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Summary

In this study, to develop a power generation system that can use renewable energy

resources more efficiently, a beta-type Stirling engine with rhombic mechanism

was designed and manufactured. Kinematic and thermodynamic analyses of a

beta-type Stirling engine were performed numerically in the Fortran program.

Volume and pressure changes depending on crankshaft angle of Stirling engine

were made using the isothermal analysis. The effects of the basic parameters

related to engine performance, such as working fluid mass, charge pressure,

heater, and coolant temperatures, on the net work amount were investigated. Five

different gases, including helium, air, nitrogen, carbon dioxide, and argon, were

used as a working fluid in experimental studies. The effects of all these gases on

engine performance characteristics were examined at charge pressures of 1 to

5 bar for two different displacer pistons made of stainless steel and titanium mate-

rial. The performance characteristics of Stirling engine manufactured were tested

using a specially designed electrical heater, at 727�C hot end and 27�C cold end

temperature, depending on engine speed. In all experimental studies, maximum

power output was acquired to be 215.48 W, at 4 bar and 550 rpm when a stainless

steel displacer piston and helium gas as a working fluid were used, and maximum

torque value was acquired to be 7.54 Nm, at 5 bar and 150 rpm. The lowest engine

power output among maximum engine powers was acquired to be 34.66 W when

argon gas was used as a working fluid at 3 bar and 300 rpm, using a displacer pis-

ton made of titanium material. Maximum power output acquired in the experi-

mental studies using a stainless steel displacer piston and helium; it was

determined that it is 72.12%, 73.69%, 241.49%, and 288.81% higher than the engine

power acquired by nitrogen, air, carbon dioxide, and argon gases, respectively.
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1 | INTRODUCTION

The need for energy is predicted to increase in the com-
ing decades.1 A significant part of the increasing energy
demand in areas, such as electricity, heating, and trans-
portation, is met using nonrenewable sources of energy
such as crude oil, coal, and natural gas.2 The release of
harmful emissions that are among the combustion prod-
ucts of fossil fuels into the atmosphere causes problems
such as air pollution, ozone depletion, and global
warming. The most common cause of greenhouse gas
emissions worldwide is the use of fossil fuels. The exces-
sive use of fossil fuels poses serious threats to the envi-
ronment we live in and the future of the world.3 The
adverse effects, such as a decrease in the reserve
resources of fossil fuels and an increase in energy costs,
have become the most significant motivation behind the
search for renewable energy sources that can replace fos-
sil fuels. In recent years, one of the solutions to the con-
cerns about energy is the use of renewable energy
sources and increasing their usage areas.4 Supplying the
power needed by using renewable energy sources has
become more common and important nowadays. It is
observed that many developed countries are conducting
studies so that 100% of their energy needs in areas such
as electricity, heating, and transportation will be met by
renewable energy sources until the 2050s.5,6 Therefore, it
is observed that the use and usage areas of renewable
energy sources are increasing rapidly worldwide. Renew-
able energy sources nowadays can be listed as biomass
energy, hydraulic (hydroelectric) energy, hydrogen
energy, geothermal energy, ocean (wave and tidal)
energy, solar energy, and wind energy. Solar energy rep-
resents the leading renewable energy source.7

Stirling engines were designed, invented, and man-
ufactured by Robert Stirling, a Scottish clergyman, and
engineer. In those years, Stirling engines were widely
used in many different fields such as quarries and coal
mines to meet the demand for energy due to their higher
efficiency than steam engines.8 With the invention of
internal combustion engines in the 1860s, Stirling
engines lost the superiority they gained compared to
steam engines, and the interest in these engines
decreased.9 In 1937, studies on the development of Stir-
ling engines and products were started in Philips
Research Laboratories of the Netherlands to produce a
little, silent, economical, and useful electric generator in
order to meet the electricity needs of radios.10 In the fol-
lowing years, large companies such as Cummins, DAF,
Ford Motors, General Motors, MAN-MWM Group,
NASA, Perkins, Siemens, and United Stirling conducted
extensive investigation studies on Stirling technologies.11

In the 1980s, since Stirling engines could not compete

with internal combustion engines in terms of perfor-
mance and energy efficiency, research and development
studies carried out by large companies were terminated.
It is observed that, since the day of their invention, Stir-
ling engines have been used in a wide range of fields,
such as agricultural irrigation, cooling machines, electric-
ity generation, hydraulic pumps, marine vehicles, mili-
tary systems, nuclear power stations, solar energy
applications, water pumps, air conditioning systems and
spacecraft, besides providing mechanical energy.12

Stirling engines are external combustion engines, and
they can convert any kind of heat energy into mechanical
energy. In Stirling engines, the heat energy from an exter-
nal source is first transferred to working fluid, and then,
this gas in the cylinder is expanded and converted into
useful work. These engines can convert heat energy into
mechanical energy by easily using different energy
sources.10 Stirling engines are divided into two groups,
kinematic or free-piston engines. Kinematic Stirling
engines are divided into three classes as alpha, beta, and
gamma according to arrangement of moving parts, drive
mechanisms, and cylinders. In alpha-type Stirling
engines, the cycle is realized by working in harmony with
each other by means of two separate cylinders, two sepa-
rate power pistons, heater, cooler, and regenerator. A
displacer piston is not used in these types of engines. The
compression and expansion space are known as the
spaces between the top points of both pistons in two sep-
arate cylinders. In beta-type Stirling engines, the cycle is
realized by a piston and a displacer piston operating in
the same cylinder. The displacer piston rod passes
through the middle of the power piston. The compression
space is located between power piston and displacer pis-
ton, and the expansion space is located in upper part of
displacer piston. In gamma-type engines, cycle is realized
by a power piston and a displacer piston operating in two
separate cylinders.11,12 Free-piston Stirling engines were
first designed and patented by the professor William
T. Beale at Ohio University. Free-piston Stirling engines
consist of fewer parts compared to kinematic engines. In
these engines, there is no mechanical connection
between the displacer piston and the power piston.13,14

They operate in line with the same principle of the ther-
modynamic cycle as kinematic Stirling engines. Free-
piston Stirling engines have different applications such as
electricity generation with a linear alternator, heat pump
or cooling machine by moving the pistons back and forth
in the cylinder. Furthermore, free-piston Stirling engines
are preferred to meet the electrical needs of spacecraft by
converting the heat energy of nuclear fuel into electrical
energy in the dark regions of space where electricity can-
not be generated from solar energy.15,16 Stirling engines
run with high efficiency, high performance, low fuel
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consumption, and without noise or vibration compared
to internal combustion engines. Most of the heat losses
occurring in Stirling engines are lost by cooling water.
Due to the external combustion feature, harmful exhaust
emissions such as hydrocarbon (HC), carbon monoxide
(CO), and carbon dioxide (CO2) are much less and con-
trolled compared to internal combustion engines.17,18

Various power generation methods and machines are
developed to meet energy demands using renewable
energy sources. Stirling engines, one of these alternative
power generating machines, can easily use many renew-
able energy sources due to their external combustion fea-
ture and have again taken their place at the top of the
energy generation required due to positive developments
in production technology compared to other power gen-
eration systems. Therefore, research and development
studies on low-emission, high-efficiency, and high-
performance Stirling engines that can generate power
using cheaper and easily available renewable energy
sources have gained momentum again nowadays.19

There are many theoretical and experimental studies
on Stirling engines with rhombic mechanisms in the lit-
erature. Eid conducted theoretical research by per-
forming the analysis that was developed by Gustav
Schmidt on a beta-type Stirling engine. In that study,
power-displacer stroke, regenerator, cooler, and heater
were accepted as non-dimensional, and the optimum
working conditions were determined. Furthermore, the
effects on performance characteristics of Stirling engine
were investigated by placing stainless square wire cages
as regenerative medium on the displacer piston used in
the study and it was stated to provide approximately 20%
more engine power increase.20 Shendage et al conducted
theoretical research on slider-crank and rhombic mecha-
nisms in a Stirling engine without changing their charac-
teristics, operating parameters, and geometry. They
reported that the Stirling engine with rhombic mecha-
nism produced 10% more power than slider-crank mech-
anism.21 Solmaz and Karabulut investigated performance
characteristics of a beta-type Stirling engine with bell-
crank and rhombic mechanisms.22 In their study, Aksoy
et al theoretically examined the effects of slider-crank
and rhombic mechanisms in a beta-type Stirling engine
on engine performance.23 Salazar and Chen theoretically
examined the heat transfer characteristics of a beta-type
Stirling engine using the computational fluid dynamics
(CFD) analysis program.24 In 2015, Chen et al theoreti-
cally investigated the effects of gas movements in regen-
erator on engine performance using the CFD analysis
program.25 Zainudin et al theoretically examined the
thermodynamic analysis of a rhombic mechanism. In
that research, the thermodynamic assessments of a Stir-
ling engine using a numerical model were made by the

isothermal analysis. It was predicted that 805 W engine
output and 50.1% efficiency could be acquired at 300 rpm
from the engine for which theoretical analysis was per-
formed.26 Many theoretical and experimental studies on
Stirling engines with a rhombic mechanism have been
carried out by Xiao et al from 2014 to the present
day.27-29 In 2016, the effects of helium and nitrogen work-
ing fluids on engine performance were studied theoreti-
cally and experimentally with a new parametric analysis
approach in a Stirling engine with rhombic mechanism.30

Furthermore, in another study, engine performance
parameters such as temperature, velocity vectors, and
pressure-volume changes in compression-expansion
areas were compared using the CFD analysis program.31

Wang et al developed a third-order numerical model
based on a one-dimensional computational fluid dynam-
ics model for kinematic Stirling engines. The effects of
helium and hydrogen working fluids on engine perfor-
mance were compared theoretically and experimentally.
The researchers stated that the Stirling engine, which
used helium as the working fluid, had much lower opti-
mum operating frequencies and lower engine perfor-
mances compared to the engine using hydrogen and
showed both experimental and theoretical results.32 Abu-
elyamen et al carried out a numerical study on a beta-
type Stirling engine with a rhombic mechanism using the
ANSYS fluent 14.5 analysis program. In that study, basic
information on engine performance, such as P-V dia-
grams, heat transfer occurring in the engine, heater, and
coolant temperature, was determined theoretically and
graphically in comparison with air, helium, and hydro-
gen working fluids.33 Alfarawi conducted theoretical per-
formance and thermodynamic analyses for slider-crank
and rhombic mechanisms under the same conditions for
a beta-type Stirling engine. In that study, thermodynamic
calculations using a numerical model were made. It is
reported that the rhombic mechanism generates 32%
more power and provides 20% more efficiency than
slider-crank mechanism in the same conditions.34 Solmaz
et al theoretically examined using the response surface
method the effects on performance characteristics of a
beta-type engine with rhombic mechanisms. As a result
of the theoretical studies, the predicted performance
values were compared with the performance results
obtained in experimental studies. According to the
results, researchers were reported that amounts of engine
power output and torque were 868.13 W and 11.95 Nm,
respectively, under optimal engine working conditions.
Furthermore, specific power output was found to be
1100 W/L which was 13% higher than previous study.35

Cheng et al have conducted many theoretical and
experimental studies on beta-type Stirling engines with
rhombic mechanism since 2010. According to the power
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values of these developed engines, it is observed with
each new study that performance characteristics were
improved from 0.3 to 1.3 kW.36-42 Recently, Cheng et al
developed a prototype beta-type Stirling heat pump for
hot water supply and performed performance tests. In
that study, a thermodynamic model was developed to
predict performance of the Stirling heat pump, and theo-
retical analyses were conducted. The experimental results
of a 1 kW-class prototype Stirling heat pump were com-
pared to check the accuracy of the theoretical results
obtained. It was stated that the experimental studies were
performed with helium gas at 5 bar and a constant
engine speed of 1000 rpm. According to the results, it
was reported that hot water could be produced with a
heating power of 904 W and at a temperature of 38�C
under a water flow of 1 (L/min).43 In another study con-
ducted by the researchers, they performed theoretical
analyses to predict heat transfer and engine performance
characteristics with the help of a CFD analysis program
in a beta-type Stirling engine. As a result of the theoreti-
cal studies, the predicted performance values were com-
pared with the performance results obtained in
experimental studies. In the experimental studies, it was
reported that maximum power was acquired to be
507.3 W with helium gas at 15 bar.44 Li et al produced a
Stirling engine with rhombic mechanism using waste
gases and carried out its experimental studies. As a result
of the tests, it was stated that maximum power output of
3476 W was acquired at an engine speed of 1248 rpm. It
was explained that maximum power value acquired was
very close to the results of the theoretical analysis.45

Duan et al performed the design, optimization,
manufacturing, and performance tests of a beta-type Stir-
ling engine with a rhombic mechanism. Furthermore, in
the study, a heat exchanger was developed to decrease
gas flow losses in the cylinder. It was indicated that an
electric heater system and air as the working fluid were
used in experimental studies. As a result of the tests, it
was reported that a maximum power output of 288 W
was achieved at 15 bar and a heater temperature of
600�C. Furthermore, it was stated that improving the sea-
ling problems of the Stirling engine and reducing clear-
ance volumes in heat exchangers would lead to better
engine performance results.46

Çınar et al conducted a study involving the design,
manufacture, and performance tests of a Stirling engine
with a rhombic mechanism.47 The performance tests of
the Stirling engine were carried out using a liquid petro-
leum gas (LPG) fueled heater, air and helium gases at dif-
ferent operating pressures. It was stated that maximum
power output was 95.77 W at 575 rpm with heater tem-
perature of 450�C, 2 bar, and helium as working fluid,
and maximum torque was acquired to be 1.98 Nm at

410 rpm.48 In 2015, a beta-type Stirling engine with a
rhombic mechanism was designed and manufactured as
a master's thesis study at Afyon Kocatepe University. The
performance tests of this engine were conducted at differ-
ent charge pressures with an LPG fueled heater as a heat
source under laboratory conditions. The maximum power
was reported to be 244 W at a heater temperature of
700�C, 3 bar, and 466 rpm engine speed.49 In a new study
conducted in 2016, modifications were made to the same
engine, which became with a regenerator. In the experi-
mental studies, maximum power output was acquired to
be 2353 W at 5 bar and 1099 rpm using a regenerator. It
was stated that a 28.53% increase was acquired in engine
power with the use of regenerators.50,51 Çınar et al
designed and produced two different rhombic mecha-
nisms in equal situations for a Stirling engine having the
same cylinder, power piston, and displacer piston dimen-
sions and equal swept volume. In one of these mecha-
nisms, two spur gears were used, and gear shaft was
supported in bearings from one side covers. In other
mechanism, two helical gears were located on crank-
shafts that supported with bearings on both side covers.
In the experimental studies using helical gears, maxi-
mum power output was acquired to be 663 W at 4 bar.
The researchers declared that engine output increased by
132%, while frictional damages and gear sounds were
decreased by supporting mechanism from both sides and
using helical gears.52

There are many studies in the literature which use air
and helium gases as the working fluid in Stirling engines.
There are only a few experimental and theoretical studies
using nitrogen gas as the working fluid in Stirling
engines. In addition, the lack of studies that use carbon
dioxide and argon gas is considered to be a major defi-
ciency. In this context, when the studies in the literature
are examined, there is no study that examines the effects
of both five different working fluids and the type of
displacer piston material on engine performance experi-
mentally. Therefore, such study was conducted due to
the motivation of this study contributing to the literature.
In the present study, it was planned to develop a power
generation system that could use renewable energy
resources more efficiently. In this context, a beta-type
Stirling engine with rhombic mechanism and a swept
volume of 365 cm3 was designed, manufactured, and
tested. The performance characteristics of this engine
were studied numerically and experimentally for differ-
ent operating parameters. Five different gases, including
helium, air, nitrogen, carbon dioxide, and argon, were
used as a working fluid in experimental studies. Also, the
effects of all these gases on engine performance charac-
teristics were examined at charge pressures of 1 to 5 bar
for two different displacer pistons made of stainless steel
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and titanium material. Better performance characteristics
were acquired in the experimental studies using a stain-
less steel displacer piston and helium gas.

2 | KINEMATICAL AND
THERMODYNAMIC ANALYSES OF
RHOMBIC MECHANISM

The rhombic mechanism was first used in Stirling engines
in 1953 by Dr. Roelof Jan Meijer, working as an engineer
at the Philips Company.53 As seen in the scheme in
Figure 1, the rhombic mechanism consists of the con-
necting rods with six sides equal to each other, two syn-
chronized gears, and a crankshaft rotating in a balanced
way in opposite directions. Power piston rod is connected
to the upper connecting part, while the displacer rod is
connected to the lower connecting part. The most signifi-
cant advantage of this mechanism is that the lateral fric-
tion forces between the power and displacer piston rods
are very low. Since the lateral friction forces are low, it
reduces the wear that may occur on the parts and provides
an increase in power and torque. The technical character-
istics of Stirling engine with rhombic mechanism, for
which thermodynamic and kinematic analyses have been
conducted, are presented in Table 1.

2.1 | Kinematical analysis

Kinematic investigates the movements of objects without
considering masses and forces that are effective on them.

The parameters such as cyclic work, pressure, and vol-
ume of an existing system and the performance proper-
ties may be determined with the thermodynamic analysis
method before prototypes are made. The kinematic anal-
ysis and operating parameters of Stirling engine, the
scheme of which is presented in Figure 1, were entered
in the Fortran program using Equations (1) to (9) and
examined numerically.21,38,47,54

FIGURE 1 Schematic views of the

prototype Stirling engine with a rhombic

mechanism [Colour figure can be

viewed at wileyonlinelibrary.com]

TABLE 1 Technical properties of prototype Stirling engine

with a rhombic mechanism

Engine type Beta

Swept volume (cm3) 365

Displacer cylinder bore, Dd (mm) 88

Displacer piston bore (mm) 87

Displacer piston length, hd (mm) 200

Displacer piston stroke (mm) 60

Power cylinder bore, Dp (mm) 88

Power piston bore (mm) 87.97

Power piston length, hp (mm) 130

Power piston stroke (mm) 60

Cylinder length, Ht (mm) 517

Distance between gear axes, L (mm) 132.5

Displacer rod length, ldr (mm) 340

Displacer rod bore, Dr (mm) 16

Connecting rod length, lr (mm) 66.23

Crank Radius, Rc (mm) 24.838

13730 EROL AND ÇALIŞKAN
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The distance from top point of power piston to the
axis of the crank,

Yp = lr2−
L− lr
2

� �
− RcCosθð Þ

� �2
" #1=2

+ RcSinθð Þ+ hp
� � ð1Þ

The distance from top point of displacer piston to the axis
of the crank,

Yd = ldr + hdð Þ− lr2−
L− lr
2

� �
− RcCosθð Þ

� �2
" #1=2

+ RcSinθð Þ

ð2Þ

The length of the cold volume,

ec =Yd−hd−Yp ð3Þ

The variation of the cold volume,

Vc = ec Ap−Adr
� � ð4Þ

The area of the power piston,

Ap =
πD2

p

4

 !
ð5Þ

The area of the displacer rod,

Adr =
πD2

r

4

� �
ð6Þ

The length of the hot volume,

ee =Ht−Yd ð7Þ

The variation of the hot volume,

Ve = eeAd ð8Þ

The area of the displacer piston,

Ad =
πD2

d

4

� �
ð9Þ

The compression, expansion, and total volume changes
of the Stirling engine depending on crankshaft angle,
acquired using the Fortran program are given in

Figure 2. When Figure 2 is examined, although the power
piston and displacer piston have the same stroke, the
compression volume and expansion volume values are
different from each other, which is caused by the fact that
the power piston moves in the direction to the bottom
dead center while the displacer piston continues to move
in direction to the top dead center. Therefore, the com-
pression volume is different from the swept volume. The
expansion volume and swept volume values are approxi-
mately equal to each other. Furthermore, compression
volume value remains constant specific to this mecha-
nism for a period of approximately 90� after the 180�

position of the crankshaft. In other words, the compres-
sion process is performed at a constant temperature for a
period of 90�.

The power piston and displacer piston position values
acquired using the Fortran program depending on crank-
shaft angle of the Stirling engine with a rhombic mecha-
nism are given in Figure 3. When the graph is examined,
it is observed that the stroke lengths of the power and
displacer pistons are 60 mm. As can be seen from the
graph, the power and displacer pistons move in unison
towards the top dead center for a period of approximately
90� starting from the 180 � position of the crankshaft,
which indicates that there is no contact between the
pistons.

2.2 | Thermodynamic analysis

Using the isothermal analysis method developed by Pro-
fessor Gustav Schmidt from the German Polytechnic
Institute in 1871, the performance parameters of an exis-
ting system like pressure, volume, and power may be

0 90 180 270 360 450 540 630 720

0

100
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300

400

500

V
o

lu
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m
3
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FIGURE 2 The variation of volume according to the different

crank angle of the rhombic mechanism [Colour figure can be

viewed at wileyonlinelibrary.com]

EROL AND ÇALIŞKAN 13731
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determined theoretically before engine prototypes are
produced. In this analysis method, all of the heat losses
in the Stirling engine are neglected. In isothermal analy-
sis, it is considered that whole heat input to system
occurs in the expansion space, while the heat output
released from the system occurs in the compression space
at a constant temperature. Therefore, in the analysis,
temperatures of the gas masses in the expansion space,
compression space, and regenerator are taken as equal to
the internal wall temperatures. This basic assumption of
the analysis allows for developing a simple mathematical
equation for working fluid pressure as a function of vol-
ume variations. The equations used in determining
changes in the net work and pressure acquired from Stir-
ling engines are given in Equations (10) and (11). Due to
the assumptions that compression and expansion pro-
cesses occur isothermally and there are no aerodynamic
gas flow losses, the isothermal analysis developed by
Schmidt provides mathematical solution convenience
rather than fully expressing the system performance. The
following assumptions were made while employing the
isothermal analysis method.54,55

• Working gases are considered a perfect gas.
• The working gas mass is constant throughout the

cycle, and there are no leaks.
• The kinetic and potential energies of the working gas

are neglected.
• The engine cyclic is established in a steady state.
• The speed of the engine is constant.
• During the volume change in the compression and

expansion spaces, the temperature of the working gas
is equal to TH and TL temperatures.

Pressure in isothermal analysis,

P=m:R
V1

T1
+
V2

T2
+ ::…+

Vn

Tn

� �−1

ð10Þ

Net work,

W =
Xi= k

i=1

Pi Vi−Vi−1ð Þ ð11Þ

equations are used.
The comparison of P-V diagrams depending on dif-

ferent heater temperatures of Stirling engine with
rhombic mechanism is given in Figure 4. During ther-
modynamic analyses the mass of the working fluid was
kept constant at 0.000536 kg and the coolant tempera-
ture was kept constant at 300 K. The cyclic work values
of this engine with a rhombic mechanism were calcu-
lated as 10.66, 11.61, and 12.42 J, for different heater
temperature, respectively. The net work output is thus
acquired from Equation (11).

The variations of pressure-volume for the compres-
sion, expansion, and total spaces of the Stirling engine
are given in Figure 5. In the thermodynamic analysis
for 1000 K heater temperature, 300 K cooler tempera-
ture, and 0.000536 kg fixed working fluid, the net
work amount obtained from the engine with rhombic
mechanism during one cycle was obtained to be
11.61 J. The compression, expansion, and total spaces
cycled under these conditions are separately presented
in the graph.
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The comparison of P-V diagrams at different charge
pressures, depending on volume change of Stirling
engine with a rhombic mechanism, is given in Figure 6.
The mass of the working fluid varies at a certain rate as
the amount of charge pressure increases. The coolant
and heater temperatures were kept constant at 1000 and
300 K, respectively, during a cycle for 1 to 5 bar charge
pressures. Under these conditions, the cyclic work
values of this engine with a rhombic mechanism were
acquired as 11.61, 23.22, 34.83, 46.44, and 58.05 J,
respectively. When the graph and results are examined,
it is determined that the net cyclic work amount per-
formed increases in direct proportion to the charge
pressure.

3 | MATERIAL AND METHOD

The design and manufacturing drawings of the beta-type
Stirling engine with a rhombic mechanism were per-
formed using SolidWorks which is computer-aided
design program. The explanations and schematic images
belonging to material features of basic engine parts such
as engine block and side covers, crankshaft, rhombic
gears, power cylinder, power piston, displacer cylinder
and piston, displacer piston rod, connecting rods, and
engine flywheel are presented below. The assembly view
of the manufactured rhombic mechanism can be
observed in Figure 7.

The engine block was manufactured out of spheroidal
cast iron material in one piece to withstand the 10 bar of
the working fluid. The two sides of the engine block are
closed by two covers, which also serve as bed-plate for
the crankshaft. The side covers were made out of AISI/
SAE 1040 (DIN C40 Carbon Steels) material. The outer
rings of the tapered bearings in the main trunnions of the
crankshaft were located on the centering niches on the
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FIGURE 7 Assembly view with a rhombic mechanism of the

power and displacer pistons [Colour figure can be viewed at
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covers of the block. The covers fix the crankshaft on
both sides by means of tapered bearings. Sealing chan-
nels were engraved for the use of a special sealing gas-
ket on the side cover surfaces and engine block to
ensure the sealing of the Stirling engine. Since its sur-
face hardening and toughness feature is high, the crank-
shaft was manufactured out of AISI/SAE 4140 (DIN
42CrMo4) material in one piece. The trunnion surfaces
were sensitively ground, and after the crankshaft trun-
nions were ground, the surface quality was improved by
polishing. After these operations, the trunnion surface
of the crankshaft was heat treated to increase its resis-
tance to abrasion, torsion, and bending stresses. Two
different helical gears rotating in opposite directions
were used to the right and left of the rhombic mecha-
nism. Gears were manufactured out of AISI/SAE 4140
material in one piece. Rhombic gears were connected to
the crankshaft with bolts.

The power cylinder was manufactured using AISI/
SAE 1040 material in one piece. A pre-set working clear-
ance is essential between the cylinder and the power pis-
ton, to allow for comfortable operation. The inner surface
where the power piston would work was honed in a way
to give a working clearance of 0.03 mm. Stepped fins
were mounted on the outer side of the power cylinder to
facilitate easier cooling of working fluid. The outer part
of power cylinder was sealed with the help of the cooling
jacket manufactured in one piece out of aluminum 7075
material (AlZn5.5MgCu).

The power piston was manufactured out of spheroidal
graphite cast iron material due to its high lubrication and
abrasion resistance and the low amount of expansion due
to high temperature. Since the rod of the displacer piston
passes through the middle of power piston in beta-type
engines, bronze material is placed in the middle of the
power piston and rod and turned and processed precisely.
Thus, mechanical losses were minimized by providing
better quality sealing between power piston rod and
displacer piston rod.

In this study, two different displacer pistons were
manufactured out of AISI/SAE 303 (DIN X8CrNiS18-9
stainless steel) and Ti 6Al 4 V (GR5 titanium) materials,
and their effects on engine performance were investi-
gated experimentally. One of the displacer pistons was
manufactured out of AISI/SAE 303 (DIN X8CrNiS18-9)
material in the hollow form due to its easy processability,
corrosion resistance, and high mechanical properties.
Stainless steel covers were welded into both open ends of
the displacer piston so that no working fluid could get
inside. The bottom end of the displacer piston was specif-
ically threaded to facilitate the connection of the
displacer rod. The displacer cylinder was manufactured
out of AISI/SAE 303 tube material in one piece due to its

easy processability, corrosion resistance, and high
mechanical properties. The other second displacer piston
was manufactured out of titanium (Ti-6Al-4 V/GR5)
material in the hollow form due to its easy processability,
very lower thermal conductivity, low density, excellent
corrosion resistance, superb strength-weight ratio, and
superlative thermal stability.56,57 In addition to these
superior features, the cost of a titanium displacer piston
is considerably higher than a stainless steel displacer
piston.

Connecting rods were manufactured out of aluminum
7075 material in one piece due to its light weight and
easy processability, corrosion resistance and high
mechanical properties. As is seen in Figures 7 and 8, in
the rhombic mechanism manufactured, four connecting
rods were used for the power piston, and two connecting
rods were used for the displacer piston. When Figure 9 is
examined, special bearings were mounted on the con-
necting rods to minimize wear and noise values that
might occur under the operating conditions of the
engine.

4 | RESULTS AND DISCUSSION

The experimental studies were carried out in the labora-
tory of Kırıkkale University Automotive Technology
Department. Five different gases, including helium,
nitrogen, air, carbon dioxide, and argon were used as a
working fluid in experimental studies. The effects of all
these working fluids on engine performance characteris-
tics were examined at different engine charge pressures
(1 to 5 bar) for two different displacer pistons made of
stainless steel and titanium material. The performance
characteristics of the manufactured Stirling engine were
tested using a specially designed electrical heater, at
727�C (±10�C) hot end and 27�C (±5�C) cold end tem-
perature, depending on engine speed. The experimental
setup and auxiliary equipment of the Stirling engine are
given in Figure 10.

The study maps of engine power characteristics
obtained in the experimental studies conducted with dif-
ferent working fluids in stainless steel and titanium
displacer pistons depending on engine speed and charge
pressure are presented in Figure 11. In Stirling engines,
working fluid passes bidirectionally between hot and cold
regions, through space between regenerator or displacer
piston and cylinder wall. After the working fluid converts
the heat energy received from the hot source into
mechanical energy, the cycle is completed by transferring
the remaining heat energy to the cold source. This pro-
cess is repeated during each cycle. Along with the
increase in engine speed, the heating-cooling times
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applied to the working fluid throughout the cycle are pro-
portionally reduced. Therefore, the working fluid used in
Stirling engines is desired to have a high thermal conduc-
tivity. When the performance maps in Figure 11 are
examined, it is observed that the displacer piston material
used did not have a significant effect on the performance
values of Stirling engines. However, it was observed that
the thermal conductivity and density of the working fluid
had a significant effect on the performance values of Stir-
ling engines.

The change in the engine performance characteristics,
depending on engine speed, acquired in the experimental
studies conducted with stainless steel and titanium

FIGURE 9 Connecting rods [Colour figure can be viewed at

wileyonlinelibrary.com]

FIGURE 10 View of the experimental setup of Stirling engine

and measuring devices [Colour figure can be viewed at

wileyonlinelibrary.com]

FIGURE 8 General views of

prototype engine parts manufactured

[Colour figure can be viewed at

wileyonlinelibrary.com]
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displacer pistons and helium as working fluid at different
engine charge pressures, is given in Figure 12. As seen in
Figure 12A, the maximum power values in the

experiments conducted with a stainless steel displacer
piston were acquired to be 112.78, 134.07, 172.34, 215.48,
and 195.93 W, respectively, for pressures of 1, 2, 3, 4, and

15

40

65

90

115

140

165

190

215

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

215

65

65

90

90

190

165

115

140

100 200 300 400 500 600 700 800 900 1000 1100 1200

1

2

3

4

5

Power (W)
C

h
ar

g
e
 P

re
ss

u
re

 (
B

ar
)

Engine Speed (rpm)

Helium - Stainless steel

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

4040

190

40404040

65

65

165

90

90

9090

140

115

100 200 300 400 500 600 700 800 900 1000 1100 1200

1

2

3

4

5

Power (W)

C
h
a
rg

e
 P

re
ss

u
re

 (
B

a
r)

Engine Speed (rpm)

15

40

65

90

115

140

165

190

215Helium - Titanium

125

6565

115

65

65

95

95

125

6565

115

65

65

95

95

125

6565

115

65

65

95

95

125

6565

115

65

65

95

95

125

6565

115

65

65

95

95

125

6565

115

65

65

95

95

125

6565

115

65

65

95

95

125

6565

115

65

65

95

95

125

6565

115

65

65

95

95

125

6565

115

65

65

95

95

125

6565

115

65

65

95

95

125

6565

115

65

65

95

95

125

6565

115

65

65

95

95

125

6565

115

65

65

95

95

125

6565

115

65

65

95

95

125

6565

115

65

65

95

95

125

6565

115

65

65

95

95

125

6565

115

65

65

95

95

125

6565

115

65

65

95

95

125

6565

115

65

65

95

95

125

6565

115

65

65

95

95

125

6565

115

65

65

95

95

125

6565

115

65

65

95

95

125

6565

115

65

65

95

95

125

6565

115

65

65

95

95

125

6565

115

65

65

95

95

125

6565

115

65

65

95

95

125

6565

115

65

65

95

95

125

6565

115

65

65

95

95

125

6565

115

65

65

95

95

125

6565

115

65

65

95

95

125

6565

115

65

65

95

95

125

6565

115

65

65

95

95

125

6565

115

65

65

95

95

125

6565

115

65

65

95

95

125

6565

115

65

65

95

95

125

6565

115

65

65

95

95

125

6565

115

65

65

95

95

125

6565

115

65

65

95

95

125

6565

115

65

65

95

95

125

6565

115

65

65

95

95

125

6565

115

65

65

95

95

125

6565

115

65

65

95

95

125

6565

115

65

65

95

95

125

6565

115

65

65

95

95

125

6565

115

65

65

95

95

125

6565

115

65

65

95

95

125

6565

115

65

65

95

95

125

6565

115

65

65

95

95

125

6565

115

65

65

95

95

125

6565

115

65

65

95

95

125

6565

115

65

65

95

95

125

6565

115

65

65

95

95

125

6565

115

65

65

95

95

125

6565

115

65

65

95

95

125

6565

115

65

65

95

95

125

6565

115

65

65

95

95

125

6565

115

65

65

95

95

125

6565

115

65

65

95

95

125

6565

115

65

65

95

95

125

6565

115

65

65

95

95

125

6565

115

65

65

95

95

125

6565

115

65

65

95

95

125

6565

115

65

65

95

95

125

6565

115

65

65

95

95

125

6565

115

65

65

95

95

125

6565

115

65

65

95

95

125

6565

115

65

65

95

95

125

6565

115

65

65

95

95

125

6565

115

65

65

95

95

100 200 300 400 500 600 700 800 900 1000 1100 1200

1

2

3

4

5

Power (W)

C
h
ar

g
e 

P
re

ss
u
re

 (
B

a
r)

Engine Speed (rpm)

15

40

65

90

115

140

165

190

215
Nitrogen - Stainless steel

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

129

656565

115

95

95

100 200 300 400 500 600 700 800 900 1000 1100 1200

1

2

3

4

5

Power (W)

C
h
a
rg

e 
P

re
ss

u
re

 (
B

ar
)

Engine Speed (rpm)

15

40

65

90

115

140

165

190

215Nitrogen - Titanium

124

115

65

65

95

95

124

115

65

65

95

95

124

115

65

65

95

95

124

115

65

65

95

95

124

115

65

65

95

95

124

115

65

65

95

95

124

115

65

65

95

95

124

115

65

65

95

95

124

115

65

65

95

95

124

115

65

65

95

95

124

115

65

65

95

95

124

115

65

65

95

95

124

115

65

65

95

95

124

115

65

65

95

95

124

115

65

65

95

95

124

115

65

65

95

95

124

115

65

65

95

95

124

115

65

65

95

95

124

115

65

65

95

95

124

115

65

65

95

95

124

115

65

65

95

95

124

115

65

65

95

95

124

115

65

65

95

95

124

115

65

65

95

95

124

115

65

65

95

95

124

115

65

65

95

95

124

115

65

65

95

95

124

115

65

65

95

95

124

115

65

65

95

95

124

115

65

65

95

95

124

115

65

65

95

95

124

115

65

65

95

95

124

115

65

65

95

95

124

115

65

65

95

95

124

115

65

65

95

95

124

115

65

65

95

95

124

115

65

65

95

95

124

115

65

65

95

95

124

115

65

65

95

95

124

115

65

65

95

95

124

115

65

65

95

95

124

115

65

65

95

95

124

115

65

65

95

95

124

115

65

65

95

95

124

115

65

65

95

95

124

115

65

65

95

95

124

115

65

65

95

95

124

115

65

65

95

95

124

115

65

65

95

95

124

115

65

65

95

95

124

115

65

65

95

95

124

115

65

65

95

95

124

115

65

65

95

95

124

115

65

65

95

95

124

115

65

65

95

95

124

115

65

65

95

95

124

115

65

65

95

95

124

115

65

65

95

95

124

115

65

65

95

95

124

115

65

65

95

95

124

115

65

65

95

95

124

115

65

65

95

95

124

115

65

65

95

95

124

115

65

65

95

95

124

115

65

65

95

95

124

115

65

65

95

95

124

115

65

65

95

95

124

115

65

65

95

95

124

115

65

65

95

95

124

115

65

65

95

95

124

115

65

65

95

95

124

115

65

65

95

95

124

115

65

65

95

95

124

115

65

65

95

95

124

115

65

65

95

95

124

115

65

65

95

95

124

115

65

65

95

95

100 200 300 400 500 600 700 800 900 1000 1100 1200

1

2

3

4

5

Power (W)

C
h
a
rg

e
 P

re
ss

u
re

 (
B

a
r)

Engine Speed (rpm)

15

40

65

90

115

140

165

190

215Air - Stainless steel

119

115

65

65

95

95

119

115

65

65

95

95

119

115

65

65

95

95

119

115

65

65

95

95

119

115

65

65

95

95

119

115

65

65

95

95

119

115

65

65

95

95

119

115

65

65

95

95

119

115

65

65

95

95

119

115

65

65

95

95

119

115

65

65

95

95

119

115

65

65

95

95

119

115

65

65

95

95

119

115

65

65

95

95

119

115

65

65

95

95

119

115

65

65

95

95

119

115

65

65

95

95

119

115

65

65

95

95

119

115

65

65

95

95

119

115

65

65

95

95

119

115

65

65

95

95

119

115

65

65

95

95

119

115

65

65

95

95

119

115

65

65

95

95

119

115

65

65

95

95

119

115

65

65

95

95

119

115

65

65

95

95

119

115

65

65

95

95

119

115

65

65

95

95

119

115

65

65

95

95

119

115

65

65

95

95

119

115

65

65

95

95

119

115

65

65

95

95

119

115

65

65

95

95

119

115

65

65

95

95

119

115

65

65

95

95

119

115

65

65

95

95

119

115

65

65

95

95

119

115

65

65

95

95

119

115

65

65

95

95

119

115

65

65

95

95

119

115

65

65

95

95

119

115

65

65

95

95

119

115

65

65

95

95

119

115

65

65

95

95

119

115

65

65

95

95

119

115

65

65

95

95

119

115

65

65

95

95

119

115

65

65

95

95

119

115

65

65

95

95

119

115

65

65

95

95

119

115

65

65

95

95

119

115

65

65

95

95

119

115

65

65

95

95

119

115

65

65

95

95

119

115

65

65

95

95

119

115

65

65

95

95

119

115

65

65

95

95

119

115

65

65

95

95

119

115

65

65

95

95

119

115

65

65

95

95

119

115

65

65

95

95

119

115

65

65

95

95

119

115

65

65

95

95

119

115

65

65

95

95

119

115

65

65

95

95

119

115

65

65

95

95

119

115

65

65

95

95

119

115

65

65

95

95

119

115

65

65

95

95

100 200 300 400 500 600 700 800 900 1000 1100 1200

1

2

3

4

5

Power (W)

C
h

ar
g
e
 P

re
ss

u
re

 (
B

a
r)

Engine Speed (rpm)

15

40

65

90

115

140

165

190

215Air - Titanium

63

40

40

40

60
55

55

63

40

40

40

60
55

55

63

40

40

40

60
55

55

63

40

40

40

60
55

55

63

40

40

40

60
55

55

63

40

40

40

60
55

55

63

40

40

40

60
55

55

63

40

40

40

60
55

55

63

40

40

40

60
55

55

63

40

40

40

60
55

55

63

40

40

40

60
55

55

63

40

40

40

60
55

55

63

40

40

40

60
55

55

63

40

40

40

60
55

55

63

40

40

40

60
55

55

63

40

40

40

60
55

55

63

40

40

40

60
55

55

63

40

40

40

60
55

55

63

40

40

40

60
55

55

63

40

40

40

60
55

55

63

40

40

40

60
55

55

63

40

40

40

60
55

55

63

40

40

40

60
55

55

63

40

40

40

60
55

55

63

40

40

40

60
55

55

63

40

40

40

60
55

55

63

40

40

40

60
55

55

63

40

40

40

60
55

55

63

40

40

40

60
55

55

63

40

40

40

60
55

55

63

40

40

40

60
55

55

63

40

40

40

60
55

55

63

40

40

40

60
55

55

63

40

40

40

60
55

55

63

40

40

40

60
55

55

63

40

40

40

60
55

55

63

40

40

40

60
55

55

63

40

40

40

60
55

55

63

40

40

40

60
55

55

63

40

40

40

60
55

55

63

40

40

40

60
55

55

63

40

40

40

60
55

55

63

40

40

40

60
55

55

63

40

40

40

60
55

55

63

40

40

40

60
55

55

100 200 300 400 500 600 700 800 900 1000 1100 1200

1

2

3

4

5

Power (W)

C
h
ar

g
e
 P

re
ss

u
re

 (
B

ar
)

Engine Speed (rpm)

15

40

65

90

115

140

165

190

215Carbon dioxide - Stainless steel

25

53

25

50

35

35

45

45

25

53

25

50

35

35

45

45

25

53

25

50

35

35

45

45

25

53

25

50

35

35

45

45

25

53

25

50

35

35

45

45

25

53

25

50

35

35

45

45

25

53

25

50

35

35

45

45

25

53

25

50

35

35

45

45

25

53

25

50

35

35

45

45

25

53

25

50

35

35

45

45

25

53

25

50

35

35

45

45

25

53

25

50

35

35

45

45

25

53

25

50

35

35

45

45

25

53

25

50

35

35

45

45

25

53

25

50

35

35

45

45

25

53

25

50

35

35

45

45

25

53

25

50

35

35

45

45

25

53

25

50

35

35

45

45

25

53

25

50

35

35

45

45

25

53

25

50

35

35

45

45

25

53

25

50

35

35

45

45

25

53

25

50

35

35

45

45

25

53

25

50

35

35

45

45

25

53

25

50

35

35

45

45

25

53

25

50

35

35

45

45

25

53

25

50

35

35

45

45

25

53

25

50

35

35

45

45

25

53

25

50

35

35

45

45

25

53

25

50

35

35

45

45

25

53

25

50

35

35

45

45

25

53

25

50

35

35

45

45

25

53

25

50

35

35

45

45

25

53

25

50

35

35

45

45

25

53

25

50

35

35

45

45

25

53

25

50

35

35

45

45

25

53

25

50

35

35

45

45

100 200 300 400 500 600 700 800 900 1000 1100 1200

1

2

3

4

5

Power (W)

C
h

ar
g
e
 P

re
ss

u
re

 (
B

a
r)

Engine Speed (rpm)

15

40

65

90

115

140

165

190

215Carbon dioxide - Titanium

55

25

25

25

50

40
40

55

25

25

25

50

40
40

55

25

25

25

50

40
40

55

25

25

25

50

40
40

55

25

25

25

50

40
40

55

25

25

25

50

40
40

55

25

25

25

50

40
40

55

25

25

25

50

40
40

55

25

25

25

50

40
40

55

25

25

25

50

40
40

55

25

25

25

50

40
40

55

25

25

25

50

40
40

55

25

25

25

50

40
40

55

25

25

25

50

40
40

55

25

25

25

50

40
40

55

25

25

25

50

40
40

55

25

25

25

50

40
40

55

25

25

25

50

40
40

55

25

25

25

50

40
40

55

25

25

25

50

40
40

55

25

25

25

50

40
40

55

25

25

25

50

40
40

55

25

25

25

50

40
40

55

25

25

25

50

40
40

55

25

25

25

50

40
40

55

25

25

25

50

40
40

55

25

25

25

50

40
40

55

25

25

25

50

40
40

55

25

25

25

50

40
40

55

25

25

25

50

40
40

55

25

25

25

50

40
40

55

25

25

25

50

40
40

55

25

25

25

50

40
40

55

25

25

25

50

40
40

55

25

25

25

50

40
40

55

25

25

25

50

40
40

55

25

25

25

50

40
40

55

25

25

25

50

40
40

55

25

25

25

50

40
40

55

25

25

25

50

40
40

55

25

25

25

50

40
40

100 200 300 400 500 600 700 800 900 1000 1100 1200

1

2

3

4

5

Power (W)

C
h
ar

g
e
 P

re
ss

u
re

 (
B

ar
)

Engine Speed (rpm)

15

40

65

90

115

140

165

190

215Argon - Stainless steel 15

15

15

34

30

25

25

15

15

15

34

30

25

25

15

15

15

34

30

25

25

15

15

15

34

30

25

25

15

15

15

34

30

25

25

15

15

15

34

30

25

25

15

15

15

34

30

25

25

15

15

15

34

30

25

25

15

15

15

34

30

25

25

15

15

15

34

30

25

25

15

15

15

34

30

25

25

15

15

15

34

30

25

25

15

15

15

34

30

25

25

15

15

15

34

30

25

25

15

15

15

34

30

25

25

15

15

15

34

30

25

25

15

15

15

34

30

25

25

15

15

15

34

30

25

25

15

15

15

34

30

25

25

15

15

15

34

30

25

25

15

15

15

34

30

25

25

15

15

15

34

30

25

25

15

15

15

34

30

25

25

15

15

15

34

30

25

25

15

15

15

34

30

25

25

15

15

15

34

30

25

25

100 200 300 400 500 600 700 800 900 1000 1100 1200

1

2

3

4

5

Power (W)

C
h
a
rg

e
 P

re
ss

u
re

 (
B

a
r)

Engine Speed (rpm)

15

40

65

90

115

140

165

190

215Argon - Titanium

FIGURE 11 View of engine performance

maps; helium, nitrogen, air, carbon dioxide, and

argon respectively [Colour figure can be viewed

at wileyonlinelibrary.com]

13736 EROL AND ÇALIŞKAN
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5 bar. Maximum torque values were measured to be 3.07,
4.49, 6.16, 6.27, and 7.54 Nm, respectively. In the case of
using helium gas, maximum power output was acquired
to be 215.48 W, at 4 bar and 550 rpm, and maximum tor-
que value was acquired to be 7.54 Nm, at 5 bar, and
150 rpm. This engine power acquired is the highest value
acquired under all experimental conditions with stainless
steel and titanium displacer pistons and nitrogen, air, car-
bon dioxide, and argon as working fluid. Thermal con-
ductivity of working fluids has a very significant effect on
engine performance characteristics. While the thermal
conductivity of helium gas at 1000 K is 0.4052 W/mK, the
thermal conductivity of air, carbon dioxide, nitrogen, and
argon gases at the same temperature is 0.06754, 0.06752,
0.0626, and 0.0493 W/mK, respectively. As can be seen
from these values, the thermal conductivity of helium gas
is much higher compared to other gases. Furthermore,
helium gas has less friction loss due to its density and vis-
cosity compared to other gases.

As seen in Figure 12B, the maximum engine power
values in the experiments conducted with a titanium
displacer piston were acquired to be 91.68, 116.07, 151.94,
193.12, and 168.91 W, respectively, for pressures of 1 to
5 bar. Maximum torque values were measured to be 2.19,
4.46, 6.28, 5.88, and 7.1 Nm, respectively. Maximum
power output was acquired to be 193.12 W, at 4 bar and
600 rpm, and maximum torque value was acquired to be
7.1 Nm, at 5 bar and 150 rpm. This engine power
acquired is the highest value acquired under all experi-
mental conditions with a titanium displacer piston and
nitrogen, air, carbon dioxide, and argon as working
fluids. Furthermore, it was determined that maximum
power output value acquired at 4 bar in the titanium
displacer piston was 10.38% less in comparison with the
stainless steel displacer piston.

The change in the engine performance characteristics,
depending on engine speed, acquired in the experimental
studies conducted with stainless steel and titanium
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displacer pistons and nitrogen as working fluid at differ-
ent engine charge pressures, is given in Figure 13. As
seen in Figure 13A, the maximum power values in the
experiments conducted with a stainless steel displacer
piston were acquired to be 82.81, 99.24, 112.77, 125.19,
and 105.1 W, respectively, for pressures of 1 to 5 bar.
Maximum torque values were measured to be 3.56, 4.3,
4.93, 5.07, and 6.19 Nm, respectively. In the case of using
nitrogen gas, maximum power output was acquired to be
125.19 W, at 4 bar and 350 rpm, and maximum torque
value was acquired to be 6.19 Nm, at 5 bar and 150 rpm.
While the thermal conductivity of nitrogen gas at 1000 K
is 0.0626 W/mK, the thermal conductivity of air and car-
bon dioxide gases at the same temperature is 0.06754 and
0.06752 W/mK, respectively. As can be seen from these
values, the thermal conductivities of nitrogen, air, and
carbon dioxide gases are very close to each other. The

maximum power values acquired from the experiments
conducted on using a stainless steel displacer piston and
nitrogen, air, and carbon dioxide gases as working fluids
are 125.19, 124.06, and 63.1 W, respectively. Further-
more, it was determined that maximum power output
value acquired by using nitrogen gas as working fluid at
4 bar produced 0.91% and 50.4% more power, respec-
tively, than that acquired by using air and carbon dioxide
gases. Although the thermal conductivity of these gases is
close to each other, the engine powers acquired are dif-
ferent from each other. The acquired engine powers show
that the viscosity and density of the gases used as work-
ing fluid have significant importance for engine perfor-
mance. While the density of nitrogen gas at 1000 K
temperature is 0.318 kg/m3, the densities of air and car-
bon dioxide gases at the same temperature are 0.353 and
0.536 kg/m3, respectively. Since the density of carbon

0 100 200 300 400 500 600 700

0

20

40

60

80

100

120

140

1 Bar (Nitrogen - Stainless Steel)

2 Bar (Nitrogen - Stainless Steel)

3 Bar (Nitrogen - Stainless Steel)

4 Bar (Nitrogen - Stainless Steel)

5 Bar (Nitrogen - Stainless Steel)

E
n
g
in

e
 P

o
w

e
r 

(W
at

t)

Engine Speed (rpm)

(A) (B)

0 100 200 300 400 500 600 700

0

20

40

60

80

100

120

140

1 Bar (Nitrogen - Titanium)

2 Bar (Nitrogen - Titanium)

3 Bar (Nitrogen - Titanium)

4 Bar (Nitrogen - Titanium)

5 Bar (Nitrogen - Titanium)

E
n
g
in

e 
P

o
w

er
 (

W
at

t)

Engine Speed (rpm)

0 100 200 300 400 500 600 700

0

1

2

3

4

5

6

7

8
1 Bar (Nitrogen - Stainless Steel)

2 Bar (Nitrogen - Stainless Steel)

3 Bar (Nitrogen - Stainless Steel)

4 Bar (Nitrogen - Stainless Steel)

5 Bar (Nitrogen - Stainless Steel)

Engine Speed (rpm)

E
n

g
in

e 
T

o
rq

u
e 

(N
m

)

0 100 200 300 400 500 600 700

0

1

2

3

4

5

6

7

8
1 Bar (Nitrogen - Titanium)

2 Bar (Nitrogen - Titanium)

3 Bar (Nitrogen - Titanium)

4 Bar (Nitrogen - Titanium)

5 Bar (Nitrogen - Titanium)

E
n
g

in
e
 T

o
rq

u
e 

(N
m

)

Engine Speed (rpm)

Nitrogen - Stainless steel displacer Nitrogen - Titanium displacer

FIGURE 13 The variations of engine power and torque depending on engine speeds at different charge pressures [Colour figure can be

viewed at wileyonlinelibrary.com]

13738 EROL AND ÇALIŞKAN
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dioxide gas is higher than other gases, it affects engine
performance adversely.

As seen in Figure 13B, the maximum engine power
values in the experiments conducted with a titanium
displacer piston were acquired to be 79.83, 106.92, 115.79,
129.52, and 104.75 W, respectively, for pressures of 1 to
5 bar. Maximum torque values were measured to be 2.98,
4.4, 5.19, 5.25, and 5.69 Nm, respectively. Maximum
power output was acquired to be 129.52 W, at 4 bar and
350 rpm, and maximum torque value was acquired to be
5.69 Nm, at 5 bar and 114 rpm. Moreover, it was deter-
mined that maximum power output value acquired in
the titanium displacer piston at 4 bar was 3.35% more in
comparison with the stainless steel displacer piston. The
maximum power values acquired from the experiments
conducted using the titanium displacer piston and nitro-
gen, air, and carbon dioxide gases as a working fluid are

129.52, 119.58, and 53.33 W, respectively. Furthermore, it
was determined that maximum power output value
acquired by using nitrogen gas as working fluid at 4 bar
produced 7.68% and 41.2% more power, respectively, than
that acquired by using air and carbon dioxide gases.

The change in the engine performance characteristics,
depending on engine speed, acquired in the experimental
studies conducted with stainless steel and titanium
displacer pistons and air as working fluid at different
engine charge pressures, is given in Figure 14. As seen in
Figure 14A, the maximum power values in the experi-
ments conducted with a stainless steel displacer piston
were acquired to be 79.11, 95.67, 111.76, 124.06, and
101.42 W, respectively, for pressures of 1 to 5 bar. Maxi-
mum torque values were measured to be 3.29, 4.5, 5.46,
6.5, and 5.94 Nm, respectively. Maximum power output
was acquired to be 124.04 W at 4 bar and 250 rpm, and
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maximum torque value was acquired to be 6.5 Nm at
4 bar and 114 rpm. The amount of power acquired from
the engine at an engine speed of 250 to 350 rpm at all
pressure values is high. This engine speed range provides
the most suitable operating conditions in case of using air
as the working fluid. It was determined that when a
stainless steel displacer piston and air as working fluid
were used, the engine speed could reach up to 550 rpm.

As seen in Figure 14B, the maximum engine power
values in the experiments conducted with a titanium
displacer piston were acquired to be 66.17, 89.36, 107.13,
119.58, and 99.37 W, respectively, for pressures of 1 to
5 bar. Maximum torque values were measured to be 2.77,
4.58, 5.64, 6.97, and 5.58 Nm, respectively. Maximum
power output was acquired to be 119.58 W, at 4 bar and
250 rpm, and maximum torque value was acquired to be
6.97 Nm, at 4 bar and 102 rpm. The highest torque values

in the engine were determined in the engine speed
ranges of 100 to 150 rpm. It was revealed that when a
titanium displacer piston and air as working fluid were
used, the engine speed could reach up to 650 rpm. In the
titanium displacer piston, it was observed that the engine
power decreased, and the operating speed range of the
engine was expanded compared to the stainless steel
displacer piston. Furthermore, it was determined that
maximum power output value acquired at 4 bar in the
titanium displacer piston was 3.61% less in comparison
with the stainless steel displacer piston.

The change in the engine performance characteristics,
depending on engine speed, acquired in the experimental
studies conducted with stainless steel and titanium mate-
rial displacer pistons and carbon dioxide as working fluid
at different engine charge pressures, is given in
Figure 15. As seen in Figure 15A, the maximum power
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values in the experiments conducted with a stainless steel
displacer piston were acquired to be 41.8, 54.36, 58.7,
63.1, and 56.44 W, respectively, for pressures of 1 to
5 bar. Maximum torque values were measured to be 2.98,
3.76, 4.29, 4.98, and 4.48 Nm, respectively. In the case of
using carbon dioxide gas, maximum power output was
acquired to be 63.1 W, at 4 bar and 250 rpm, and maxi-
mum torque value was acquired to be 4.98 Nm, at 4 bar
and 100 rpm.

As seen in Figure 15B, maximum engine power
values in the experiments conducted with a titanium
displacer piston were acquired to be 35.70, 45.08, 51.90,
53.33, and 43.83 W, respectively, for pressures of 1 to
5 bar. Maximum torque values were measured to be 2.11,
2,47, 2.83, 2.83, and 2.38 Nm, respectively. Maximum
power output was acquired to be 53.33 W, at 4 bar and
225 rpm, and maximum torque value was acquired to be

2.83 Nm, at 4 bar and 125 rpm. Furthermore, it was
determined that maximum power output value acquired
at 4 bar in the titanium displacer piston was 15.48% less
in comparison with the stainless steel displacer piston.

The change in the engine performance characteristics,
depending on engine speed, acquired in the experimental
studies conducted with stainless steel and titanium mate-
rial displacer pistons and argon as working fluid at differ-
ent engine charge pressures, is given in Figure 16. As
seen in Figure 16A, the maximum power values in the
experiments conducted with a stainless steel displacer
piston were acquired to be 28.82, 41.52, 49.45, 55.42, and
49.28 W, respectively, for pressures of 1 to 5 bar. Maxi-
mum torque values were measured to be 2.1, 2.67, 3.07,
3.35, and 3.13 Nm, respectively. In the case of using
argon gas, maximum power output was acquired to be
55.42 W, at 4 bar and 251 rpm, and maximum torque
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value was acquired to be 3.35 Nm, at 4 bar and 97 rpm.
While the thermal conductivity of argon gas at 1000 K
temperature is 0.0493 W/mK, the thermal conductivity of
air at the same temperature is 0.0675 W/mK. Thermal

conductivity of working fluids has a very significant effect
on engine performance characteristics. Therefore, ther-
mal conductivity of working fluid determines the amount
of heat energy transferred from hot source to working
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fluid, from working fluid to the cold source, and the
heating and cooling times. The low thermal conductivity
of the working fluid reduces the heat energy transferred
to the working fluid. Therefore, engine power in using
argon as working fluid is lower than gases with high ther-
mal conductivity, and power loss is experienced. Further-
more, factors such as the high viscosity and density of
argon gas compared to other gases adversely affect the
engine performance.

As seen in Figure 16B, maximum engine power
values in the experiments conducted with a titanium
displacer piston were acquired to be 28.46, 31.59, 34.66,
29.63, and 23.99 W, respectively, for pressures of 1 to
5 bar. Maximum torque values were measured to be 1.57,
1.64, 1.77, 1.43, and 1.27 Nm, respectively. Maximum
power output was acquired to be 34.66 W, at 3 bar and
300 rpm, and maximum torque value was acquired to be
1.77 Nm, at 3 bar and 109 rpm. Moreover, it was deter-
mined that maximum power output value acquired at
3 bar in the titanium displacer piston was 37.46% less
than maximum power output value acquired at 4 bar in
the stainless steel displacer piston.

The comparison of the maximum engine power and
torque values of the stainless steel and titanium displacer
pistons of different working fluids according to the
engine speed is given in Figure 17. As seen in Figure 17,
in the experimental studies carried out under the same
conditions, the working fluids giving the highest engine
output power were obtained in descending order as
helium, nitrogen, air, carbon dioxide, and argon gases,
respectively. It is observed that the maximum engine
speeds that can be achieved in the titanium displacer pis-
ton are higher than those obtained in the stainless steel
displacer piston. However, the titanium displacer piston
not only increases the engine operating range but also
reduces the engine power to a certain extent. The reason
for this decrease in engine power is thought to originate
from the decrease in heating-cooling times at high engine
speeds and the insufficient heat transfer surface area. As
can be understood from the graphs obtained, it is
observed that the use of carbon dioxide and argon gases
as a working fluid in Stirling engines is not appropriate.

The comparison of maximum engine power and tor-
que values of stainless steel and titanium displacer pis-
tons of different working fluids according to the charge
pressure is given in Figures 18 and 19, respectively. Maxi-
mum power output in all experimental studies was
acquired to be 215.48 W, at 4 bar and 550 rpm when a
stainless steel displacer piston and helium gas as working
fluid were used, and maximum torque value was
acquired to be 7.54 Nm, at 5 bar and 150 rpm. This
engine power acquired is the highest value acquired
under all experimental conditions with stainless steel and

titanium displacer pistons and nitrogen, air, carbon diox-
ide, and argon gases. The lowest engine power among
the maximum engine powers was acquired to be 34.66 W
when argon gas was used as working fluid at 3 bar and
300 rpm using a titanium displacer piston.

The lowest engine power was acquired to be 23.99 W
using a titanium displacer piston at 5 bar and 249 rpm in
case of using argon gas as working fluid, and the lowest
engine torque value was acquired to be 1.27 Nm, at 5 bar
and 110 rpm.

In the experiments conducted with a stainless steel
and titanium displacer piston using helium, nitrogen, air,
and carbon dioxide gases as working fluids, maximum
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power output occurred at 4 bar. However, in the experi-
ments conducted with argon gas and a titanium displacer
piston, it was determined that maximum power output
was generated at 3 bar.

The working fluids used in Stirling engines are
applied as much as the amount of charge pressure
required from the crankcase. Therefore, the charge pres-
sure in the crankcase creates a counterforce at the bottom
side of the power piston. This counterforce has an
adverse effect on engine power at high charge pressures.
Moreover, the amount of gas used at 1 bar charge pres-
sure and the amount of gas used at 5 bar charge pressure
are different, in the crankcase. Therefore, while the
required heating and cooling times for the low-pressure
working fluid are sufficient, they are not sufficient for the
working fluid at high pressures. Moreover, as the engine
speed increases, the heating and cooling times required
for the working fluid shorten, and the engine power
values decrease. Another reason for the decrease in
engine power output values with the increase in charge
pressure is the high friction that occurs as a result of con-
tact of increased amount of gas in the cylinder with the
cylinder walls and piston surfaces. As the engine speed
increases at high pressures, friction, heat leakage, and
mechanical losses become more effective. These losses
reduce the engine power output.

As can be seen in Table 2, the maximum power
values acquired from different working fluids differ
according to the charge pressure, engine speed, and the
material type of the displacer piston. In all working fluids
except for nitrogen, the stainless steel displacer piston
performed better than titanium displacer piston. Among
all the experimental studies, the most efficient perfor-
mance values were acquired when the stainless steel
displacer piston and helium gas were used.

Maximum power output acquired in experimental
studies with a stainless steel displacer piston and helium
was determined to be 72.12%, 73.69%, 241.49%, and
288.81% higher than the power acquired by nitrogen, air,
carbon dioxide, and argon gases, respectively.

5 | CONCLUSIONS

In this study, a Stirling engine with rhombic mechanism
which has a swept volume of 365 cm3 was designed,
manufactured and tested. The performance tests of
engine with a rhombic mechanism were conducted
under the laboratory conditions using an electric heater
as a heat source at 1000 K heater temperature and using
helium, nitrogen, air, carbon dioxide, and argon as work-
ing fluid at different charge pressures. A prony-type
dynamometer was developed and the Stirling engine's
power and torque values were determined as experimen-
tally. The effects of basic parameters related to engine
performance such as working fluid mass, charge pressure
and heater temperatures on net work amount were also
investigated. As a result of theoretical and experimental
studies, the following evaluations can be made for the
Stirling engine with a rhombic mechanism.

• During thermodynamic analyses mass of working fluid
was kept constant at 0.000536 kg and the coolant tem-
perature was kept constant at 300 K. The cyclic work
values of this engine with a rhombic mechanism were
calculated as 10.66, 11.61, and 12.42 J at 900, 1000, and
1100 K heater temperatures, respectively.

• The heater and coolant temperatures were kept con-
stant at 1000 K and 300 K, respectively, during a cycle
for 1, 2, 3, 4, and 5 bar charge pressures. Under these
conditions, the cyclic work values of this engine with a
rhombic mechanism were acquired as 11.61, 23.22,
34.83, 46.44, and 58.05 J, respectively.

• In all experimental studies, maximum power output
was acquired to be 215.48 W at 4 bar charge pressure
and an engine speed of 550 rpm when a stainless steel
displacer piston and helium gas as working fluid were
used, and maximum torque value was acquired to be
7.54 Nm, at 5 bar charge pressure and an engine speed
of 150 rpm.

• The lowest engine power output among the maximum
engine powers was acquired to be 34.66 W, when

TABLE 2 The comparison of maximum engine powers depending on displacer piston material

Stainless steel displacer piston Titanium displacer piston

Working
fluid

Charge
pressure (bar)

Engine
speed (rpm)

Max.
Power (W)

Charge
pressure (bar)

Engine
speed (rpm)

Max.
Power (W)

Helium 4 550 215.48 4 600 193.12

Nitrogen 4 350 125.19 4 350 129.52

Air 4 250 124.06 4 250 119.58

Carbon
dioxide

4 250 63.1 4 225 53.3

Argon 4 250 55.42 3 300 34.66
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argon gas was used as working fluid at 3 bar charge
pressure and 300 rpm, using a displacer piston made of
titanium material.

• Among all experimental studies, the lowest engine
power was acquired to be 23.99 W when argon gas was
used as working fluid at 5 bar charge pressure and
249 rpm, using a displacer piston made of titanium
material, and the lowest engine torque value was
acquired to be 1.27 Nm, at 5 bar charge pressure and
110 rpm.

• In the experiments conducted with stainless steel and
titanium displacer pistons and using helium, nitrogen,
air, and carbon dioxide gases as working fluids, maxi-
mum power output occurred at 4 bar charge pressure.
However, in the experiments conducted with argon
gas and displacer piston made of titanium material, it
was determined that maximum power output occurred
at 3 bar charge pressure.

• The most efficient performance values among all the
experimental studies conducted were acquired when
displacer piston made of stainless steel and helium as a
working fluid was used.

• Due to the lower thermal conductivity, higher viscos-
ity, and higher density of argon compared to other
working fluids, its engine performance acquired in
both stainless steel and titanium displacer pistons was
the lowest in comparison with other gases.
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NOMENCLATURE
Ad displacer piston area (m2)
Adr displacer rod area (m2)
Ap power piston area (m2)
Dd displacer cylinder bore (mm)
Dp power cylinder bore (mm)
Dr displacer rod bore (mm)
ec length of compression space (mm)
ee length of expansion space (mm)
hd displacer piston length (mm)
hp power piston length (mm)
Ht cylinder length (mm)
J joule
L distance between gear axes (mm)
ldr displacer rod length (mm)
lr connecting rod length of rhombic (mm)

m mass of working fluid
n engine speed (rpm)
Nm newton meter
P pressure (kPa)
R gas constant (kJ/kgK)
Rc crank radius (mm)
T temperature (K)
TH heater temperature (K)
TL cooler temperature (K)
rpm revolutions per minute
V volume
Vc volume of compression space
Ve volume of expansion space
W engine output work
W watt
Yd the distance from top point of displacer piston to

the axis of the crank
Yp the distance from top point of power piston to the

axis of the crank
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