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Gamma-type Stirling engine. Notably, the engine design ingeniously harnesses heat from
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a customized cooking stove burner powered by liquefied petroleum gas. The engine
fabrication resulted in a compression ratio 2.014, accommodating a volumetric capacity
of 181 cc. The Stirling engine test used air as the working gas, and the initial conditions
were at atmospheric pressure. Stirling engine performance was analyzed using an ideal
thermodynamic cycle model and burner efficiency using the water boiling method. The
modified burner attains an average temperature of 699.5°C, producing a burner power
output of 5.702 kW and a thermal efficiency of 32.7% or around 1.867 kW of heat for
operating the engine and cooking activities. Simultaneously, tests of the Stirling engine
revealed an average air temperature difference of 146.2°C between the expansion and
compression phases. The flywheel rotation speed ranges from 158 to 369 rpm. During
testing, the Stirling engine obtained an average thermal efficiency of 31.08%,
accompanied by an ideal power spectrum ranging from 0.3 W to 42.6 W. The highlight of
this study was the maximum pressure achieved at the end of the heat absorption stage,

Keywords: recorded at 296.1 kPa. Importantly, these findings underscore the promising potential of
A customized cooking stove burner; micro-Combined Heat and Power systems. Integrating the gamma-type Stirling engine
combined heat and power; gamma with the LPG stove represents novelty and paves the way for further development and
type Stirling engine advancement in sustainable energy solutions.

1. Introduction

Enhancing energy efficiency in thermal systems is vital for conserving energy and mitigating
environmental concerns. Many efforts have been made by researchers to increase thermal efficiency,
such as nanorefrigerant technology as a substitute for working fluids in refrigeration systems [1,2],
improving the characteristics and properties of phase change materials in heat energy storage,
modification of the Rankine system to an organic Rankine cycle, and combined heat and power (CHP)
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in the stove or furnace [3-6]. This article will examine implementing a CHP system at the house scale.
CHP, or cogeneration, is a system that works together to produce heat and generate electricity using
one fuel. CHP has proven beneficial for residential and industrial use due to its high overall thermal
efficiency compared to the separate production of heat and electrical energy [7]. CHP technology can
be applied to internal combustion, external combustion, and no-combustion processes according to
the use scale [8]. CHP technology is usually developed according to the type of fuel used. Micro-scale
CHP technology (mCHP) in external combustion cases usually uses a Stirling engine as the prime
mover [9-12]. In much literature, the Stirling engine's main characteristics meet the requirements for
mCHP applications due to long service life, long service intervals, high efficiency, low noise and
vibration, and low emissions [13,14].

Stirling engines with various configurations for specific applications have not yet been
commercially sold, such as gasoline and diesel engines. Hence, researchers need to design and
manufacture them before testing. The Stirling engine has unique characteristics in its design and
performance. Engine efficiency and performance are affected by external heat sources, engine
configuration, material selection, temperature differences, heat characteristics, operating modes,
charging pressures, physical, geometric features, and the type of working gas used [15-17]. The
choice of working gas significantly impacts the efficiency and performance of the gamma-type Stirling
engine. This working gas must be able to expand and compress as it moves through the thermal cycle.
The thermal and physical characteristics of the active gas, such as heat capacity, viscosity, and
thermal conductivity, will affect the thermal efficiency and the ability of the engine to convert heat
to mechanical work. Stirling engines usually use air or gases, such as helium, hydrogen, nitrogen, and
methanol, as the working fluid [18]. The development and optimization of the Stirling engine
prototype with gamma configuration for various applications in various fields, such as power
generation, cooling, and heating, have been investigated by researchers [19-22]. The development
of the Gamma-type Stirling engine has also been extensively researched to utilize heat from various
external heat sources. External heat sources commonly used to operate small-scale Stirling engines
such as solar energy, liquefied petroleum gas (LPG), and biomass. A study on the efficiency of the
Stirling engine using a parabolic mirror to focus solar radiation on the engine has been carried out
[23]. Developing a beta-type Stirling engine for low and medium-temperature heat sources using
heat input from domestic gas burners has also been carried out [24,25]. Stirling engine type LTD (low
temperature differential) has also been tested using an LPG burner to see the effect of material
displacers [25]. The utilization of a biomass-based low-level temperature heat source has been
modeled, and the results show that the computational model can be used to evaluate the
performance of a Stirling engine [26,27]. Besides being used separately with an external heat source,
the Stirling engine can also be integrated with a wood pellet burner [28]. The development of a
gamma-type Stirling engine for mCHP applications has also been carried out by the authors together
with the team since 2017 until now which has resulted in two engine prototypes named mCPHSE-
012018 and mCHPSE-012019 [29-31]. The two generations of Stirling engines that have been
manufactured are shown in Figure 1. One of the causes the gamma configuration is more desirable
to develop because it has a higher power output and thermal efficiency than alpha and beta [32,33].
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Fig. 1. Prototype Stirling engine type gamma (a) mCHPSE-012018 (b) mCHPSE-012019

Figure 1 shows the main components of the two Stirling engines, namely heater (1), displacer
section (2), piston section (3), connecting rod (4), and flywheel (5). At the same time, the comparison
of the parameters of the two Stirling engines from the results of thermodynamic calculations and
analysis is shown in Table 1.

Table 1
Comparison of the specifications of the Gamma-type Stirling engine that has been manufactured
No. Parameter Unit Value
mCHPSE-012018 mCHPSE-012019
1. Working gas air air
2. Starting engine pressure bar 1.01325 1.01325
3. Maximum volume cc 338 201
4, Minimum volume cc 232 110
5. Compression ratio 1.46 1.82
6. Temperature difference °C 74.7 132
7. Maximum flywheel rotation speed rpm 242.6 415
8. Thermal efficiency % 18.78 24.6
9. Maximum pressure bar 1.82 2.446
10. Maximum power W 12.9 37.9

Based on previous studies of the two previous designs, it was found that the performance of the
Stirling engine is strongly related to the working gas temperature difference between the expansion
and compression space. One factor affecting the working gas temperature difference is the external
heat source. The component that plays a vital role in producing a heat source in this system is the
burner. This component is also used in conventional LPG cooking stoves with the same function.
Because the Stirling engine design is intended for mCHP applications utilizing heat sources from
cooking activities, this burner component needs to be modified to be used together in this system,
which functions for both processes, namely heating the working gas and cooking. The burner
integration concept of the Stirling Engine with the cooking stove is the focus of this experimental
research study because previous studies on the Stirling engine have not been carried out. This study
aims to determine the performance of the Stirling engine mCHPSE-012020 using a heat source
generated from an LPG burner integrated with a cooking stove. This research is crucial because the
technological development outcomes are anticipated to support global initiatives to identify
sustainable and environmentally friendly energy sources and improve energy efficiency in household
applications.
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2. Engine Construction and Analysis
2.1 Stirling Engine mCHPSE-012020

The third-generation gamma-type Stirling engine prototype began to be developed in 2020. The
layout of the Stirling engine prototype has been developed and the burner is shown in Figure 2. One
difference from the previous design is that the engine position changes from horizontal to vertical
because the heater adjusts to the heat source from the cooking stove burner. The Stirling engine
developed with the mCHPSE research team is named mCHPSE-012020. This engine consists of several
main parts, namely the burner, heater, expansion space, connection pipe, compression space, and
flywheel, whose design is shown in Figure 2.

Burner

Expansion\' ='—-“
Space o Inlet

. Heater
Connection
Pipe
Compression Flywheel
Space

2 (b)

Fig. 2. (a) Layout prototype Stirling engine type gamma mCHPSE-012020 (b) Burner LPG modification

The burner is designed in the form of a ring to adjust the position of the heater, which is vertical.
Besides heating the heater wall, the burner also functions as a cooking stove. The burner is made of
Stainless Steel 304 material with a plate thickness of 2.5 mm, a burner height of 55 mm and a width
of 22.5 mm. The length of the inlet pipe is 110 mm, with an inner diameter of 30 mm. The outer
diameter of the burner is 140 mm, and the inside diameter is 105 mm, with the distance from the
inner wall to the outer wall of the heater being 25 mm. Several burner holes are made of 16 pieces,
and the outlet hole diameter is 4 mm. Additional components on the burner to function as a cooking
stove are the pan support, flintstone (ignition system and gas system), and knob. Flintstone functions
to extinguish the fire and regulate the gas output from the sprayer; the sprayer functions to spray
and change the gas flow speed to faster and functions as a safety guard so that the fire does not
return to the LPG gas cylinder. The pan support functions as a pot holder with a distance of 65 mm
from the burner outlet. All of these additional components are taken from LPG stoves on the market
with SNI standards (Indonesian national standards). In addition, a blower is also added, which
functions to supply additional air to the burner so that the combustion process improves.

The heater is one of the important components of the Stirling engine, which heat the working gas
in the cylinder so that the gas expands and pushes the piston or displacer to produce mechanical
motion. Heaters are typically constructed from materials with high thermal conductivity, like copper,
aluminum, and stainless steel. Heaters can be in the form of pipes, plates, and coils that are placed
near an external heat source. The heater used in this Stirling engine is in the form of a pipe
manufactured using stainless steel. Stainless steel was chosen as a Stirling engine heater material
because it has high thermal conductivity, oxidation and corrosion resistance, mechanical strength,
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and low availability and cost compared to other materials such as copper, aluminum, or ceramics.
The heater has an outer diameter of 55 mm, a height of 90 mm, and a thickness of 5 mm on each
wall.

The next main component is the expansion space, which is a space where the working gas
undergoes isothermal expansion when heated by an external heat source. The expansion space is
also connected to the displacer, which moves the working gas from the hot room to the cold room
or vice versa. The expansion space in this design is connected to the compression space via a
connection pipe. The connection pipe on the Stirling engine flows the working gas from the
compression chamber to the expansion chamber or vice versa, as well as to exchange heat between
the working gas and the cooler. Compression space is in the engine cylinder where air or working gas
is compressed. The Gamma-type Stirling engine separates the displacer and the power piston
cylinders. The compression chamber is inside the power piston cylinder, while the displacer cylinder
is in moving air or working gas between the hot and cold sources. The last major component is the
flywheel mounted on the crankshaft to store kinetic energy from engine rotation and reduce
rotational speed fluctuations. In addition, the flywheel also maintains the engine's angular
momentum and generates constant torque. The specifications of the main parts of the Stirling
mMCHPSE-012020 engine that have been designed and manufactured are shown in Table 2.

Table 2

Main component sizes of the Stirling engine mCHPSE-012020

Bap Sdp Bop Sop Bep Sep Soe Soc a j
(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (deg) (deg)
45 45 50.75 45 8 290 1 1 0-360 90

Table 2 shows the main dimensions of the Stirling engine mCHPSE-012020, including the displacer
cylinder diameter, Bqp; displacer piston stroke length, Sq; power piston cylinder diameter, Byp; power
piston stroke length, Spp; connection pipe diameter, Be,; connection pipe length, Sep; dead volume
length of expansion space, Spe; dead volume length of compression space, Spc; crank angle, o and
phase angle, .

2.2 Analysis of Stirling Engine

Researchers have developed many methods for analyzing the Stirling engine. Some of these
models include the ideal adiabatic model, ideal polytropic analysis, Urieli and Berchowitz model
(simple analysis), simple polytropic analysis, Timoumi model, simple-ll model, Polytropic analysis of
Stirling engine with various loss mechanisms (PSVL) approach, The combined adiabatic-finite speed
thermal approach (CAFS) model, finite speed thermodynamic analysis, developed analytical
isothermal model, third order analysis, and modified PSVL [34]. In this paper, the analysis used is the
ideal cycle model. The author and other researchers in previous papers have discussed the ideal cycle
model used in this investigation [31,35]. The selection of the ideal cycle model in this paper is due to
the initial research, conceptual design, and focus on the basic characteristics of the Stirling engine.
The ideal cycle model is also a simple approach to modeling basic thermodynamic processes to
provide a good understanding of basic performance. The thermal efficiency, 7», and work, P (W),
produced at the ideal Stirling cycle can be calculated by Eq. (1) and Eq. (2).

Tmin _ Tc ( 1)
Tmax Tg

77thzl_
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P=nxW (2)

where, Tmin or Tc (°C) is the compression space temperature, and Tmax or Te (°C) is the expansion space
temperature. n (rpm) is the rotational speed of the Stirling engine, and W (J) is the net work done by
the cycle.

2.3 Analysis of LPG Burner

In this paper, the burner analysis that will be carried out includes the burner power and thermal

efficiency of LPG burners. LPG power and burners were tested using the water boiling method.
Burner power (kW), Py, is the energy produced by the burner during the test time and is calculated
by Eq. (3) [37].
p, = mys XtLHVf 3)
where myis the mass amount of LPG used during the test (kg), LHVfis the lower calorific value of LPG
fuel (kJ/kg), and t is the test time (s). The LPG fuel used is a product from PT Pertamina with the ELPLJI
brand. The LHVf of this LPG is reported to be 48,800 kJ/kg [37].

Thermal efficiency measures the degree to which an engine can convert fuel energy into useful
energy or mechanical work. In this case, the LPG burner's efficiency is the ratio between the heat
required to heat the air in the heater wall and boil the water in the pot compared to the heat
generated from burning LPG gas. The equation used is a modified equation that is often used to
calculate the burner efficiency of LPG gas stoves [38]. Mathematically it can be written as in Eq. (4).

_ [4-186(wa_Twi)(mv+w_mv)+2v260-mwg]+[Cpa(Taf_Tai)(mh+a_mh)]
b mg X LHV ¢

x 100 (4)

where, Twps and Tyi is boiling and initial temperature of water (°C), mv.w and m, is mass of pot plus
water and mass of empty pot before test (kg), and mug is water vaporized (kg). 4.186 KJ/kg°C is the
specific heat of water and 2,260 kl/kg is the latent heat of vaporization for water [39]. cp. is the
specific heat of air (kJ/kg.°C), Tar and Ty is the final and initial temperature of air, and ma+q and my is
mass of heater plus air and mass of empty heater before test (kg).

3. Methodology

An overview of the Stirling engine test mCHPSE-012020, which is integrated with the LPG-fired
cooking stove that has been produced, is shown in Figure 3. The scheme shows some equipment and
instrumentation to measure variables in this study. The main equipment used is the Stirling engine
mMCHPSE-012020 with a burner which also functions as a cooking stove. The working gas from the
Stirling engine uses ambient air. Measurement and recording of temperature data at each point, as
shown in Figure 3, uses a temperature meter data logger with brand Anbai AT4208 with an accuracy
of 0.2°C * 2 digits and has eight channels. The sensor is a K-type thermocouple with a temperature
range of -200°C to 1300°C. The temperature measured includes water in the pot (Tw), heat source
(Ts), expansion space (Te), cooling water (Tcw), and compression space (Tc). The measurement of the
flywheel rotational speed, using a pulse meter Autonics MP5Y 4N and Autonics PR12-4DN proximity
sensor. Measurement of the mass of LPG fuel, my, before and after testing using a Smart brand digital
scale with a capacity of 30 kg. The fuel used is LPG with a 3 kg tank packaging commonly used for
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cooking in Indonesia. LPG gas's maximum mass and pressure in the tank are around 5 kg and 800 kPa
(8 bar).

Stirling Engine mCHPSE-0120

Multi Channel Tempera-
ture Meter Data Logger

LPG Fuel LﬁDigital Scales

v

OR
-

A 4 \ 4

— Laptops

Fig. 3. Schematic layout of the experimental setup

The water boiling method was used to test the Stirling engine mCHPSE-012020 and the LPG
cooking stove. The amount of water used is 2/3 of the volume of the pot, on a mass basis of 9.347
kg. The volume flow rate of LPG fuel and airflow rate is controlled at 0.0028 m3/minute and two
m/second. The test was carried out for 3 hours (180 minutes) with data recording intervals every 1
minute for the temperature and flywheel rotating speed. The test results data obtained were then
calculated and analyzed using Microsoft Excel software.

4. Results and Discussion
4.1 LPG Burner Efficiency and Performance

The mass of LPG fuel before and after testing from the measurement results obtained 7.537 kg
and 6.275 kg, so the consumption of LPG fuel is around 1.262 kg for 180 minutes or the equivalent of
0.000117 kg/s. After calculating using Eq. (1) and Eq. (2), the LPG burner power is 5.702 kW, and the
thermal efficiency reaches 32.7%. This value illustrates the percentage of fuel energy successfully
converted into useful work for both driving the Stirling engine and cooking stove activities. The more



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 108, Issue 2 (2023) 1-16

effectively the system consumes fuel, the higher the thermal efficiency. The efficiency value obtained
shows that it is still low compared to the efficiency of LPG gas stoves on the market, namely 51 + 6%
[40]. Therefore, it is necessary to investigate which factors are most dominant to increase burner
thermal efficiency and reduce fuel consumption so that they can become inputs for future burner
designs. As it is known that the ability of LPG burners is influenced by factors such as burner design,
combustion settings, environmental conditions, and the quality of the LPG used.

4.2 Volumes as a Function of the Crank Angle

Stirling engine volume, in general, can be affected by several factors, including crank angle. If the
data from the measurement and calculation of the volume of the Stirling mCHPSE-012020 engine is
plotted in graphical form, it is shown in Figure 4. The graph shows that the total volume at maximum
conditions occurs at the crank angle position between 265° to 275°, which is around 0.000181 m3
(181 cc) and minimum crank angle position between 80° to 100° with a value of about 0.000090 m3
(90 cc). Figure 4 also shows that the maximum volume in the expansion chamber occurs at a crank
angle position of 180° which is 0.0000716 m?3 (71.6 cc), and for the compression space, it occurs at a
crank angle position of 310° which is 0.0001392 m3 (139.2 cc).

0.00020
==Expansion space
=l-Compression space
0.00016 Total volume
#. 0.00012
£
[ 1]
£
=
(=)
= 0.00008
0.00004
0.00000 )
0 45 90 135 180 225 270 315 360

Crank angle (°)
Fig. 4. Volume as a function of the crank angle for the Stirling engine

Although crank angle plays a role in the working cycle of a Stirling engine, engine volume also
depends on other variables such as pressure, temperature and the overall system thermal
characteristics. Figure 4 also shows the change in volume of the two main space containing working
gas, namely the expansion space (hot space) and compression space (cold space). When the working
gas is heated in the hot chamber, the gas pressure increases and the gas expands, causing a volume
change. At the same time, the working gas in the cold room becomes colder, the gas pressure
decreases, the gas contracts, and the volume change also occurs.
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4.3 Engine Temperature and Speed

The Stirling engine mCHPSE-012020 test has been carried out to measure the temperature and
engine speed. The temperature of the engine parts from the test results is shown in Figure 5. The
temperature of the heat source from the combustion results uses LPG fuel and a modified burner.
This temperature seems to be close to stable in the 10th minute because there is a preheater at the
beginning of the process. The heat source temperature shows how much heat enters the Stirling
engine. The average value of the heat source temperature is 699.5°C, which is high enough to
produce a large working gas pressure. The maximum value is 713.1°C, which indicates that the heat
source used is quite stable and not too volatile. The expansion chamber temperature shows how
much heat the working gas absorbs in the hot cylinder. The average temperature of the expansion
chamber is 197.2°C, which is quite low compared to the temperature of the heat source. It is shown
that heat loss occurs between the heat source and the hot cylinder. The maximum value is 220.9°C,
which indicates that there are variations in the temperature of the expansion space, which are
influenced by other factors, such as the working gas flow rate, piston displacer vibration frequency,
and thermal insulation.

800 T 400
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700 gty <~ 350

v \

600 + 300
(%) ——Heat source temperature i ‘E‘
g 500 Expansion space temperature T 250 o
g = Compression space temperature ] B
"é 400 Cooling water temperature T 200 2
g A = =Engine speed E
£ 300 - 150 @
= | wi

200 + 100

: :
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Fig. 5. Data on the results of testing the temperature and rotational speed of the Stirling
engine flywheel mCHPSE-012020

The compression chamber temperature shows how much heat the working gas releases in the
cold cylinder. The average value of the compression chamber temperature is 51°C, which is quite low
compared to the expansion chamber temperature. It is indicated that there is effective heat transfer
between the cold cylinder and the cooling water. The maximum value is 56.2°C, which indicates
variations in the compression chamber temperature are influenced by other factors such as the
expansion section. The cooling water temperature shows how much heat the cooling water from the
cold cylinder absorbs. The average value of cooling water temperature is 40.4°C, which is quite low
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for cooling water. It is shown that the cooling water is quite effective in cooling the air before entering
the compression chamber. The maximum value is 47°C, which indicates variations in cooling water
temperature which are influenced by other factors, such as cooling water flow rate, cooling water
tank capacity, and ambient temperature.

The flywheel rotational speed of the Stirling engine during the test is shown in Figure 5 on the
second y-axis. The engine flywheel rotational speed indicates how fast the Stirling engine is
operating. The Stirling engine started moving in the 3rd minute after the test with a rotational speed
of 158 rpm. The average value of the engine flywheel rotating speed is 335.9 rpm, which is quite high
for a Gamma-type Stirling engine. The maximum value is 369 rpm, which indicates that the Stirling
engine can achieve optimal performance under certain conditions. The rotating speed of the Gamma-
type Stirling engine flywheel is affected by the working gas pressure and the torque of the power
piston. Power piston torque, which determines how much force is exerted by the power piston on
the crankshaft. The greater the torque of the power piston, the greater the moment of force applied,
and the faster the crankshaft rotates. The working gas pressure, the compression cylinder diameter,
and the distance between the crankshaft fulcrum and the mean cylinder center affect the power
piston torque.

4.4 Analysis of Engines Using the Ideal Cycle Model

Based on the data from previous measurements and calculations, to facilitate further
calculations, a simple calculator was developed to calculate the performance of a gamma-type
Stirling engine using an ideal thermodynamic cycle approach. This calculator was built with the help
of Microsoft Excel 2019 with three conditions of temperature variation and engine rotation speed:
minimum, maximum and average. The analysis of the calculations that have been carried out is
shown in Figure 6. In the Stirling engine ideal cycle calculation shown in Figure 6, several important
parameters are used to analyze engine performance. The required input parameters in the Stirling
engine ideal cycle analysis are expansion and compression temperature (Te and T¢), engine rotational
speed (n), minimum and maximum volume (Vmax and Vmin), working gas preload pressure (p1), and
initial temperature of working gas (Ti). While the output parameters include the difference in air
temperature between the expansion and compression space, AT; thermal efficiency, mnw;
compression ratio, & air masses at initial conditions, my; the amount of heat energy absorbed by the
air in the expansion and compression space, Qs and Qc; work done by the system, Wies; Stirling engine
ideal power, P; and pressures in states 2 to 4, pz, p3, and pa.

10
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Ideal Stirling Cycle Calculator Ideal Stirling Cycle Calculator Ideal Stirling Cycle Calculator
For Tg, T¢,and n minimum For T¢, T, and n maximum For Tg, Tc,and n Average

Inputs: Inputs:

(a) (b) (c)
Fig. 6. Results of analysis using the Ideal Stirling cycle model (a) Minimum T, T¢, and n values (b) Maximum
Te, Tc, and n values (c) Average T, T¢, and n values

4.4.1 Temperature difference and thermal efficiency

Thermal efficiency is greatly affected by the temperature difference between the expansion and
compression space. After data analysis, the difference between the minimum, maximum and average
temperatures is 3.1°C, 164.7°C and 146.2°C. While the minimum, maximum and average thermal
efficiency during successive tests were 1.01%, 33.34%, and 31.08%. It is shown that the greater the
difference in air temperature between the expansion and compression space, the greater the
thermal efficiency that the engine can achieve. If the relationship between these two parameters, in
graphical form, is shown in Figure 7. If the relationship between the two variables in Figure 7 is made
into the 6th-order polynomial regression equation as follows:

y =7.2397E-12x° - 3.2895E-09x° + 5.4209E-07x" - 3.7628E-05x> + 2.1778E-04x? + 3.0995E-01x + 4.1487E-02 (5)
This equation has a coefficient of determination (R?) = 0.999452, which means that the regression
model can explain around 99.9452% of the data variability, indicating that the model is very good at

explaining the relationship between the variables involved. It is indicated that the equation is very
suitable for describing patterns or trends in data.

11
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Fig. 7. The relationship between temperature difference and thermal efficiency in the
Stirling engine mCHP2020

4.4.2 Compression ratio

The compression ratio of the Stirling engine can affect its performance and power output [16,41].
The compression ratio of the Stirling engine is the ratio between the maximum and minimum
volumes of the working gas in the cycle. So based on the calculation results, it is obtained that the
compression ratio is 2.014. The compression ratio obtained with the total dead volume of the Stirling
mCHPSE-012020 engine is 0.00001819 m3 (18.19 cc). This Dead volume value is smaller than several
other studies, which ranges from 169 cc to 250 cc [15,41].

4.4.3 Heat, work, and power of the ideal Stirling cycle

Figure 6 shows the calculation results of heat, work and power of the Stirling engine mCHPSE-
012020 with three variations of input parameter conditions, namely minimum, maximum and
average. The results of these calculations provide information about the performance of the Stirling
engine in several conditions during its working cycle. When the minimum parameter shows that the
heat difference between the compression and expansion space is relatively small, which causes the
work produced to be relatively small (-0.1 J). The engine speed at this state is 158 rpm. The resulting
output power is also low, only 0.3 W. At the maximum state, there is a more significant heat
difference between the compression and expansion space which causes the work to be more
meaningful (-6.9 J). The engine speed at this state is 369 rpm. The output power generated in this
state increases relatively high, reaching 42.6 W. The average condition describes the average
situation during the Stirling engine work cycle. The heat difference between the compression and
expansion space at this state is between the minimum and maximum conditions. The work generated
is lower than the maximum parameter (-6.1J). The engine speed at this state is 335.9 rom. The output
power generated on average is 34.4 W. The difference in heat between the compression and

12
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expansion space affects the amount of work generated and the output power of the Stirling engine.
The greater the heat difference, the higher the work done by the system and output power. Engine
speed also plays a vital role in the performance of the Stirling engine.

4.4.4 p-V diagram of the ideal process

The relationship between changes in working gas volume and pressure in the Stirling engine
mMCHPSE-012020 is based on a thermodynamic cycle in a closed system under conditions of average
Te, T, and n values, as shown in Figure 8. The Stirling cycle consists of four processes in different
situations in the Stirling engine, characterized by volume, temperature, and pressure changes. The
volume in states 1 and 4 (maximum volume) is 0.000181 m3. The volume in states 2 and 3 (minimum
volume) is 0.000090 m3. The temperature in states 1 and 2 (maximum temperature) is 197.2°C. The
temperature in states 3 and 4 (minimum temperature) is 51°C. The pressures in states 1, 2, 3, and 4
were 101.3 kPa, 204.1 kPa, 296.1 kPa, and 147 kPa, respectively. Changes in volume and pressure at
the Stirling cycle allow the conversion of heat energy into mechanical energy. The working gas
pressure determines how much force the active gas exerts on the power piston. The greater the
operating gas pressure, the greater the force exerted, and the faster the power piston moves. The
working gas pressure is affected by the temperature of the heat source, dead volume, and the type
of working gas used.

320 |
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Total Volume, V (m3)
Fig. 8. Ideal Stirling cycle p-V diagram on T¢, T¢, and n average conditions

5. Conclusions
In this study, a Gamma-type Stirling engine called mCHPSE-012020 was used to convert heat

energy from cooking activities into mechanical energy. Experimental studies show that the Stirling
engine can convert most heat energy from cooking activity into mechanical energy. The Stirling
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engine's performance in converting heat energy into mechanical energy has been evaluated. The
results show that this engine can operate well and produce mechanical power but is still low, so it is
necessary to optimize the design of each engine component to increase the power and rotational
speed of the flywheel. This study opens up the potential for using a gamma-type Stirling engine as an
energy utilization from cooking activities in the household. In the future, more research and
development will need to be carried out to overcome the existing challenges and fully exploit the
potential of this technology.
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