric CFD model able to define pumping loss for a free piston Stirling 
engine. It was validated with 12.5 kW component test power converter and effectively 
calculated indicated power, efficiency, pressure amplitude, pressure drop, and gas temperature 
in expansion and compression space at different piston amplitudes with 6% maximum 
deviation. Caetano et al. [8] presented a methodology that resolves not only of indicated 
power estimate error decrease in beta-type Stirling engines, but also simplifies extrapolation 
without the need for experimental data. Aksoy et al. [9] built and investigated a beta type 
Stirling engine with a rhombic-drive mechanism. Assessments were carried out at hot end 
temperatures of 600 °C and 800 °C for five various stages of charge pressure going from 1 to 
5 bar with 1 bar increments. Bataineh [10] developed a precise practical thermodynamic 
model for alpha-type Stirling engine with Ross Yoke mechanism. The model is utilized to 
predict output power and thermal efficiency then it is validated against experimental data. 
Geometric and operation parameters, regenerator effectiveness, dead volume ratio, 
regenerator thermal conductivity, and heat source temperature effect on engine performance 
were also evaluated. Cinar et al. [11] built and investigated the performance, at atmospheric 
pressure, of a beta-type Stirling engine. Tests were made with an electrical heater. Rabhi et al. 
[12] inspected seven parameters that influence a Gamma type Stirling engine performance. 
The engine was coupled to Linear Fresnel Solar Collector, via an under vacuum trapezoidal 
receiver.  

This paper uses second-order software for evaluating five Stirling engine parameters 
effect on its performance to select an appropriate configuration with optimal dimensions for 
its use in a CSP plant. Appropriate configuration, heater shape, bundle tube heat exchanger 
size and regenerator type and geometry were studied. 

Stirling engine modelization  

Program for Stirling machine analysis (PROSA) 2.0.4 was used to examine five 
Stirling engine parameters in order to choose the configuration with optimal dimensions to 
maximize Stirling engine performance for its use in a CSP plant. The PROSA is a second-
order evaluation software for Stirling engines with a crank or with free pistons, used as 
prime mover, cooling or heat pump machines. Different types of heat exchangers, 
regenerators and working fluids can be chosen. In addition, a modification of parameters 
and optimization are implemented in order to design Stirling engines offering optimal 
performances [13]. The software structure is modular, to make available addition of 
components: a new heat exchanger, regenerator configurations, or other thermodynamic 
cycles. By utilizing a common second-order model, the Stirling engine can be separated into 
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five volumes: two cylinders, two heat exchangers, and one regenerator. The mean working 
gas temperature is considered constant for each cylinder and heat exchanger. The 
temperature profile in the regenerator is approximated by a linear function. As regards the 
temperature profile in the regenerator, it considerably differs from a real machine with a 
linear function, which necessitates a closer look. The model used in the regenerator PROSA, 
for this reason, consists of four finite elements. Such elements encourage a good relation 
between the rise in accuracy of calculated results and in model complexity, requiring a large 
computational time [13].  

The input data selection in PROSA software starts when starting the software. Two 
windows are shown. At the first one, named cycle 1 configuration, one must choose: 
thermodynamic cycle (Stirling, Vuillemier, Duplex-Ericso), application (prime mover, 
cooling machine, heat pump), cylinder configuration (alpha, beta, gamma), and piston 
movement (sinusoidal or free piston). In the second window (cycle 2 configuration) shows 
the options: type of heat exchangers (hot and cold; if they are tube bundle or fin type), type 
of regenerator (wire mesh, foil or felt type), and type of working fluid (hydrogen, helium or 
air). The next window contains seven tabs, in which all the technical engine data are 
introduced. 

The PROSA is based on a model that takes into account all major losses. It has 
also been successfully validated compared to experimental data for different Stirling engines 
[14]. 

Configuration effect on  
Stirling engine performance 

The Stirling engine is one kind of external combustion engine that work either in 
receiving mode (heat transfer) or in driven mode (produced work). The hot source can be 
from renewable energy (solar, biomass, etc.) and the cold source can be ambient air, water, or 
frigorific fluid. The Stirling engine is working in a closed cycle. The working fluid inside the 
engine can be air, helium, CO2, nitrogen, hydrogen, etc. According to the combination of its 
compartments, the Stirling engine can be categorized in three configurations: alpha, beta, and 
gamma. The alpha configuration is the simplest one, known by its compactness. The beta 
configuration is principally composed of a simple piston placed coaxially with a displacer. 
The gamma configuration is the oldest and the most cumbersome one. It is composed of two 
separate working spaces [15]. 

The comparison of mechanical power and efficiency of three types of Stirling 
engines (α, β, and γ) is carried out in this section. Engines were considered as a prime movers 
with crank and sinusoidal piston motion. Hot source (HS) and cold source (CS) temperatures 
were 1073.63 K and 293.15 K, respectively. Fins type heat exchanger was employed for cold 
source while the hot source was a tube bundle heat exchanger. Wire mesh regenerator was 
chosen. Helium was utilized as a working fluid with an average pressure of 17 bars. 
Parameters values used as PROSA 2.0.4 software input are presented in tab. 1. 

As indicated in tab. 1 and in order to make a successful comparison between the 
three types of engine, all parameters were taken in common, namely: 
– engines general data (average pressure, phase angle...), 
– engines dimensions (cylinders diameters, materials, piston stroke...), 
– regenerator, and 
– heat exchangers (shape and size). 
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Table 1. Considered parameters for the 3 types of Stirling engine 

Engine data α-configuration β-configuration γ-configuration 
General data 

Mean working gas pressure [bar] 
HS Temperature [°C] 
CS Temperature [°C] 

Phase angle [°] 
Working fluid 

17 
880.48-100.48

20 
90 

Helium 

17 
880.48-100.48

20 
90 

Helium 

17 
880.48-100.48

20 
90 

Helium 
Geometry 

Cold cylinder diameter [mm] 
Thickness of cylinder wall [mm] 

Cylinder wall material 
Piston clearance [mm] 

Piston stroke [mm] 
Hot cylinder diameter [mm] 

Thickness of cylinder wall [mm] 
Cylinder wall material 

Displacer clearance [mm] 
Displacer stroke [mm] 
Wire mesh regenerator 

Matrix outer diameter [mm] 
Matrix inner diameter [mm] 

Matrix length [mm] 
Number of layers 

Wire diameter [mm] 
Matrix material 

Porosity 
Cold heat exchanger (fin type) 

Height of fins [mm] 
Width of fins [mm] 

Fin material 
Number of fins 

Length occupied by fins [mm] 
Hot heat exchanger (tube bundle) 

Number of tubes 
Tube length [mm] 

Inner diameter [mm] 

57.23 
10 

Stainless steel 
8.1347 

42 
57.23 

10 
Stainless steel 

8.1347 
40.4 

71.8 
60.7 

64.46 
362 

0.0889 
Stainless steel 

0.84 

3.76 
1 

Cuivre 
135 
79.2 

34 
183.4 
2.362 

57.23 
10 

Stainless steel 
8.1347 

42 
57.23 

10 
Stainless steel 

8.1347 
40.4 

71.8 
60.7 

64.46 
362 

0.0889 
Stainless steel 

0.84 

3.76 
1 

Cuivre 
135 
79.2 

34 
183.4 
2.362 

57.23 
10 

Stainless steel 
8.1347 

42 
57.23 

10 
Stainless steel 

8.1347 
40.4 

71.8 
60.7 

64.46 
362 

0.0889 
Stainless steel 

0.84 

3.76 
1 

Cuivre 
135 
79.2 

34 
183.4 
2.362 

Figures 1 and 2 show variation of engines efficiency and their output mechanical 
power according to heater temperature variation, respectively. Since the cooler temperature 
was kept constant, the increase in heater temperature generates an increase in temperature 
difference between heater and cooler. 

According to fig. 1, the alpha type Stirling engine can reach high efficiency, equal to 
45%, for temperatures above 350 °C, thus temperature differences between the heater and 
cooler higher than 330 °C. 

For temperature differences less than 330 °C, gamma type Stirling engine is the most 
efficient, followed by beta type and then alpha type with an efficiency of 10% for 200 °C. 

As regards engines output mechanical power, fig. 2 indicates that alpha type Stirling 
engine keeps its high performance compared to the other two types. In fact, it reaches high 
power from a temperature difference between heater and cooler ranging from 480 °C. For lower 
temperatures, alpha type engine becomes the least efficient compared to the two others types. 
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Figure 1. Efficiency variation of the three  
types of Stirling engine with heater  
temperature variation 

Figure 2. Output mechanical power variation  
of the three types of Stirling engine with heater 
temperature variation 

From the two previous figures, alpha type Stirling engine was selected for this study 
where a CSP plant was envisaged thus large temperature differences were considered. Other 
conclusions can be drawn from this study: the temperature difference between heater and 
cooler determines operating range of each Stirling engine type, also, power and efficiency of 
the three types increase by increasing heater temperature. 

Abuelyamen and Ben-Mansour [6] compared the output power and thermal efficiency 
of three types of Stirling engines (α, β, and γ), without the regenerator. Stirling engine was set to 
operate between 300 K and 800 K where the air is adopted as working fluid. It has been found 
that γ-type Stirling engine generates the highest power output and thermal efficiency (9.223 W 
and 9.8%). Followed by β-type Stirling engine (8.634 W and 7.5%). However, minimum 
performance is attained by the α-type Stirling engine (0.908 W and 1.8%). Consequently, the α-
type Stirling engine is adjusted to have an annular linking pipe rather than circular one. As a 
result, its performance enhanced considerably to generate 9.856 W with a thermal efficiency of 
10.5%. The difference between this study and that conducted in the present paper is not 
considering a regenerator that constitutes a very important part of the engine; in fact, a Stirling 
engine without a regenerator needs five times more energy to obtain the same performance as 
an engine including a regenerator [15]. Another difference is selected working fluid, Helium in 
the present study and air in Abuelyamen and Ben-Mansour [6] study. 

Heat exchangers influence on engine performance 

In heat exchangers choice, the ability to provide or reject the required amount of 
heat to or from the engine is a primary criterion. The exchange surface then becomes a 
decisive factor. 

Stirling engine parameters must be optimized to avoid heat loss and obtain good 
performance for all engine components, in particular heater and cooler. 

Heater shape effect 

The present study purpose is Stirling engine parameters optimization for later use in 
its coupling with Fresnel mirrors within a CSP plant. Like what was done by Rabhi et al. [12] 
The coupling will be done via the heater. A hot heat exchanger will ensure heat transfer from 
absorber tubes to Stirling engine, which makes it an essential element to optimize. Fin type 
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heat exchanger is usually utilized for cold heat exchanger because it is inexpensive and for its 
ease of manufacturing [16], it was then chosen for this study. Two types of hot heat 
exchangers are examined: fin type and tube bundle heat exchangers. Considered dimensions 
are detailed in tab. 2. Since the exchangers geometry are different, parameters to be defined 
are different. Values were chosen according to the corresponding dimensions. Indeed, if we 
take for example the number of tubes, it corresponds to the number of fins and length 
occupied by fins corresponds to tube length and so on. 

Table 2. Considered dimensions for the two hot heat exchangers 

Fin-type Tube bundle 
Length occupied by fins, [mm] 183.4 Tube length, [mm] 183.4 

Height of fins, [mm] 2.362 Inner diameter, [mm] 2.362 

Width of fins, [mm] 0.591 Tube material Stainless steel 

Fin material Stainless steel Number of tubes 34 

Number of fins 34 – – 

 
Heat losses variation of the two types of hot heat exchangers (fins and tube bundle) 

depending on engine speed is illustrated in fig. 3. Helium was used as working fluid with 
average pressure of 15 bar. 

Figure 3 shows that both heaters have close heat losses values but bundle tube heat 
exchanger provides slightly lower heat losses, indeed, for all engine speeds tube bundle heat 
losses are lower than those produced by a fin-type heat exchanger, with a small difference that 
can reach 0.1344 W for a speed of 600 rpm. 

The Stirling engine efficiency is also an indispensable criterion for heat exchangers 
choice. Figure 4 allows visualizing hot heat exchanger type influence on engine efficiency for 
different speeds. 

  

Figure 3. Relationship between heat losses and 
engine speed for two types of hot heat exchangers 

Figure 4. Hot heat exchanger types influence on 
Stirling engine efficiency for different speeds 

Figure 4 shows equal engine performance for the two types of heat exchangers. As 
can be concluded, to combine good efficiency and slightly fewer heat losses, a tube bundle 
heat exchanger is chosen. A tube bundle hot heat exchanger increases exchange area with a 
working fluid thus promoting heat transfer between heater and working fluid [2, 15]. To 
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achieve exchanger high efficiency, a large exchange area is required [17]. It should be noted 
that the heating tubes of most Stirling engines are U-shaped and it has been experimentally 
found that heat transfer of U-shaped tubes is generally higher than that of straight tubes [18]. 

Impact of bundle tube heat exchanger size 

As previously noted, Stirling engine parameters must be optimized to reduce heat 
losses while having high efficiency and this is for all engine components, particularly heat 
exchangers. 

After choosing the hot heat exchanger type comes it’s dimensions optimization 
which is important too. Figures 5-7 show the impact, respectively, of inner diameter, number 
and length of tubes on Stirling engine efficiency, and heat losses. 

  

Figure 5. Tubes inner diameter influence based  
on Stirling engine efficiency and heat losses 

Figure 6. Tubes number impact on Stirling 
engine efficiency and heat losses 

According to fig. 5, Stirling engine efficiency is inversely proportional to the tubes 
inner diameter while heat losses are proportional to the same dimension. This result is similar 
to what was found by Araos Ramos [19] who indicated that for fixed tubes lengths, the 
increasing diameter decreases both efficiency and power of an engine. 

According to fig. 6, by increasing tubes 
number efficiency increases as well as heat 
losses. 

An appropriate strategy could be 
concluded that consists of increasing Stirling 
engine efficiency by shortening inner diameter 
and increasing tubes number. This result 
corresponds to the importance of a compact and 
large heat exchanger [19] to increase exchange 
area with a working fluid, thus promoting heat 
transfer between heater and working fluid [2, 
15]. 

Figure 7 shows that engine efficiency 
decreases while heat losses increase when tubes 
length decreases. Thus, Stirling engine efficiency is maximised and heat losses are minimal 
by reducing tubes length. Araoz Ramos [19] also concluded that Stirling engine efficiency 
decreases with the increase in tubes length, but this applies for diameters greater than 0.05 m. 
However, for diameters close to 0.03 m, the decrease is almost negligible. 

 
Figure 7. Influence of tubes length based on 
Stirling efficiency and heat losses 
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Regenerator optimization 

The regenerator is often defined as a key element of Stirling engines. It is generally 
a porous material in form of an assembly of small grids, fine metallic fabrics or microballs 
[20]. A Stirling engine without a regenerator needs five times more energy to obtain the same 
performance as an engine including a regenerator [21]. Furthermore, Stirling engines can 
reach maximum theoretical efficiency mainly through the use of a regenerator that exchanges 
thermal energy with working fluid after each stroke of isothermal compression and expansion. 
This minimizes the thermal energy amount that the heater or cooler must either add or reject, 
respectively. 

Matrix geometry type adopted for a regenerator has an important effect on its 
efficiency [22]. Three types of regenerator can be evaluated by PROSA software: felt type 
regenerator, which is less expensive to manufacture than wire mesh regenerator [23] and the 
third type foil regenerator. 

In order to compare the different regenerators with different geometries, equal 
values have been assigned to the same parameters in order to make an exact comparison. 
Since the generators are different, different (number of layers, wire diameter, mean width of 
channel…) as well as similar parameters have been found. 

Dimensions and characteristics of studied regenerators are detailed in tab. 3. 

Table 3. Dimensions and characteristics of studied regenerators 

Dimensions Wire mesh regenerator Foil regenerator Felt type regenerator 

Matrix outer diameter, [mm] 71.8 71.8 71.8 

Matrix inner diameter, [mm] 60.7 60.7 60.7 

Matrix length, [mm] 64.46 64.46 64.46 

Number of layers 362 – – 

Wire diameter, [mm] 0.0889 – 0.0889 

Thickness of foil – 0.0889 – 

Mean width of channel, [mm] – 4.667 – 

Mean height of channel, [mm] – 0.4667 – 

Width of axial fins, [mm] – 0.0889 – 

Mesh size, [mm] 0.4445 - – 

Matrix material Stainless steel Stainless steel Stainless steel 

Porosity 84% - 84% 

Regenerator type effect on Stirling engine performance 

The regenerator is where significant thermal losses take place, namely: mechanical 
energy dissipation by pressure drop [24] and losses by internal [25], and external [26] 
conduction. Therefore, the main criteria for choosing a regenerator type are less pressure drop 
and losses. Figures 8 and 9 show, respectively, pressure drop and heat losses as a function of 
speed for the three types of regenerators. 

According to fig. 8, maximum pressure drop results from felt type regenerator use 
comes after wire mesh regenerator then foil regenerator gives minimum pressure drop. By 
observing fig. 9, it is clear that foil regenerator causes maximum heat losses and minimum 
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heat losses result from felt type and wire mesh regenerators. In addition, pressure drop and 
heat losses vary according to Stirling engine speed variation, in fact, by increasing Stirling 
engine speed, pressure drop and heat losses increase too. From the two investigated 
parameters, the wire mesh regenerator presents a good compromise between less pressure 
drop and inferior heat losses. The regenerator type selection becomes more evident with 
Stirling engine efficiency examination using the three types of regenerators.  

  
Figure 8. Pressure drop variation for different 
regenerator types, depending on the  
Stirling engine speed 

Figure 9. Heat losses variation for different 
regenerator types, depending on  
Stirling engine speed 

Figure 10 illustrates efficiency variation for the three regenerators depending on 
Stirling engine speed. According to it, wire mesh regenerator provides better engine 
efficiency that makes it the regenerator to choose for good CSP plant performance. 

  

Figure 10. Stirling engine efficiency change, 
according to its speed, for three types of 
regenerator 

Figure 11. Engine speed effect on its efficiency 
for different mesh diameters 

Regenerator geometry effect on Stirling engine performance 

 Regenerator geometry effect on Stirling engine performance can be carried out by 
observing several parameters, namely: inner and outer matrix diameter, matrix length, mesh 
diameter, etc. In the present investigation the considered parameter is the matrix mesh 
diameter based on previous studies [27, 28]. Figure 11 reveals a similar result to that 
concluded by Mahmoodi et al. [29] who found that when regenerator porosity increases, 
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Stirling engine efficiency and output power decrease. By increasing the mesh diameter matrix 
porosity decreases; in other words, the result of Mahmoodi et al. [29] is: when mesh diameter 
decreases, Stirling engine efficiency and output power decrease. This is in perfect agreement 
with what is found in this study. Better efficiency is then obtained for thicker mesh and for all 
engine speeds, Stirling engine efficiency increases with mesh diameter increase. 

Conclusions  

This work addresses an investigation, using PROSA 2.0.4 software, of five 
parameters effects on Stirling engine performance: configuration, heater shape, bundle tube 
heat exchanger size, regenerator type, and geometry. This study aims to maximize engine 
performance considering high hot source temperatures in order to use it in a CSP plant. 

The investigation revealed that the alpha type Stirling engine is the most suitable for 
high temperature differences between heater and cooler. It can reach high efficiency, equal to 
45%, for temperature differences higher than 330 °C, otherwise, the gamma type Stirling 
engine is the most efficient. Therefore alpha type is chosen for later use in CSP plants. 
Regarding hot heat exchangers, it was found that for all engine speeds tube bundle heat losses 
are lower than those produced by a fin-type heat exchanger with a small difference that can 
reach 0.1344 W for a speed of 600 rpm. Then to combine good efficiency and less pressure 
losses, U-shaped tubes were chosen. After choosing the U-shaped hot exchanger, tube size was 
studied. It was found that Stirling engine efficiency was inversely proportional to tubes inner 
diameter while heat losses are proportional to the same dimension and by increasing the tubes 
number efficiency increased as well as heat losses. Therefore, a suitable strategy was proposed 
to increase engine efficiency by shortening inner diameter and increasing tube number. It was 
also concluded that increasing tubes length generates a reduction in engine efficiency. The 
regenerator, which is considered a key component of Stirling engines, has been inspected for 
type and geometry based on pressure drop and resulting heat losses. It is deduced that a wire 
mesh regenerator presents a good compromise between minimum pressure drop and heat losses 
and provides better engine efficiency. Regarding regenerator size, better efficiency is obtained 
for a thicker mesh and increases with mesh diameter increase and this is for all rotation speeds. 
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