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Design, Manufacturing, and Thermodynamic Analysis
of a Gamma-type Stirling Engine Powered by Solar Energy

Tolga Topgiil*

Gazi University, Department of Automotive Engineering, Turkey

In this study first a double-cylinder V-type air compressor has been converted to a gamma-type Stirling engine. Some components of the
compressor have been used in the converted engine. For this reason, the air compressor has determined some technical features of the
Stirling engine. Other parts of the Stirling engine have been manufactured. Then, the optimum operating parameters to provide maximum
thermal efficiency have been investigated using the nodal thermodynamic analysis considering that the engine is powered by solar energy. In
the analysis, helium as the working fluid is used due to its suitable thermodynamic features and safety usage. The optimum working fluid mass
and engine speed have been determined as 0.15 g and 100 rad/s for all hot-end temperatures (750 K, 800 K, and 850 K). Also, the optimum
displacer height has been determined as 190 mm since there is no significant improvement in the thermal efficiency after this dimension. The
maximum thermal efficiency has been obtained as 46.5 % at 100 rad/s and 850 K. At this point, the indicated power is determined as 657.8
W. If the engine speed increases from 100 rad/s to 300 rad/s, the indicated power becomes 1141.5 W. The experimental results indicate that
the maximum output power with helium is 42.5 W at 4 bar charge pressure, 260 rom engine speed, and 350 °C hot-end temperature. The
engine output power could be further increased with some modifications such as higher hot-end temperature, reduction of heat losses and

gas leakage.
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Highlights

*  Adouble-cylinder V-type air compressor has been converted to a y-type Stirling engine for use in solar energy applications.
o The structure of the air compressor has formed some parameters of the converted engine like phase angle, stroke, and

cylinder diameter.

*  The working fluid mass, engine speed, and displacer height have been optimized as operating parameters using the nodal
thermodynamic analysis to obtain maximum thermal efficiency.

*  According to the simulation results, the maximum thermal efficiency is 46.5 % and the maximum indicated power is 1141.5 W.

*  The simulation results show that the thermal efficiency can be increased by optimizing the operating parameters.

*  The experimental results indicate that the maximum output power with helium is 42.5 W at 4 bar charge pressure, 260 rpm

engine speed, and 350 °C hot-end temperature.

0 INTRODUCTION

Stirling engines are external combustion engines.
This feature eliminates the possible dependency of
the engine on a specific energy resource and allows it
to work with diverse energy sources, especially solar
and other renewable energy sources. Also, Stirling
engines could be built in different configurations that
have a significant effect on the engine performance.
With these aspects, Stirling engines have attracted the
attention of researchers. In the Stirling engine studies,
besides conventional energy sources, researchers
around the world [1] to [5] consider environmentally
friendly energy sources, such as biomass, solar
energy, and waste heat. Also, there are many studies
[6] to [9] on the configurations, driving mechanisms,
and structural properties of the Stirling engines.

Air, helium, and hydrogen are usually used as
the working fluid in the Stirling engines. Among the
working fluids, helium and hydrogen come forward
with their high heat transfer ability, which is important

for regenerative effectiveness, efficiency, and power.
In fact, hydrogen can provide higher engine power
than helium and other fluids; however, it has the
risk of inflammation. For this reason, helium can be
considered more advantageous [10] to [14].

The operating parameters and physical structure
of the Stirling engine have a significant effect
on its efficiency and performance. The effects of
the operating parameters, drive mechanisms, and
configurations of the Stirling engines on their
performances can be seen in several studies in the
literature. Cheng and Yang [15] performed a theoretical
analysis on the performance of the kinematic types (a,
B, and v) of the Stirling engine. It was emphasized that
the y-type engine could operate at low-temperature
differences compared to other kinematic Stirling
engines, but it needed very effective mechanisms to
provide sufficient output work.

Abuelyamen and Ben-Mansour [7] compared
numerically three basic types of kinematic Stirling
engines in terms of thermal efficiency and output
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power. Their results showed that the highest thermal
efficiency and output power were obtained with the
y-type engine as 9.8 % and 9.223 W, respectively.
Also, the a-type engine had the lowest performance.
Nevertheless, its performance was improved from
1.8 % and 0.908 W to 10.5 % and 9.856 W owing to
the modification to have an annular connecting pipe
instead of the circular pipe.

Laazaar and Boutammachte [2] investigated the
suitable energy source for each Stirling engine type.
For this purpose, they used the same physical and
geometrical parameters in several kinematic types of
Stirling engines by using a crank drive mechanism.
They emphasized that each type of Stirling engine was
more suitable for a particular energy to obtain high
performance. The results of the study showed that
the o-type engine was more applicable to waste heat
recovery in the industrial sector owing to the high gas
temperature, and the B and y-type engines were more
suitable for low and medium temperature differences
like biomass and solar energy.

Topgiil et al. [16] experimentally investigated the
effect of the connection type (cold-end and hot-end)
between the expansion and displacer cylinders on the
output power and torque of a y-type Stirling engine. It
was observed that the engine performance improves
with the hot-end connection compared with the cold-
end connection at 30 °C cold and 200 °C hot source
temperatures. The results showed that the maximum
output power and engine torque for the hot-end
connection were higher by 84.7 % and 68.4 % than
those of the cold-end connection, respectively.

Kongtragool and Wongwises [17] emphasized
the importance of dead volume and regenerator
effectiveness. The results of the numerical simulation
showed that decreasing regenerator effectiveness
and increasing dead volume decrease the engine
efficiency.

Cheng and Yu [13] researched the effect of the
physical and geometric parameters on the thermal
efficiency and performance of the B-type rhombic
drive Stirling engine. For this purpose, the heat source
temperature, offset distance between the crank and
the center of the gear, regenerative gap, and distance
between two gears were discussed in their parametric
study. The results of the study showed that engine
output power and efficiency could be improved by
adjusting these parameters.

Ahmed et al. [18] performed the optimal design of
a free piston B-type Stirling engine using a numerical
model. According to the optimization results, about
7.95 kW engine power and 30 % thermal efficiency
were obtained.

In a numerical study, Raghavendra et al. [19]
investigated the effects of the operating and geometric
parameters on the performance of a B-type Stirling
engine. They expressed that as the displacer height
was increased, both engine power and efficiency
increased due to an increase in the compression ratio.
The effects of the regenerator channel gap and offset
distance from the crank to the center on the power
and efficiency were similar. The results of the study
indicated that the maximum engine power was 27.4 W
at 1700 rpm and 800 °C.

Ahmed et al. [20] investigated the effects of
the operating and geometric parameters on the
performance of a f-type Stirling engine using a
numerical model. The phase angle, temperature ratio,
regenerator porosity, mean pressure, and frequency
were optimized. The optimum value of the phase
angle was found to be between 80° to 100° with regard
to the engine efficiency and power. It was emphasized
that the engine power decreased with the increasing
temperature ratio and it decreased dramatically after
the approximately 0.32 temperature ratio. They stated
that the value of the frequency below 30 Hz was
suitable for effective and efficient engine operation.

Aksoy et al. [21] experimentally investigated the
performance of a B-type Stirling engine powered by
solar energy. In the study, 400 W and 1000 W halogen
lamps placed on the upper side of the displacer
cylinder were used as the solar simulators. They
obtained the hot-end temperatures as 623 K and 873
K for 400 W and 1000 W halogen lamps, respectively.
They found that the maximum torque, power, and
thermal efficiency with a 1000 W halogen lamp were
3.4 Nm, 127.17 W, and 12.85 %, respectively.

In a review study, Malik et al. [11] evaluated
the applications and design parameters of the
parabolic solar dish Stirling systems. They stated
that a temperature level of 500 °C could be achieved
with a parabolic trough collector, and 600 °C could
be obtained using a parabolic solar dish collector.
Additionally, they expressed that although the solar
power tower had a higher temperature level (1000
°C), the parabolic solar dish systems would gain
importance because of some disadvantages of the solar
power tower. These disadvantages were mentioned
by Cavallaro et al. [22] as higher greenhouse gas
emissions (GHG/kWh), land use, and water usage. In
another study, Sharma [23] emphasized that it could
be achieved up to 600 °C using a parabolic trough
or parabolic dish collectors in solar application
systems. It was also expressed that the central tower
was the most suitable solar power system for upper
temperatures (more than 1000 °C).
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In the present study, an air compressor that was
produced for a different purpose was converted to an
external combustion engine powered by eco-friendly
energy sources. In the preliminary tests using LPG
fueled heater, it was seen that the converted y-type
Stirling engine started to operate at low temperatures
of approximately 100 °C using atmospheric air.
This is promising for solar energy applications.
The development of the engine and solar energy
system has been proceeding. This study presents
the manufacturing procedure and results of the
thermodynamic analysis. Additionally, the pre-test
results with air and helium are presented in this study
and the experimental results are also compared to that
of the nodal thermodynamic analysis.

1 MATERIAL AND METHODS

In this study, design, manufacturing, and nodal-
thermodynamic analyses of a y-type Stirling engine
that can be used in solar energy applications were
conducted. In terms of easiness of manufacturing,
a V-type air compressor was converted to a y-type
Stirling engine by using the block, cylinders,
connecting rods, and the crank mechanism of the
compressor. In the theoretical analysis, the operating
parameters were investigated for the designed and
manufactured Stirling engine. In the analysis, the
phase angle was used as 90° due to the structure of
the V-type air compressor. This value is also suitable
for Stirling engine applications in the literature [20].
In the numerical calculations, 750 K, 800 K, and 850
K hot-end temperatures were used considering the
temperature range of the parabolic collector systems
[11] and [23].

The system given as a schematic view in Fig. 1
could be considered for supplying solar power to the
converted Stirling engine.

This application can be seen in some studies in
the literature [11], [24] to [26]. It can be provided up
to 600 °C (873 K) hot source temperature using the
parabolic solar dish system as in Fig. 1 considering
the literature [11] and [23]. This system using solar
energy, an unlimited energy source can be defined as
an eco-friendly power plant because of reducing the
carbon footprint. Also, this system could be used to
produce electricity [27] and [28].

1.1 Description of the Converted Stirling Engine

A y-type Stirling engine was designed for solar energy
applications. The photographs of the y-type Stirling

engine converted from a V-type air compressor are
seen in Figs. 2 and 3.

Stirling
engine

Fig. 1. The schematic view of the converted Stirling engine
powered by solar energy

' — -

Fig. 3. The top view of the engine

The air compressor’s block, cylinders, connecting
rods, and crank mechanism were used in the converted

Design, Manufacturing, and Thermodynamic Analysis of a Gamma-type Stirling Engine Powered by Solar Energy 759



Strojniski vestnik - Journal of Mechanical Engineering 68(2022)12, 757-770

Stirling engine seen in Figs. 2 and 3. Since the
compressor had double cylinders, one of the cylinders
formed the expansion cylinder which is also called
the power cylinder, and the other formed the displacer
cylinder. However, a new piston and cylinder head
were required for the expansion cylinder. A new
piston having the same diameter was manufactured
from aluminum alloy. The material of the cylinder
head was ASTM steel.

Fig. 4. The inner surface of the displacer cylinder

To form the displacer cylinder, additional parts
were manufactured. For this purpose, a displacer
cylinder, a displacer, and a displacer rod were
manufactured. The displacer and its cylinder were
manufactured from ASTM steel and the cylinder’s

1-2: Constant temperature process

inner surface was enlarged with rectangular slots
(see Fig. 4). The displacer cylinder was placed on
the compressor cylinder using bolts. The connecting
rods of the piston and displacer were connected to the
same crankpin journal. The strokes of the piston and
displacer and the angle between the cylinders were not
changed because the air compressor’s block and crank
mechanism were used. For this reason, the phase
angle between the cylinders was obtained as 90°. The
expansion and displacer cylinders were combined via
a hot-end connection. The advantages of the hot-end
connection in the Stirling engines were previously
presented by Topgiil et al. [16] and Kentfield [29].

1.2 Principal of the Operation of the Converted Stirling
Engine

P-V (pressure-volume) and T-s (temperature-entropy)
diagrams and the positions of the converted y-type
Stirling engine during the cycle are given in Fig. 5. As
shown in the figure, the engine turns anticlockwise.
During the 1-2 process in which the crankshaft moves
from —45° to 45° crankshaft angle (CA), the piston in
the expansion cylinder goes from the top dead center
(TDC) to the bottom dead center (BDC), the working
fluid expands isothermally, and the piston produces
work. The displacer is almost constant around the
BDC.

4-1: Constant volume process

3 3-4: Constant temperature process

2-3: Constant volume process

Fig. 5. P-Vand T-s diagrams and the positions of the converted y-type Stirling engine during the cycle
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During the 2-3 process in which the crankshaft
moves from 45° to 135° CA, the piston is almost
constant around the BDC. The displacer goes from
the BDC to the TDC, the working fluid passes through
the heating—cooling channel between the cylinder wall
and displacer from the hot volume to the cold volume.
The hot volume decreases while the cold volume
increases, because of this, the total volume does not
change. At this constant volume process, the working
fluid is cooled.

During the 3-4 process in which the crankshaft
moves from 135° to 225° CA, the piston goes from the
BDC to the TDC and the working fluid is compressed
isothermally. During this process, the position of the
displacer is almost near the TDC.

Finally, during the 4-1 process in which the
crankshaft moves from 225° to 315° CA, the position
of the piston is almost near the TDC. The displacer
goes from the TDC to the BDC, the working fluid
passes through the heating—cooling channel between
the cylinder wall and displacer from the cold volume
to the hot volume. The total volume does not change
since the cold volume decreases while the hot volume
increases. The working fluid is heated during this
constant volume process. At the end of this process,
the cycle is completed.

The variations in the volumes during the cycle
are given in Fig. 6. As demonstrated in the figure,
the phase angle between the expansion and displacer
cylinders is 90°. Also, the total volume is the sum of
the cold, hot, and expansion volumes.

1000

Total volume
Cold volume

Hot volume
Expansion volume

Cooling Heating

Compression Expansion

800

600

angle
90°

Volume [cm’]

400

200

0 T T T T T T
0 90 180 270 360 450 540 630 720

Crankshaft angle (0) [deg]

Fig. 6. The variations in the volumes
with respect to the crankshaft angle

1.3 Mathematical Model

In the analysis, helium was chosen as the working

fluid due to its suitable thermodynamic features

and safety usage. In the literature, Cinar et al. [30]

suggested in their experimental study to use as

possible as high hot source temperatures and helium
or hydrogen as the working fluid to improve engine
performance. In a theoretical study, Chahartaghi and

Sheykhi [31] expressed that the maximum engine

power for helium was 5151 W at 1500 rpm and that of

hydrogen was 12679 W at 3000 rpm. They stated that
this was due to the viscosity of hydrogen being lower
than that of helium. Also, it was emphasized that the
higher specific heat value of hydrogen than that of
helium affects the difference between the working
fluid temperature and the wall temperatures. Ben-

Mansour et al. [32] used air, helium, and hydrogen

as working fluids. Hydrogen, which is among the

working fluids used, possesses the highest thermal
conductivity, while air has the lowest. They stated
that this feature affects heat transfer and absorption

amount of heat. Shufat et al. [28] and Cheng et al. [33]

reported that engine power is much higher when using

helium as a working fluid compared to air. Ahmet
et al. [18] proposed helium as the working fluid for

Stirling engines since hydrogen has a low molar mass,

reactive nature, and inflammatory properties.

In this study, the nodal analysis method was used
for thermodynamic analysis. The simulation study was
conducted on the y-type Stirling engine considering
similar studies in the literature [34] to [40]. The
specifications of the engine and the simulation inputs
are shown in Table 1.

The assumptions in the analysis were considered
as follows:

1. The working fluid is an ideal gas.

2. There is no leakage, so the total mass of fluid in
the total volume does not vary.

3. There are no pressure drops. The pressure of the
working fluid in all of the nodal volumes is equal.

4. There is no heat transfer from the engine to the
ambient.

5. There is no mechanical loss.

6. The rotational speed of the crankshaft does not
vary for each thermodynamic solution.

7. The wall temperatures of the nodal volumes are
constant and foreknown, as shown in Fig 7.

8. During the regeneration, the variation of the
wall temperature between cold-end and hot-end
temperatures is linear and does not change with
time.
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Table 1. The simulation inputs and the specifications of the
converted y-type Stirling engine

Working fluid He Helium

Gas constant of helium [J/(kgK)] R 2077

The specific heat at constant pressure [J/(kgK)]) ¢ 5192.6

The specific heat at constant volume [J/(kgK)] ¢, 3115.6

Compression ratio 1.74
Diplacer diameter [mm] Dy, 88.5
Piston diameter [mm] D, 90
Diplacer rod diameter [mm] Dy, 20
Convective heat transfer coefficient in the cooler, h 1200
regenerator, and heater [W/(m2K)]
Convective heat transfer coefficient in the h 70
cylinders [W/(m2K)] ¢
Displacer height [mm] hy 190
Distance between piston pin center and piston A 38
top [mm] »
Engine speed [rad/s] W, 100
Crank radius [mm] R, 30
Displacer rod length [mm] Ry, 167.3
Connecting rod length [mm] R., 180
750
Hot-end temperature [K] Tn 800
850
Cold-end temperature [K] Tc 350
Distance between the crankpin center and 7 3123
displacer cylinder bottom [mm] ¢ '
Distance between the crankpin center and
. ; Z, 253
expansion cylinder top [mm] ¢
Distance between the crankpin center and
displacer cylinder top [mm] Zy 572.3
Tag | -1
5 ::
8
E.
&
Tc N
Nodes
=1 LTI LTTTITTITTTOTTL e=s0 | 4=3
E é Displacer mg é %é
s el
YIIIHHHHHHHHHHHU
i=2,3 i=4,5,..,26,27 i=28,29
Cooler Regenerator Heater

Fig. 7. The nodal volumes and wall temperature distribution

The working fluid in the Stirling engine
continuously moves between the expansion and

displacer cylinders during the cycle. In other words,
the working fluid passes through the cold volume,
cooler, regenerator, heater, hot volume, and expansion
volume. In the calculations, the total volume was
divided into 31 nodal volumes. Fig. 7 depicts all nodal
volumes used in the simulation and the boundary
temperatures of the nodal volumes. The first nodal
volume is the cold volume of the displacer cylinder
and is indicated by i = 1. The cooler, regenerator,
and heater volumes in the heating—cooling channel
between the cylinder wall and displacer are indicated
byi=2,3,i=4,5,...,27,and i = 28, 29, respectively.
The hot volume of the displacer cylinder is indicated
by i = 30. The last of the nodal volumes, i = 31, is the
expansion volume.

A schematic figure of the converted engine is
indicated in Fig. 8. As indicated in Fig. 8, S, specifies
the angle between the axis of the displacer cylinder
and the axis of the connecting rod of the displacer.
can be defined with respect to the crankshaft angle (6).

B =arcsin[%sin9), (1)

cr

where f8, specifies the angle between the axis of the
expansion cylinder and the axis of the connecting rod
of the piston (Fig. 8). B, can be defined with respect
to 0.

B, :arcsin(ﬁcosﬂ]. )

cr

The cold, hot, and expansion volumes can be
obtained using Eqgs. (3) to (5), respectively.

Vi =(—RC cosO+R,.,.cos By +Rd,—ZC)~(Ap—Ad,), 3)
Vso =(Zy —(~R.cos0+R., cos By + Ry +hy))- 4,, (4)
Vsi =(Z.~(-R.sin0+R,, cos B, +h,))- 4,. (5)

The pressure can be determined using the Schmidt
formula (Eq. (6)).
mR
i=1 T
The working fluid temperature in a nodal volume
can be calculated via Eq. (7).

(6)

T=T" +AT. (7)

In Eq. (7), the T" indicates the working fluid
temperature within the time step before the current
one. AT, the temperature variation in the nodal volume
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Expansion cylinder

Piston

Ze

Rdr

Hot volume

N

X

Ze

N Y
Displacer

Cold volume

Zy

Fig. 8. The schematic figure of the converted y-type Stirling engine

within the time step, can be defined via the first law of
thermodynamics (Eq. (8)).

AQ-AW =H,-H, +(AU), ®)

where AQ is the heat exchange between the working
fluid and the nodal volume, AW is the work generated
in the nodal volume, AU is the variation of the internal
energy in the nodal volume, H, is the enthalpy of the
outgoing working fluid from the nodal volume, and H;
is the enthalpy of the entering working fluid into the
nodal volume.

1.4 Results of the Pre-Test and Comparison with Nodal
Thermodynamic Analysis Results

The converted Stirling engine is tested in an
experimental setup as seen in Fig. 9. In the experiments,
the hot-end temperature was set at 350 £5 °C by using
an LPG-fueled heater. The cold-end temperature was
adjusted to 35 £2 °C by circulating the cooling water
into the water jacket. All temperatures were measured
NiCr-Ni thermocouples and a 12-channel Elimko
6000 brand device. The working fluid pressure was
measured with a burdon tube manometer. To impose
variable loading conditions on the engine used a
prony-type dynamometer. The ESIT BB20 brand load
cell was also used to determine brake torque. Finally,
the measurement of the engine speed was performed
via ENDA ETS1410 digital tachometer.

LPG-fueled heater

Prony-type
4 dynamometer
Sy, & Temperafure
| “Mmeasuremient
"] device

Fig. 9. The photograph of the experimental setup

Table 2. The accuracies of the measurement equipment and the
uncertainty of the calculated value

Measured values Accuracy
Temperature +1°C
Gauge pressure +0.1 bar
Torque +0.003 Nm
Speed +1rpm
Calculated value Uncertainty
Engine output power 0.4%102.85 %

It can be seen in Table 2, the accuracies of the
measurement equipment and the uncertainty of the
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calculated parameter. Similar to the experimental
studies in the literature [16], [41] to [44], the route
mean square method was used for uncertainty
analysis. Additionally, the error bars based on the
accuracies of the measurement equipment and the
maximum uncertainty are used in Fig. 10 similar to
the literature [16] and [45]. Some of the error bars may
not be noticed due to their small values or scale.

Fig. 10 shows the comparison of the engine
output power obtained with air and helium at different
charge pressures. The charge pressure is given as
the absolute pressure in this figure. Compared to the
air, helium had a higher improvement in the engine
power for all charge pressures. While the maximum
engine power with air was obtained as 9.8 W at 123
rpm engine speed and 3 bar charge pressure, helium
provided significantly higher power at higher engine
speed and charge pressure (42.5 W at 260 rpm and 4
bar). This result agrees with the literature [28], [30],
[32], and [33]. However, the output power decreased
when the charge pressure was increased more for both
working fluids.

50 - -
T =350 °C (Hot-end temperature) -o-2 bar-alr' —e—2 bar-hellufn
" o - A= 2.5 bar-air —A— 2.5 bar-helium
T =35 °C (Cold-end temperature) ~ O- 3barair —— 3 bar-helium
= %~ 3.5 bar-air —k— 3.5 bar-helium
40 1 —&— 4 bar-helium
—&— 4.5 bar-helium|
30 1
o
S
=3
[=¥
-
=
£20
=
e}
10 +
0 T T

100 150 200 250 300 350 400 450
Engine speed [rpm]
Fig. 10. The variation of the engine output power at different
charge pressures with air and helium

Fig. 11a depicts a comparison of the experimental
and theoretical analysis results for helium at the charge
pressures of 2.5 bar and 4 bar. While the experimental
results expressed the engine output power, the results
of the nodal thermodynamic analysis stated the
indicated engine power in ideal operating conditions
such as using ideal gas, no leakage, no pressure drops,
etc. The assumptions in the analysis are given in
Section 1.3.

The maximum output power values were found
as 20.5 W and 42.5 W at 2.5 bar and 4 bar charge
pressure, respectively. At the points corresponding to

764 Topgil, T.

these values, the values of the indicated power were
determined as 77.1 W and 188.9 W, respectively. The
differences in these values result from comparison
with the indicated power and effective power (engine
output power). The friction may also have some
influence on this difference. Since the friction depends
on the engine speed, higher difference appears at high
speeds. In the theoretical analysis, the factor limiting
the power is the engine speed which shortens the time
required for adequate heat transfer. For this reason,
the maximum indicated power could be obtained at a
higher engine speed. However, this engine speed was
not reached in the pre-tests. For all these reasons, as
seen in Fig. 1la, the difference between theoretical
and experimental results increases with the increase in
the engine speed. Fig. 11b shows the extended scale of
the engine speed. Theoretically, as illustrated in this
figure, the maximum indicated power is obtained as
573 W at 2.5 bar charge pressure and 2387 rpm engine
speed, while it is 571.5 W at 4 bar and 1432 rpm.

a) T, =350 °C (Hot-end temperature) -
3004 T =35 °C (Cold-end temperature) &
—A— 2.5 bar-experimental o :
250 - |—4@— 4 bar-experimental e
-A: - 2.5 bar-theoretical -
— -4 - 4 bar-theoretical &
& .
= 200 4 N ®
5 .
g i
&
150
g & wet
100 ~ A
st
LA
A
01 0—"—‘"‘—"—‘0—\‘\‘\’
0 T T T T T T T
150 200 250 300 350 400 450
Engine speed [rpm]
b)
600
s oA AL
..__9 “Z‘_;.: LA
500 4 .__0 A -
z s " ¢
g 400 : &
Z s L -
o &
S 300 & *
8 >
H g
=200 g A
& . T,=350 °C (Hot-end temperature)
&4 T =35 °C (Cold-end temperature)
100
00 - <A - 2.5 bar-theoretical|
- -® - 4 bar-theoretical
0 T T T T T
0 500 1000 1500 2000 2500 3000
Engine speed [rpm]

Fig. 11. a) The comparison with experimental and theoretical
results; and b) the variation of the theoretical results versus
engine speed
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The results of the theoretical analysis show the
highest achievable engine power. In other words, it
shows the upper limit of engine performance under
the considered operating conditions. In practice, this
limit can be reached as the engine and operating
conditions become perfect. Some improvements
can be performed by reducing heat losses, friction
losses, and pressure losses, or increasing regeneration
effectiveness and providing sealing. To obtain more
power, the Stirling engine should be operated at
a higher engine speed with the best regenerator
effectiveness.

2 RESULTS AND DISCUSSION

The phase angle, cylinder diameter, stroke, displacer
height, engine speed, hot source temperature, cold
source temperature, etc. are some operating and
structural parameters in a Stirling engine. These
parameters, which have a significant impact on
engine performance, need to be evaluated according
to the configuration of the Stirling engine. The y-type
Stirling engine was converted from a V-type air
compressor and optimized to operate with the highest
efficiency in solar energy applications. For this reason,
this study aimed to maximize the thermal efficiency
by optimizing the hot-end temperature, the mass of
the working fluid, engine speed, and displacer height.
In the analysis, the hot-end temperature range was
determined considering parabolic collector systems.

2.1 The Effect of Working Fluid Mass

The effect of the working fluid mass and hot-end
temperature on the engine efficiency and power
is given in Fig. 12. These simulation results are
compatible with the literature [18], [34], [35], [46], and
[47].

As indicated in the figure, the highest engine
power and thermal efficiency are obtained at 850 K
hot-end temperature. Compared with their maximum
values at 750 K, the thermal efficiency and the engine
power at 850 K were improved by 14 % and 44 %,
respectively. Considering the effect of the working
fluid mass, it can be seen that the thermal efficiency
increases up to its maximum value at 0.15 g for all
hot-end temperatures as the mass increases. The low
mass value means that the amount of the working
fluid in the circulation is low. For the heating-
cooling process, it is needed that enough working
fluid circulates between cold and hot volumes. For
this reason, the thermal efficiency at the lower mass
of the working fluid was relatively low compared to

that of 0.15 g. Also, charge pressure which figures the
cyclic average pressure is lower due to the low mass
of working fluid. As illustrated in Fig. 13, charge
pressure which expresses the produced amount of the
indicated work increases depending on the mass of the
working fluid. For maximum thermal efficiency, the
optimum working fluid mass was determined as 0.15
g. With the increase in the mass of the working fluid
above this value, the thermal efficiency decreased
due to inadequate heat transfer to the working fluid.
It means that the capacities of the heating-cooling
processes are inadequate for working fluid mass. In
this study, an external heater-cooler and a regenerator
were not used. It was assumed that the heat transfer
occurs from the surfaces of the cylinders. For this
purpose, the inner surface of the displacer cylinder
was enlarged with rectangular slots. It can be used as
an external heat exchanger to increase heat transfer.
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Fig. 12. The effect of the working fluid mass on the indicated
power and thermal efficiency

The engine power showed a similar inclination
with the thermal efficiency, but its maximum value
was obtained at about 0.45 g mass of working fluid.
The power depends on the work per cycle. For this
reason, the power increased as the work increased.
The area shown in the pressure-volume (P-V) diagram
indicates the work of the cycle (see Fig. 13). As shown
in the figure, the indicated work at 0.45 g is higher
than that of the 0.15 g mass of working fluid at all hot-
end temperatures. However, as seen in the figure, the
indicated work is close to the isothermal work at 0.15
g because of the higher thermal efficiency.
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Fig. 13. The effect of the working fluid mass on the P-V diagram at
hot-end temperatures; a) 850 K, b) 800 K, and ¢) 750 K

2.2 The Effect of Engine Speed

The effect of the engine speed on the indicated power
and thermal efficiency is seen in Fig. 14. At low
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engine speeds, the thermal efficiency was relatively
low. The reason for this may be inadequate working
fluid mass in the circulation. Also, the indicated
engine power was considerably low up to 300 rad/s
engine speed due to the lower number of cycles.
However, the efficiency and power increased up to
their maximum values depending on increasing the
engine speed. The thermal efficiency and indicated
power began to decrease over 100 rad/s and 300
rad/s, respectively. The working fluid has less time
at higher engine speeds to heat transfer. This causes
insufficient temperature difference between heated
and cooled working fluid and reduces indicated work
and efficiency. In the literature, Ahmed et al. [18],
Karabulut et al. [34], Xiao et al. [48], and Alfarawi et
al. [49] obtained similar results.
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Fig. 14. The effect of the engine speed on the indicated power
and thermal efficiency

The effect of the engine speed on the P-V
diagram is given in Fig. 15. As indicated in the figure,
the indicated work at 300 rad/s is less than that of the
100 rad/s. The duration of the cycle decreases due to
the increase in the engine speed. Because of this, the
heat transfer in the heating-cooling processes during
the cycle period cannot occur sufficiently due to
inadequate time.

When Figs. 14 and 15 are evaluated together,
it can be realized that the indicated engine power
increases when the engine speed increases from 100
rad/s to 300 rad/s although the work decreases. The
power is identified as the work done per unit time (see
Eq. (9)). For this reason, although the work done in
each cycle decreases, it may increase depending on
the number of cycles per second.

_ Work[J]-Speed [rad/s]
- 2 '

Power [W] )
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Fig. 15. The effect of the engine speed and hot-end temperature
on the P-V diagram

2.3 The Effect of Displacer Height

Figs. 16 and 17 depict the effect of displacer height
on the engine performance at different hot-end
temperatures.
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Fig. 16. The effect of the displacer height on the indicated power
and thermal efficiency

As illustrated in Fig. 16, the increment in
both the thermal efficiency and indicated power
varies depending on the increase in the displacer
height. An external regenerator was not used in this
converted engine. Therefore, the regeneration process
is provided by the working fluid passing through
the heating—cooling channel between the cylinder
wall and the displacer. Because of this, a higher
displacer height provides a greater heat transfer area
and improves power and efficiency. However, as
demonstrated in the figure, the effect of this parameter
becomes low as the height increases. In the literature,

similar results were also obtained by Raghavendra et
al. [19], Bataineh [37], and Eid [50].
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Fig. 17. The effect of the displacer height on the P-V diagram at
hot-end temperatures: a) 850 K, b) 800 K, and ¢) 750 K

The variation of the indicated works depending
on the displacer height for each hot-end temperature
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is demonstrated in Fig. 17. It can be seen that the
minimum and maximum values of the total volume
increase based on displacer height. The swept volume
remains constant since the crankshaft radius does not
change. Only, the working fluid circulates between
larger volumes because of the increasing displacer
cylinder volume. The indicated work increases
because of a greater heat transfer area. However, if
the displacer height is increased more, the amount
of improvement in the indicated work decreases.
According to the literature [17], [18], [37], and [50],
an increase in the dead volume has a negative effect
on engine performance. Therefore, the volume of the
regenerator should be large enough for good thermal
capacity and engine output power.

If the results obtained for different displacer
heights are compared with each other, it can be seen
that when the displacer height increases from 130
mm to 190 mm, at 750 K, 800 K, and 850 K, the
indicated work increases by 9 %, 8.25 %, and 7.7
%, respectively. However, when the size is increased
from 190 mm to 230 mm, the increments are about
1.5 %, 1.3 %, and 1.1 %, respectively. Depending on
the increase in the displacer height, the approaching
of the indicated work to the isothermal work may also
cause these results. The optimum displacer height
was determined as 190 mm due to the decrease in
the positive effect of the increase in the displacer
height and the losses that would occur in the practical
operation.

3 CONCLUSIONS

In this study, a double-cylinder V-type air compressor
was converted to a y-type Stirling engine. The block,
cylinders, connecting rods, and crank mechanism of
the air compressor constituted the main structure of the
converted engine. However, a new piston, displacer,
displacer cylinder, and other equipment were needed
to form the converted engine. After this conversion,
this study aimed to determine the optimum operating
parameters of the Stirling engine for use in solar
energy applications. For this purpose, the nodal
thermodynamic analysis of the y-type Stirling engine
was conducted. Helium was considered as the working
fluid due to its suitable thermodynamic properties and
safety usage.

The optimum value of the working fluid
mass and engine speed were determined as 0.15
g and 100 rad/s for all hot-end temperatures (750
K, 800 K, and 850 K). Also, the optimum displacer
height was preferred as 190 mm since there was no
significant improvement in the thermal efficiency

for the longer dimensions. By using these optimum
values, the maximum thermal efficiency was obtained
as 46.5 % (at 0.15 g working fluid mass, 100 rad/s
engine speed, 190 mm displacer height, and 850 K
hot-end temperature). At this operating condition,
the indicated power was obtained as 657.8 W. The
maximum indicated power was found as 1141.5 W
at 300 rad/s (other parameters remained the same),
but the thermal efficiency decreased to 36.2 % under
this operating condition. It can be concluded that the
thermal efficiency can be increased by optimizing the
operating parameters of the Stirling engine.
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