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Abstract

In this study, a description of the geometrical and optical parameters of the designed solar
parabolic concentrator is presented. A suitable choice of the aluminium facet sizes has been
optimized and applied. The different steps of concentrator design process are implemented in
order to obtain an acceptable adherence of the 152 aluminium facets with the concentrator
primary surface. It is indicated that the reflective surface is affected by the number of facets.
An azimuth-elevation tracking system was realized. In experimental analysis, the
concentration ratio, focal length and sunspot size are determined. Results are discussed and
indicate that the experimental concentration ratio and that calculated theoretically are in good
agreement.
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1. Introduction
Solar parabolic concentrator is point focus collector which can be achieving high

concentration ratios. This optical quality makes it possible to reach high level temperature at

IJSER © 2018
http://www.ijser.org



International Journal of Scientific & Engineering Research Volume 9, Issue 3, March-2018
ISSN 2229-5518
1,727

its focal zone. During these latter decades the design of this solar concentrator type were
largely investigated in order to improve its optical and thermal efficiencies. However, the
realized technological progress in parabolic dish collectors has promoted their use in various
industrial fields.

The major application of the solar parabolic concentrators is to generate electrical power
through direct conversion by using the Stirling engines. The 10 KWel Eurodish/Stirling unit [1]
and the 1.5 MWel dish/Stirling developed by Maricopa solar project in Arizona/USA [2]
represent a real prototypes of this electrical generating mode. Thus, the solar dish is used in
other technical applications such as; water desalination and distillation [3,4], irrigation [5] and
water heating [6,7].

The design of solar parabolic concentrator requires knowledge of its different
characteristic parameters and affecting factors as well as the relation exists between them. One
of the significant factors in concentrator design process is the suitable choice of the solar
reflector materials which represents a determining characteristic of its optical efficiency. Many
reflector materials having a high reflectivity and durability have been used in manufacturing of
solar parabolic concentrators, such as silver [8], aluminium [9,10], ceramic metallic coating
layer [11] and polished stainless steel [12,13]. The solar parabolic size which is characterised
by its aperture diameter, depth, focal length and rim angle affects largely the required power
output.

Various sizes of solar parabolic dish were carried out through different experimental
studies realized by some researchers. Lovegrove et al [14] studied a designed solar dish having
an aperture area of 500 m? with 13.4 m focal length able to reach a very high concentration
ratio of about 14100. A solar dish with an aperture area of 400 m? has been constructed and
characterised in Australian national university [15,16]. Li and Dubowsky [17] realized a large

solar dish mirrors with 30 m aperture diameter and 18.1 m focal length. Theoretically, there
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are many significant studies and investigations that developed several models and
methodology for the design of the solar parabolic concentrator, in order to improve its optical
and thermal efficiency [4,18 - 20].

In first part of this work, an analytical development in order to calculate the primary
surface of the paraboloidal concentrator was introduced and showed with more details. Then,
the description of the various optical parameters is presented. The second part is devoted for
the implementation of the solar parabolic concentrator and its tracking system. This last

section has been followed by an experimental characterisation of the designed solar dish.

2. Analytical development
2.2. Geometrical description
The paraboloid concentrator schematized in Fig. 1 is described by the system of the

two following equations:

X2+y2 =4fz (1)
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:H (2)
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Fig. 1. Descriptive scheme of the paraboloidal concentrator
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The determination of the primary surface of a paraboloid concentrator represents an essential
step in the geometrical characterization before starting its design. This surface is calculated
according to the geometrical parameters chosen beforehand such as: the focal distance f , the
aperture diameter D and the concentrator depth h. The surface element dA as indicated in Fig.

1 is expressed analytically as follows:

dA=2prdl 3)
Where:

dl = /dz2 +dr?
From where:

dA = 2pr/dz2 + dr2 4)

Through Eq. (2), the distance element dz is given by:

2
Z:r_ U dz:Ldr
4f 2f

Then Eq. (4) takes the following form:
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The whole surface A, of the paraboloid is obtained through the integration of Eq. (5) between

0 and% as expressed by Eq. (6).
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Through a variable change k :% ; (dr =2fdk), the Eq. (6) can be taken the following

form:
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A, = spfz(‘) (ki +1)ak (7)

0

A second variable change t2 = k2 +1 is used according to Tchebychev conditions [21] applied

to the integrals of the differential binominals of type (‘)x”(a+bx”)pdx. From where;

1
k=+t2-1and dk =t (\/t2 —1)_2 dt. When replacing the variable change, the Eq. (7) becomes:

i
A, =8pfz (\t2 dt (8)

1

After integration, the paraboloidal surface A will be given by the following expression:

3
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It should be noted that, the focal length f of the parabolic concentrator and its rim angley are
given respectively as:

DZ
f= 10
16H (10)

f/D
— 11
2(f/D)2-1 o

8

tany =

2.2. Optical description

The dominant parameter to be described in this part is the solar concentration ratio C which
represents one of the most important parameters in solar concentration. It is defined as the

focused flux at the focal zone, normalized to direct normal insolation. It should be noted that
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the peak and mean solar concentration ratio for an ideal paraboloidal concentrator [22,23] are

given in Egs. (7) and (8) respectively:

(13)

mean

4
Cpeak :_2 sz(y) (12)
q
. ® g0
sin®(y’) cos® —I
c gy 2y

90
2

= -1-1-O:

"
Where, g is the solar disc angle has an average value of about 0.00931 radian. (From 0.00948
radian in January to 0.00917 radian in July).

mean

d .
By a simple derivation of the Eq. 13, it results that —=** =0 aty » 45°. This result shows

that the mean concentration ratio is maximized for a paraboloidal concentrator which having a
rim angle of about 45°. However, the solar image (sunspot) focused through a perfect solar
paraboloidal concentrator with a plate receiver placed at its focal zone takes a circular form

[22] with a diameter equal to fg. Through the study of Schmidt et al [24], it shows that the

maximal solar concentration ratio to be reached does not depend only on the concentrator rim
angle, but as well of the receiver form. Actually, for a spherical receiver, the peak

concentration ratio of the paraboloidal concentrator is obtained for 90° rim angles [25].

3. Paraboloidal concentrator design

The designed solar concentrator has an aperture diameter of 1.46m, aperture area of
1.67 m?, depth of 25.3 cm and a rim angle of 69.5°. The first step in its conception consists in
dividing of the primary surface into eight equal petals. This step is followed by a fine polishing
operation of the surface previously divided. Then, the suitable choice of the size of reflecting

aluminium facets is carried out in order to ensure a good surface distribution. It is significant
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to note that the facet final sizes such as illustrated in Fig. 2 were adopted after several
combinations on the all paraboloidal rows. In Table 1 are indicated the type of facet, its
numbers by row, surface of each facet as well as the total surface of different paraboloidal

rows.

Fig. 2. View of various aluminium facets used in recovering of paraboloid primary surface.

Table 1. Number and surface of each facet type of the reflective concentrator surface.

Row  Facettype Facets number Facet surface (cm?) Row surface (cm?)

1 A 8 50.52 404.16

2 B 16 88.39 1414.24
3 C 32 80.36 2571.52
4 D 32 107.55 3441.60
5 E 32 147.72 4727.04
6 F 32 163.01 5216.32

Total reflective surface of the paraboloidal concentrator (cm?) 17774.88
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The high reflectivity of about 0.94 of the used polished aluminium makes it possible to obtain
a good optical performances [26] of the designed solar paraboloidal. The second step which is
devoted to joining of the various facets has a great importance in all process design. In this last
step, perfect adherence between the aluminium facets and the primary surface of the solar
paraboloidal are the most required parameter to reach.

Fig. 3 shows a complete sight of the realized solar paraboloidal concentrator on which

appeared a diagram illustrating the position of each facet on the primary surface of the petal.

Fig. 3. Photograph of the reflective surface of the solar paraboloidal concentrator.

4. Experimental analysis

In order to carry out the experimental characterisation of the designed solar dish, a
solar tracking mechanism was developed especially to ensure the concentrator positioning.
Moreover, it makes possible to follow the sun in order to collect as much energy as possible.

As shows in Fig. 4 (a) the type of the realized mechanism is an azimuth-elevation tracking. At

IJSER © 2018
http://www.ijser.org



International Journal of Scientific & Engineering Research Volume 9, Issue 3, March-2018

ISSN 2229-5518
its higher end is placed the paraboloidal concentrator which can be freely directed in azimuth
and latitude plans. The first experimental test of the solar dish consists to determine its real

focal distance.

Flat receiver

Thermocouple

reducer

Clamping

A\ 4
Data acquisition

Coil with

Fig. 4. The realized test bench (a) Tracking mechanism. (b) Schematic of the temperature
measurement at the focal point.

In order to carry out this measurement stage, a positioning mechanism along the principal
paraboloidal axis as indicated in Fig. 4 (b) has been used. At the upper part, a flat metal
receiver is placed on which a thermocouple of type K (-50°C t01200°C) is connected exactly
at its center. Then the solar concentrator is directed under an angle of 36° [27] which

corresponds to the experimentation site latitude located at Khemis Miliana University, Ain
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Defla (Algeria). It is should be noted that the experimental tests were proceeded under a direct
normal insolation of 836W/m? measured by the CMP11Pyranometre. The temperature of the
receiver flat center is measured at various distances from 41cm to 55 cm with a variable step
between 3cm to 0.75cm. The maximum value of the temperature is reached when the center of
the receiver flat coincides exactly with the focal point.

The second part is devoted to the determination of the real solar concentration ratio which is

calculated [28] through the Eq. (14).

c=h (14)

The focused sunspot surface A, can be determined by the delimitation of its border which

appears on the receiver flat.
5. Results and discussion

The sum of the various surface facets as illustrated in Table 1 gives a total reflective surface of
about 1.77 m2. It is noticed that starting from the third row , more we move away from the
basic center of the concentrator, more than the facets size increases in order to obtain the best
adherence possible between each facet and primary surface. Moreover, it is noted that the
increase in facets number induces a reduction in reflective surface [29] of the solar
paraboloidal. This observation can be explained by the significant number of existing gaps
between the stuck facets. It appears clearly that reflective surface records a decrease of 4.3 %
compared to the primary surface calculated through the Eq. (9) which gives a value of 1.85
m2.This difference is simply due to the existing inter-facets junctions. Fig. 9 presents the
measured temperatures at various positions of the flat receiver under a direct normal insolation
(DNI) of 836 W/m2 It appears that the temperature increases up to its maximum of about

1120°C reached at a distance of 52.75 cm which indicates the focal zone. This distance
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corresponds exactly to the real focal length of the solar paraboloidal concentrator. The
insignificant difference of 1mm between the theoretical focal length and that determined in
experiment explains the good adherence obtained during joining operation. The solar image

formed at the focal zone takes an elliptical form with a surface of 4.15 cm2.
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Fig. 5. Measured temperature at various receiver positions along the focal axis.

By applying of the Eq. (14), it results that the real concentration ratio C of the solar dish is of
about 4021sun, while its mean concentration ratio calculated through the Eq. (13) is equal to
4920sun which gives a difference of 18%. This result shows the good agreement between the
concentration ratio determined in experiment and that analytically calculated.

Fig. 6 (a) shows the simulation scheme of the incidental rays at the focal zone using the
Soltrace code which presents a very powerful tool to solve the heat flux distribution [30] of

solar concentrators and receiver systems.
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Fig. 6. Soltrace simulation; (a) Incidental rays concentration at the focal zone (b) Flux
distribution at the focal zone under a direct normal irradiation of 836W/m?.

Referring to the Fig. 6 (b), we observe that the solar image formed at the paraboloidal focal
zone takes an elliptical form which has a major and a minor of 8mm. The average flux at the

focused solar image is of about 0.16MW/m2

6. Conclusion

The design process of solar parabolic concentrator with small rim angle has been
presented in this paper. Through the results analysis, it appears clearly that the decrease in
reflective surface compared to the concentrator primary surface can be explained by the
existing junctions between facets. Moreover, the suitable size of the various reflective facets
and their perfect adherence with the primary surface present a significant role in optical
efficiency of the solar dish. It was found that the focal length determined in experiments is
very close to that analytically calculated. The difference of about 18% between the
experimental concentration ratio and that analytically calculated proves a good implementation

of the designed solar dish.
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Nomenclature

A, : paraboloid primary surface (m?)
A, : concentrator aperture area (m?)
A : sunspot area (m?)

C : concentration ratio

C peax - maximal concentration ratio

C____:mean concentration ratio

mean *
D : aperture diameter (m)

f : focal length (m)

h : concentrator depth (m)

T : temperature (K)

X,y : spatial coordinates (m)
Greek symbols

g : solar disc angle (rad )

y :rimangle (rad)
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