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a b s t r a c t

This work presents a network model to simulate the periodic behavior of a double acting free piston type
Stirling engine. Each component of the engine is considered independently and its equivalent electrical
circuit derived. When assembled in a global electrical network, a global model of the engine is estab-
lished. Its steady behavior can be obtained by the analysis of the transfer function for one phase from
the piston to the expansion chamber. It is then possible to simulate the dynamic (steady state stroke
and operation frequency) as well as the thermodynamic performances (output power and efficiency)
for given mean pressure, heat source and heat sink temperatures. The motion amplitude especially can
be determined by the spring-mass properties of the moving parts and the main nonlinear effects which
are taken into account in the model. The thermodynamic features of the model have then been validated
using the classical isothermal Schmidt analysis for a given stroke. A three-phase low temperature differ-
ential double acting free membrane architecture has been built and tested. The experimental results are
compared with the model and a satisfactory agreement is obtained. The stroke and operating frequency
are predicted with less than 2% error whereas the output power discrepancy is of about 30%. Finally, some
optimization routes are suggested to improve the design and maximize the performances aiming at
waste heat recovery applications.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Low temperature differential (LTD) Stirling engines are ma-
chines that can operate with hot source temperature of about
150 �C. At this operating temperature and assuming a sink temper-
ature of 25 �C, the Carnot efficiency is 29%. Then, a Stirling gener-
ator which would achieve 50% of this efficiency might be of
interest for power generation. Solar powered LTD Stirling engine
appears to be a promising technology [1] and is also a potential
technology for waste heat recovery [2,3]. In both applications,
the simplicity and reliability of the Stirling machines are significant
advantages toward the development of low cost generators.

Among the various potential Stirling architectures, the double
acting engines type also called Rinia or multiphase architecture
[4,5] is of particular interest for the aforementioned applications.
In such configuration, three, four or more alpha type engines (also
called phases) are connected to each other. The piston of the
engine i-1 acts as the displacer of its neighboring engine i. In [6],
Abdullah studied such a double acting LTD Stirling. He underlines
that the specific material and components required for the

crankshaft, the connecting rods and the gaskets are an important
issue for LTD applications.

A free piston Stirling engine (FPSE) architecture allows avoiding
complex mechanical linkages and the resulting robustness and
reliability questions. Though, their optimization has been proven
to be difficult especially for the piston-displacer phase angle con-
trol [7,8]. The double acting architecture overcomes this difficulty
because the phase angle is fixed by the number of phases. It equals
120� in the case of three engines and 90� in the case of four
engines. Therefore, the free piston double acting arrangement
appears to be a great advantage compared to the usual FPSE.
However, a proper sealing of the piston and the displacer can be
difficult to ensure.

This last obstacle can be classically solved using membranes. In
his work, Minassians proposed a LTD double acting FPSE using
membranes instead of pistons [9,10]. The operation has been dem-
onstrated on a 3 � 350 cm3 total volume engine. A theoretical effi-
ciency of 19.7% which is about 70% of the Carnot efficiency was
expected to be reached using helium or pressurized air engine.

In the case of double acting FPSE, the strong coupling between
dynamic and thermodynamic has to be addressed properly. The
major non-linear effects have to be integrated in the model to pre-
dict the performances. These effects are usually associated to the
gas friction losses within the components and the mechanical
non-linearity [7,8,11–13].

0196-8904/$ - see front matter � 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.enconman.2013.11.049

⇑ Corresponding author. Address: Laboratoire SYMME, Université de Savoie, BP
80439, 74944 Annecy le Vieux Cedex, France. Tel.: +33 4 50 09 65 08; fax: +33 4 50
09 65 43.

E-mail address: fabien.formosa@univ-savoie.fr (F. Formosa).

Energy Conversion and Management 78 (2014) 753–764

Contents lists available at ScienceDirect

Energy Conversion and Management

journal homepage: www.elsevier .com/ locate /enconman

http://crossmark.crossref.org/dialog/?doi=10.1016/j.enconman.2013.11.049&domain=pdf
http://dx.doi.org/10.1016/j.enconman.2013.11.049
mailto:fabien.formosa@univ-savoie.fr
http://dx.doi.org/10.1016/j.enconman.2013.11.049
http://www.sciencedirect.com/science/journal/01968904
http://www.elsevier.com/locate/enconman


In [9] Minassians proposed an isothermal dynamic model to
study the behavior of the multiphase engine. Based on the Schmidt
analysis, the instantaneous pressure is expressed as a function of
the piston positions. Then the mechanical equilibrium equation
of each piston is established including the dissipation forces and
the external load. A linearization strategy allows an analytical
expression of the start-up condition to be obtained. Above this crit-
ical value, a numerical resolution has to be used to obtain the peri-
odic motion of the engine and to evaluate its performance. The
flow friction and hysteresis losses have been pointed out because
of their effects on the engine performances and have to be taken
into account for design of such LTD engines.

Another modeling approach based on the control system theory
of a wobble-yoke double acting Stirling engine has been presented
in [14,15]. The engine architecture implies some flexibility in the
mechanical connections of the pistons so its operation is close to
double acting FPSE. The modeling strategy relies on the dynamical
equilibrium equations established for each of the piston. The pres-
sure can then be defined as a function of the pistons’ position using
the Schmidt analysis [4] (perfect gas law, isothermal transforma-
tions). A linearization is performed to obtain a state space repre-
sentation of the system. Such an approach leads to an unstable
dynamics so a control concept based modification namely a pre-
compensator, is defined to reproduce the pistons’ amplitudes. This
model has not been compared to experimental results and some
important losses such as flow friction are not taken into account.

In this paper, a generic network model is proposed and vali-
dated to study the dynamic and thermodynamics behavior of a
double acting free membrane Stirling engine.

As a basis for the study, a novel configuration of a LTD double
acting FPSE derived from the work of Minassians [10] is

introduced. Fig. 1a presents the global engine. It is composed of
three alpha type engines using membranes and beam springs
which are connected to each other via rigid links. The top side of
the system can be connected to the heat source whereas the bot-
tom side is cooled. For each engine, the simplest architecture has
been sought here. So, the heater and cooler, the expansion and
compression chambers are identical (see Fig. 1b). The heater and
cooler consist in 20 holed punched plates fitted together in a total
thickness Lh = Lk. By doing this, the axial conduction through the
solid material is impeded whereas the radial conduction allows
aiming at isothermal processes in the heat exchanger volumes.
The regenerator consists in a stack of 40 plain weave wire meshes.
The wire diameter is 50 lm and apertures are 350 lm squares. The
main dimensions and characteristics of the engine are given in
Table 1.

In a first part, the equivalent electrical model for each compo-
nent of the engine is detailed. The classical electrical analogy is
chosen: the pressure is seen as the electrical voltage and the vol-
ume flow rate as the electrical current. The continuity and momen-
tum equations are established for the compression and expansion
chambers, the heat exchangers and the regenerator. Then using lin-
ear approximation for the time and space variables, the equivalent
electrical circuits are derived. Finally, the electrical circuits are
connected to each other to obtain the dynamic equations. A global
analysis is then achieved to establish the start-up condition and
evaluate the performances. Then, as a first validation step, the ther-
modynamic results of the proposed model are compared with
those obtained using the Schmidt analysis. The effect of the load
on the critical start-up temperature and the engine performances
is studied. An experimental prototype has been built and is
presented in the last part. The experimental measurements are

Nomenclature

Ad displacer area (m2)
Ap piston area (m2)
Aff free flow area (m2)
Aw wetted area (m2)
cd displacer mechanical dissipation (Nm�1 s)
cp piston mechanical dissipation (Nm�1 s)
Cf friction factor (�)
D damping coefficient (Nm�1 s)
dw wire diameter of the matrix regenerator (m)
dhi hydraulic diameter of component i (m)
Dd displacer diameter (m)
Dp piston diameter (m)
Eb young modulus (Nm�2)
f frequency (Hz)
ff friction factor (�)
fm mechanical force (N)
Ib second moment of the spring beam (m4)
j complex number such as j2 = �1
k gas thermal conductivity (Wm�1 K)
K spring beam stiffness (Nm�1)
Li length of exchanger (m)
Lb length of the spring beam (m)
mtot total mass of gas (kg)
M mass of a rigid link (kg)
mi mass of gas within component i (kg)
ni number of channels of component i (�)
Pm mechanical power (W)
p pressure (N m�2)
r ideal mass gas constant (J kg�1 K�1)
Sb cross-section of the spring beam (m2)
Tcold cold temperature (K)

Thot hot temperature (K)
Ti temperature of gas within component i (K)
Tw wall temperature (K)
ui mean gas velocity in component i (ms�1)
Vi volume of component i (m3)
Vsw swept volume (m3)
Vswe expansion space swept volume (m3)
Vswc compression space swept volume (m3)

Greek symbols
a swept volume phase angle (rad)
v fluid flow resistance coefficient (s�1)
Dp pressure loss (N m�2)
e scale (�)
j swept volume ratio (�)
l dynamic viscosity (N m�2 s)
q gas density (kg m�3)
qb material density (kg m�3)
x pulsation (rad s�1)
– porosity of the regenerator (�)

Subscripts
b beam
c compression space
d displacer
e expansion space
h heater
k cooler
p piston
r regenerator
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