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ABSTRACT

This paper analyses the performances of a Dish-Stirling concentrating solar system using a Stirling engine for the production
of electrical and thermal energy. In particular, with focus on the receiver, its performance was evaluated considering two
different plant solutions: “naked” receiver (without hot chamber) and receiver provided with hot chamber.

The Dish-Stirling system under study includes a MICROGEN linear piston Stirling engine of 4 kW total rated power (3 kW
thermal and 1 kW electric). The minimum engine starting temperature is 190 °C, while the maximum operating temperature
is 565 °C. The analysis is developed through the setting up of a calculation model in MatLab, through which it is possible to
predict the dynamic behaviour of the concentrator-receiver-Stirling engine system and quantify the energy productivity in
various operating conditions. The simulations results show that the use of a hot chamber allows improvement of the system
performance which, as regards the thermal power, is quantified in an increase of over 70%.

(Presented at the AIGE Conference 2015)
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1. INTRODUCTION

Electrical and thermal energy can be produced, for small
users, by means of solar thermal technology at medium-high
temperature (CSP technologies, Concentrating Solar Power)
such as the “parabolic dish focus point” technology. Direct
solar radiation is collected on a reflective surface formed by
parabolic mirrors and focused on the focal point; the mirrors
track the sun with a rotation movement about two orthogonal
axes, in order to collect all the direct components of the
radiation throughout the day; the heat at a high temperature is
transferred to a fluid and used in a Stirling engine, placed in
contact with the absorber, to produce electrical and thermal
energy directly. The Dish-Stirling system has already been
produced and marketed in Italy [1].

In this work a mathematical model has been developed to
simulate the absorber of the Dish-Stirling system equipped
with hot chamber, in order to analyse the system
performance in relation to its electrical and thermal energy
production. The hot chamber has the function of creating a
sort of black cavity: the solar rays, impacting on the dish, are
concentrated towards the entrance of the hot chamber hole in
which, apart from small losses, they remain confined and
absorbed after a series of reflections and absorptions. In this
way, therefore, only a very small part of the concentrated
energy is able to escape from the chamber-absorber system:
this energy is that of the rays which, once reflected, again
escape through the hole.

In this work in order to test the improvement in
performances resulting from the use of the hot chamber, a
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comparison between a system with absorber without hot
chamber and a system with absorber provided with hot
chamber was performed.

2. THE DISH-STIRLING SYSTEM

Figure 1 shows the layout of the Dish-Stirling system
analysed.

Figure 1. Layout of the Dish-Stirling system

The concentrator of a CSP system is made from reflective
materials able to direct most of the incident solar rays onto it
with minimum optical losses. The reflective surface is



generally made of aluminium or of silver deposited on glass
or plastic plates.

The reflection p, and convergence F coefficients of the
parabola were assumed, respectively, at 0.89 and 0.98. The
geometric form that ensures minimal optical losses for this
type of application is the revolution paraboloid, which, in
this case, has a collecting area of 10 m?.

The receiver, the element of the concentration system that
absorbs the solar rays and transfers the heat to the working

fluid of the Stirling engine, has a trunk-conical geometry as
shown in Figure 2.

The head of the Stirling engine is housed in the cavity of
the receiver. The heat transfer between the receiver and the
head of the engine is by conduction, once the solar rays have
been absorbed (Figure 3).

In this study, the engine used in the concentration system
is a linear piston Stirling engine with a total rated output of
4 kW. Figure 4 shows the characteristic curves of the engine
supplied by the manufacturer.

7le

200
115,18
135

ENGINE

Figure 3. Heat transfer receiver-engine
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Figure 4. Stirling Engine characteristic curves



From the same figure, it is also possible to deduce the
range of temperature in which the engine operates: the
minimum ignition temperature is 190 °C, and the maximum
temperature, beyond which the engine may suffer irreversible
deformations, is 565 °C.

From the experimental curves provided by the
manufacturer, polynomial Eq.s were deduced according to
the absorber temperature T,s, to calculate the electrical

power produced by the engine and the total thermal power
absorbed:

P, =2.865- T, —532.5 (1)

6 5 4 3 2
Qu:a'Tass +b'Tass +C'Tass +d'Tass +e'Tass +f'Tass+g

2
The coefficients of Eq.(2) are shown in Table 1.

Table 1. Coefficients of Eq.(2)

4.10067788608900E-12

-1.08524735176741E-08

1.18255068023595E-05

-6.79967723330480E-03
2.19320377318078E+00
-3.73113244062248E+02
2.80263239880726E+04

Q| |0 |la|lo oo

Unlike the traditional Dish-Stirling system, the system
under study is characterized by an absorber enclosed in a hot
chamber in order to achieve the characteristics of a black
cavity and increase the performance of the entire plant
(Figure 5).

Figure 5. Receiver provided with hot chamber

3. CALCULATION MODELS

In the work the Eq.s are presented that describe the
physical phenomenon and the calculation model, developed
in a MatLab environment, through which the dynamic
behaviour of the concentrator-receiver-Stirling engine system
can be predicted to quantify the energy productivity. Two
system solutions are compared: the first that uses the
absorber with hot chamber and the second with simple
absorber.
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3.1 Absorber equipped with hot chamber

In order to assess the temperature reached by the absorber
and the hot chamber, a model discretization in three walls
was used (Figure 6): the outer surface of the absorber (wall
1), the inner surface of the hot chamber (wall 2) and the
surface of the inlet hole of the hot chamber (wall 3).

Figure 6. Discretization in three walls of the absorber and
hot chamber

Compared to the real model, a simplification was made to
the shape of the absorber which was considered cylindrical
rather than trunk-conical in shape.

Referring to Figure 6, the following parameters were
defined: De outer diameter of the chamber, d diameter of the
inlet hole, D inner diameter of the chamber, D, absorber
diameter, H chamber height and h absorber height.

The analysis was carried out by running the energy
balances on the different walls in the solar spectrum to short
wavelength, and in the infrared spectrum at high wavelength.

Analysis in the solar spectrum. The radiance of the
surfaces forming the cavity, in the solar spectrum, are made
solely by the terms of the radiation reflected from the
surfaces because they can not emit in this spectrum:

IE=pf 2 Fu i 3)
k=1

In Eq.(3), p;© is the reflection coefficient of the “j” surface
and Fjy is the view factor between the surfaces “j”” and “k”.

Solar radiation entering the chamber through the hole, for
an observer within it, can be interpreted as the radiance of the
same hole. It is known a priori and is equal to the incident
flux on the receiver:

. DNI(A,-A,)-cos(i)p,F
I = A

“4)

In Eq.(4), DNI is the direct normal radiation to the ground,
A, and A, represent, respectively, the total area of the
concentrator and the area fraction which does not receive
radiation due to the shadow projected on it from the hot
chamber, i is the angle of incidence of solar radiation (to take
into account a hypothetical error of the tracking system, an
angle of incidence of solar radiation of 0.3° was
hypothesized), p, is the reflection coefficient of the parabola,



F is the convergence coefficient and Ay, is the area of the hole
of the hot chamber.

The view factors are determined by the geometry of the
system and are valued using the principle of reciprocity and
the additive property [2].

The direct normal radiation to the ground was calculated
by Eq.(5) according to the ASHRAE model [3] to estimate
the radiation to the ground on a clear day:

&)

DNI:A-exp(—

7
sinf3

Where f is the angle of solar height, A the apparent solar
radiation outside of the atmosphere and B is the atmospheric
extinction coefficient. Their values, for the twenty-first day
of each month, are shown in Table 2.

Table 2. Values of the constants A and B for the ASHRAE model

Month A [W/m?] B[]
Jan. 1230 0.142
Feb. 1215 0.144
Mar. 1186 0.156
Apr. 1136 0.180
May 1104 0.196
June 1088 0.205
July 1085 0.207
Aug. 1107 0.201
Sept. 1151 0.177
Oct. 1192 0.160
Nov. 1221 0.149
Dec. 1233 0.142

After determining the radiance by the above Eq.s, the solar
flux absorbed by each wall can be evaluated:

Dy i =01 z Fy Ji (6)
)

Where o,° is the absorption coefficient of j-th surface in the
solar spectrum, which is the complement to one of the
corresponding reflection coefficients.

ajC — l_pJC

™)

The flow @

in fact, it represents the fraction of energy that is again sent
outside through the hole (the absorption coefficient of the
hole is unitary).

Analysis _in the infrared spectrum. The walls, after
absorbing solar radiation and their temperature is increased,
re-emit energy in the infrared spectrum. In this spectrum, the
radiance contains both the emitted and the reflected
component. For the j-th surface radiance is written:

ass.f 18, 1n reality, a “fictitious absorbed flow”;

le=8j10Tj4+(1_8J1)'Zn:ijJkl ®)
k=1

Where ¢ jl is the infrared emissivity of j-th surface and o is

the Stefan-Boltzmann constant.
The incoming radiance through the hole, since it is not
provided with glass, is assumed equal to:

Jfl :G'Ta4

(€)

Where T, is the outside air temperature.
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The flows absorbed in high wavelength are dependent on
contributions from the energy incident on the surface under
examination from the other surfaces of the cavity. Assuming
that all the surfaces are grey, the following relationship
holds:

n n
1 1 1 1 1
Dy =0l D Fyc il =8 D, FuJi (10)
k=1 k=1

Overall balance of the surface. In order to determine the
temperatures reached by the absorber Tas (wall 1) and the
hot chamber T, (wall 2), it is necessary to analyse the overall
energy balance of the walls, which takes contributions in the
two spectra into account.

Therefore the energy balance is the following:

Qu

1

1 4 c 1_
+& 'G'Tass _(Dass,l _(Dass,l =0

Qp 1 4 c 1_
_+82 'G'Tc _q)ass,Z _(Dass,Z =0

A, an
Jll = 81I6T3554 +(1— 811)|:F12 le + F13 J3l:|

J21 = 8216Tc4 +(1— 821)|:F21 J]l + F22 J2l + F23 J3l:|

The power Q,, given by the hot chamber, is the sum of two
contributions: power lost to the outside by convection and
radiation (negligible because of the outer insulation of the
chamber) and cooling power of the hot chamber walls Q,
different from zero if the temperature reached by the
absorber is greater than the maximum value allowed for the
proper functioning of the Stirling engine.

The code set up allows performance of the analysis in the
solar spectrum, necessary for the assessment of the flows
absorbed at low wavelength from the two surfaces



constituting the cavity ((I)ass’lC , (Dass’zc), and subsequently the

analysis in the infrared spectrum, to assess the temperatures
reached by absorber and hot chamber.

In order to ensure integrity and functionality of the engine,
the hot chamber is provided with a cooling system. The
function of this system is to intervene when the temperature
reached by the absorber exceeds the maximum allowed.
Drawing appropriate power Q. through cooling of the
chamber surfaces, the temperature of the absorber is always
kept at the maximum value and the system can provide the
nominal values of electrical power. In this case, the Eq.s to
be solved are the same as those described by the Eq. system
(11), in which, however, the temperature T,s (set equal to
565 °C) is no longer unknown but the power Qy, included in
Q.

In addition, the control system used provides the partial
defocusing of the parabola which should not be able to
maintain the temperature of the absorber lower than 565 °C,
despite the cooling of the chamber surfaces.

3.2 Absorber without hot chamber

For the calculation of the temperature reached by the
absorber in the absence of a hot chamber, it must satisfy the
Eq. of energy balance, Eq.(12), in which the power absorbed
by the receiver must equal the useful power supplied by the
same, that is, the power absorbed by the Stirling engine,
Eq.(2), and the power from it lost by convection and
radiation.

Pa_n'c = Pp_con + Pp_iIr +Qu (12)

The power absorbed by the receiver, which represents a
rate of solar energy incident on the parabola, and the losses
due to convection and radiation of the same, can be
expressed through the relationship:

P s =DNI:(A,-A,}-cos(i)-p,Fro’ (13)
Ppfcon = (Af +A1)'hc '(Tass - Ta) (14)
PP_irr = (Af +Al)'gll'c'(Tass4 _Ta4) (15)

In which Arand A;indicate, respectively, the front and the
side area of the absorber, while h. is the convective heat
transfer coefficient, assumed at 20 Wm>2K"'. In accordance
with the numbering shown in Figure 6, the subscript 1 was
used for the emissivity and for the absorptivity of the
absorber (in this case there is no wall 2).

3.3 The storage tank

In order to meet better the user requirements, the solar
system is usually accompanied by a storage tank. The
temperature of the tank is calculated by solving the following
energy balance:

a V€ _
Pier = Qioss = pip('rst - Tst At) (16)

At
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In Eq.(16), pa is the density of water, V, the volume of the
tank, At the number of seconds between a time instant and
the previous one, while Ts is the tank temperature.

The power lost from the tank, Qiss, is calculated by the
following Eq.:

Qloss =H; 'Ss '(Tst - Ta) (17)

In Eq.(17), Hs and S; are, respectively, the transmittance
and the heat exchange surface of the tank. In the simulations
a 1000-litre storage tank was used. The water temperature in
the storage tank, at starting up of the system, was set at 20
°C.

The total thermal power Py, is sum of the power cooling of
the chamber surfaces Q. (in the ranges where it is cooled),
and the cooling power of the engine P m.

The latter is calculated by Eq.(18).

Ptim =Qyu = Plogs = Pl (18)

In Eq.(18) the power loss from the engine Pio is a data
provided by the manufacturer and it is equal to 300 W.

3.4 Factors characterizing the system performances

Once determined the temperature of the absorber, the
electrical power produced by the engine and the total thermal
power consumption by applying Eqgs. (1) and (2) can be
calculated.

The incident power on the parabola P; p., the incident
power on the receiver P; v, and the related efficiencies Mpar
and nyic, are evaluated with following Eq_.s:

P pur = DNI-(A, - A, )-cos i) (19)

Pi o =DNI-(A,~ A, )-cos(i)-p, F (20)
Pi ric

MNpar = P, 7par (21)

Nie = P?zc (22)

To define the system performance in both configurations
(absorber with or without hot chamber), reference is made to
dimensionless parameters that characterize the electrical and
thermal production. These parameters are the electrical 1,
thermal - and total n, efficiency (according with first and
second thermodynamics laws), evaluated at the system or
engine level.

For the system:

P

Mot = —2 (23)
Piipar
P

Mer = — (24)
Piipar



P, + Py allowable temperature of the engine and the ambient
MNg,Ip = P— (25) temperature.
i_par
4. COMPARISON BETWEEN THE TWO SYSTEM
_ Pt + Py SOLUTIONS
MNP =— 5 (26)
Pi_par
In Figures 7 and 8 the graphical interfaces of the
For the engine: calculation models, implemented in MatLab, respectively for
the system with a hot chamber and for the system with
P simple absorber are reported.
Netm = —d 27 Cosenza was chosen as reference location (L = 39.3°,
Q. 1 =16.15 °E). The simulations were performed for a full year
of system operation.
P . The characteristic geometry data of the system are reported
Mterm =~ (28) in Table 3. The lateral surface of the absorber (in the absence
Q of chamber) and the hot chamber are insulated with 5 cm of
insulating material with a thermal conductivity of
P nt+Py 29 0.04 Wm?K-!. They were considered two different types of
Nemp = Q, (29 absorber in relation to the material used: absorber in
sandblasted stainless steel (Ass_Inox) and absorber in Silicon
P P Carbide (Ass_SiC). In both cases the Alanod was used for
Nemip = Jim Tl (30) the hot chamber as characterized by high values of
Q. reflectivity.
Table 4 reports the absorption coefficient, in the solar
The Carnot factor 71, or dimensionless exergetic spectrum, and the emittance, in the infrared spectrum, of the
temperature [4], is calculated between the maximum materials used in the simulations.
— DATA
Latitude location L 393 Height hat chamber H [m] 018
Total dish area Ap [mg] 10 Haole diameter of hot charmber d [m) 0158
Incidence angle of solar radiation [%] 05 Outer diameter of the hot chamber De [m] 03 August v
Reflectivity of the surface of dish 0.89 Reflectivity (solar spactrum) of the wall 1 01
Coeflicient of convergence 093 Reflectivity (solar spectrum) of the wall 2 k]
Stefan-Boltzmann constant [¥/makt4] 5.67e-008 Reflectivity (solar spectrum) of the wall 3 i
Ambient air temperature Ta [°C] 20 Emissivity (infrared spectrum) of the wall 1 0.8
Convective heat transfer coefficient he [Wimgk] 20 Emissivity (infrared spactrum) of the wall 2 0.8
Diarneter of the absorber Da [m] 0z Emissivity (infrared spectrurn) of the wall 3 1 CALCULATION
Height absaorher h [m] 0.08 Cooling water flow [litrifmin) 8
Insulation thickness s [m] 0.05 Initial termperature of tank [°C] 20
Conductivity of the insulation k [Wrk] 0.04 Tank volume [mc] 1
Inner diameter of the hat chamber D [m] 024 Thermal transmittance of the tank [W/imnk] o7
g5 ' ' ; ‘ : : . 560 ' ' ' ' ' ' .
T
50+ - 560 Tass [
45 . 5401 .
0t . 520} .
35| 1 500 | .
I} . 480 | .
=) 1 480 | .
‘g 3 0 1 2 3 14 15 16 40 3 T 12 35 4 5 18
Hour Hour

Figure 7. Graphical interface of the computer code for the system with hot chamber
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—DATA

Latitude location L 9.3
Total dish area Ap [mg] 10
Incidence angle of solar radiation [*] 03
Reflectivity of the surface of dish 0.89
Coefficient of convergence 0.93
Emissivity (infrared spectrum) of the ahsarber 0.8
Amhient air termperature Ta [*C] 20
Solar absaorptance of the absorber 0s
Stefan-Boltzmann constant [YW/mugltd] 5.67e-003

Convective HTC he [WW/mgh] 20

Height absorber h [m] 0.08 August ~
Diameter of the absorber Da [m] 0z

Conductivity of the insulation k [¥WmkK] 0.04 CALCULATION
Insulation thickness s [m] 0.05

Initial temperature of tank [°C] 20

Tank volume [mc] 1

Thermal transmittance of the tank 0.7

45 T T T T T T T

0r g

0+ B

25+ B

0 I I I I I I I
g 9 10 11 12 13 14 15 16

Haour

500 1 1 1 1
g g 10 11 12 13 14 15 16

Hour

Figure 8. Graphical interface of the computer code for the system without hot chamber

Table 3. Geometric data for absorber and hot chamber

Da [m] 0.2
h [m] 0.08
H [m] 0.18
D [m] 0.24
d [m] 0.15
De [m] 0.3

Table 4. Optical characteristics of the materials used

Absorber 0.78 - Stainless steel oxidized (sandblasted)
0.90 - Silicon carbide (SiC)
(X,C
Hot chamber 0.20 - Alanod
Hole 1.00
Absorber 0.60 - Stainless steel oxidized (sandblasted)
0.90 - Silicon carbide (SiC)
1
& Hot chamber 0.80 - Alanod
Hole 1.00

The simulation results obtained for the absorber in
stainless steel, are shown in Tables 5 and 6. In the latter, in
particular, the various efficiencies assessed at the level of the
overall system are reported.

Table 7 shows the average annual efficiency of the engine
in the case of stainless steel absorber. The efficiency of
receiver is equal to 62% if it is provided with hot chamber
and to 55.3% in the contrary case.

In Figures 9-17, for the absorber in SiC, with and without
hot chamber, the trend of the absorber temperature Tass, of
the absorbed power of the same P, 5., of the power absorbed
by the engine Q,, of the electric power of the motor Pg, of
thermal power Py, of thermal efficiency mer, of electrical
efficiency me, of the total efficiency of the first mgp and
second law mgup, of the efficiency of the absorber myic,
evaluated for the system, are presented.
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Table 5. Values of Tass, Pa ric, Qu, Pel, Pier (Ass_Inox)

Month Model Tass [°C] Pa sic [W] Qu W] Pa [W] Per [W]
Chamber 551.23 6386.13 4419.89 1046.78 453332
Jan. No chamber 496.70 541833 3 860.43 890.54 2 669.89
reb, Chamber 564.63 7009.17 4561.72 1085.15 5189.66
No chamber 531.78 5 946.95 419633 991.05 2905.28
Vo Chamber 565.00 722639 4566.12 108623 5453.76
No chamber 54288 613125 4313.94 1022.86 2991.08
Aot Chamber 565.00 702034 4566.12 108623 519720
No chamber 533.34 5956.42 420412 995.52 2 908.60
May Chamber 565.00 685631 4566.12 108623 499434
No chamber 52551 5817.25 411613 973.07 2 843.06
Chamber 565.00 6741.73 456612 108623 4853.04
June No chamber 519.92 5720.03 4054.40 957.06 279734
Sy Chamber 565.00 668124 4566.12 1086.23 4778.58
No chamber 51691 5 668.71 4021.70 943 44 277326
Aue. Chamber 565.00 673457 4566.12 1086.23 4 844.41
No chamber 519.46 5713.96 405035 955.77 2794.59
Sept Chamber 565.00 6 940.25 4566.12 1086.23 5098.62
No chamber 52933 5 888.47 4160.79 984.04 2876.75
out Chamber 564.82 6860.11 4564.05 1085.72 5002.54
' No chamber 524 81 582047 4116.69 971.09 2 845.60
v, Chamber 55538 6444.10 4460.82 1058.65 4571.60
No chamber 501.27 546751 3 89130 903.63 2687.67
Dec. Chamber 540.11 611528 432272 1014.92 428125
No chamber 479.29 5188.52 373052 840.66 2 589.86
Chamber 560.93 6751.30 452434 1074.57 4899.86

Mean values
No chamber 518.43 5728.16 4059.73 952.81 2 806.92

Table 6. Values of Ner, Nel, Ne,1p, Neip (Ass_Inox)

Month Model Tter Mel NgIp Ng.up

Jan Chamber 0.572 0.132 0.705 0.504
) No chamber 0.335 0.112 0.447 0.330
Feb Chamber 0.597 0.125 0.722 0.513
) No chamber 0.332 0.113 0.446 0.329
Mar Chamber 0.609 0.121 0.730 0.517
) No chamber 0.332 0.113 0.445 0.329
Apr Chamber 0.597 0.125 0.722 0.513
) No chamber 0.332 0.114 0.446 0.330
May Chamber 0.587 0.128 0.715 0.510
No chamber 0.332 0.114 0.446 0.330

Tune Chamber 0.580 0.130 0.710 0.507
No chamber 0.333 0.114 0.447 0.330

July Chamber 0.577 0.131 0.708 0.506
No chamber 0.333 0.114 0.447 0.330

Aug Chamber 0.580 0.130 0.710 0.507
) No chamber 0.333 0.114 0.447 0.330
Sept. Chamber 0.592 0.126 0.719 0.511
No chamber 0.332 0.114 0.446 0.330

Oct. Chamber 0.588 0.128 0.716 0.510
No chamber 0.333 0.114 0.446 0.330

Nov Chamber 0.572 0.132 0.716 0.504
) No chamber 0.334 0.112 0.447 0.330
Dec. Chamber 0.564 0.134 0.698 0.501
No chamber 0.340 0.110 0.450 0.331

Mean values Chamber 0.585 0.128 0.714 0.509

No chamber 0.333 0.113 0.447 0.330

132




Table 7. Mean values of Mer,m, Nel,m> Ne.m, P> Ng,m,i1P

(Ass_Inox)
Mter,m Mel,m MNg,m,IP MNg,m,IIP
Mean | With chamber | 0.696 | 0.237 0.934 0.690
values | Without chamber | 0.691 | 0.235 0.926 0.684

Tables 8 and 9 show the average annual values of
parameters obtained using the absorber in SiC.

Table 10 reports the values of the average annual
efficiency of the engine in the case of SiC absorber.

Table 11 shows the percentage differences, for the two
absorbers, among the average values of the variables
obtained for the system with hot chamber and those obtained
for the system without hot chamber.
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ass 7_\ ———
[°Cl 500 T~
400
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300 chamber
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200 chamber
100
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1 2 3 4 5 6 7 8 9 10 11 12
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Figure 9. Absorber temperature (Ass_SiC)
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Figure 10. Power absorbed from absorber (Ass_SiC)
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Figure 11. Power absorbed from engine (Ass_SiC)
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Figure 12. Electrical power of engine (Ass_SiC)
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Figure 13. Total thermal power of the system (Ass_SiC)
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Figure 14. Thermal efficiency of the system (Ass_SiC)
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Figure 15. Electrical efficiency of the system (Ass_SiC)
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Figure 16. Total efficiency of the system (Ass_SiC)

Figure 17. Efficiency of the absorber (Ass_SiC)

Table 8. Mean values of Tass, Pa ric, Qu, Pel, Prer (Ass_SiC)

Model Tass [OC] Pa_ric [W] [%;l] Pe [W] Pter [W]
With hot chamber 561.65 6881.62 4531.46 1076.62 5044.77
Without hot chamber 539.05 6609.41 4286.18 1011.87 2974.31
Table 9. Mean values of Ner, Nel, Ng1p, Ng P, Nric (Ass_SiC)
Model Mter Mel MNe,IP Ng.IP MNric
With hot chamber 0.602 0.129 0.731 0.520 0.621
Without hot chamber 0.353 0.120 0.474 0.350 0.584
Table 10. Mean values of Nier,m, Nel,ms Neg,m, P> Ne,m,1p (Ass_SiC)
Tter,m Tel,m Tg,m,IP Tg,m,IIP
With hot chamber 0.696 0.238 0.934 0.690
Mean values -

Without hot chamber 0.694 0.236 0.930 0.687

While at the level of the engine, the presence of the hot
chamber seems not to bring significant benefits in that it
causes differences on efficiencies less than 1% (Tables 7 and
10), this is no longer true at the level of the overall system.
For the latter, in fact, the use of a hot chamber with absorber

in stainless steel involves an increase of 14% on electrical
efficiency, of 75% on thermal efficiency and of 54% on the
total efficiency of second law of thermodynamics, compared
to the same plant with simple absorber.

Table 11. Percentage differences between the two plant solutions.

Percentage differences
Ass_Inox Ass_SiC
Tass 8% 4%
Py ric 18% 4%
Qu 11% 6%
Pel 13% 6%
Per 75% 70%
MNeer 75% 70%
MNel 14% 7%
NelP 60% 54%
Ne.lIP 54% 49%
MNric 12% 6%

With the use, instead, of an absorber made of silicon
carbide, the increments are, respectively, 7%, 70% and 49%.
Minor offsets are justified by the fact that the SiC,
allowing a greater absorption of solar energy than
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sandblasted stainless steel, involves absorber temperatures
almost similar in the two solutions.

Obviously, the efficiency of the parabola is not influenced
by the plant solution adopted, and it is 87%.



5. CONCLUSIONS

This paper analyses the performances of a Dish-Stirling
concentrating solar system using the Stirling engine for the
production of electrical and thermal energy. In particular,
with focus on the receiver, its performance was evaluated
considering two different system solutions: the first using the
absorber with hot chamber and the second an absorber
without hot chamber.

The results derived from simulations revealed that the use
of the absorber provided with hot chamber entails a
considerable increase in performance of the system,
especially from a thermal point of view, owing to the further
removal of the thermal power resulting from the cooling of
the walls of the hot chamber. This system solution enables
the temperature of the absorber to be kept always close to the
maximum allowed value so that the engine can provide the
nominal values of thermal and electric power.

With temperature control the possible irreversible
deformations of the engine and the continuous misalignments
of the parabola are averted.

In particular, for a system with a parabola of 10 m? area,
absorber in stainless steel and a Stirling engine of 1 kWe,
located in Cosenza (Italy), the presence of the hot chamber
entailed for the system an increase of 14% in the electrical
efficiency, of 75% in thermal efficiency and of 54% in the
total efficiency of the second law of thermodynamics,
compared to the same plant with simple absorber.

The use of an absorber made of silicon carbide and hot
chamber involves, however, an increase of 7% in electrical
performance, of 70% in thermal efficiency and of 49% in the
total efficiency of the second law of thermodynamics.
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SYMBOLOGY

A extra atmospheric solar irradiance Wm?
Al area of the absorber m?
A area of hot chamber m?
As frontal area of the absorber m?
Ap area of the hole of hot chamber m?

Al lateral area of absorber m?
A, area of the dish in the shade m?
A, overall area of dish m?

B extinction atmospheric coefficient -

Cp specific heat of water JK kg
d diameter of the inlet hole of the chamber m

D inner diameter of the chamber m

D. diameter of absorber m
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D. outer diameter of the chamber m
DNI  direct normal irradiation to the ground ~ Wm
F convergence coefficient -
Fijx view factor between the walls “j”” and “k” -
H height of the chamber m
H, thermal transmittance of the tank wall ~ Wm2K"!
h height of absorber m
h, convective heat exchange coefficient Wm-2K-!
i angle of incidence of solar radiation rad
Jg radiosity entering through the hole Wm?
J; radiosity of “j” wall Wm?
P, ic  power consumption from receiver w
P electric power produced by the engine W
P; ;or  incident power on the dish \
P; ic  incident power on the absorber \Y
P, con  power lost by convection \Y
P, ir  power lost by radiation w
Pioss power loss from the engine w
Pim cooling power of the engine w
Prer total thermal power w
Qp power transferred from the hot chamber W
Quss  power lost from storage tank W
Qu power absorbed by Stirling engine w
Qw cooling power of the walls of

hot chamber W
Ss area of the storage tank m?
T, temperature of external air °C
Tass temperature reached by absorber °C
Ts temperature of storage tank °C
Vi volume of storage tank m?
Greek symbols
a; absorption coefficient of “j”” wall -
B solar elevation angle rad
At step of integration time s
& emissivity of “j” wall -
Nel electrical system efficiency -
Neum  electrical engine efficiency -
Mg 1P total system efficiency

(I** law of thermodynamics) -
Nneup  total system efficiency

(11" law of thermodynamics) -
Nemip  total engine efficiency

(I** law of thermodynamics) -
Nemup total engine efficiency

(11¢ law of thermodynamics) -
Tpar dish efficiency -
Nric receiver efficiency -
Neer thermal system efficiency -
Nerm  thermal engine efficiency -
Pa density of the water kg m
Pj reflectivity of “j” wall -
Pp reflectivity of the surface of dish -
o constant of Stefan-Boltzmann Wm2K+
T| Carnot’s factor -
@, ¢ solar flux absorbed by the hole Wm 2@,

solar flux absorbed by the “j” wall Wm?

Apexes

¢ parameter evaluated in the solar spectrum
1 parameter evaluated in the infrared spectrum



t time instant for the estimation of the parameter Subscripts

1 wall 1 - absorber
2 wall 2 - hot chamber
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