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Abstract The paper presents the results of simulation tests of hydraulic
resistance and temperature distribution of the prototype Stirling alpha en-
gine supplied with waste heat. The following elements were analyzed:
heater, regenerator and cooler. The engine uses compressed air as a work-
ing gas. Analyses were carried out for three working pressure values and
different engine speeds. The work was carried out in order to optimize the
configuration of the engine due to the minimization of hydraulic resistance,
while maintaining the required thermal capacity of the device. Preliminary
tests carried out on the real object allowed to determine boundary and ini-
tial conditions for simulation purposes. The simulation assumes that there
is no heat exchange between the regenerator and the environment. The
solid model used in simulation tests includes the following elements: supply
channel, heater, regenerator, cooler, discharge channel. Due to the symmet-
rical structure of the analyzed elements, simulation tests were carried out
using 1/6 of the volume of the system.
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1 Introduction

The development of technology poses new challenges for the power indus-
try by forcing the improvement of existing solutions, the recovery of energy
from undeveloped carriers and the search for alternative energy sources.
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One of such renovated technology is the Stirling engine [1–3], namely the
external combustion engine. Nowadays Stirling engines are mostly used in
electric power production systems for households [4–8]. As a heat source
the waste heat from technological processes can be used or the heat gen-
erated during combustion of low caloric fuel [9,10]. Unconventional en-
ergy sources can be the energy carrier for the Stirling engine, e.g., biomass,
geothermal and solar energy [11]. This solution enables operation with low-
temperature medium (120–150 ◦C) and high-temperature medium (above
700 ◦C) [12–15]. The variety of energy sources makes it an alternative to
conventional power systems [16–19]. The Stirling engine is characterized
by high efficiency (similarity to the Carnot cycle) and simple construction
(no valve-train) [20–22]. The uncomplicated design increases reliability and
simplifies maintenance. The biggest disadvantage of the engine is the high
price for small scale industrial applications. The most expensive elements
in the systems are heat exchangers. Gases used as a working fluid have
a lower heat transfer properties in comparison to liquids. To maintain
the same amount of heat supplied to the system some modifications are
expected, e.g., increasing the heat exchange surface or intensify the heat
exchange process itself [17,23].

A prototype of the Stirling alpha engine (diameter/stroke: 0.13/0.055 m)
was developed in the laboratory of Gdańsk University of Technology (Fig. 1).
The engine can be driven by mid-high temperature waste gases coming from
internal combustion engine. The engine performance was tested with air as
the working gas at charged pressure 200–500 kPa and heating temperature
of 200–400 ◦C.

Figure 1: Prototype Stirling alpha engine powered by exhaust gasses from internal com-
bustion engine.
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Obtained results were not satisfactory, indicated work for the supply tem-
perature 210 ◦C and the average pressure of 230 kPa was 2.3 J and suc-
cessively increased with the temperature and charging pressure up to 13 J.
Pressure loss in the selected elements of the Stirling engine was tested out
in the laboratory of the Faculty of Mechanical Engineering of the Gdańsk
University of Technology on a separate test bench [24]. Tests were per-
formed for the one way fixed flow using the air compressor as a source of
flow (Fig. 2). The apparatus measurement uncertainty used in the tests
has been presented in Tab. 1.

Figure 2: Diagram of the pressure loss measurement system: 1 – air compressor,
2 – three-way valve, 3 – tested elements, 4 – shut-off valve, 5, 6, 7 – manometer,
8 – measuring orifice, 9 – atmosphere [24].

Table 1: Apparatus measurement uncertainty.

Parameter Measurement uncertainty

Pressure 72 Pa

Temperature 1.5 ◦C

Mass flow rate 1.8×10−4 kg/s (2%)

Measured at the test bench pressure loss for the 3 main components: heater,
regenerator, cooler, achieved 1.56 kPa for the mass flow rate corresponding
to the 250 rpm. The registered value was unsatisfactory, in particular, with
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the increase of the charging pressure and the engine speed, a rapid increase
in hydraulic resistance was recorded.

It was estimated that for a pressure of 460 kPa the sum of hydraulic and
mechanical resistance is 17 J. Unfortunately the indicated power did not
exceed the total resistance in any tested point of operation. To start the
engine, it is necessary to increase the indicated work or significantly reduce
resistance. The assumed target engine operating parameters (1000 kPa
charging pressure, 750 rpm) would therefore cause too large hydraulic re-
sistance in the system. As a result, designed prototype was modified due
to reduction of hydraulic resistance. Figure 3 presents a Stirling engine
design with a more compact construction with a limited number of re-
generator fillings made of metal mesh and a reduced length of pipelines
connecting individual engine components.

Figure 3: Design of Stirling engine alpha type after modifications.

Presented work describes undertaken effort to reduce hydraulic resistance
of the analyzed Stirling engine elements. The following sections present
the results of simulation tests of pressure and temperature distribution of
the prototype Stirling engine alpha type supplied with waste heat. The
following elements were analyzed: heater, regenerator and cooler. The
engine uses compressed air as a working gas. Analyses were carried out for
three working pressure values and four engine speeds. The engine rotational
speed is directly related to the mass flow rate via piston speed. Assumed
in calculations mass flow rates of the working fluid are corresponding to
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the piston mean speed for the selected engine rotational speed. The work
was carried out assuming that the required thermal capacity of the device
is maintained.

2 Hydraulic resistance analysis of selected

elements

Preliminary tests carried out on the real object allowed to determine bound-
ary and initial conditions for simulation purposes, i.e.: average mass flow
rate, temperature and air pressure at the inlet to the heater. The simula-
tion assumes that there is no heat exchange between the regenerator and
the environment. As a part of the identification of the operating condi-
tions of the Stirling engine, the temperature of the flue gas flowing through
the heater as well as the temperature of the water receiving the heat from
the cooler were also measured on the test bench. Table 2 contains initial
conditions, whereas boundary conditions are included in Tab. 3.

Table 2: Initial conditions of the simulation.

Location Parameter Value

Inlet Temperature 170 ◦C

Pressure 200 kPa, 300 kPa,
400 kPa

Outlet Mass flow rate Resulting from the
mean piston speed
and the pressure

It should be emphasized that the performed simulation relates to one-way
fixed flow. That is significant simplification of the process occurring in the
real Stirling engine, which is characterized by the periodic nature of work
[25–29]. It can be expected that for dynamic process, such as pressure
change in engine components, such simplification does not bring signifi-
cant errors, while the simulation of the temperature change in the working
medium can only bring the information of a qualitative not quantitative
nature. It was decided to carry out a simulation for the steady state due
to the possibility of assessing the impact of the new design solutions on
hydraulic resistance, the measure of which is the pressure loss during the
flow of the working gas through the heater, regenerator and the cooler. The
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Table 3: Boundary conditions of the simulation.

Location Condition

Cooler Boundary condition of a third kind, heat transfer coefficient
of radiator – ur= 71.27 W

m2K
Temperature of cooling water – tw = 55 ◦C

Heater Boundary condition of a third kind, heat transfer coefficient
of heater – uh= 13.82 W

m2K
Temperature of exhaust gases – tex= 320 ◦C

Regenerator
and other
surfaces

Boundary condition of third kind – adiabatic process

first variant of the engine was tested due to the hydraulic resistance on the
test bench (Fig. 2) with a steady flow and the results of these tests could
be used as a reference level.

Figure 4 shows the solid model used in simulation tests. It was devel-
opede using the commercial Autodesk Inventor CAD software [30]. Heat
exchangers (cooler and heater) consist of 121 tubes with outside diameter
of 0.4 m. The linear dimension of the cooler is 0.21 m, the length of the
heater is 0.75 m.

Figure 4: 3D geometry of the Stirling engine type alpha.

The solid model used in simulation tests includes the following elements:
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supply channel, heater, regenerator, cooler and discharge channel. Due to
the symmetrical structure of the analyzed elements, simulation tests were
carried out using 1/6 of the system’s volume. Figure 5 shows 1/6 of the
exchanger system. Due to symmetrical shape of the designed elements it is
possible to use a grid with fewer elements.

Figure 5: The analyzed elements: heater, regenerator and cooler – 1/6 of the total vol-
ume.

Numerical calculations have been carried out in commercial engineering
simulation software package Ansys [31] for the heater, regenerator and
radiator system in various speed configurations. Variable quantities are
pressure and mass flow resulting from the rotational speed. Having the
appropriate number of simulations, it is possible to determine the impact
of selected parameters on the amount of pressure losses. Knowledge about
the influence of any parameters on hydraulic resistance is crucial when de-
signing elements such as cooler and heater. Figures 6, 7, and 8 show the
pressure and temperature distribution in the analyzed elements for pres-
sures of 200, 300, and 400 kPa, respectively. In Tabs. 4, 5, and 6 results of
simulation have been presented, respectively for air inlet pressure 200, 300,
and 400 kPa.

In Fig. 9 pressure loss vs. mass flow rate for air inlet pressure 200, 300,
400 kPa has been presented. The correctness of the numerical model has
been verified for the specified operating point (400 kPa, 250 rpm) using
analytical calculation, basing on coefficients taken from literature. In the
case under consideration, the pressure loss obtained from simulations and
from analytical calculations read respectively 0.98 kPa and 1.03 kPa. The
resulting difference is very small and amounts to only 5%, which indicates
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250 rpm 250 rpm

1000 rpm 1000 rpm

Figure 6: Pressure (left) and temperature (right) distribution for the pressure inlet
200 kPa.

Table 4: Pressure loss for charging pressure 200 kPa.

Engine speed Mass flow rate Inlet pressure Outlet pressure Pressure loss

rpm kg/s kPa kPa kPa

250 0.0046 199.97 199.59 0.38

500 0.0092 199.91 198.93 0.98

750 0.0138 199.78 197.84 1.94

1000 0.0184 199.60 196.40 3.20

the correctness of the numerical model used.
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250 rpm 250 rpm

1000 rpm 1000 rpm

Figure 7: Pressure (left) and temperature (right) distribution for the pressure inlet
300 kPa.

Table 5: Pressure loss for charging pressure 300 kPa.

Engine speed Mass flow rate Inlet pressure Outlet pressure Pressure loss

rpm kg/s kPa kPa kPa

250 0.0069 299.94 299.24 0.70

500 0.0138 299.78 297.84 1.94

750 0.0207 299.50 295.54 3.96

1000 0.0276 299.14 292.70 6.44

3 Results

In the analyzed cases (Figs. 6–8), as a result of increasing the charging
pressure at 250 rpm, the maximum temperature in the heater decreased
from 587 ◦C to 567 ◦C. Similarly, at 1000 rpm the maximum temperature
in the heater decreased from 535 ◦C to 505 ◦C. By increasing the charging
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250 rpm 250 rpm

1000 rpm 1000 rpm

Figure 8: Pressure (left) and temperature (right) distribution for the pressure inlet
400 kPa.

Table 6: Pressure loss for charging pressure 400 kPa.

Engine speed] Mass flow rate Inlet pressure Outlet pressure Pressure loss

rpm kg/s kPa kPa kPa

250 0.0092 399.91 398.93 0.98

500 0.0184 399.61 396.39 3.22

750 0.0276 399.14 392.70 6.44

1000 0.0368 398.48 387.70 10.79

pressure, the mass flow rate is increased, thereby the working gas heat
capacity is raised up, which causes lowering the air temperature at the
end of the heating process and increasing the air temperature in the cooler.
The increase of the rotational speed contributes to the increase of the linear
speed of the medium, the effect is a shorter contact time of the working
medium with the walls, causing the same consequences as it happens after
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Figure 9: Pressure loss vs. mass flow rate for air inlet pressure: ⋄ – 200 kPa, ◦ – 300 kPa,
△ – 400 kPa.

the increase in pressure. The increase of pressure and rotational speed
is associated with the potential increase of indicated power in the Stirling
engine, but it contributes also to the reduction of the temperature difference
of the working medium in the processes of expansion and compression, has
a later potential effect on reducing the thermal efficiency of the device.

Presented characteristics (Fig. 9) cover the target speed range of the
prototype device. In the analyzed cases, as a result of increasing the engine
speed and consequently increasing mass flow rate of the working fluid, the
pressure loss is rising from 0.38 to 3.20 kPa for 200 kPa charging pressure,
and up to 10.79 kPa for 400 kPa charging pressure.

4 Conclusions

The paper presents the results of simulation tests of pressure and tempera-
ture distribution in the prototype Stirling engine alpha type supplied with
the waste heat. The following elements were analyzed: heater, regenerator
and cooler. The work was carried out in order to minimize the hydraulic
resistance of the device, while maintaining the required heat delivery. The
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performed simulation relates to the one-way fixed flow. That is significant
simplification of the process occurring in the real Stirling engine, which
is characterized by the periodic nature of work. It can be expected that
for dynamic process, such as pressure change in engine components, such
simplification does not bring significant errors, while the simulation of the
temperature change in the working medium can only bring the information
of a qualitative not a quantitative nature.

For the Stirling engine operating conditions registered during the pro-
totype tests, the pressure loss in the engine after modification is 0.98 kPa.
As a result of modification, there was a reduction in the pressure loss com-
pared to the previous version of the engine by 37%. It can be therefore
concluded that the structural changes, made in the prototype, have signif-
icantly reduced the hydraulic resistance in the main engine’s components.
In the last analyzed case, corresponding to the highest power produced by
the engine, the calculated hydraulic resistance is 98 W, which is still sig-
nificant share of the total resistance (hydraulic and mechanical) of 304 W
(the same point of operation).
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