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Abstract. Nowadays, as traditional fossil energy sources are in decline, renewable energy
sources are being actively sought, and the use of renewable energy is receiving widespread
attention. The Dish engine solar power plant is vital in using solar energy. The Stirling engine is
the fundamental element of the power plant, responsible for energy conversion. And the internal
regenerator has an essential influence on the engine's performance. Hence, this paper focuses on
the analysis and improvement of the regenerator. Heat transportation determines its efficiency,
while the regenerator is the core component. An efficient Stirling engine cannot occur without a
high-quality regenerator. This paper uses simulation experiments to explore the impact of
various materials on the regenerator's performance. By comparing the regenerator performance
of filled copper foam and stainless-steel mesh, it was found that the copper foam regenerator had
a faster start time, while the stainless-steel mesh regenerator had a higher thermal capacity. After
this conclusion, an optimized regenerator is designed, filled with different materials at each end
according to the material properties. After simulations, it can be concluded that this enhancement
improves the regenerator's performance, increasing the Stirling engine's overall efficiency.
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1. Introduction

In recent years, solar power plants have attracted much attention worldwide. While people continually
focus on environmental issues and renewable energy, solar power plants are vital to the clean energy
transition. Solar power plants use solar energy as the main source, converting solar radiation into
electricity via photovoltaic conversion. One of its greatest advantages is its renewable function, as solar
energy is an endless source of energy that provides a continuous supply of electricity without producing
greenhouse gas emissions and environmental pollution [1]. Solar power plants produce less carbon and
are more environmentally friendly than fossil fuels. Otherwise, solar power plants can be separated,
maximize the sunshine resource, reduce the reliance on transportation and distribution, and increase the
reliability of supplements. The Dish engine stands out as a special technology among the many types of
solar power plants available today [2]. A dish engine is a heat engine based on the Stirling cycle, which
converts the heat of solar radiation into mechanical energy and electricity. The system comprises a
parabolic dish with a reflector and a Stirling engine located at the dish's focal point. The sun’s rays are
focused by the dish, which heats the medium gases and drives the engine. The dish engine is used a lot
in solar power generation by its low maintenance cost, high reliability and efficiency. It also can be used
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in small domestic applications, such as power and heating.

The Stirling engine is an important part of the dish engine, a heat engine that utilizes temperature
differences to cause gas circulation. The Alpha Stirling engine is a Stirling engine and a common model
designed with a regenerator that connects the hot cylinder with the cold one. The pistons of the two
cylinders are 90 degrees out of phase, enabling continuous gas flow. The second is the Beta Stirling
engine, which has only one power piston and a heat exchanger, with a displacement piston for regulating
the working gas flow. This variant is simpler and commonly used in small applications. Finally, there is
the Gamma Stirling engine, which consists of power and displacement cylinders connected by a
common piston rod. The power piston works in the power cylinder, while the displacement piston moves
in the displacement cylinder. Various variants and modifications are possible depending on the specific
needs and applications. The Alpha engine, which is widely used, has a high theoretical thermal
efficiency, but in practice, the whole system's efficiency is much reduced due to heat loss. Improving
the system’s thermal efficiency by improving the regenerator is important.

2. Fundamentals of alpha solar stirling engines

2.1. Components and working cycle

The Alpha Stirling engine is a common conventional Stirling engine [3]. Hot and cold cylinders form it,
while a regenerator is between them. Two pistons are connected with one crankshaft at 90 degrees
(Figure 1). The hot cylinder is heated by sunlight or other heat sources to expand the medium gas
(usually helium or hydrogen). This expansion pushes the piston, producing mechanical work [4].

Figure 1. Stirling engines working principle, reproduced from website:
https://en.wikipedia.org/wiki/Stirling_engine

Next, the working gas is transferred to the cold cylinder for cooling. As the piston moves through the
cold cylinder, it compresses the gas medium and transfers it to the hot side. In this way, the Alpha Stirling
engine continuously converts energy by the medium gas medium, alternately making a round trip
between the hot and cold cylinders.

To better understand how the Alpha Stirling engine works, we can refer to typical processes
illustrated in the T-S and P-V diagrams (Figure 2): isochoric heating, isothermal expansion, isochoric
cooling and isothermal compression.
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Figure 2. Thermal cycle diagram of Stirling engine, reproduced from website:
https://www.researchgate.net/figure/P-V-and-T-S-diagram-for-Stirling-engine figl 349138276

The first process is compression, where the gas medium is further compressed in the cold tank and
then returned to the hot tank. The temperature is the lowest Tj,,;,,. Next comes the heating process, where
a heat source heats the gas in the hot cylinder. In this process, the medium gas absorbs the heat and then
expands, pushing the piston. During the expansion process, the gas medium propels the piston from the
hot cylinder to the cold cylinder. The gas medium is then cooled in the cold cylinder, causing a reduction
in volume. The temperature comes at the highest T,,,,. Finally, the gas medium absorbs heat from the
cold cylinder during the cooling process. The temperature is down to the lowest Tiy,;p,.

2.2. Efficiency and heat loss
According to understanding the Alpha Stirling engine's basic principle and working cycle, we can notice
that the Alpha Stirling engine has a high theoretical efficiency compared to conventional internal
combustion engines [5]. There are several reasons why the Stirling engine is able to achieve high
theoretical efficiency. Firstly and mainly, the Carnot equation proves the efficiency, which is an ideal
cycle with the max thermal efficiency [6].

n=1-me (M

mn

Compared with the traditional engine, the Stirling engine uses isothermal expansion and compression
in the cycle rather than the combustion process. This means the Stirling engine uses heat to avoid heat
loss from combustion, achieving a higher theoretical efficiency. At the same time, low heat loss is vital
for high efficiency. Stirling engines work with no combustion and explosion processes, so the heat loss
is relatively low. The medium gas undergoes energy conversion rather than combustion. This reduces
heat loss and increases the efficiency of heat energy usage.

However, while the Alpha Stirling engine has a high potential for efficiency, it is essential to note
that there are still some important considerations to consider. Practical efficiency is still at a low level
nowadays. It is influenced by many factors, such as the temperature gap between cold and hot cylinders,
internal heat loss, cooling loss, etc. [7]. Of all the losses, the cooling loss is the most significant. When
a Stirling engine is cooling, the medium gas must be transferred from the hot cylinder to the cold and
heated again. Cooling the reheating process results in energy loss and reduced thermal efficiency.
Although the regenerator in the engine can recover and utilize some of the heat, there is still some loss
caused by the regenerator.

In a Stirling engine, the cooling loss is in two main ways. Firstly, when the medium gas is transferred
between two cylinders, there is a heat transfer process where some of the heat energy is transferred
through the walls into the environment. This heat transfer results in a loss of energy and reduced
efficiency. But the most important thing is that the regenerator attracts heat from the gas in the hot gas
cylinder when in contact with the cylinder and cannot reheat the return gas. This part of the heat energy
of the working gas is lost in the form of cooling and cannot be converted into mechanical work, which
significantly lowers the efficiency.
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3. Regenerator in the alpha stirling engine

3.1. Working principle
The Alpha Stirling engine is a heat engine that generates power by converting thermal energy into
mechanical energy. In this type of engine, the regenerator plays a key role. The regenerator (Figure 3)
is the heat exchanger in the engine, and its function is to store and reuse thermal energy during the gas
cycle [8]. It consists of metal or ceramic materials with a high heat capacity, usually in a grid or
honeycomb structure.

Regenerator

Figure 3. The regenerator of the Stirling engine, obtained from the website:
http://solarcellcentral.com/stirling_page.html

The regenerator mainly functions in expansion and compression processes [9-11]. The gas is heated
and pushed to the cold cylinder, where the regenerator absorbs and stores heat energy. The thermal
energy is transferred to the materials inside the regenerator, raising its temperature rather than releasing
this heat completely outside the system. These materials include metals or ceramics with high specific
heat capacity, such as copper, steel wire and ceramic fibers. The greater the specific heat capacity, the
more heat can be absorbed and stored. However, the gas is pushed to return to the hot cylinder during
compression. At this time, the regenerator releases the previously stored thermal energy. As the return
gas passes through the regenerator, the material inside it transfers its thermal energy, raising its
temperature. In this way, the regenerator allows the gas to be reheated, reducing the heat absorbed in the
hot cylinder and increasing the engine’s efficiency.

3.2. The structure and material

The most common regenerator designs are cylindrical or ring-shaped. Stirling engines with a cylindrical
regenerator can be equipped with multiple regenerators simultaneously. In contrast, Stirling engines with
a ring regenerator usually have the regenerator wrapped around the engine's piston. Regenerators are
available in a variety of configurations and materials. The following are two common cylindrical
regenerator configurations and materials used today. Copper foam regenerator (Figure 4): copper foam
is a type of porous media with high porosity [12]. Because of the higher permeability compared to other
media, the working gas in the copper foam could be more uniform during its flowing. This way makes
the energy transportation between solid and gas more efficient. A better effective thermal conductivity
and smaller pressure drop could shorten the period of the heat absorbed from the working gas. However,
a lower heat capacity means this type of regenerator stores less heat than the stainless-steel type.
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Figure 4. Copper foam [13].

Stainless-steel mesh regenerator (Figure 5): This type is made of multiple layers of stainless-steel
mesh and is widely used today in the solar industry in solar dish engines [14]. The multi-layer mesh
made of stainless steel is not only not prone to oxidation but also has a high specific heat capacity, which
makes the engine produce a larger output. However, the interweaving of the steel nets produces high-
flow friction. Meanwhile, there is a randomness in the stacking of the meshes, which could cause
localized flowing problems, lower the flow rate of the gases and greater flow resistance losses in the
regenerator.

Figure 5. Stainless-steel net, obtained from the website:
https://www.mechero.my/post/wire-mesh-types-application

3.3. Optimization of the regenerator

Both of these regenerators have their special advantages and disadvantages. Choosing one of them in
the practical industry does not significantly improve thermal efficiency [15,16]. Due to the large
temperature difference between the hot and cold sites, the axial temperature and pressure distribution in
the porous area cannot be uniform, and the use of only a single material for the regenerator can lead to
significant heat loss [17]. Based on different material properties, the hot side is filled with copper foam
with low thermal conductivity, and the stainless steel is filled with the cold side with a low thermal
conductivity and high heat storage index. This design allows the hot working gas to be absorbed quickly
and the heat to be released slowly at the cold side. As a result, the capacity to absorb and store heat is
increased. This special design is theoretically effective in reducing heat losses and increasing efficiency,
significantly increasing overall performance. A simulation experiment is set up with various regenerator
forms to verify that this special regenerator can hugely improve thermal efficiency.

124



Proceedings of the 2023 International Conference on Mathematical Physics and Computational Simulation
DOI: 10.54254/2753-8818/12/20230448

4. Experiment

4.1. Software introduction
Because of the small size of the regenerator, it is not easy to install temperature sensors for real-world
experiments. So this experiment will use FLUENT simulation software (Figure 6), version 2021R1, a
widely used CFD software for simulating and analyzing complex mass flows [18].

Unauthorized use, distribution or dup

Figure 6. Ansys software (Photo/Picture credit: Original).

4.2. Parameter setting

The simplified cylindrical regenerator model is set to be 100 mm long and 50mm in diameter, and a
mesh model is generated with a single element size of 0.01. As temperature analysis is included, the
energy equation switch must be turned on at the General option, and the turbulence solution mode needs
to be set in Realizable K-epsilon. The flow rate is set at 0.05 kg/s, and the temperature at 700 °C. The
left-hand outlet of the regenerator is set as outflow, with free flow out and no temperature setting. The
cylinder boundary of the regenerator is isothermal, with a roughness constant of 0.5 and a roughness
height of 0.5 mm. The interior of the regenerator is a porous medium through which air flows. To allow
for a more significant difference in the resultant data for different materials, a lower porosity is set, the
lowest value of 70% of the range commonly used in the industry where the viscous resistance and
internal resistance in porous media need to be further calculated and set.

The vicious and internal resistance is related to the diameter size of the material particles D,, and
the porosity n of the filling material. According to the relevant empirical equations, the viscous
resistance and internal resistance of the material in the porous media region in the regenerator are
calculated as follows [19-21]:

D? &3

X = e 2)
_ 3501-9)
CZ - Dp &3 (3)

In the software simulation, the air as working gas moves in the axial z-direction in the porous media
area, so the resistance in the radial direction should be defined as one thousand times the axial value,
which is considered to be an infinite resistance of the working gas in the radial direction. The detailed
setup parameters are shown in Figure 8.
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Figure 7. Porous area setting (Photo/Picture credit: Original).

4.3. Comparison of experimental results
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Figure 8. Copper foam regenerator temperature distribution (Photo/Picture credit: Original).
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Figure 9. Stainless steel net regenerator temperature distribution (Photo/Picture credit: Original).

Comparing Figure 8. and Figure 9., it can be concluded that the regenerator is mainly convective
heat exchange under the working condition of 70% porosity. Copper foam can raise its temperature in a
shorter period, and the temperature distribution is also more uniform due to the relatively large thermal
conductivity, indicating that the copper foam regenerator has a higher proportion of heat exchange.
When a material has a higher thermal conductivity, the faster the regenerator temperature rises, the
smoother the temperature line. The lower the thermal conductivity, the higher the proportion of
convective heat exchange within the regenerator and the slower the temperature rise. However, the more
significant the temperature difference between solid and gas, the greater the total heat absorption.
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Figure 10. Optimized regenerator temperature distribution (Photo/Picture credit: Original).

By observing Figure 10., it can be concluded that the temperature of this modified regenerator with
the hot site filled with copper foam increases rapidly as heat is absorbed when the gas passes through it.
At the same time, the cooling side of the stainless-steel temperature gradually increases. Heat is
transferred from the copper to the stainless steel, but the temperature does not rise as fast, suggesting
the stainless steel's high specific heat capacity plays a role. Overall, the segmented regenerator absorbs
heat quickly and stores more energy. This regenerator's choice increases heat absorption and reduces
heat loss, thus increasing the overall efficiency of the Stirling engine.
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5. Conclusion

This article first describes how the solar Stirling engine works and introduces the structure and principle
of the engine regenerator. The paper compares the effect of filling various materials on the regenerator
heat transfer performance through simulation experiments. The outcomes show that the copper foam
regenerator has a shorter start-up time and a faster single heat transfer rate. In contrast, the stainless-
steel mesh regenerator has a higher heat capacity. The design of a segmented regenerator, in which the
two different materials are filled at different locations, has significantly improved the performance of
the regenerator by making full use of the advantages of the materials themselves, and the feasibility of
this regenerator has been verified through simulation experiments.

The simulations with the FLUENT software found that the copper foam has good thermal
conductivity, meaning that heat is absorbed quickly. However, the specific heat capacity is small, and
less heat is stored. On the other hand, the stainless-steel material was less thermally conductive, meaning
that heat was absorbed more slowly, but had a higher specific heat capacity and stored more heat. In
later simulations of the improved two-stage regenerator, it was found that filling the hot side with copper
foam and the cold side with stainless steel mesh increased the heat absorption rate and stored more heat,
reducing losses while increasing storage efficiency and effectively improving engine thermal efficiency.

To improve the quality of the Stirling engine, heat loss would be minimized by improving the
utilization of external heat. This research aims to estimate the effect of different materials on the
performance of the regenerator and explore how the regenerator can be improved by combining various
materials. However, more detailed experiments on the proportion of combinations utilized still need to
be included. More experiments and research are needed to explore the higher potential of the regenerator
in the future. In conclusion, the regenerator represents a key element of the Stirling engine with great
potential for future applications. Further research and development of the regenerator can significantly
enhance Stirling engines' efficiency and reliability, significantly contributing to energy conversion and
environmental protection.
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