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Thermal Model of the EuroDish
Solar Stirling Engine
One parabolic dish—Stirling engine system—has been in operation at the Engineering
School of Seville since March 2004. The unit, based on the Eurodish system, is one of the
several Country Reference Units of the EnviroDish project. The system has achieved a
maximum thermal efficiency (solar to electricity) close to 20% during operation. The
analysis of the different parameters suggests a high potential for improvement. A thermal
model of the main components of the engine package (cavity, receiver, and Stirling en-
gine) can help to evaluate possible modifications of the system and identify the most
promising ones. The development of such a thermal model and its comparison with
experimental data gathered during this period are reported in this work. Model results
exhibit a good qualitative agreement with the available measurements. However, the
validation of the model will require measuring more parameters at the cavity, receiver,
and engine. �DOI: 10.1115/1.2807192�

Keywords: solar concentrating systems, parabolic dish, Stirling engine, thermal losses,
thermal model
ntroduction
The Eurodish 10 kW parabolic dish—Stirling system installed

t the premises of the Sevilla Engineering School �ESI�—is one of
he five Country Reference Units of the EnviroDish project �1�.
his project consists of the installation and operation of several
uch units in different countries to gather reliable O&M data that
elp to improve and fine-tune the technology. The Centre for New
nergy Technologies �CENTER�, as a local partner of the project,
nanced part of the system—with subsidies from the Andalousian
egional Government and support from Endesa Distribución �re-
ional utility� and Solucar �a company of the Abengoa Group�—
repared the required infrastructure, and is responsible for the
peration and maintenance of the system, with support from the
eutsches Zentrum für Luft-und Raumfahrt e.V. �German Aero-

pace Center, DLR�, and Schlaich, Bergemann und Partner, GbR.,
SBP�.

In addition to supporting the achievement of the Eurodish
roject objectives, the erection and operation of the EnviroDish
nit at ESI provides an opportunity for the CENTER to extend
ctivities in the field of solar concentrating systems to this tech-
ology, especially well suited for a new scenario with a growing
mportance of distributed energy resources. The development of a
etailed thermal model of the engine package of the system,
hich will provide a deeper knowledge of the thermal processes,
ts into this context.
The ESI Country Reference Unit is connected to the grid and

ells the electricity to the local utility in the frame of the Spanish
pecial Regime, which rewards electricity generation from renew-
ble energy resources.

ethodology
The engine package is divided into two blocks for modeling

urposes: the cavity-receiver ensemble and the Stirling engine.
oth models are implemented in MATLAB, although the level of
etails differs: a simple model for the cavity-receiver ensemble,
hich considers radiation heat transfer only, and a detailed engine

hermal model of the engine.
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Cavity-Receiver Ensemble. A simple radiation transfer model
was developed to estimate radiation losses at the cavity and re-
ceiver. Convection losses at the cavity are considered to be neg-
ligible compared to radiation losses due to the high temperatures.
The new ceramic cavity designed for the EnviroDish project is
described in Ref. �1�. The geometrical model is a conical frustum
with 26 cm base diameter, 12 cm height, and 18.5 cm cover di-
ameter �Fig. 1�. This geometrical model is used as a first approxi-
mation to the actual geometry of the cavity �1�.

The base �Surface 1� models the receiver, which is the expan-
sion heat exchanger of the Stirling engine. Temperatures measured
at the receiver are used to estimate �2� T1=1063.7 K. The lateral
surface �Surface 2� is made of an insulating material; therefore,
the heat flux is zero �qrad2=0�. Properties for Surfaces 1 and 2
�Table 1� are taken from Ref. �3�, where another Country Refer-
ence Unit of the EnviroDish project is analyzed.

The cover surface �Surface 3� is an imaginary surface at sky
temperature since most of the rays leaving the cavity are reflected
at the concentrator and reach the sky. The temperature and total
hemispherical emissivity of this surface are calculated using ex-
pressions in Ref. �4�, without cloud coverage correction since the
test day was completely clear,

�3 = �sky = 0.787 − 0.764 ln��Tdew + 273.15�/273.15�

T3 = Tsky = �sky
0.25�Tamb + 273.15� − 273.15

For Surface 3, we consider the total hemispherical absorptivity
equals the total hemispherical emissivity. Transmissivity is zero
for all three surfaces.

Equations governing radiation heat exchange for a surface i
belonging to an enclosure of n surfaces are

qrad i = �iMi
0 − �i��

j=1

n

FijJj + �i�
Ji = �iMi

0 + �i��
j=1

n

FijJj + �i�
The spectral dependences of the surface properties are not taken

into account in this first approach.

FEBRUARY 2008, Vol. 130 / 011014-108 by ASME

 license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



z
i
m
b

fl
w
t
S
r

e
p
g
S
r
t
e
c
t
t
p

s
t
t
c
b
q

r
s

S
S

0

Downlo
�i represents the imposed radiation flux to surface i, which is
ero for Surface 3. �1 and �2 are evaluated, dividing the power
rradiating Surface 1 or 2 by the area of the surface. We use

easurements by Reinalter et al. �3� for this purpose, as detailed
elow.

Writing the radiosity equation for Surfaces 1–3 and the heat
ux equation for Surface 2, and ordering properly in matrix form,
e obtain a linear equation system. Once this system is solved,

he heat flux at Surface 3 is computed with heat equation for
urface 3. Then, multiplying by the area of Surface 3, we find the
adiation losses.

�
1 − �1F11 − �1F12 − �1F13 0

− �2F21 1 − �2F22 − �2F23 − �2�

− �3F31 − �3F32 1 − �3F33 0

− �2F21 − �2F22 − �2F23 �2�
	 ·�

J1

J2

J3

T2
4
	

=�
�1�T1

4 + �1�1

�2�2

�3�T3
4

�2�2

	
Stirling Engine. The Stirling cycle is a thermodynamic regen-

rative cycle where a gas is alternatively expanded and com-
ressed in a gas circuit. There are several types of Stirling en-
ines, described, for example, in Refs. �5,6�. The EuroDish
tirling engine is of the � type. In this engine, two pistons ar-
anged in “V” force the gas to pass back and forth, in an alterna-
ive movement, through the tubes of a heater �the expansion heat
xchanger�, a metallic matrix �the regenerator�, and the tubes of a
ooler �the compression heat exchanger�. In the expansion space,
here is more mass of gas during the expansion process, while in
he compression space, there is more mass during the compression
rocess. A simple diagram of the engine is presented in Fig. 2.

The simplest thermodynamic model of the Stirling cycle con-
ists of two isotherms and two constant-volume processes. Prac-
ical Stirling engines exhibit a different behavior. According to the
heoretical cycle, there must not be any dead volume, and a dis-
ontinuity in the piston displacement is required: One piston must
e quiet while the other is moving. However, none of these re-
uirements are fulfilled by the �-type Stirling engine.
The Schmidt model, described in Refs. �5,6�, approximates the

eal behavior of the �-type Stirling engine by considering a sinu-
oidal variation of the volumes and allowing for the existence of

Fig. 1 Cavity model

Table 1 Surfaces properties

Absorptivity Reflectivity Emissivity

urface 1 0.93 0.07 0.889
urface 2 0.20 0.80 0.90
11014-2 / Vol. 130, FEBRUARY 2008
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dead volumes. This model assumes homogeneous pressure in the
gas circuit and constant temperatures on both sides of the regen-
erator, with a linear temperature distribution along this element.
Therefore, this model does not take into account the tendency of
the gas to cool down during expansion or to heat up during com-
pression. On the other hand, the existence of the heat exchangers
is ignored by the model, assuming constant temperatures of the
sources.

The adiabatic model, described by Urieli in Ref. �5�, is a better
approach to the real engine behavior. In this model, the heat trans-
fer occurs in the heat exchangers, while the expansion and com-
pression volumes behave adiabatically, with variable temperatures
over the cycle. A way to take the engine thermal losses into ac-
count is also described in Ref. �5�.

The model proposed in this work goes further by allowing for
time variations of mass, pressure, and temperature in the different
control volumes. Coefficients h and friction factors are evaluated
at any instant according to Re �Reynolds number� and other pa-
rameters using the correlations detailed below.

This model incorporates an important improvement to the
model presented by the authors in Ref. �7�, which consists in
taking into account a linear variation of the temperature in the
regenerator gas volumes when calculating the enthalpy terms in
the energy equation.

The gas circuit is divided in 19 control volumes. Homogeneous
mass, pressure, and temperature are assumed for each of the con-
trol volumes, except for the gas temperature when solving the
energy equation in the regenerator, as referred to before.

Ataer and Karabulut �8� analyzed the Stirling cycle dividing the
gas circuit in several control volumes with constant heat transfer
coefficients and homogeneous pressure. Kawajiri et al. �9� pre-
sented a model similar to the one proposed here, although using
only two control volumes in the regenerator and computing the
pressure losses separately from the thermodynamic cycle. Inte-
grating the pressure drops in the general equations, instead of
analyzing it separately, allows taking into account the influence of
the pressure drop on the fluid evolution.

The regenerator matrix is divided into ten parts according to the
control volumes for the gas into the regenerator; i.e., the gas into
volume r1 is in contact with the regenerator matrix part named as
wr1.

The state, mass balance, and energy equations are written for
each control volume of the fluid:

• state equation �van der Waals�:

�p +
am2

V2 ��V − mb� = mRgT

Fig. 2 Simplified drawing of the �-type Stirling engine
Deriving and ordering the equation in matrix from it results
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in the following:


�2a
m

V2 �V − bm� − b�p + a�m

V
�2 − RgT�

�V − mb� �− Rgm���dm/dt

dp/dt

dT/dt
	

= − �− 2a
m2

V3 �V − bm� + p + a�m

V
�2�dV/dt�

The van der Waals equation is used instead of the ideal gas
equation in order to improve the accuracy of the model at
the cost of a small increase in the numerical computation
effort.

• mass balance equation of a generic volume in matrix form,

�− 1 1 0 0 1� ·�
Gvol−1

dm/dt

dp/dt

dT/dt

Gvol

	 = 0

where Gvol is the mass flow rate, positive from vol to vol
+1; Ge is the mass flow rate from e to xe1; Gxe1 is the mass
flow rate from xe1 to xe2.

• Energy equation for the volume, vol. A linear distribution of
the temperature in each gas control volume of the regenera-
tor is assumed in order to compute terms cpT �enthalpy�, as
shown in Fig. 3.

Kawajiri et al. �9� made a similar assumption, but they
divided the regenerator into only two control volumes, thus
the temperature distribution results simply in a straight line.
The present model involves ten volumes in the regenerator,
with ten representative temperatures. We choose the tem-
perature in a control volume to be linear, so that the tem-
perature at the center of the control volume is the mean
value. The temperatures of two contiguous regenerator vol-
umes must match at the interface. The temperature distribu-
tion, as has been explained, has one degree of freedom: One
can choose, for example, the temperature at the interface
between volumes r5 and r6. This degree of freedom is elimi-
nated by optimizing the temperature at the interface between
volumes r5 and r6 so that the temperature distribution is as
close to a straight line as possible. This optimization is jus-
tified because it is well known that in steady operation the

ig. 3 Temperature distribution in the regenerator to compute
nthalpy terms
temperature distribution is close to a straight line: see, for

ournal of Solar Energy Engineering
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example, Refs. �5,6,9�. However, this temperature model of
the regenerator may result in a loss of accuracy in the tran-
sient regime.

Then, the energy equation in matrix form is

(�Cgvol−1� �− cvT� 0 „− cvm − mT�dcv/dT�…

„�− Cgvol�… ·�
Gvol−1

dm/dt

dp/dt

dT/dt

Gvol

	 = „p�dV/dt� − hA�Tw − T�…

where Cg is as follows:
for volumes=e ,xe1 ,xe2 ,xe3 , rc,xc1 ,xc2:

Cgvol = 
�cpT�vol if Gvol � 0

�cpT�vol+1 if Gvol � 0
�

for volume=re:

Cgre = 
 �cPT�re if Gre � 0

�cPT�int re�r1 if Gre � 0
�

for volume=r10:

Cgr10 = 
�cPT�int r10�rc if Gr10 � 0

�cPT�rc if Gr10 � 0
�

for volumes=r1 , r2 , r3 , r4 , r5 , r6 , r7 , r8 , r9

Cgvol = �cpT�intvol�vol+1

• pressure drops:

pvol − pvol+1 = 	p�vol�→�vol+1�

The derivation of this equation gives

�dpvol/dt� − �dpvol+1/dt� = �d	p�vol�→�vol+1�/dt�

The energy equation for each part of the regenerator matrix is

d

dt
�mwcpwTw� = hAw�T − Tw�

In this equation, the fluid temperature is the mean value at the
control volume �Fig. 3�. On the other hand, there is no interest in
determining whether Tw is the mean value of a linear distribution
or if the temperature is simply a constant in this regenerator ma-
trix part because the result is the same.

The crankshaft angle vector � contains as many revolutions as
necessary for the algorithm to converge, and each revolution is
divided into any arbitrary number of intervals �Table 2�. At a
given �0, pressures, temperatures, and masses are known. Then,
the derivatives of the state equation, mass equation, and energy
equations are written for each control volume, resulting in 19

3=57 equations. There are also 19−1=18 derived pressure drop
equations, which added to the 57 equations referred to before,
making 75 equations. On the other hand, the mass derivatives, the
pressure derivatives, and the temperature derivatives make 19

3=57 unknowns, which added to the 18 mass flow rates, mak-
ing 75 unknowns. The equations can be solved as a system of
linear equations. Once the mass derivatives, the pressure deriva-
tives, and the temperature derivatives have been calculated, mass,
pressure, and temperature in �0+	 � are obtained from the defi-
nition of derivative. When calculating at the first component of
vector � ��=0�, the volumes are determined by the position of
the pistons, temperatures are imposed, and then the pressure is
determined.

To keep the linearity of the equations, the pressure drop deriva-

tives are written at the right side of the equal sign. However, they

FEBRUARY 2008, Vol. 130 / 011014-3

 license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



c
u

V

D

W
R
p
T
R

V

N
N
M
T
T
T
T
T
T
T

0

Downlo
annot be directly calculated since the mass flow rates are still
nknown at �0, but they may be computed using the mass flow

Table 2 Input data

Measurements
ariable Value

NI 773 W /m2

˙
electrical

7.55 kW

PM 1523.8

m 112.2 bar

amb 298.3 K
elative humidity 30.2%

Model inputs
ariable Value

V, number of revolutions 75
, intervals in a revolution 800
ass contained in the engine 0.001838 k g

wxe1 944.0 K

wxe2 1004.9 K

wxe3 989.3 K

wxc1 328.3 K

wxc2 328.3 K

wr1,initial 831.3 K

wr10,initial 390.7 K
Fig. 4 Evolution of selected parameters of the eng

11014-4 / Vol. 130, FEBRUARY 2008
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rates in the previous revolution �but with the same crankshaft
angle�. This simplification leads to a loss of accuracy in transient
calculations.

The sign of the mass flow rates must be known to write the
energy equations. Mass flow rates are also needed to calculate the
coefficients h, but they are unknowns. The following procedure
permits us to overcome this obstacle.

• When �0=0: Typical values are used for coefficients h. The
sign of Gvol is supposed positive for all volumes, a logical
choice from Fig. 4 �down right�: Signs are positive at the
beginning of the revolution.

• When �0�0: The sign of mass flow rates in �0 is set equal
to the sign in �0−	�. Note that due to continuity, the sign
of the mass flow rate will be constant in most calculations,
but an error is made near a change of sign of a mass flow
rate. However, in this case, the mass flow rate is near zero,
so the error in the energy equation is negligible. Coefficients
h are calculated using the values of mass flow rates in �0
−	�.

Each time the calculation in �0 is carried out, coefficients h and
friction coefficients are calculated using correlations. The energy
equations in each one of the ten regenerator matrix parts have to
be solved, too. Then, the derivatives of the temperatures of the
regenerator matrix parts are calculated in �0, allowing the deduc-
tion of these temperatures in �0+	 � through the definition of
ine versus crankshaft angle in steady operation

Transactions of the ASME
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erivative. These temperatures, as well as coefficients h, are used
n the next calculation when �0→�0+	�.

The Stirling engine model requires temperatures at the heat
xchangers as inputs, as well as the total mass of gas into the
ngine. However, these data are not exactly known at the begin-
ing, and a short iterative process is needed to adjust them.

• Twxe1, Twxe2, and Twxe3 may be estimated through the tem-
peratures of the thermocouples �see Ref. �2��. However, to
take into account the difference between external and inter-
nal surfaces of the receiver tubes due to heat conduction, it

is necessary to know Q̇xe. In the present study, this tempera-
ture difference was estimated at 7.9 K.

• The temperatures of the compression heat exchanger tubes,
Twxc1 and Twxc2, are not measured, but the temperature of
the coolant, which cools these tubes, is 39.2°C before the
heat exchanger and 46.9°C after the heat exchanger. The
coefficient of convective heat transfer is estimated from
these temperatures, the coolant volume flow �4.92

10−7 m3 /s, the same value used by Reinalter et al. in Ref.

�3��, and Q̇xc. The equation proposed for a tube bundle in
Ref. �10� is �7.67�, but it is recommended to approximate as
a single cylinder with equation �7.56� �10� because the value
of the Reynolds number is between 10 and 1000. The esti-
mated temperature at the external surface of the tubes is
54.2°C, while the temperature difference between external
and internal surfaces of the receiver tubes due to heat con-
duction is estimated at 0.9°C.

• The total mass of gas into the engine must be adjusted in
order to achieve a mean pressure next to the measured one
�Table 2�. According to the Schmidt analysis, the mean pres-
sure is proportional to the mass inside the engine as may be
deduced from equations in Chap. 2 of Ref. �6�.

he initial conditions of fluid and regenerator matrix are chosen
o that they will be near the steady regime. The initial temperature
rofile is characterized by the following.

• The linear distribution of temperature at the regenerator,
with the same temperatures for gas and matrix, is deter-
mined by Twr1,initial and Twr10,initial. These temperatures may
be estimated from previous simulations: In transient simula-
tions, although they are not totally accurate, Twr1 and Twr10
change rapidly while the temperatures in the central region
of the regenerator change slowly, approaching a straight
line. Thus, the convergence is accelerated when an initial
linear variation is imposed. Twr1,initial and Twr10,initial may be
adjusted with successive approximations.

• Temperatures for all the control volumes at the left of the
regenerator �see Fig. 2� are set equal to the temperature at
the left border of the regenerator.

• Temperatures for all the control volumes at the right of the
regenerator �see Fig. 2� are set equal to the temperature at
the right border of the regenerator.

inally, we want to remark that the cavity model and the Stirling
odel algorithms are solved independently although both of them

se the temperatures measured at the receiver to estimate T1 �cav-
ty model� and Twxe1, Twxe2, and Twxe3 �Stirling engine model�. On
he other hand, the heat power absorbed by the expansion heat
xchanger �computed with the Stirling engine model� should be
lose to the estimated heat power into the cavity minus the radia-
ion losses �computed with the cavity model�.

odel Results
A thorough validation of the model is not possible at this stage
ecause the measurements required are not yet available. The cor-

ournal of Solar Energy Engineering
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relations used to evaluate the coefficients h are Eqs. �8.55�, �8.57�,
and �8.63� from Ref. �10� for circular tubes and Figs. 7 and 8 from
Ref. �11� for the regenerator; the correlations to evaluate friction
factors are Eqs. �8.19�, �8.20a�, and �8.20b� from Ref. �10� for
circular tubes and Figs. 7–9 from Ref. �11� for the regenerator.

Geometric data are mainly taken from information about the
Solo V-160 Stirling engine, �which is similar to the present V-161�
in Appendix I, “Specifications of Selected Stirling Cycle Ma-
chines” of Ref. �6�.

Model results for 3 min of system operation �May 17, 2005� are
presented in the following. During these 3 min, all representative
parameters were stable. The concentrator was clean; thus, a reflec-
tivity of 90% was assumed. Since the effective concentrator area
is 53.099 m2 and the direct normal irradiance �DNI� was
773 W /m2, the input power to the cavity is estimated to be
36.94 kW.

Input data are presented in Table 2. As a result of the algorithm
masses, temperatures, pressures, and mass flow rates are known at
any value of � of any cycle, although it is considered accurate
only near a steady operation.

Cavity. The simplified model of the cavity—receiver ensemble
gives an estimate of the radiative losses for this part of the system.
Ambient temperature and relative humidity �Table 2� allow for
Tdew=6.4°C; then, the expressions above provides �3=0.77 and
T3=6.2°C �279.3 K�.

Heat power entering the cavity is evaluated by

Heat power entering the cavity

= DNI 
 effective area of the concentrator



concentrator reflectivity

100



percentage of power from dish entering the cavity

100

This results in 31.40 kW entering the cavity �85% of the power
collected by the concentrator�. Measurements in Ref. �3� show
that from this 85% entering the cavity, 78.7% hit the receiver
�Surface 1�, and the remaining 6.3% hit the cavity walls �Surface
2�. We use these data to evaluate �1 and �2. Solving the equa-
tions, the radiation heat losses are 2.51 kW, with a temperature of
Surface 2 equal to 574.2°C.

Stirling Engine. Data in Table 2 are used to carry out the
simulation. Beginning with the initial temperature profile charac-
terized by Twr1 and Twr10, the algorithm simulates a certain num-
ber of revolutions; the last revolution is considered as representa-
tive of the steady regime. This is justified below, arguing that the
mean heat power stored in the regenerator is negligible compared
to the heat absorbed by the expansion heat exchanger of the en-
gine, but it is also justified because the evolution of the different
parameters is very similar to the evolution of the same parameters
in previous revolutions. Parameters at the last revolution are
shown in Fig. 4.

Temperatures �Fig. 4, upper left� respond to the expected profile
in a Stirling engine: The average temperature at the expansion
heat exchanger wall is higher than the average Te. The average Te
is close to the average temperature of the part of the regenerator
closer to the expansion side �Twr1�. The temperature at the regen-
erator decreases when moving to the compression side: Twr1
�Twr5�Twr10. The average value of Tc is close to the average
temperature of the regenerator part next to the compression side
�Twr10�. Finally, the temperature at the compression heat ex-
changer wall is lower than the Tc average value.

Figure 4 �upper right� shows the evolution of pe and pc during
a revolution in steady operation. It may be observed that the dif-
ference between them is small; however, there is a decrease in the

indicated efficiency due to this difference of about 0.7%. Although

FEBRUARY 2008, Vol. 130 / 011014-5
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his decrease is not large, pressure drops must be taken into ac-
ount to analyze Stirling engines since they may be important.
he sign of pe-pc depends on the sign of the mass flow rates �Fig.
, down right�, and the signs of mass flow rates depend at least
artially on the evolution of volumes �Fig. 4, down left�.

Mean values per cycle of the power exchanges of the Stirling
ngine are calculated as follows:

• indicated power:

Ẇ = ��
revolution

pedVe +�
revolution

pcdVc�rpm/60

• heat power exchange at expansion and compression heat
exchangers and mean heat power stored by the regenerator
per cycle:

Q̇xe = ��
revolution

hxe„Axe1�Twxe1 − Txe1� + Axe2�Twxe2 − Txe2�

+ Ax3�Twxe3 − Txe3�…dt�rpm/60

− Q̇xc = ��
revolution

hxc„Axc1�Txc1 − Twxc1�

+ Axc2�Txc2 − Twxc2�…dt�rpm/60

U̇wr = internal Re generator energy increment in a cycle


 rpm/60

• indicated efficiency:

�indicated = Ẇ/Q̇xe

For the last cycle, mean values are

pc,mean = 112.8 bar

Ẇ = 13.74 kW

Q̇xe = 28.41 kW

U̇wr = − 0.20 kW

Q̇xe,corrected = Q̇xe − U̇wr = 28.61 kW

− Q̇xc = 14.99 kW

�indicated =
Ẇ

Q̇xe,corrected

· 100 = 48.0%

ote that Q̇xe� U̇wr, showing that the system is close to a steady-

tate operation �U̇wr=0�. Despite this fact, still, U̇wr�0 in the
5th revolution, which means that a small fraction of the heat
bsorbed in the thermodynamic cycle is provided by the regenera-

or. Thus, the total absorbed heat is Q̇xe,corrected= Q̇xe− U̇wr, which

s assumed to be equal to Q̇xe in a steady-state operation. This
ssumption implies that the heat provided by the regenerator in
he 75th revolution will be provided by the expansion exchanger
n steady-state operation. In the following, the subscript “cor-
ected” will be omitted.

The indicated efficiency is similar to the measured and simu-

ated indicated efficiencies ��50% � reported in Ref. �9� for a

11014-6 / Vol. 130, FEBRUARY 2008
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Stirling engine working with Twxe=1054 K and Twxc=308 K;
temperature values which are slightly more favorable than the
values considered for this simulation.

On the other hand, the mean pressure differs slightly from the
measured value. According to the Schmidt model, Chap. 2 in Ref.
�6�, mechanical power and heat power exchanges are proportional
to the mean pressure, so the values of these variables can be
scaled, resulting in

Ẇ = 13.67 kW

Q̇xe = 28.46 kW

− Q̇xc = 14.91 kW

Then, the thermal to electrical efficiency of the engine and al-
ternator is

�termal to electrical =
Ẇelectrical

Q̇xe


 100 = 26.5%

The heat power absorbed by the expansion heat exchanger, Q̇xe
=28.46 kW, should be equal to the heat power entering the cavity
minus the radiation losses. The heat power entering the cavity was
estimated above at 31.40 kW. Subtracting 2.51 kW �radiation

losses� gives 28.89 kW, which differs only by 0.43 kW from Q̇xe.
The reason for this difference may be attributed to other losses
and errors, but the models seem to be reasonably accurate.

However, there is a mismatch when comparing the measured
electrical power, 7.55 kW, and the indicated power produced by

the engine, 13.67 kW. From the equation Ẇelectrical

= ��mechanical /100���alternator /100�Ẇ, the product ��mechanical /100�

��alternator /100�=0.552. Since the maximum efficiency of the
alternator is 92.5%, this leads to �mechanical�59.7%. This is a low
mechanical efficiency, although the alternator may not be working

at its optimal operation point �Ẇelectrical=7.55 kW�, and the lower
the alternator efficiency, the higher the mechanical efficiency. As-
suming a value of �alternator=85% results in �mechanical=64.9%,
which is still low compared to mechanical efficiencies higher than
80% reported in Ref. �9� for a Stirling engine when the shaft
power is about 4 kW.

There is a great uncertainty with respect to the mechanical ef-
ficiency of the engine. A thorough discussion follows.

• Another analysis for a 1 kW Stirling engine is presented in
Ref. �12�, where the mechanical losses are estimated to be
50% of the engine indicated power. This leads to a mechani-
cal efficiency of 50%, which is even worse than the figures
estimated here.

• According to Kawajiri et al. �9�, the measured indicated
power and the measured indicated efficiency are 10% and
4% lower than the respective results of their simulation. If
similar factors are applied to the results of our simulation,

the measured indicated power is Ẇ=12.30 kW. If the alter-
nator efficiency is 85%, the calculation of the mechanical
efficiency yields �mechanical=72.2%, which is still low.

• An efficiency of 30% is attributed to the Solo V-160 Stirling
engine in Refs. �13,14�, both generating 9 kW. Assuming an
indicated efficiency of 48%, according to the results of our
model, the mechanical efficiency results in 62.5%, in good
agreement with the results from the present analysis.

• The thermal to electrical efficiency of both engine and alter-
nator in the present analysis is 26.5%. Reinalter et al. �3�
reported a thermal to electrical efficiency of 34.3% for an-
other EuroDish unit at Odeillo �France�. This significant dif-

ference is justified by the different operating conditions.
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— The low ambient temperature reported in Ref. �3�
�−5°C� improves the indicated efficiency of the
Odeillo unit.

— The electrical power reported in Ref. �3� is significantly
higher �10.85 kW versus 7.55 kW�. Thus, the electrical
efficiency of the alternator and the mechanical effi-
ciency of the engine must be higher, too.

• A thermal to electrical efficiency of 22–24.5% �at 50–100%
load� is reported for the Solo V161 combined heat and
power stirling engine on the website of Solo Stirling GmbH
�15�. This is lower than the thermal to electrical efficiency
of the engine and alternator in the present analysis, 26.5%.
This may be caused by different operating conditions: dif-
ferent compression heat exchanger temperatures, different
mean pressures, and even different gases: helium, and the
working fluid of the Sevilla unit which is hydrogen.

A great uncertainty exists both in the input power to the
avity—mirror reflectivity and spillage are estimated values—and
n the indicated and shaft power of the engine since the indicated
ower is not measured and the real mechanical losses are not
nown. At this stage, we can only state that the thermal model of
he engine provides detailed results, which are “reasonable” ac-
ording to the experimental values.

onclusions
The thermal model of the engine package of the EuroDish unit

ermits a detailed analysis of a steady state operation of the sys-
em. The simplified model of the cavity includes only radiative
osses at this stage, while the Stirling engine model is more de-
ailed and includes significant improvements over other previous

odels.
A validation of the model has not been possible since important

arameters—power input to the cavity, temperatures in the engine,
haft power, etc.—are not available, thus leading to considerable
ncertainty. However, the results are reasonable and show a quali-
ative behavior similar to what is expected.

The analysis of the simulation results shows that the efficiency
onverting indicated power to electrical power is low. Despite the
act that there is a significant uncertainty since a complete experi-
ental validation was not carried out, a consistent analysis shows

hat the mechanical efficiency of the Stirling engine is in the range
0–65%. This suggests that efforts to improve the system should
ocus on, or at least include, improvement of the mechanical be-
avior of the engine and the alternator.

Future works will focus on the refinement of the model—both
avity-receiver ensemble and engine—and validation, this requir-
ng the installation of new sensors at the engine and measurement
f reflectivity and spillage.
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arameters and Variables
A  heat transfer area �m2�
a  van der Waals constant �J m3 /kg2�
b  van der Waals constant �m3 /kg�

Cg  parameter in the energy equation
cp  specific heat capacity at constant pressure
�J/kg K�
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cv  specific heat capacity at constant volume
�J/kg K�

DNI  direct normal irradiance �W /m2�
F  view factor
G  mass flow rate from vol to vol+1 �kg/s�
h  coefficient of convective heat transfer

�W /m2 K�
J  radiosity �W /m2�

m  mass �kg�
M0  blackbody emissive power �W /m2�

p  pressure �Pa�
pm  mean pressure �bar�
	p  pressure drop �Pa�

q  heat transfer flux �W /m2�
Q  heat �J�
Q̇  heat rate �kW�

Rg  gas constant for specific gas �J/kg K�
t  time �s�

T  temperature �K�
Tamb  ambient temperature �K�
Tini  initial temperature for gas and regenerator �K�
U̇wr  mean heat power stored in the regenerator in a

cycle �kW�
V  volume �m3�
W  work �J�
Ẇ  power �kW�
w  piston speed �m/s�
�  total hemispherical absorptivity
�  crankshaft angle �rad�, radiation heat flux

�W /m2�
�0  fixed crankshaft angle �rad�

	�  crankshaft angle increment �rad�
�  total hemispherical emissivity

�v  volumetric compression ratio
�  efficiency
�  total hemispherical reflectivity
�  Stefan–Boltzmann constant

Subscripts
amb  ambient conditions

c  compression
dew  dew temperature

e  expansion
int re�r1  interface between volumes re and r1 �see vol-

ume schema provided below�
int r10�rc  interface between volumes r10 and r1 �see vol-

ume schema provided below�
int vol�vol

+1  interface between a control volume and the
volume situated at the right in the schema pro-
vided below

r  regenerator
rad  radiation heat transfer
rc  dead volume between regenerator and com-

pression heat exchanger
re  dead volume between regenerator and expan-

sion heat exchanger
r1,r2,…,r10  regenerator volume 1, volume 2,…, volume 10

vol  one of the control volumes
vol+1  volume at the right side of vol in the schema

provided below
vol−1  volume at the left side of vol in the schema

provided below
xc  compression heat exchanger

xc1, xc2  compression heat exchanger volume 1 and vol-
ume 2

xe  expansion heat exchanger
FEBRUARY 2008, Vol. 130 / 011014-7
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e1, xe2, xe3  expansion heat exchanger volume 1, volume 2,
and volume 3

w  wall
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