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ABSTRACT

The Stirling engine is a device in which thermal energy is transformed into mechanical energy without any contact
between the heat carrier and the working gas enclosed in the engine. The mentioned feature makes this type of engine
very attractive for the use of the recovery energy taken from other heat devices. One of the potential applications of
Stirling engines is the use of thermal energy generated in the ship’s engine room for producing electricity. The work
presents the concept of the Stirling engine type alpha powered by the recovery energy. The model of Stirling engine
developed in this work allows a quantitative assessment of the impact of the design features of the engine, primarily the
heat exchange surfaces and the volume of control spaces, on the achieved efficiency and power of the engine. Using an
iterative procedure, Stirling engine simulation tests were carried out taking into account the variable structural features
of the system. The influence of the size of the heater and the cooler, as well as the effectiveness of the regenerator and
the temperature of the heat source on the efficiency and power produced by the Stirling engine have been presented.
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NOMENCLATURE M., — mass flow of the working gas coming into (out of)
the analysed space [kg/s],

A, - heater area of the heat exchange [m’], p - pressure of the working gas [Pa],

A, — cooler area of the heat exchange [m?], Q, - energy delivered to the Stirling engine []],

c, - specific heat capacity of the working fluid at constant Q= - energyloss during cooling of the Stirling engine []],
pressure [J/(kg-K)], Q, - rate of heat transferred into the space x [W],

c, - specific heat capacity of the working fluid at constant Qh — average rate of heat delivered to the working gas in
volume [J/(kg-K)], B the heater [W],

E - rate of increase of the internal energy of the working Qk — average rate of heat received from the working gas
gas in the space x [W], in the cooler [W],

HVM - heater (cooler) volume multiplication [-], R — gas constant [J/(kg-K)],

m — total mass of gas in the engine [kg], T - temperature of the working gas in the space x [K],

m_ - mass of the working gas in the space x [kg], T,  -temperature of the working gas flowing between the

v —mass flow of the working gas between the spaces x spaces x and y [K],
and y [kg/s], T, .., —temperature of the working gas coming into (out of)

the analysed space [K],
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W - net work produced by the Stirling engine [J],

Wx - rate of work done on the surroundings in the space
x [W],

V... —volume of the compression space swept capacity
[m?],

V.., —volume of the expansion space swept capacity [m’],

V. - volume of the space x [m’],

GREEK SYMBOLS

o - angle of the phase shift between the spaces of
expansion and compression,

DT - regenerator temperature difference,

3 - regenerator effectiveness,

n, - thermal efficiency of the Stirling engine,

¢ - angle of rotation of the crankshaft shaft with respect
to the cylinder of the expansion space,

K — isentropic exponent,

t - time of the cycle,

SUBSCRIPTS

¢ - compression space,

e — expansion space,

g - gas supplying the heat to the engine,

h - heater,

k - cooler

r - regenerator,

ref - reference value,

test - tested value,

w - cooling water.

INTRODUCTION

The contemporary aspiration of modern economies to
minimise energy consumption and the emission of toxic
compounds is reflected in the development of energy-saving
drives in land and sea transport [16]. New types of fuels are
being used, which on the one hand enable the development
of substances that are difficult to use in the energy sector, on
the other hand giving the possibility of reducing the emission
of toxic compounds [13, 14]. Modern marine propulsion
systems mainly use reciprocating engines, which enable the
production of mechanical energy that is used as the main
drive and the drive for auxiliary devices, e.g. in hopper
suction dredgers [2]. Ships, as autonomous energy objects,
must also have facilities that produce electricity and heat. The
complex production system of these three types of energy on
the one hand increases the capital costs and complexity of
the system, and on the other hand gives the opportunity to
increase the overall energy efficiency of the ship by treating
heat as an equivalent energy carrier. However, if the heat
production exceeds the demand, it is treated as waste and
returned to the atmosphere. However, the thermal energy
leaving the combustion engine [11] can be transformed into
mechanical or electric energy in specially designed recovery

energy systems [18]. One of the most popular commercial
solutions of this type is a system powered by exhaust gases
from a reciprocating engine. The system uses a gas turbine,
steam turbine or both [17, 24]. This solution makes it possible
to reduce the specific fuel consumption by approx. 2% at
nominal load. However, it is not very popular, mainly due
to the high investment cost and the large space required for
an additional installation, which is currently lacking in the
modern engine room. For small boats like fishing or tourist
vessels, the Stirling engine can be an effective solution for
the recovery of energy and transforming it into electricity.

The Stirling engine [12] is a device in which thermal
energy is transformed into mechanical energy without
any contact between the heat carrier and the working gas
enclosed in the engine. Stirling engines are characterised by
relatively simple construction in comparison with internal
combustion engines; the engine’s moving parts do not have
direct contact with the substance that supplies thermal energy
to the device and operate at lower temperature differences.
All this influences the durability of Stirling engines, and
often eliminates servicing at all. Currently, as a result of the
growing interest worldwide in the use of renewable energy
sources to generate electricity [3, 15], a series of research
works on Stirling engines are being conducted [3, 8, 10].
There are solutions that allow the direct use of the Stirling
engine for propulsion, e.g. the system used by Saab (Kockums)
in submarines [21]. In commercial applications, Stirling
engines are not yet used as the main propulsion. However,
research is being conducted in this area, for example in [9]
the concept of a 20 MW Stirling engine using diesel as a heat
source is presented. The authors admit that at the current
stage of construction development, the efficiency achieved
by a Stirling engine will be lower than that of traditional
reciprocating engines for marine applications.

To conclude, the Stirling engine is not yet considered to
be the main propulsion of the ship, due to the low degree of
technological development and lower efficiency than modern
low-speed internal combustion engines. However, it can be
an effective solution to reduce fuel consumption on ships
[9, 26, 27], because it uses energy otherwise emitted to the
atmosphere. For example, in [21], the authors presented
the concept of generating electricity using a Stirling engine
powered by exhaust gases from a 578 kW main engine.
Assuming the exhaust gas stream and the system efficiency,
the authors calculated the potential fuel savings at 3%.

Such systems do not have to be installed in the immediate
vicinity of the source of the heat, which seems particularly
attractive for the limited space of the engine room. The
thermal energy is supplied to the Stirling engine through
the walls of the heater, which has some thermal inertia. That
enables uninterrupted work for several minutes without a heat
supply from external devices. Such a solution can also be
adopted as a support for the backup power system for a few
minutes.

Fig. 1 shows the energy system diagram of a fishing vessel
equipped with a main engine, an oil-fired boiler and an
electric power generator driven from the crankshaft of the
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engine. The use of the Stirling engine in such a system makes
it possible to recover energy leaving the main engine in the
form of exhaust gases. However, in the case of switching off
the main drive and starting the oil-fired boiler only for heat
production, the system gives the possibility of producing
additional electricity using the exhaust gas leaving the boiler.
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Fig. 1. The energy system diagram of a fishing vessel equipped with a main
engine, an oil-fired boiler and the Stirling engine producing electricity

The work presents the concept of the Stirling engine type
alpha powered by the recovery energy. The model of the
Stirling engine in the form of a set of equations is presented.
The model developed in this work allows a quantitative
assessment of the impact of the design features of the Stirling
engine, primarily the heat exchange surfaces and the volume
of control spaces, on the achieved efficiency and power of the
engine. Prospectively, application of this model will enable
optimisation of the energy recovery system, which uses
a Stirling engine powered by low-temperature energy sources.
Using the iterative procedure, Stirling engine simulation tests
were carried out taking into account the variable structural
features of the system. The influence of the size of the heater
and the cooler, as well as the effectiveness of the regenerator
and the temperature of the heat source on the efficiency and
power produced by the Stirling engine are presented.

MODEL OF THE STIRLING ENGINE

The principle of operation of the engine without internal
combustion with a fixed mass of gas (the working medium)
is shown in Fig. 2. The gas enclosed in the elastic sphere
is cyclically heated and cooled. Due to changes of the gas
temperature, the sphere expands or shrinks cyclically.
The point is to synchronise the processes of heating
(expanding) and the mechanical energy being received by
the user. Similarly, the cooling process (compression) must
be synchronised with the supply of energy, e.g. using the
kinetic energy accumulated in the crank mechanism. The
diagram presented does not include the regeneration process,
which is very important in the Stirling engine, dramatically
increasing the efficiency.
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Fig. 2. The principle of operation of the engine without internal combustion
with a fixed mass of working gas

The principle of operation of the engine operating according
to the Stirling theoretical cycle is shown in Fig. 3. The Stirling
theoretical cycle consists of four transformations (Fig. 3):
1-2 intensive cooling of the cylinder during compression,
2-3 stopping the piston at top dead centre (TDC) and
providing heat from the regeneration process,

3-4 intensive heating of the cylinder during expansion,
4-1 stopping the piston at bottom dead centre (BDC) and
heat recovery from the regeneration process.

Pressure

\ max

Fig. 3. The Stirling engine theoretical cycle

In the Stirling engine’s theoretical cycle, it is assumed
that regeneration takes place in a perfect way. The practical
design of the Stirling engine can be derived by solving three
major technical problems:

« continuity of movement of the displacement element,

« transfer of the total mass of gas from low to high
temperature space and back without volume change,

» completing the process of heat regeneration in one cycle.



Among the many practical constructions of Stirling
engines, three main types can be distinguished: alpha, beta
and gamma [12]. In the presented work only the alpha type
will be considered. In Fig. 4 the simplified layout of the Stirling
engine type alpha is presented. The layout is presented in
4 versions corresponding to each process detailed in the
theoretical cycle above (Fig. 3).
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Fig. 4. Simplified layout of the Stirling engine type alpha with the four phases
of the cycle

The theoretical Stirling cycle is a highly idealised
thermodynamic cycle [1, 17], so its use is not recommended for
quantitative analysis. For practical analysis, the isothermal or
adiabatic model [4, 22, 23, 25] is most often used, which allows
the functional separation of engine working spaces into:
compression space, cooler, regenerator, heater and expansion
space. Unfortunately, based on the fundamental assumptions
for the isothermal model, the temperature of the gas in
compression and expansion space is constant (as well as in
each distinguished space). This implies that these exchangers
are useless and the whole heat exchange process take place in
the compression and expansion space only. Obviously this
cannot be correct, since the cylinder walls are not able to
cover the expected heat demand. Additionally, this approach
prevents calculation of the size of the heat exchangers (cooler
and heater). In real machines the compression and expansion
spaces will tend to be adiabatic rather than isothermal. For
this reason, in this work, the analysis of Stirling engine
operation will be carried out using the adiabatic model.

Fig. 5 presents the diagram of the analysed Stirling engine
type alpha. The analysis was conducted with the assumption
that there is no heat exchange in the compression space, the

regenerator, the expansion space or in adjacent pipelines (the
grey band indicates perfect insulation).
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Fig. 5. Adiabatic arrangement of spaces of the Stirling engine type alpha

The starting point of the analysis is that the instantaneous
pressure in each element of the Stirling engine is the same
for the indicated crankshaft position. The total mass of gas
in the machine is constant, thus:

m=m,+ my +m, +my, + m=const (1)

Hence, Eq. (1) can be transformed to the following form:

m,+m,+m, +my +m, =0 ()

For the compression space the energy equation can be
given in the form:

Qc + (Cp "My~ Tin — Cp “Moye Tout) = VVC + Ec @)
where:

W.=p-V @

E.=c, m, T, (5)

using the equation of state we obtain:

C
Ec=§”-p-Vc (®)
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hence:

Ee=—-(p-Vetp-Ve) o

Assuming that heat transferred into the compression space
is zero as well as the mass flow of the working gas coming
into the analysed space, Eq. (3) can be simplified:

. . Cy . .

_Cp'mck'Tck =p'Vc+E'(p'Vc+p'Vc) (8)
And assuming that:
M = —Me 9)
we obtain:

' ! V. + ! -V,
m,. = . . _ . . 10
c“R-T, P K- R-T, P''e 19

Analogically, for the expansion space the rate of mass can
be calculated:

. 1
p-V.+

m - .
€ € K'R'The

— . . V
R . The p e (11)

For the cooler, the energy equation can be given in the
form:

Qk + (Cp "Mk Tep — Cp My - Tkr) = Wk + Ek (12)

where:

E'k=%'(zﬁ'Vk+p'Vk) (13)

Assuming that for the heat exchanger the following
conditions are met:

Wk=0ande=0

we obtain:
. Cy . . y
Qx =E'p'Vk_(Cp'mck'Tck_Cp Mgy Tir) (14)

Analogically, for the regenerator and the heater we obtain
respectively:

Qr=_'p'Vr_(Cp'mkr'Tkr_Cp'mrh'TTh) (15)
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. C . .
Qk=_'p'Vh_(Cp'mrh'Trh_Cp-mhe'The) (16)
R

For the cooler, where the volume and the temperature are

constant the equation of state can be transformed into the
following form:

ka=mkRTk (17)

hence, we obtain the definition of the derivative of the mass
concentration in the cooler:

Vi
R .Tk

my =p- (18)

Analogically, for the regenerator and the heater we obtain:

/A
My =15'R_rT (19)
r
. . Wn
=P (20)

Inserting Eqs. (10), (11), (18), (19) and (20) into (2) we
obtain:

v, V;)
_+_
(Tck The
Ve oo (Ve Ve Vi
tr. K (Tk+TT Th)

Ij:—p-K-VC (21)

Tek

For the compression space the equation of state takes the
form:

A
TC=p _C (22)

Ve p o, p¥ 1
T. = P+ B /A . A —
© m. R p me.*R ¢ R m? Me @)
hence:
T T :
To=—p+—Vo—mTo-—-m. (24
p Cc C



and:

)V, om
TC=TC-<E+—C——C> (25)
p Vo m
where:
m;., = P VC (26)
° T, R
Analogically, for the expansion space we obtain:
. ) V. m
Te=Te-<B+—e——e> (27)
p Ve me
where:
me = P Ve (28)
¢ T,-R

The mass flows used in earlier equations can be defined
using the following relations:

My = Me — My
myp = m, +my
Mpe = Mg

(29)

In the regenerator the gas flows cyclically from the cooler to
the heater and in the reverse direction. The gas is respectively
heated and cooled by the metal mesh placed in the regenerator.
The net heat transfer per cycle is zero. The regenerator quality
is defined by the regenerator effectiveness (¢), which parameter
allows us to calculate the regenerator temperature difference:

(Th — Ty)

AT, =
" 2

(1-¢) (30)

Hence the temperature of the gas coming into the cooler
from the regenerator will be higher than the temperature
of gas in the cooler by 2xAT ; analogically, the gas coming
into the heater from the regenerator will be lower than the
temperature of gas in the heater by 2xAT.

The net work produced by the Stirling engine in the
expansion and compression spaces for the whole cycle equals:

Tc
W=J p-(VC+Ve)-dt (31)
0

The energy delivered to the engine is given by:

Tc
Qin = f Qn - dt (32)
0
The energy loss during cooling is given by:

Tc
Qout = f Qk - dt (33)
0

The thermal efficiency of the Stirling engine can be
calculated using the following formula:

w
Nen = 7 (34)

Qin

For more realistic analysis it is convenient to define the
temperature of the gas delivering heat to the Stirling engine
(the waste energy) and the temperature of the water receiving
heat from the device instead of the temperature of the working
gas respectively in the heater and the cooler [5, 6]. Hence,
assuming the energy is transferred with 100% efficiency
through the heat exchanger, we can define the average rate
of heat delivered to the working gas in the heater:

-0,
QOn = % = kg Ay (Ty = Tp) (35)

(o

and the average rate of heat received from the working gas
in the cooler:

_ Qout

Tc

QTk = kw 'Aw ' (Tw - Tk) (36)

The equations presented in this section are used to
determine the desired parameters of the working gas, e.g., the
pressure, temperature in the compression space, expansion,
engine efficiency, etc. Some of the variables contained in the

equations we can assume, for example, the volume of the
compression space:

V., =05 Vseer (1+cos(p—a—m) @1

and for the expansion space:

V, =05 Vsce (1 +cos(p—m)) @8

Some others of the variables are conditional on the
direction of mass flow. Hence, the temperature of the working
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gas coming into the cooler from the compression space can
be defined using the following formula:

T, if Tig, = 0

Toe = {Tk if me <0 .

Analogically, for the temperature of the working gas
coming into the regenerator from the cooler we obtain:

Ty if Ty = 0

Tkr - {Tr if mkr <0 0

for the temperature of the working gas coming into the heater
from the regenerator we obtain:

T, if 1, = 0

Trn = {Th if i, < 0 “h

for the temperature of the working gas coming into the
expansion space from the heater we obtain:

T if Titpe = 0

The - {Te if mhe <0 )

When the initial values of the variables are not known,
e.g., pressure, the temperature in the compression and
expansion space, etc., we need to use an iterative procedure
for calculations. In such a procedure, we assume that the cycle
is of a repetitive nature, which means that the calculations
can be completed when the respective values at the beginning
and the end of the cycle are the same, e.g., the temperature
of the working gas in the compression space. Hence, the
results of the calculations of one cycle of work are used as
the initial conditions in the next iteration. In the iterative
procedure, the initial pressure and temperature values in
all control volumes are assumed, as well as the temperature
of the exhaust gas supplying heat to the engine and the
temperature of the cooling water. In the first calculation step,
the direction of the working gas flow in the Stirling engine
is determined on the basis of the volume change balance
in the expansion and compression space. Hence the initial
values of the gas stream and its temperature between control
volumes are calculated. In the next steps, only the results from
the previous calculation steps are taken into account. After
each calculation step, the indicated work is calculated along
with the amount of heat supplied, removed and accumulated
by the regenerator. The convergence was controlled by the
conformity of the compression and expansion temperatures
at the end of one cycle and the beginning of the next one, as
well as by the energy balance released and absorbed in the
regenerator, which should equal zero.
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INFLUENCE OF THE DESIGN FEATURES
ON THE OPERATING PARAMETERS

The calculations were made for the system: heat source
- Stirling engine powered with the waste heat (Fig. 1). It
was assumed that the stream of exhaust gases flowing to
the Stirling engine heater can be delivered by an internal
combustion engine and an oil-fired boiler. It was assumed
that the temperature of the exhaust gases heating the Stirling
engine can be changed in the range of 450-750 K. The Stirling
engine cooler is fed with 323 K cooling water. The adiabatic
model of the Stirling engine described in the previous section
was applied to test the influence of the size of the heater and
the cooler, as well as the effectiveness of the regenerator and
the temperature of the heat source on the efficiency and power
produced by the Stirling engine. The calculations were carried
out using the author’s iterative procedure described in the
previous section. Table 1 shows the basic specification of the
analysed Stirling engine.

Tab. 1. Main parameters and proprieties of the analysed Stirling engine type alpha

Parameter Value
Working gas air
Charge pressure 1.0 MPa
Compression (cold) volume: swept capacity 730 cc
Pipeline (cold part) 427 cc
Cooler volume (reference value) 304 cc
Regenerator volume 289 cc
Heater volume (reference value) 1140 cc
Pipeline (hot part) 427 cc
Expansion (hot) volume: swept capacity 730 cc

Using the constitutive equations given in the previous
section, the temperatures (Fig. 6) in the analysed spaces were
calculated for the selected temperature of the heat supply
gas and cooling water. Also given was the condition of
convergence in the iterative procedure that the mean pressure
of the working gas equals 1.0 MPa. It can be observed that,
due to the assumed non- isothermal transformation taking
place in the compression and expansion space only, there the
temperature follows the change of pressure and total volume
of the working gas (left part of Fig. 6). In Fig. 6, right part, the
conditional temperatures are presented. The levels of these
conditional temperatures change rapidly due to the change
of direction of the working gas flow.
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Fig. 7 presents the rate of the heat flow in the heater,
regenerator and cooler. It can be observed that the energy
balance is positive for the heater and negative for the cooler,
which respectively corresponds to energy delivery and
reception. The energy balance for the regenerator equals zero,
which proves correct convergence of the calculation. Fig. 8
presents the volume—pressure diagram of the tested Stirling
engine. It can be observed that the mean pressure is 1.0 MPa,
which is in line with the assumed calculation condition.

Fig. 9 presents the influence of the regenerator effectiveness
on the pressure change of the working gas in the tested Stirling
engine. For the assumed test conditions the regenerator
effectiveness, in the range 80-100%, has an explicitly
strong influence on the efficiency; for reduced regenerator
effectiveness the influence is weak (Fig. 10). That result
leads to the important conclusion that the effort put into the
regenerator development pays back effectively if we operate
in the high value range. On the other hand, a low-quality
regenerator that gives off high hydraulic resistance brings
more costs than benefits and may not be needed at all.
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Fig. 10. Influence of the regenerator effectiveness on the efficiency and power
of the Stirling engine; temp. of the heat supply gas 600 K; temp. of the cooling
water 323 K

Fig. 11 presents the influence of the temperature of the heat
supply gas on the efficiency and power of the Stirling engine.
The poor heat exchange conditions between the working gas
(air) and the gas supplying the heat (exhaust gases) cause
arise of the heat exchange surface to cover the heat demand.
That results in a relatively large volume of the heater, which
means a relatively low efficiency of the Stirling engine, even for
a higher temperature range. Nevertheless, the Stirling engine
power increases almost proportionally to the temperature.

20 300

18 4 * Efficiency -
_— 250

16 A Power ) _

14

200

12

10 150

Efficiency [%]
Power [W]

100

50

0 T T T T T 1 0
450 500 550 600 650 700 750

Temperature of the heat supply gas [K]

Fig. 11. Influence of the temp. of the heat supply gas on the efficiency and
power of the Stirling engine; temp. of the cooling water 323 K; the regenerator
effectiveness 80%

The analysis of the influence of the heater/cooler size on
the efficiency and power of the Stirling engine was performed
assuming that the relation between the gas volume and
the heat exchange surface is constant. Additionally, it was
assumed that the relation of the gas volume in the heater to
the gas volume in the cooler is also constant. The heater and
cooler size were defined using one parameter - the heater
volume multiplication:

Vi A Vi w
HVM = % test _ Ag test _ 7 test _ test @3)
R rer g ref K rer W ref
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The influence of the heater/cooler size (HVM) on the
efficiency and power of the Stirling engine is presented in
Fig. 12. For the initial HVM range, the rise of the heater
volume causes a significant increase in the amount of thermal
energy supplied to the engine, which results in a sudden
increase of efficiency and power. In the vicinity of HVM =1,
the maximum of the efficiency and the power is reached, and
then, as a result of the significant impact of dead space, the
efliciency and the power of the Stirling engine decreases.
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6 | A
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Fig. 12. Influence of heater/cooler size (HVM) on the efficiency and power
of the Stirling engine; the regenerator effectiveness 80%; temp. of the heat
supply gas 600 K; temp. of the cooling water 323 K

CONCLUSIONS

For small boats like fishing or tourist vessels, the Stirling
engine can be an effective solution for recovering energy and
transforming it into electricity. Such systems do not have to be
installed in the immediate vicinity of the source of the heat,
which seems particularly attractive for the limited space of
the engine room. The adiabatic model of the Stirling engine
presented in this paper has been evaluated for application
in the iterative procedure, which in practice means that not
all the initial conditions need to be known and that they
will be determined as an effect of calculations in preceding
calculation steps.

The efficiency as well as the power of the tested Stirling
engine are affected very intensely by the temperature
of the heat supply gas and the regenerator eftectiveness;
the higher the values of those parameters, the higher the
efficiency and the power. A particularly intensive influence
of the regenerator effectiveness on the engine efficiency is
observed for the range 80-100%, while for reduced regenerator
effectiveness the influence is weak. That result leads to the
important conclusion that the effort put into the regenerator
development pays back effectively if we operate in the high
value range. On the other hand, a low-quality regenerator
that gives off high hydraulic resistance brings more costs
than benefits and may not be needed at all.



The influence of the size of the cooler and the heater is

not so obvious. On the one hand, increasing the size of heat
exchangers causes more energy to be supplied to the engine,
but on the other hand, it increases the dead space, which
reduces the efficiency of the engine. The influence of those
factors means that increasing the volume (surface) of the
heat exchangers has a positive effect only for the small range
(up to HVM=1), while a further volume increase results in
a gradual decrease in the efficiency and power of the device.
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