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Abstract The Stirling engine type alpha is composed of two cylinders
(expansion space E and compression space C), regenerator that forms the
space between the cylinders and the buffer space (under the pistons). Before
the start-up and as a result of long-term operation, the average pressure
in the working space (above the pistons) and in the buffer space is the
same. However, in the initial phase of operation, the average pressure in
the working space is different then the average pressure in the buffer space
depending on the crankshaft starting position (starting angle). This, in turn,
causes a large variation in the starting torque. An additional unfavorable
factor caused by a large variation in the course of the indicated torque is
the rotational speed variation and the formation of torsional vibrations in
the drive system. After some time, depending on the quality of the engine
piston sealing, the average pressure in the working and buffer space will
equalize. The occurrence of the above-described phenomenon affects the
selection of the starting electric motor, which can be significantly reduced,
when the crankshaft starting position is optimized (the starting torque is
several times greater than the average torque occurring in the generator
operation mode). This paper presents the analysis of the impact of the
crankshaft starting position on the course of the indicated torque and the
resulting start-up energy. Starting the engine at an unfavorable position
of the crankshaft may, in extreme cases, increase the starting torque even
three times.
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1 Introduction

The Stirling engine (SE) is a thermal engine that converts thermal energy
into mechanical energy, but without the internal combustion process [1,2],
and as a result of supplying heat from outside. The source of heat can be
the process of burning fuel in the combustion chamber, waste energy from
another heat device, heat from geothermal sources or solar energy. Stirling
engines can be supplied with thermal energy derived from the combustion
of any fuel, e.g., natural gas, biogas, gasoline, heating oil, vegetable oil and
biomass [3,4]. The current increase in interest in Stirling engines is related
mainly to striving for better use of low-calorie and low-energy sources but
also for solar energy. Stirling engines are characterized by a relatively sim-
ple construction in comparison to internal combustion engines [5,6], moving
parts of the engine do not have direct contact with the substance supply-
ing thermal energy to the device and they operate at lower temperature
differences [7]. All this affects the durability of Stirling engines, and often
eliminates service at all. The Stirling engine, in combination with the power
generator is also used as a reliable source of electricity with relatively high
efficiency [8,9,28,29], also achieved at very low power devices. Currently, as
a result of the worldwide growing interest in the use of renewable energy
sources to generate electricity, it is conducted a series of research on Stirling
engines [10-13].

Cheng et al. [14] developed and tested a beta type Stirling engine with
a rhombic-drive mechanism (displacer diameter: 0.07 m, displacer swept
volume: 0.000135 m?). The experiments were conducted for two different
working gases (air and helium) and at various charged pressures and heat-
ing temperatures. For helium, as the working gas, at a charged pressure of
800 kPa and heating temperature of 850 °C, the shaft power of the engine
can reach 390 W at 1400 rpm with 1.21-kW input heat transfer rate (32.2%
thermal efficiency). For air as the working gas at a charged pressure of
600 kPa and a heating temperature of 650°C, the shaft power of the en-
gine can reach 60 W at 700 rpm. Gheith et al. [15] tested a gamma type
Stirling engine with air as the working gas (displacer diameter 0.095 m, dis-
placer swept volume: 0.00085 m?®). The maximum brake power of 355 W
was obtained for a charging pressure of 800 kPa and a heating tempera-
ture of 500°C at 600 rpm. Due to the accomplished tests and calculations
for the heating temperature of 300°C the expected brake power is 150 W.
Karabulut et al. [16] designed and manufactured a beta type Stirling engine
(displacer diameter: 0.069 m, displacer swept volume: 0.000295 m?), which
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works at relatively lower temperatures. The experimental results presented
by researchers were obtained by testing the engine with air as working
gas. The hot end of the displacer cylinder was heated with a liquefied
petroleum gas (LPG) flame and kept atabout 200 °C. The maximum power
output was obtained at 280 kPa with the charge pressure equal to 52 W
at 453 rpm. The thermal efficiency corresponding to the maximum power
was determined as 15%. Kongtragool et al. [17] designed and constructed
four power pistons, gamma type, low temperature, differential Stirling en-
gine (displacer diameter: 0.032 m, displacer swept volume: 0.006394 m?).
The engine performance was tested with air at an atmospheric pressure by
using a gas burner as a heat source and a heating temperature of 498 °C.
The engine produces the maximum shaft power of 32.7 W at 42.1 rpm and
a maximum brake thermal efficiency of 0.81%. Li et al. [18] developed a
beta type Stirling engine with an output shaft power of several kilowatts,
which could be driven by mid-high temperature waste gases (displacer di-
ameter: 0.102 mm, displacer swept volume: 0.000462 m®). The engine
performance was tested with helium at a charged pressure of 2000 kPa and
a heating temperature of approx. 500 °C. The maximum power output was
obtained as 3476 W at 1248 rpm. The thermal efficiency corresponding to
maximum power was determined as 26%. Sripakagorn et al. [19] developed
a beta-type Stirling engine (displacer diameter: 0.074 m, displacer swept
volume: 0.000165 m?). The engine performance was tested with air as the
working gas at a charged pressure of 700 kPa and a heating temperature of
500 °C. The shaft power of the engine can reach 95 W at 360 rpm (9.35%
thermal efficiency). Under the atmospheric pressure, the engine produces
a maximum power of 3.8 W at 205 rpm and 350°C. A free piston (beta
type) Stirling engine was invented by Lane and Beale [12] (displacer di-
ameter: 0.044 m, displacer stroke: 0.04 m). The stable engine operation
was obtained at the temperature range of 120-150°C at the heater section
(initial gas pressure: 101 kPa). The maximum efficiency of 5.6% at 6.4 Hz
of frequency was obtained.

A prototype of the Stirling alpha engine (diameter /stroke: 0.13 m/0.055
m) was developed in the laboratory of the Faculty of Mechanical Engineer-
ing of the Gdansk University of Technology (Fig. 1). The engine can be
driven by mid-high temperature waste gases coming from an internal com-
bustion engine (Fig. 2). The engine performance was tested with air as the
working gas at a charged pressure of 200-500 kPa and a heating tempera-
ture of 200-400°C.
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Figure 1: Scheme of the prototype Stirling alpha engine.

The tests were carried out at a rotational speed of 200 rpm using an external
drive. During the tests, it turned out that the power of the mechanical
and hydraulic resistance of the device exceeds the power indicated in the
Stirling engine and the engine is not able to work independently. The
results presented in Fig. 3 show that the indicated work for the supply
temperature is 210 °C and the average pressure of the 230 kPa is 2.3 J and
successively increases with the increase of temperature and pressure up to
13 J. It was estimated that for a pressure of 460 kPa the sum of hydraulic
and mechanical losses is 17 J. To start the engine, it is necessary to increase
the indicated work or significantly reduce the losses.

Commercially available on market Stirling engines are usually sold as
combined heat and power units fueled by natural gas or diesel fuel. An
example of a cogeneration unit, which can be supplied with energy from
renewable sources, is the unit from Stirling DK [25]. The system consists of
an expanded combustion chamber, four-cylinders, a two-sided alpha type
Stirling engine and an electric generator enclosed in a sealed housing. This
arrangement enables the engine to be supplied with the thermal energy
derived from burning wood waste in the form of chips. The operational
electrical efficiency of 28% is achieved at a power output 30 kWe. For
the correct operation of the device the burning gas temperature, in the
combustion chamber, should not be lower than 1000 °C.

Another example of a commercial cogeneration unit with the Stirling
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Figure 2: System powered by exhaust gases from a spark-ignition engine.

engine, which can be supplied with energy from renewable sources, is the
unit from Stirling Biopower [26]. This arrangement also consists of a four
cylinder, two-sided alpha type Stirling engine and an electric generator en-
closed in a sealed housing. The combustion of biomass takes place in a
separate unit that heats air supplied to the heater. For the correct opera-
tion of the device the temperature of air supplied to the heater should not
be lower than 500 °C. The system is also equipped with an integrated com-
bustion chamber, which supplies flue gases to the heater. The integrated
chamber can be supplied with the following gases: Compressed Natural
(CNG), liquefied petroleum gas (LPG), biogas, and synthetic gas, and hy-
drogen. Operating with gaseous fuels of energy densities 13 MJ/Nm? and
higher the electrical efficiency of 29% at 38 kWe can be achieved.

In the above described research works designed engines are pretending
to be powered by waste or renewable energy of relatively low temperature
(below 350 °C), which stays in contrast to the operating conditions common
for commercialized Stirling engines powered by high temperature sources
(usually above 1000°C). This assumption causes a few restrictions, which



www.czasopisma.pan.pl P N www.journals.pan.pl

=
POLSKA AKADEMIA NAUK
248 J. Kropiwnicki
29 37
35 Supplied heat temp. 372°C
27 Supplied heat temp. 210°C Mean pressure 3.0 bar
Mean pressure 2.3 bar 33 Indicated work 9.8 J
& 25 Indicated work 2.3 J o 3
2 23 2 20
e H
3 21 2 ? 7
é $ 25
o 19 o 23
17 21
15 19
0.0025 0.003 0.0035 0,004 0.0025 0.003 0.0035 0.004
Volume [m*] Volume [m?]
a) b)

Supplied heat temp. 359 °C
55 Mean pressure 4.6 bar
Indicated work 13.0 J

45

Pressure [bar]

35

3
0.0025 0.003 0.0035 0.004
Volume [m?®)

<)

Figure 3: Pressure — volume diagrams of the tested alpha type Stirling engine for the

mean pressure of the working gas: a) 230 kPa, b) 300 kPa, c) 460 kPa.

have been pointed out below:

e Due to the low density of the thermal energy applied to the engine,

the indicated power is also of low density and can be easily entirely
consumed by internal mechanical and hydraulic resistance. Therefore,
it is expected that mechanical and hydraulic resistance will be signif-
icantly reduced compared to high temperature devices. Low pressure
working gas (up to 2000 kPa) is commonly used by researchers.

e An increase of heat exchange surface of the heater is expected as well

as intensification of the heat exchange process itself to increase the
indicated power. The above solution causes an increase in the dead
volume, which contributes to the reduction of the thermal efficiency
of the device.

e Due to the expected low friction coming from the sealing, increased

leakages are expected and accepted. Therefore, air is preferred as
a working gas — easy to compensate the leakages.
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e Due to the risk of oil self-ignition (compressed air in the device), the
non-oil bearings are preferred.

e Due to the reduced power density of the device, the electric generator
can be reduced. Unfortunately, the same electric machine is used to
produce electricity and to start the Stirling engine. It is recommended
to limit the start-up energy of the Stirling engine so that the size of
the electric machine depends on the generator work not the propulsive
one.

In this work, the analysis of the last restriction implementation has been
performed. Calculations of the start-up phase of the Stirling type alpha
engine were carried out, determining the maximum drive torque needed to
perform the first compression cycle.

2 The analysis of the start-up energy

The Stirling engine type alpha (Fig. 4) is composed of two cylinders (ex-
pansion space E and compression space C), the regenerator that forms the
space between the cylinders and the buffer space (under the pistons) [7].
Heat from the energy source, e.g., in the form of a low temperature flue
gas stream, is supplied to the expansion space via heat exchangers [20-22],
whereas from the compression space heat is removed at a lower temperature
than the heat supplied to the expansion space. In the working space and
in the buffer space there is a working gas, most often helium, hydrogen,
nitrogen or air. In commercial solutions, usually the engine is sealed and
there is no need to refill any leakage of the working gas [23]. In contrast, the
working space is separated from the buffer space by means of movable seals,
usually piston rings, which do not ensure full tightness. Before the start-up
and as a result of long-term operation, the average pressure in the working
space (above the pistons) and in the buffer space is the same. However, in
the initial phase of operation, the average pressure in the working space is
different to the pressure in the buffer space depending on the crankshaft
starting position (starting angle).

A calculation has been made using the isothermal Schmidt model [1,2].
The analysis has been proceeded for the assumed constant temperature of
working gas in the expansion space (heater) and in the compression space
(cooler). The case analyzed below concerns the engine start-up (mainly
the first crankshaft revolution), when the temperatures of the working gas
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Figure 4: Layout of the analyzed Stirling engine: E — expansion space, C — compression
space.

and exchanger walls are leveled. The first revolution cycle itself has a much
slower speed than the subsequent work cycles for the determined heat sup-
plied and discharged from the engine, which prompts to describe the phe-
nomenon rather as an isothermal than as an adiabatic model case. In Tab. 1
basic specification of the analyzed Stirling engine has been shown.

An important factor that can influence the pressure course in the work-

Table 1: The main parameters and proprieties of the analyzed alfa type Stirling engine.

Parameter Value
Rotational speed 750 rpm
Working gas air

Charge pressure 1000 kPa
Compression (cold) volume: diameter/ stroke 0.13 m/0,055 m
Compression (cold) volume: swept volume 0.00073 m?
Expansion (hot) volume: diameter/ stroke 0.13 m/0.055 m
Expansion (hot) volume: swept volume 0.00073 m?
Temperature of working gas in the cold volume 60 °C
Temperature of working gas in the hot volume 200 °C
Mechanical and pumping losses in the engine 250 W
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ing space may be the gas leakage taking place between the cylinders and
the buffer space through the piston sealing rings. In order to determine the
effect of this phenomenon on the parameters of the working gas, calcula-
tions were made of the gas leakage (17eqk) from the working space to the
buffer (symbol +) and in the opposite direction (symbol —) [24]:

(1)

Aph? h
mleak =nD < b w—) ,

2 2

where: D — the diameter of the cylinder, Dp — the pressure drop on the
first piston ring, h — the mean height of the gap, m — the dynamic viscosity
of the gas, [ — the length of the piston, w — the speed of the piston.
During the calculations it was assumed that the mean height of the
gap is the same for the expansion and compression cylinders and equals
6 x 1075 m. Due to the analyzed range of the operation of the engine, the
calculations have been performed for the designed engine speed 750 rpm,
as well as 50% and 10% of the target speed. In particular the lowest speed
should be best suited to the first revolution of the crankshaft. In the calcu-
lations, initially implemented the isothermal Schmidt model has been used
for the determination of pressure and temperature of the working gas, the
analyzed case concerns the recognized most unfavorable crankshaft start-
ing position, which maintaining some mean pressure difference between
the working space and the buffer space (a detailed description of the phe-
nomenon has been put in the next part of the section). In Fig. 5 the results
of calculations have been presented. It can be observed that the lifting
effect associated with the piston movement (the component with the speed
of the piston in Eq. (1)) has a stronger damping impact on the gas leak-
age for the compression cylinder. According to Eq. (1) the increase of the
rotational speed, for the assumed same pressure drop, causes the increase
of leakage due to intensification of the lifting effect. This regularity can
be clearly observed by analyzing the gas leakage for the tested rotational
speed of the crankshaft (Fig. 6). In turn, the increase of rotational speed
causes a decrease of the one cycle period and, as a result, a reduction of the
total mass of the gas leaking into the buffer space in relation to the mass
of the gas closed in the working space. In Fig. 7 the gas leakage share (in
relation to the mass in the working space) for the one crankshaft revolution
has been presented.
The largest gas leakage share was observed at the rotational speed of 10% of
the target speed, for the crankshaft position interval between 36 and 72 deg
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Figure 5: Gas leakage from the working Figure 6: Gas leakage comparison for the
space to the buffer (symbol +) crankshaft speed 750, 375, and
and in the opposite direction 75 rpm.

(symbol -) at 750 rpm.

and it is approx. 0.01%. In the case of the full revolution of the crankshaft,
the gas leakage share is at 750, 375, and 75 rpm, respectively: 5.27 x 1075,
8.84x 107°, and 3.74 x 10~% kg/s. Analyzing the initial phase of the engine
start-up, it can be assumed that the gas leakage does not constitute a
significant influence on the pressure course in the engine working space and
can be omitted in further calculations.
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Figure 7: Gas leakage share (in relation to the mass in the working space) for one
crankshaft revolution.
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The starting position of the crankshaft determines the mass of the work-
ing gas closed in the working space (Fig. 8). The rotation of the crankshaft
causes changes in the volume of the working space, which in combination
with the processes of supplying or removing heat from the working gas,
causes cyclic pressure changes (Fig. 9). The considered variation of pres-
sure in the working space causes in turn a variable indicated torque, the
extreme values of which are related to the compression (maximum) and
expansion (minimum). Both the compression and the expansion process
requires firstly consuming a large amount of energy (taken from the fly-
wheel) and then accumulating its overproduction. As a result the more
energy is needed to be accumulated during expansion or spent during com-
pression, the larger the flywheel must be used to avoid large changes in
engine speed or in the extreme situation stopping the engine in the com-
pression process. Energy which must be collected in the flywheel during
temporary acceleration (expansion) or generated during temporary deceler-
ation (compression) can be calculated basing on the course of the indicated
torque

a1
E= |Ting — Tuw|do (2)
ao
where: E — energy, which must be collected in the flywheel, T;,4 — indicated
torque, Ty, — average value of the indicated torque (over the cycle), ag —
position of the crankshaft for the start of the energy collection, a; — position
of the crankshaft for the end of the energy collection.

Having assumed the permissible angular velocity range of the system
the expected flywheel the moment of inertia can be calculated using the
following formula:

B = %(Ieng - Ifly) (WEnagc - wgnihn) ’ (3)

where: I.,4 — engine moment of inertia, Iy, — flywheel moment of inertia,
Wmin — Minimum crankshaft angular velocity, wye, — maximum crankshaft
angular velocity.
Assuming that the average angular velocity of the system is known
Wap = Wmaz T Wmin (4)
2
and permissible angular velocity range is described by the degree of velocity

variation
Wmaz — Wmin
b=——""— (5)

)
Waw
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where d is the degree of velocity variation (over the cycle), for the electric
generators usually 1/200, andwy,, is the average crankshaft angular velocity,
Eq. (3) can be simplified to the following form:

E
Ifly = (5(,0—2 - Ieng . (6)
av

It can be noticed that the energy, which must be accumulated, corre-
sponds directly to the moment of inertia, and thus the size of the entire
engine.
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Figure 8: The effect of starting angle on Figure 9: Pressure in working space for the
the mass of working gas. long-term operation or for the
starting angle 145 deg.

In Figs. 10-13 the results of calculations have been presented for the fol-
lowing starting angle: 0, 90, 145, and 270 deg. In Fig. 10 it can be noticed
that the amplitude of the indicated torque is about 10 times greater than
the mean value. The compression as well as the expansion process takes
a relatively long time. The situation is even worse for the starting angle
90 deg (Fig. 11). There are still four changes in the direction of the in-
dicated torque but the processes of compression and expansion are longer
and of a higher amplitude.

For 145 deg (Fig. 12), the situation is very similar to that one of 0 deg but
the compression process requires significantly less energy, also the ampli-
tude in the compression is much smaller That potentially means a smaller
electrical machine for the start-up process (a smaller locked rotor torque).
As it was previously pointed out, the situation showed in Fig. 12 corre-
sponds to the long term operation. Due to the leakages caused by the mov-
able seals, placed between the working and buffer space (on pistons), the
average pressure in the working space (above the pistons) and in the buffer
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Figure 10: The indicated torque for the Figure 11: The indicated torque for the
starting angle 0 deg. starting angle 90 deg.

100 Starting angle: 145 deg Starting angle: 270 deg

8

Mean value
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Indicated torque [N m)
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Indicated torque [N m)

Angle of rotation of the crankshaft [deg) Angle of rotation of the crankshaft [deg)

Figure 12: The indicated torque for the Figure 13: The indicated torque for the
starting angle 145 deg. starting angle 270 deg.

space will equalize. The calculation carried out by the iteration process
allowed to determine the starting angle, for which the average pressure is
the same on both sides. The last analyzed starting angle (Fig. 13) concerns
a very unfavorable situation, when the direction of the indicated torque
changes only two times per cycle, the process of compression is very en-
ergy consuming and the amplitude of this process is extremely high. Using
relation (2) the energy, which must be collected in the flywheel has been
calculated for the starting angle 145 and 270 deg and it is respectively 72
and 230 J. This means that the energy needed to be accumulated for the
next compression in the flywheel for the 270 deg starting angle is almost 4
times bigger than the possible minimum (145 deg), the moment of inertia
of the flywheel calculated using Eq. (6) would also be 4 times bigger.

In Fig. 14 a summary of the influence of the starting angle on the
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amplitude of the indicated torque in the compression process has been pre-
sented. It can be observed that the most favorable situation takes place for
the starting angle 145 deg, which corresponds to the long term operation.
The worst situation takes place for 230 deg. The amplitude of the indicated
torque in the compression process is even three times bigger than in the
most favorable situation.

60 —Amplitude in compression

Indicated torque [N'm)

40 —Mean value

eeeeee—— e ————)

4] 100 200 300
Starting angle [deg]

Figure 14: The amplitude of the indicated torque in the compression process wvs. the
starting angle.

3 Conclusions

The torque sequence during the motor start-up is strongly dependent on
the starting position of the crankshaft (the starting angle). This, in turn,
causes a large variation in the indicated torque. An additional unfavorable
factor caused by a large variation in the course of the indicated torque is the
rotational speed variation and the formation of the torsional vibrations in
the drive system. After some time, depending on the quality of the engine
piston sealing, the average pressure in the working and the buffer space
will equalize and the observed large variation in the indicated torque will
be neutralized (suppressed). Anyway, the occurrence of this phenomenon
has a huge impact on the start-up phase and determines the size of the
electric machine used for the start of the engine.

The paper presents the analysis of the impact of the crankshaft starting
position (the starting angle) on the course of the indicated torque. The
analysis has been performed for the assumed constant temperature of the
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working gas in the expansion space (heater) and in the compression space
(cooler). Based on the obtained results it can be noticed that the amplitude
of the indicated torque can be up to 20 times bigger than the mean value.
Both the compression and the expansion processes can take a relatively
long time and require firstly consuming a large amount of energy, taken
from the flywheel, and then accumulating its overproduction. As a result
the more energy is needed to be accumulated during expansion or spent
during compression, the larger the flywheel must be used to avoid large
changes in engine speed or in the extreme situation stopping the engine in
the compression process. Presented in Fig. 14 a summary of the influence
of the starting angle on the amplitude of the indicated torque in the com-
pression process shows that the most favorable situation takes place for the
starting angle 145 deg, which corresponds to the long term operation. The
worst situation takes place for 230 deg. The amplitude of the indicated
torque in the compression process is even three times bigger than in the
most favorable situation.

A solution to the above described problem of engine start-up with
an incorrect starting angle can be solved in two ways. The angle of the
crankshaft position at which the engine is started or when the working and
buffer spaces are separated can to be controlled by mechatronic elements.
An additional advantage of this solution is the possibility of continuous
power regulation. The second way is stopping the engine in a dedicated
crankshaft position — a solution successfully applied in internal combustion
engines with the ‘Start&Stop’ system produced by Mazda [27]
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