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Simulation, experimental validation and kinematic optimization of a
Stirling engine using air and helium

Juliette Bert a, b, Daniela Chrenko a, *, Tonino Sophy a, Luis Le Moyne a, Fr�ed�eric Sirot b
a DRIVE ID-MOTION, EA 1859 ISAT, U. Bourgogne, 49 rue Mlle Bourgeois, 58000 Nevers, France

b Danielson Engineering, Technopôle, 58470 Magny-Cours, France

A Stirling engine with nominal output power of 1 kW is tested using air and helium as working gases. The influence of working pressure, engine speed 
and temperature of the hot source is studied, analyzing instantaneous gas pressure as well as instantaneous and stationary temperature at different 
positions to derive the effective power. A zero dimensional finite-time thermodynamic, three zones model of a generic Stirling engine is developed and 
successfully validated against experimental gas temperature and pressure in each zone, providing the effective power. This validation underlines the 
interest of different working gases as well as different geometric configurations for different applications. Furthermore, the validated model allows 
parametric studies of the engine, with regard to geometry, working gas and engine kinematics. It is used in order to optimize the kinematic of a Stirling 
engine for different working points and gases.

1. Introduction

The need of cheap and clean energy is constantly increasing [1].

At themoment, themost used types of energy conversionmachines

are: piston type internal combustion engines, gas turbines and

steam turbines. Due to their thermodynamic processes, they

release hot gases and require cooling, both imposing heat losses.

One solution to revalue these losses is the use of external heat

engines [2]. As Stirling engines draw their primary energy from

externally produced heat, they can be driven by all kinds of heat

sources, like exhaust gases, combustion processes using petroleum

fuels, combustible gases or vegetable waste and even natural heat

energy like solar and geothermal [3e6].

Stirling engines were invented in 1816 by Robert Striling [7] and

industrialized shortly after, but most of them were replaced by

internal combustion engines in the early 20th century. From the

1930s Phillips starts important research activities on Stirling en-

gines. First, they were meant to power radio stations, but the in-

vention of semiconductor devices put an end to this development.

The recent scientific progress in thermal and fluid sciences as well

as new materials allowed the creation of sophisticated Stirling

engines and the study of different working gases [8]. Stirling en-

gines are nowadays used industrially for cryogenic [9] portable and

mobile applications [10], since the 1980s Stirling engines are also

studied in combination with solar energy [4,11]. The need of more

efficient engines for mobile as well as stationary applications ex-

plains the regained interest in Stirling engines.

Since the invention of the Stirling engine, its modeling e a

complex problem including mass flow, thermal flow and thermo-

dynamic evolution e has been studied by different researchers

starting with the first model by Schmidt in 1871 [12e29]. For

isothermal modeling the motor is split into three zones (cold, hot

and regenerator) and the gas temperature in each zone is consid-

ered as constant. Several developments are made based on this first

simple isothermal model. These improvements include the impact

of the regenerator efficiency by Kongtragool andWongwises [16] as

well as Ahmadi et al. [23], whereas Puech and Tishkova [17] studied

the impact of the dead volume for different kinematics. Blank [13],

Costea and Feidt [14], Kaushik and Kumar [15], Wouagfack and

Tchinda [24] as well as Kantor an Mousaw [25] modeled the heat

source as finite elements. Ladas [26] as well as Ahmadi et al. [21]

used finite time approach to describe a solar-powered Striling en-

gine. To overcome the drawbacks of homogeneous temperature

zones Urieli and Berchowitz [20] developed a model considering

the compression and expansion of the volume as adiabatic and

integrated imperfect exchangers. Costa et al. [27] proposed an

analytical approach to describe the regenerator pressure loss.
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Hence, even if the temperature in each zone is uniform, it evolves

during a cycle. Abbas et al. [12] and Timoumi et al. [19,28]

concentrate on this approach whilst adding different losses (con-

duction and pressure drop). €Ozg€oren et al. [29] present an artificial

neural network based model of a beta-type Stirling engine using

helium as working gas.

Recently a special interest is put on the optimization of Stirling

engines in order to achieve optimum power and efficiency levels

[30e32]. Multi-objective optimization of power and efficiency was

conducted by Ahmadi et al. [4,21e23]. Chen and Yang [30] used a

thermodynamic model in order to optimize geometric parameters,

Creyx et al. [31] optimize the pressure and temperature range and a

combined approach is presented by Campos et al. [32].

Here, a zero dimensional 3 zones model is developed. In this

model, time dependent heat transfers are considered in each zone.

One of the purposes of the model is to allow parametric studies of

system parameters and kinematics for different working gases,

over a wide range of filling pressures and hot side temperatures.

Therefore it has to be simple enough to test different sets of pa-

rameters and at the same time provide accurate results.

This study consists of four sections. First, the experimental rig of

a 1 kW gamma type Stirling engine that has been adapted to our

needs is presented. The influence of the variation of the following

parameters is studied: working gas (air and helium), gas pressure,

hot zone temperature as well as engine speed. For all experiments,

evolution of temperature and pressure inside the working zones is

measured in order to evaluate the indicated power. Torque and

speed are measured in order to evaluate the effective power. Sec-

ondly, a three zone zero dimensional finite-time thermodynamic

model is developed. After a short description of the proposed

model, numerical and experimental results for different parameters

are compared. Eventually, a tool to assist Stirling engine design is

developed using the model, to which an optimization algorithm is

added. This tool allows to sketch out a preliminary draft of the

characteristics of a Stirling engine during the first step of the design

study. Depending on the desired application and on the constraints

exerted on the engine, the tool will act on the characteristics of the

engine chosen by the user (e.g. dimensions, kinematics) to maxi-

mize its performance.

2. Experimental rig

2.1. Engine description

Based on the ST05G-CNC Stirling engine [33], an experimental

rig is developed to evaluate the impact of some experimental

conditions and geometrical characteristics of Stirling engine. Two

different working gases are tested: air and helium. Helium is

considered as interesting alternative working gas, due to the dif-

ference in gas behavior, namely density and heat capacity [3,34].

2.1.1. Engine characteristics

As the tested engine is a gamma type Stirling engine (Figs. 1

and 2) the internal gas flow is defined by a pair of pistons. The

first, or power piston, transforms thermodynamic energy in phys-

ical displacement and therefore work. The second, or displacer

piston, has to displace the gas from cold zone to hot zone and

inversely across the regenerator. The two pistons are connected to

the same crankshaft with a phase difference of 90�. Their stroke is

75mm, the power piston's bore is 85 mm and the displacer piston's

is 96 mm. The total internal volume of the engine when the power

piston is at the bottom dead center is 1.9 dm3.

On the cold side, water circulation around cylinder and

exchanger maintains the temperature, thus defining the cold

temperature of the cycle. On the hot side, there are heating re-

sistances which bring heat energy to the engine across cylinder

wall and tight tubes. The regenerator is made of a stainless steel

matrix grid.

Nomenclature

h specific enthalpy, J/kg

k convection coefficient, W/(m2.K)

m mass, kg

p pressure, Pa

Q heat, J

r specific gas constant, J/(kg/K)

S flow section between two consecutive zones, m2

T temperature, K

u specific internal energy, J/kg

V volume, m3

v particles speed

x particles position

xg best position reached by all the swarm

xp best position reached by one particle

Subscripts

c cold zone

cr, cr between cold zone and regenerator

h hot zone

hr, hr between hot zone and regenerator

m regenerator matrix

r regenerator zone

w wall

Fig. 1. Section view of the tested engine.
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2.1.2. Instrumentation

Sensors are devoted to measure the thermodynamic state of gas

in each of the three zones. Three instantaneous piezo resistive

pressure sensors are installed. They have a pressure range between

0 and 13.5 bar relative, a precision of 80 mbar and an acquisition

frequency of 200 kHz. Furthermore, three K-type micro-

thermocouples with a diameter of 25 mm are used at a frequency

of 10 kHz. Their values are linearized over the temperature range.

The external state of the engine is measured using five K-type

thermocouples (one on the cold side and four on the hot side) with

wire diameter of 1 mm, which are introduced into the walls of cold

and hot sides to evaluate a representative value of the mean ex-

change temperature between walls and gas.

Finally, as an electrical cartridge based hot source is used, the

power needed to maintain the hot wall temperature during engine

run is measured. Furthermore, the output torque of the engine is

measured using a torquemeter with a rated torque of �50þ50 Nm,

a precision of 0.25 Nm and a resolution of 60 pulses per revolution

as well as a speed measurement using a 0.5� precision encoder in

order to calculate its effective power.

2.2. Test conditions

The experimental rig allows to evaluate the impact of various

parameters on engine behavior. Four parameters were selected for

analysis: three operating conditions (speed, hot side temperature

and filling pressure) and one working gases condition: air or

helium.

An electrical engine is connected to the Stirling engine drive

shaft to control its speed. With the control of a variator and a brake

resistance it is possible to regulate the speed of the engine in a

range from 200 rpm to 1000 rpm.

The electrical power supply of the heating resistances is

controlled according to the value of the temperature measured by a

thermocouple on the hot site. The maximum power of the heating

resistances is 7 kW and allows to test this engine for hot side

temperatures up to 700 �C. The temperature of the cold sink is

maintained with circulation of industrial aero-cooled water at

around 25 �C.

As the tests are carried out with different filling pressures, a

particular attention is devoted to track potential leaks. To coun-

teract gas leaks, the systemwas kept under pressure by an external

device. Nevertheless, a comparison between plugged engine pres-

sure curves and unplugged engine ones has been made. It shows

that the external pressurized gas supply does not significantly

change results. Pressure values ranking from 1 bar relative to 10 bar

relative are used.

The results section presents values that do not vary over a cycle

like hot and cold source temperature or filling pressure, and

instantaneous values, that vary over a cycle, like cylinder volume

and pressure. For all instantaneous parameters, averaged values

over 100 cycles are presented in order to minimize the influence of

measurement errors.

3. Model

3.1. Goal of the model

The main objective of the model is to have a tool that is able to

provide predictive trends of engine performance. Hence an

emphasis must be put on the modularity in order to making the

model be able to optimize the characteristics of an engine corre-

sponding to constraints like power and weight. A more detailed

description of the model by Bert et al. can be found in Ref. [35].

The first particularity of this model compared to Abbas et al.

[12], Kongtragool and Wongwises [16], and Andersen et al. [36], is

the use of time-dependent non isothermal exchangers. This means

that the equations introduced in the next section are instantaneous

and solved for each time step. This introduces the evolution of

certain parameters like the temperatures and pressures of the gas

inside the pistons as well as the regenerator temperature. At the

same time, thermal inertia imposes that other parameters like the

wall temperature of the hot and cold source stay constant

throughout the cycle.

Moreover, a three zones model is created, describing the wall

surface and temperature for each zone in function of the geometry

(cylinder, exchanger …). The regenerator is described as a heat

exchanger between its matrix and the gas. Thus, the model takes

into account its ability to store and release a part of the heat

intrinsically as in Ref. [4] and the use of an arbitrary efficiency co-

efficient, like in Ref. [28], is not needed anymore. Each of the three

zones corresponds to a volume exchanging heat with a hot source

(zone 1), a cold source (zone 3), and a regenerator (zone 2). Heat

exchanges, heat losses as well as leaks can be affected to all three

zones. A working gas describes a cycle determined by a given (but

not fixed) kinematic of pistons or moving surfaces transferring

gases from one zone to another. Gases are considered as ideal [37]

and thermodynamic variables are considered homogeneous in each

volume, (Fig. 3).

Fig. 2. Stirling engine on test rig.

Fig. 3. Various zones of the model.
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3.2. Model description

Hot volume Vh and cold volume Vc are defined by piston dis-

placements, which depend on the crank angle and can thus be

calculated geometrically. The regenerator volume Vr is constant.

There are thus three unknowns in each zone; the pressures ph, pc, pr,

the massesmh,mc,mr and the gas temperatures Th, Tc, Tr. Moreover,

the temperature of the regenerator matrix Tm has to be considered

as additional unknown as it evolves throughout the cycle due to the

exchange with the gases which pass through. A differential equa-

tion system with 10 unknowns is thus developed based on the

perfect gas law, Eqs. (1), (4), (7), the energy conservation due to the

second law of thermodynamics, Eqs. (2), (5), (8), and the mass

conservation, Eqs. (3), (6), (9), for the cold, hot and regenerator

zone respectively, and energy conservation Eq. (10) for the regen-

erator matrix.

Cold volume (c)

mc$r$dTc þ r$Tc$dmc � Vc$dpc ¼ pc$dVc (1)

uc$dmc þmc$duc � hcrdmc ¼ �pc$dVc þ dQc (2)

dmc ¼ flowcr (3)

Hot volume (h)

mh$r$dTh þ r$Th$dmh � Vh$dph ¼ ph$dVh (4)

uh$dmh þmh$duh � hhrdmh ¼ �ph$dVh þ dQh (5)

dmh ¼ flowhr
(6)

Regenerator (r)

mr$r$dTr þ r$Tr$dmr � Vr$dpr ¼ pr$dVr (7)

ur$dmr þmr$dur þ hcr$dmc þ hhrdmh ¼ dQr (8)

dmh ¼ �dmc � dmh � dmleackage (9)

mm$dum ¼ dQm (10)

where r is the specific gas constant, u is the specific internal energy

and dQ is the heat difference.

This system is solved numerically with Matlab using a variable

order solver based on the numerical differentiation equations

[38,39] with an absolute convergence criterion of 10�6. Initial

conditions are defined for the 10 unknowns which allow a cold or a

hot start.

Different values used in the main equations have been calcu-

lated in subfunctions and can be modified independently.

The position and velocity of each piston can be calculated using

the mechanical link and some geometrical dimensions influencing

the volume as for example the length of rod, stroke or phase dif-

ference. Therefore, the cylinder volumes as well as the dead volume

are known at each moment.

Thermal exchanges between gas and surface describe the en-

ergy supply to or from the motor. This mainly convective energy

exchange is described using the Newton law [40], depending on

exchange surface, temperature difference between the surface and

the gas and the convective exchange coefficient.

dQ ¼ k$S$
�

Tsurface � Tgas

�

(11)

The exchange coefficients k depend on motor speed as well as

gas temperature and pressure, and are obtained using Colburn

correlation [35]. The thermal inertia of the components is supposed

to be big enough to assume a constant temperature of the walls

during the cycle.

Frequently, convective heat transfer inside cylinders are

described by a correlation of the Nusselt number obtained by ex-

periments. Seghir-Ouali et al. [41] use inverse or analytic methods

to determine coefficients of the Nusselt correlation of an inside

rotating cylinder flow. Their paper also presents a considerable

literature review.

Inner instationary cylinder flow heat transfers are often char-

acterized using the Colburn correlation [42], even though this

correlation was developed for established flows. Only few cases

studying alternative direction fluid flows are known, which means

that a model improvement might be reached using an correction

factor.

A mass exchange occurs between cold zone and regenerator as

well as between hot zone and regenerator. Exchanges between

working gas and vicinity could also be calculated in order to

describe potential leakage. In order to describe the mass flow be-

tween two zones based on a given geometry, the pressure differ-

ence on both sides is evaluated by the SainteVenant equation

[43,44]. Even thought it is generally used to describe the condi-

tion as at inlet/outlet of internal combustion engines [45], it can be

applied here to calculate the mass flow. Furthermore, pressure loss

due to the obstacle is considered.

dm ¼ Si
Pj
ffiffiffiffiffiffiffiffiffiffiffiffi

r � Tj

q

Pi
Pj

!1=g

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2g

g� 1

0

@1�
Pi
Pj

!
g�1
g

1

A

v

u

u

u

t (12)

To reinforce this approach, pressure drops have been tested for

the three zones of the Stirling engine with air as working gas using

an internal wind tunnel. The results allowed to derive equations of

pressure drop in function of air speed for each zone. Those results

have also been applied for helium as working gas, as it was not

possible to do the tests using helium with the available means. An

analytical approach to describe the regenerator pressure loss has

been described by Costa et al. [27], but it considers only air as

working gas.

The thermodynamic characteristics of the gases have been

calculated using Janaf tables [46] or equivalent approaches. The

characteristics of gas (heat capacity, Reynolds number, etc.) are

determined by which working gas is used.

4. Results and discussion

4.1. Influence of speed

Fig. 4 presents the thermodynamic cycle on the cold and hot

side using air and helium as working gases for the extreme speeds

200 rpm and 1000 rpm. The experimental results are well in line

with modeling results. It is interesting to observe that for air as

working gas, the variation of the PV diagram between 200 rpm and

1000 rpm is small both for hot and cold side.

Regarding the results for helium as working gas, it can be seen

that the modeling results show no variation with rotational speed.

Experimental results showa bigger pressure variation for 1000 rpm

than for 200 rpm, both for hot and cold side. This implies further-

more that the effectedwork is higher at faster rotational speed. This

can be explained by the fact that at 200 rpm the exchange time is

relatively long and the heat storage is limited by the relative small

value of rCp of helium. At faster rotational speed the exchange time

4



is much shorter and the amount of heat to be stored is smaller.

Hence the limited heat storage capacity is less penalizing.

The numerical results vary little for the tested speeds. This can

be explained by the fact that the pressure drop for helium has been

adapted from the values measured for air (see Section 3.2). This

underlines the necessity to put an emphasis on the influence of

pressure drop in function of gas characteristics in further works.

However, the tendencies obtained by the variation of the respective

parameters are taken into account correctly and the results ob-

tained from optimization (see Section 5.2) will give the correct

tendencies.

Finally, in Fig. 5 we can observe the influence of engine speed on

effective power for different temperatures for both gases. The in-

fluence of the rotational speed on the power is described in the

same way by experimental and numerical results. Furthermore, it

can be seen that for air as working gas an optimal rotational speed

in order to maximize the power delivered exists, the numerical

model is able to predict the optimal rotational speed for different

temperatures with good accuracy. Themaximum power that can be

attained, increases with increasing hot side temperature. Moreover,

the maximum power occurs at higher rotational speeds if the hot

side temperature increases.

However, for helium as working gas, numerical and experi-

mental results predict that the maximum power is not reached in

the range of rotational speeds given by the experimental installa-

tion. It can be predicted that the maximum power that can be

reached using helium as working gas will be at higher values and

higher rotational speeds compared to air. Moreover, at low rota-

tional speed air shows better indicated powers than helium no

matter the temperature.

Fig. 4. PV diagram of speed influence on gas pressure - air [top] and helium [bottom] (Twh ¼ 700 �C, Pmot ¼ 7 bar, tube 1).

Fig. 5. Effective power in function of speed for various hot side temperature (Pmot ¼ 7 bar, tube 1).
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Air has a better heat storage capacity but a lower heat conduc-

tivity coefficient than helium. This explains that for low speed,

when the gases have time to exchange with the wall, air has the

capacity to store more energy than helium, but when the speed

increases, the air has not enough time to store as much heat as in

low speed. Moreover, helium benefits from its convective exchange

coefficient e which increases with engine speed e to incorporate

heat faster. This, added to the lower density of helium compared

with the air's, explains the differences in power variation. This

phenomenon has also been described by Karabulut et al. [8,47].

4.2. Influence of hot side temperature

Fig. 6 shows the influence of the hot side temperature on the PV

diagram, using 200�C and 700�C. For both working gases, an

increase of hot side temperature leads to an increase of the

amplitude of pressure and thus an increase in terms of

performance.

The coherence between experimental and numerical results is

acceptable for both air and helium, however the reason for the

slightly greater differences for helium has already been indicated

above (Section 4.1).

As the hot side temperature has an impact on the instantaneous

gas pressure without distinction of gas, it is without surprise that

Fig. 7 shows the effective power increases in the same way for both

gases, and this for all speeds. Furthermore, the different slopes of

the curves underline the observation that the optimal rotational

speed increases with the temperature.

This evolution is described with a good precision by the model

in the case of air as working gas. Despite of the slight

Fig. 6. PV diagram of hot side temperature influence e air [top] and helium [bottom] (N ¼ 600 rpm, Pmot ¼ 7 bar, tube 1).

Fig. 7. Effective power in function of hot side temperature for various speed (Pmot ¼ 7 bar, tube 1).
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overestimation of power by the numerical model for helium due to

the reasons described in Section 4.1, the tendency of power evo-

lution as function of temperature for different rotational speeds is

described correctly.

Fig. 8. Filling pressure influence on instantaneous gas pressure e air [top] and helium [bottom] (N ¼ 600 rpm, Twh ¼ 700 �C, tube 1).

Fig. 9. Effective power in function of filling pressure for various speed (Twh ¼ 700 �C, tube 1).

Fig. 10. Scheme of particle displacement.

Table 1

Dimension of the motor in mm.

Bore Stroke Rod

Piston 85 75 146

Displacer 96 75 130

7



4.3. Influence of filling pressure

Fig. 8 shows the PV diagram of hot and cold side for air and

helium with filling pressure of 2 bar absolute and 11 bar absolute.

As expected the filling pressure of the Stirling engine has a strong

influence on the mean value of the pressure during a cycle. The

pressure drop depends mainly on the two gas characteristics,

density and viscosity, and both are influenced by pressure. No

matter which gas is used, density increases with pressure, and

leads to an increased pressure drop. Viscosity decreases when

pressure increases, and leads to a decreased pressure drop.

Although, as the increment of density is faster for air than for he-

lium and the decrease of viscosity is slower for air than helium, an

increase of filling pressure leads to a relative reduction of helium

pressure drop compared to air pressure drop. This explains why the

engine is more efficient using helium at high pressures.

The numerical results show acceptable accuracy for the range of

filling pressures. However, it can be observed that the model based

value of pressure variation is less than the measured value and this

phenomenon is slightly bigger for helium due to the reasons

introduced above.

As has been predicted using the PV diagrams in Fig. 8, it can be

seen in Fig. 9 that effective power increases with the filling pressure

no matter which working gas is used. This phenomenon is

described correctly by the simulation.

5. Optimization

After a model validation over a large range of temperatures,

pressures and rotational speeds, it can be used to predict the in-

fluence of certain parameters like dimensions and kinematics on

the performance of a Stirling engine. Depending on the application

for which the Stirling engine is foreseen, different constraints have

to be applied. For example, a stationary application will have less

constraints on the weight of the system than a mobile application.

The heat source will also have a considerable influence depending

on its availability.

This is why the model presented in Section 3 is associated to an

optimization algorithm that permits to find a first approach of an

optimized Stirling engine for a given application.

5.1. Particle swarm optimization

In order to achieve the optimization of the model, a multivari-

able optimization algorithm is needed. The algorithms that are best

adapted for this case are stochastic methods that use aleatory pa-

rameters and avoid local optima. Different algorithms like genetic

algorithms, based on evolution, or biologic algorithms, based on

group behavior, may lead to a solution [48]. €Ozg€oren et al. [29] used

an artificial neural network based approach in order to describe a

beta-type Stirling engine, Ahmadi et al. [3,4,22,23] did multi-

objective optimization with regard to efficiency and power den-

sity using an evolutionary algorithm.

Finally, PSO (particle swarm optimization) was chosen for our

case, due to its facility of use and quick convergence. This algorithm

was developed in 1995 by Russell Eberhard and James Kennedy

[49]. The working principle of PSO is based on a postulate that the

communication between individuals of a group allows this group to

act more intelligently than the sum of all individual intelligence, for

example in a swarm of bees.

A domain with j dimensions is defined. The dimensions corre-

spond to the number of parameters that have to be optimized and

their limits are defined by the problem. At initialization a number of

i individuals is defined randomly and their objective function value

is evaluated. Each individual has a memory of its own best position

and the global best position of the group is exchanged by

communication. For the next step, every particle moves due to

three influences. Firstly, every particle follows its inertia, which

pushes it to follow its path. Secondly, their experience pushes a

particle to return to its known historical best position. Thirdly, it

tends to follow group instinct and to go to the global best position

of the group. Finally, a random factor can be added to balance the

three influences. A superposition of those three instincts gives the

new position of the particle, (Fig. 10). This behavior continues until

a satisfaction criterion is reached.

Fig. 11. Association of model to PSO for power maximization in function of kinematics.

Fig. 12. Optimized piston kinematics: air, 10 bar, 300 rpm, 700 �C.
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5.2. Optimization of kinematics

The optimization introduced before is used in order to optimize

the kinematics of a Stirling engine with regard to its power. A

comparable study has been done by Solmaz and Karabulut [50]

who study the influence of kinematics on performance of a beta-

type Stirling engine. It is interesting to know if a crank-

connecting rod system is the most adapted solution and if the

optimal configuration depends on the working gas. Therefore, the

motor presented in Section 2 is used as baseline. As the volumes of

the hot side and the cold side at any moment of the cycle are

defined by the dimension (Table 1) as well as the kinematics, it is

very helpful to have a modular approach to describe the motor

volumes in function of dimensions and kinematics, (Fig. 11). Here,

the initial kinematic function has been replaced by a matrix that

will be changed by the optimization. This matrix contains dis-

cretized values of displacement with a precision of 6� of crankshaft

angle. The particles evolve thus in 123 dimensions: 61 for the ki-

nematic of each piston and 1 for their phase shift.

In order to respect the dimensional characteristics of the motor,

each kinematic point has to be between 0 and the stroke, the phase

shift has to be between 0 and 360�. The evolution of the profile is

constrained in order to be cyclic with a maximum and a minimum

position. Furthermore, the maximum distance between two matrix

points is constrained in order to limit the accelerations of the

pistons.

The kinematics of themotor are optimized for a rotational speed

of 300 rpm andworking gases air and helium. Other parameters are

considered as constant with an absolute filling pressure of 11 bar

and a hot source temperature of 700 �C.

5.3. Application using air

The results of optimization are presented in Fig. 12. They show

the same general kinematics as the initial crank-connecting rod

system, but three basic differences can be identified: Firstly, the

pistons motions are not continuous. They present a halt at the

minimum and maximum position. Secondly, the movement of the

motor piston is less symmetric than the behavior of the displacer

piston. It shows a steeper ascent than decent. Finally, this leads to

the fact that the phase shift throughout a cycle varies between 90�

at the beginning of the cycle to 100� at the maximum position of

each piston.

The modification of the kinematic influences directly the vol-

ume curves, (Fig. 13). The volume in the hot zone depends only on

the position of the displacer piston and has thus the same shape as

the kinematic. The volume in the cold zone depends on both pis-

tons. The main influence of the new kinematic takes place at the

beginning of the compression and at the beginning of the expan-

sion. The beginning of the compression is defined by the lack of gas

Fig. 13. Optimized volumes: air, 10 bar, 300 rpm, 700 �C.

Fig. 14. Optimized PV diagram: air, 10 bar, 300 rpm, 700 �C. Fig. 15. Influence of optimized kinematics air, 10 bar, 700 �C.

9



transfer, the biggest fraction of the gas stays in the cold zone.

Likewise, at the beginning of the expansion the biggest fraction of

the gas stays in the hot zone. The decanting between hot and cold

zone is thus more rapid, which is represented in the PV diagram. It

can be seen that the heating and cooling processes get closer to the

isochoric process, and the cycle comes closer to the Carnot cycle

and demonstrates thus an increase in power, (Fig. 14).

Finally, the influence of the new kinematics over the entire

speed range is shown in (Fig. 15). It can be seen that the optimized

kinematics lead to a power increase at low rotation speeds, but

show a lower maximum power than the initial configuration.

Moreover, this maximum power occurs at lower rotational speeds,

(our optimization being processed for 300 rpm). This observation

underlines the fact, that the configuration of a Stirling engine de-

pends strongly on the working condition and that a configuration,

that is well adapted to one working point can be suboptimal for

another working point.

5.4. Application using helium

The kinematics of the motor using helium is also optimized for a

rotational speed of 300 rpmwith an absolute pressure of 11 bar and

a hot source temperature of 700 �C. The results of optimization are

presented in Fig. 16, the same conclusions as for air can be adopted

for helium as working gas, namely: the pistons show a halt at the

minimum and maximum position; the movement of the motor

piston is less symmetric than themovement of the displacer piston.

And that the phase shift throughout a cycle varies between 90� at

the beginning to 100� at the maximum position of each piston.

Fig. 16. Optimized piston kinematics: helium, 10 bar, 300 rpm, 700 �C.

Fig. 17. Optimized volumes: helium, 10 bar, 300 rpm, 700 �C.

Fig. 18. Optimized PV diagram: helium, 10 bar, 300 rpm, 700 �C.
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The modification of the kinematic influences directly the vol-

ume curves, (Fig. 17), thus leading to a bigger variation of the cold

zone volume. The decanting between hot and cold zone is thus

more rapid, represented by a PV diagramwhich is closer to the ideal

representation and demonstrates the increase in power that can be

obtained, (Fig. 18). Furthermore, Fig. 18 seems to show a larger

increment of areawhen passing from initial to optimized kinematic

than in the case of air (Fig. 14). This assumption is confirmed by

comparison of power gain for helium and air at 300 rpm (Figs. 15

and 19). Nevertheless, comparison of Figs. 14 and 18 also reveals

a difference between the two gases. At 300 rpm, in the case of air,

optimization leads to an optimized PV diagram that approaches the

Carnot cycle, for both minimum andmaximumvolume of the cycle,

but with helium the optimized PV diagram does hardly vary from

the initial PV diagram for maximum volume of the cycle.

Finally, the influence of the new kinematics over the entire

speed range is shown in Fig. 19. It can be seen that the optimized

kinematics lead to a nearly constant power increase in the evalu-

ated speed range. Former observations (Fig. 5) have already shown

that the maximum power is expected for higher engine speeds.

Furthermore, it has been shown in Fig. 15 that the optimization of

kinematics for a Stirling engineworking on air, increased the power

at low rotational speeds, but also pushed the maximum power

available to lower rotational speeds and decreases the maximum

power that can be achieved.

It is plausible that this phenomenon is also taking place using

helium as working gas, and that the speed range was only too low

to observe it. This is why the speed range has been broaden for the

simulation and Fig. 20 confirms that a maximum engine power

with the optimized kinematics is expected at 1500 rpm.

In conclusion it can be said that the optimization led to

improved power output for the given system parameters, but

analysis show that the optimized kinematics are quite close to a

crankshaft converting rod system independently of the working

gas. Moreover, the power increase at the given working point leads

to a lower maximum power at lower rotational speeds.

6. Conclusion

In the study presented in this article, a tool to pre-dimension the

characteristics of a Stirling engine devoted to a given application

has been developed. Therefore, this work presents the experi-

mental validation of a numerical zero dimensional, three zones

model of the engine with time dependent heat and mass ex-

changes. A modular modeling approach is chosen in order to adapt

Stirling engine dimensions and kinematics easily and without the

need to change themodel. Pressure drops are included to themodel

using experimental measurements for air. It is shown that the

transposition of air pressure drops to helium has negative influence

to model accuracy, but the model stays viable enough to bring

admissible results.

The simulation results are validated using a 1 kW Stirling en-

gine with different working gases (air and helium), gas pressure

(between 1 bar absolute for air and 2 bar absolute for helium up to

11 bar absolute for both), hot source temperature (between 200�C

and 700�C) and rotational speed (between 200 rpm and

1000 rpm).

The validation between numerical and experimental results

shows good agreement with regard to the effective power for a

variation of speed, filling pressure and hot source temperature. A

special emphasis is put on the experimental validation of themodel

with regard to the two different working gases air and helium.

The influence of theworking gas on the effective power can thus

be explained. The experiments underline that air shows a higher

power potential at low speed and helium shows a better potential

at high working speeds. So according to the designated working

point the most adapted working gas should be chosen.

Finally, the validated model has been associated to a particle

swarm optimization algorithm to develop a Stirling engine design

optimization tool. This tool is tested for the optimization of the

kinematics of the engine for a given working condition (rotational

speed of 300 rpm, pressure of 10 bar, hot source temperature of

700�C, with air and helium). Results show that the optimum so-

lution is close to a crankshaft connecting rod system solution. An

improvement of power of 22% can be obtained for both working

gases. The effective power increase that can be obtained for this low

speed working point, leads to a limited maximum power. Whereas

for helium as working gas the gain in power that can be realized by

the optimized kinematics is maintained over the tested range of

speeds.

In the future, it would be interesting to refine the description of

pressure drops in function of the working gas used, to validate the

model for different Stirling engines with different dimensions and

power ranges and to improve the study on different working gases.

Moreover, it could be interesting to enlarge the model, validation

and optimization to cryogenic Stirling systems.
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