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Abstract

The goal of this paper is to determine the characteristics of a Stirling engine able to be used by a
micro-solar power plant as energy conversion system. The purpose is to use solar energy as heat
source and a Stirling engine because of its numerous advantages, as its high (theoretical)
efficiency. This work was made in collaboration with several industrials involved in the project
named MiCST, whom objective is to electrify remote villages in Africa. Results of a simple 0-D
model built on Matlab®/Simulink® environment to predict engine behavior are compared with
those of several 1-D models which take into account several energy losses. It is shown that 0-D
model over-estimates the power but keeps its interest because of its simplicity, easy adaptability
into a global model of a more complex system and reduced computing time. Empirical
correlations whose coefficients are obtained according to experimental results may be used to

estimate directly the total power loss.

Keywords: energy balance, energy losses, Stirling engine, solar power plant, thermodynamic

model

1. Introduction

Using solar energy to operate Stirling engines with high thermal efficiency is an idea which was
considered by many authors, because of the easy adaptability of the Stirling engine on low and
moderate temperature sources (recovery or renewable sources). (Howell and Bannerot, 1977;

Mathieu et al., 2010; Nepveu et al., 2009; Zhai et al., 2009; Bonnet, 2005).

* Author to whom all correspondence should be addressed: E-mail: nadia.martaj @epf.fr



In this study, results concerning an industrial project of an autonomous micro solar power plant
(MiCST) are presented. The choice of simple and robust elements to produce electricity for
remote sites in emerging countries is the main constraint of the project. The use of ecological

fluids is also required, in order to have little impact on the environment.

The solar power plant should provide about 50 kWh/day. A thermal storage should be used to
respond on the night request in electricity (one night of autonomy is considered for sizing the
solar field).

Solar field could be realized with moderate-temperature linear concentrators. The heat storage
could be achieved by sensible heat at moderate temperature (<200°C) using materials which will

be locally available (sand, clay, etc.) or simply pressurized water.

A total electrical power about 10kW will be produced by several Stirling engines in parallel.
This engine is chosen because of its very limited environmental impact and its high efficiency
(Stouffs et al., 2002; Chen et al., 2007; Cinar et al., 2007; Martaj, 2008; Grosu and Rochelle,
2009; Karabulut et al., 2013; Aksoy et al., 2013; Solmaz et al, 2014).
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Fig. 1. Schematic diagram of the micro solar power plant

In order to develop a simulation program of the micro solar power plant (Fig.1), which will be
used to control the energy commands and parameters, a simple Simulink model of the Stirling
engine was defined. This model represents an integrated part in the global model of the whole

system.



The Stirling engine model is a zero-dimensional adiabatic analysis, with uniform instantaneous
gas pressure, based on the laws of thermodynamics. First of all, the Alpha type Stirling engine
was divided in 5 volumes connected each-other (Fig.2):

- expansion space (e),

- hot exchanger (h),

regenerator (),

cold exchanger (k),

compression space (c).

The expansion and compression spaces are adiabatic volumes which vary according to the
pistons motions. Heat exchange is concentrated on the three exchangers (cold, hot and

regenerator spaces) whose volumes are constant.
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Fig. 2. Standard Alpha Stirling engine divided in 5 volumes
Points from 1 to 11 are placed on the Stirling engine scheme (Fig. 2), on the middle and the
extremities on each space. The direction of mass flow is considered positive in accordance with
the ascending sequence of the volume index (from left to right).

2. Characteristics of the Stirling engine

The main geometrical dimensions of the engine were defined taking into account industrial

partners’ considerations (MiCST project) and are given in Fig.3 and Tablel.



Table 1. Geometrical characteristics of the engine

Engine dimensions Value | Unit | Calculated Expression | Unit
parameters
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Fig. 3. Hot and cold heat exchangers geometry




The thermodynamic parameters of the studied engine are presented in Table 2.

Table 2. Thermodynamic data of the engine

Thermodynamic parameters Value Unit

T 533 °K

T 333 °K

¢, 1004 Jkg' K!
r 287 Jkg' K!
kn=ky 900 W.m K"

The calculation of heat flows and mechanical power for a chosen, constant angular speed
requires the implicit knowledge of an initial state, in terms of expansion and compression spaces
volumes, as well as working gas pressure and temperature. The initial crank-angle, that defines
initial volumes, has been chosen so that the initial gas velocity is close to zero.

Table 3. Initial conditions of the thermodynamic model

Parameters Values Unit

Di 2000000 Pa

Q; 7*187/180 °

Ve?i C m3
ﬂ'Rez( 2" (1-cosg, )+ HmJ

Ve ,(C m’
ﬂ.Rc 26 (I_COS(¢i _¢0)+Hm

3. Description of the model

This analysis concerns the division of the engine in five elementary spaces: two adiabatic
volumes (expansion and compression spaces), two isothermal heat-exchangers (hot and cold
exchangers) and a regenerator whose output temperature depends on the regeneration efficiency.
Working gas is assumed an ideal gas. To evaluate the mass of the fluid in each volume, ideal gas

law is applied into the 5 spaces of the engine:

_pV. Yy _pY, _ oV _pY.
me=—%  m="—t m==t m=—t  m=— ()
rTi r1g



Total mass of the working gas, m is the sum of the five masses above (1). Thus, instantaneous

pressure, assumed uniform in the engine, is obtained using the following equation:

v, v, v. V., V,
p=mr/| 4t 2
Te Th Tr Tk ch

The volumes of hot exchanger (V}), cold exchanger (V; ) and regenerator (V,) represent the

product of their length by their frontal area (Fig.3):

Vh = Lh Sh . Vr = Lr Sr and Vk =Lk Sk (3)

The instantaneous volumes of expansion space (V,) and compression space (V) are given

according to the geometrical dimensions of the cylinders and the pistons motion — instantaneous

position of the pistons.

vV = C2 (I—cos(ax+¢,))S, +H, S, 4)

e

c

V. z%(l—cos(a)t+(oi -9,))S,+H, S, 5)

Mean temperatures 7j, Ty and T, are considered for corresponding spaces. Temperatures of hot
volume 7j and cold volume 7}, are obtained using expressions of the convective heat flows

transferred to the working fluid:
0=k, Ay (T, =T,) (6)
Qk =k A (T, =T, ) @)

where T, and T, are cylinders walls temperatures and &, and ki are heat transfer coefficients.

Thus, Th :Twh _Qh /(kh Sh)

T, =T, +Qk/(kk Sk)

Temperature evolution along the regenerator is supposed linear, thus regenerator temperature is

T, 8)

T, )

defined as a logarithmic average of T, and T;.
T
T,=(T, -T, )/m‘* (10)
T8

The elementary mass variation in the adiabatic compression space is obtained by applying the

energy balance in this space.

dm, :(pd\/C +V. dpj/rT9 (11)
/4



To calculate interface temperature (79), it is necessary to take into account the gas flow direction.
Thus if dm. <0 then To=Tjp ,else To=Ts.

In the same way, expansion space mass variation dm, is given by the following equation:

dm, z(pdVe +V, dpJ/rT3 (12)
/4

with the corresponding assumption on the interface temperature (exchanger/expansion space):

if dn, >0 then T; =T, ,else T; =T,.

Differential form of the ideal gas law is used in order to determine the elementary mass variation
within the heat exchangers:

dm,=m,dp/p =V, [T, -dp

dm,=m, dp/dp =V, /rT.-dp (13)

dm,=m, dp/p=V,[rT,-dp

Moreover, the sum of the 5 elementary mass variations - or the whole engine mass variation —

should be null, assuming a zero-leakage (constant internal gas mass).
_dp P -
dej_ [Ve/7T3+‘/h/Th+Vr/Tr+Vk/Tk+VL‘/7T9]+ [dVe/T3+dVL‘/T9]_O (14)
r r

Equation (14) leads to the differential pressure expression:

av, dv, Vv V, V Vv
dp=—yp| —+—* <ty Ve Vo Vi Ve (15)
T9 7'3 T9 TS T6 T4 T3

Combining equations (11), (12) and (13), T;p and 7> could be obtained:

T, _(1_hjd_p+[1_&yl
T, YT, ) p I, )V

c

dr, (| T \dp (| T)av. 6
T, T,V

e




The sign of the elementary masses transferred through the spaces interfaces depends on the gas
flow direction in the engine (positive from the left to the right, see Fig.2). They are calculated

using (Eq. 17).

4 dm, = dm,
dm, =dm,; —dmy < dm,; =dm, +dm,
< dm, =dms —dm, < dms =dm, +dm,_ +dm, (17)

dm, =dm; —dms < dmy =dm, +dm, +dm, +dm,,

dm, = —dmy

-

The thermal energies exchanged on the hot/cold exchangers, and on the regenerator are obtained

using energy balance applied to each of these 3 spaces.

4 c

< do, =5V dp —, (T,dmy~T, dm,)
r

(18)
C,
dQ,=—V, dp —, (T dm; =T dmj )
- r
The regeneration efficiency is:
T, —AT -T,
et (19)
T,-T,

where AT is the gas temperature difference between the outlet of the regenerator and the hot or
cold volume one (AT =T4-Ts =T7-Ty).
Ts and T7 depend on the flow direction:
if dms <0then T5=T4-AT ,else Ts=1Ty
if dn,<0thenT,=Ts ,else T,=Ts, AT
Differential work, in the compression space dW, and in the expansion one dW,, can be calculated
using the instantaneous pressure and the elementary variation of respectively compression and
expansion volumes.

oW, =— pdV.

oW, =— pdV, (20)



The sum of these two previous expressions represents the elementary work provided by the

engine cycle. After integration, mechanical energy provided by a complete cycle is determined.
4. Results of simulation

Fig.4 shows the indicator diagram (p, V) of the compression and expansion spaces for the 20"

cycle iteration. The sum of the surfaces defined by the green-spotted intersection areas of these

cycles, with the affected signs, symbolizes the work provided by cycle (W =— § pdV, — §> pdv, ).

The pressure varies from 1.7 10°to 5 10° Pa.
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Fig. 4. Indicator diagram (p, V) of the compression and expansion spaces

Some simulation results for engine speed about 300 tr/min are shown on table 4. Indicated
mechanical power supplied by the Stirling engine is about 9425W, which correspond to a heat
flow rate on the hot source about 114000W. In these conditions the efficiency is very correct,

around 8,27%, taken into account the low level of the hot source temperature.



Table 4. Simulation results for 300 tr/min

Parameters Values
Heat received on the hot exchanger Qy, [J/cycle] 22800
Heat difference on the regenerator, 4Q,, [J/cycle] -822.1
Heat supplied on the cold exchanger Oy, [J/cycle] -20020
Indicated work W, [J/cycle] -1885
Relative error in the energy balance [%] 3.8
Indicated power W, [W] e
Heat flow on the hot exchanger Qh [W] 114000
Heat flow on the regenerator Qr [W] -4110.5
Heat flow on the cold exchanger Q, [W] -100100

Pressure losses and mechanical losses are not considered in this model, and convective heat
transfer dependence on engine speed is neglected. The convective heat transfer coefficient is

assumed to be constant, about 900 W/m ZK.

The assumption on the regenerator interface temperatures implies homogeneous gas densities
and mixtures. This assumption has consequences on the simulation results which move away
from the real results. A solution to this problem might be an accurate consideration of the
regenerator temperature gradient. Thus, it is necessary to divide the volume of the regenerator

into several isothermal cells.

5. Comparison with the results of 1-D simulations

The results obtained from 0-D simulation presented on table 4, have been compared with those
obtained with a second Matlab program, based on a 1-D model of the engine. Five main volumes
are considered, with several equal divisions of the regenerator volume, and various rates of
energy losses. Auxiliary cells are considered on the interface between two spaces, like is shown

on figure 5.



242 21 2n  2nel 2042

Fig 5: Scheme for 1-D Modelling with auxiliary cells on the interface
Mass balance and energy balance are applied on each space and momentum equation is applied
on each auxiliary cell. Thus, gas density and velocity are defined different on each interface (2n-

1, 2n+1, etc).

Table 5 and Figure 6 show the importance of each energy loss, and their influence on the total
power provided by the engine. One remarks that a 0-D model widely over-estimates the power
compared to the possible performance of this engine. On the other hand this model keeps its
interest because of its simplicity and easy adaptability into a global model of a complex system
and reduced computing time, which is an important constraint of this project. Some
improvements may be achieved as using empirical correlations whose coefficients are obtained
according to experimental results. These correlations could estimate the total power loss or only

pressure losses (Petrescu et al., 2003).

The division of the regenerator space in several cells (volumes) is essential for a better
representation of heat and mass transfer phenomena. But, an analysis of models 2, 3 and 4, leads
to realize that five elementary cells allow already a good modelling of the regenerator with a

limited computing time.

Pressure losses coefficient is considered constant about 0,04 or depending on Reynolds number (

f=032Re"®). Exchanger’s wall material is aluminium with a thickness about 0.5mm.
Thermal conductivity value A is considered linear between 273W/mK for 300K and 237 W/mK
for 500K. External fluid velocity is about Sm/s and external convection is considered to be
defined by the correlation: Nu=0,023 Re®® Pr®*  In these conditions, thermal inertia of heat
exchanger’s wall is studied (using Fourier and Newton laws) and a comparison between Model 3
and Model 5 leads to remark a diminution of mechanical power from 5334W to 4820W. In

addition to this, one notes a small wall temperature fluctuation about 1°C only.

Gas leakage is estimated using following expression [Homutescu, 2008]:



zDS Ap
124 L,
with D : piston diameter, Ld : seal height, |: gas dynamic viscosity, d : distance seal/cylinder

ny =

2y

and, 4p : pressure difference between two faces of the piston. For the Model 6, 6 is supposed
about 1/100 mm and Ld=1cm. Gas leakage implies a power loss about 1534W (comparison of

Model 5 with Model 6).

Table 5. Comparison of power values obtained by 0-D and 1-D models

Description Power [W]
Model 1 0-D model -9425
Model 2 1-D model -5610

- 5 volumes and 5 cells in the regenerator
- pressure losses, =0.04

Model 3 1-D model -5334

- 5 volumes and 10 cells in the regenerator
- pressure losses, f=f(Re)

Model 4 1-D model -5488

5 volumes and 20 cells in the regenerator
- pressure losses, f=f(Re)

Model 5 1-D model -4820

- 5 volumes and 10 cells in the regenerator

- pressure losses, f=f(Re)

- thermal inertia of walls made of 0.5 mm thick
Aluminium

Model 6 1-D model -3286

- 5 volumes and 10 cells in the regenerator

- pressure losses f=f(Re)

- thermal inertia of walls made of 0.5 mm thick
Aluminium,

- gas leakage.
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Fig 6: Simulation results for six different models

6. Conclusion

In this paper, results concerning an industrial project of an autonomous micro solar power plant
(MiCST) are presented. The choice of simple and robust elements to produce electricity for
remote sites in emerging countries is the main constraint of the project. The use of ecological

fluids is also required, in order to have little impact on the environment.

In order to develop a simulation program of the micro solar power plant, which will be used to
control the energy commands and parameters, a simple Simulink model of the Stirling engine

was defined. This model represents a part integrated in the global model of the whole system.

A Stirling engine is studied using a 0-D model, namely adiabatic model because of the
adiabaticity supposed on the compression and expansion spaces. The engine is divided on five
spaces; ideal working gas and instantaneous uniform gas pressure are the principal assumptions

of the model based on the thermodynamics laws and the kinematics motion of the pistons.

This model leads to predict the engine behaviour for several operating point. The results are
compared with those obtained with several 1-D models, that take into account various energy

losses.

It is shown that 0-D model over-estimates the power but keeps its interest because of its
simplicity, easy adaptability into a global model of a complex system and reduced computing
time. Empirical correlations whose coefficients are obtained according to experimental results

may be used to estimate directly the total power losses.



Nomenclature

A exchanger heat transfer area [m?]
cp specific heat at constant pressure, [J.kg" K]
C piston stroke, [m]
D hydraulic diameter, [m]
e inter-plate distance, [m]
f coefficient of pressure losses, [-]
H height, [m]
k convective heat transfer coefficient, [W.m’z.K'l]
[ exchanger width, [m]
L exchanger length, [m]
m mass, [kg]
N engine speed, [rpm]
Np number of passages through the exchangers, [-]
p pressure, [Pa]
0 heat flow, [W]
o) heat, [J/cycle]
r gas constant , [J.kg'1 K'l]
R piston radius, [m]
S gas frontal free-flow area [mz]
T temperature, [K]
t time, [s]
% volume, [m3]
w work, [J/cycle]
W mechanical power, [W]
Greek Letters
(0} rotation angle, [°]
0o phase shift between the pistons, [°]
0 angular speed, [rad/s]



Indices

c compression

e expansion

h hot

i initial

k cold

m dead volume

p operating piston
r regenerator

w wall
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