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ABSTRACT- In this work, the optical analysis of a plece-wise concentrator {2 (),
of the iow concentration class, is presented. This concentrator, can be easi.
fabricated from known unequal length mirror segments, arranged in a certain order
to form its reflecting surface, which is capable of producing a predetermined flux
distribution over a flat receiver surface. The construction equations of the transverse
shape of the reflecting surface, which produce a uniformly jlluminated portion on
a flat receiver around the noon time, are derived from the optical geovmetry
principles. Also, the hourly flux distribution over the receiver surface is numerically
predicted by the ray tracing technique, with an especially made computer program.
The theoretical resultsare compared with the experimental data collected from
outdoor tests on a protolype concentrator, whicr m2e 2 maximum concentration
ratio of 3.64, designed and built for this purpose. The flux diztm:=uilon i< measured
in terms of the currents (from a small battery) through some photo resiitonoma,
located at different points on the receiver surface. The local concentration ratie
at these points is calculated as the local flux divided by that measured by another
photo resistance directed towards the sun. The experimental data are given in

geaphical form .

1. INTRODUCTION

Diurnal tracking systems used in the focusing concentratorsare 100 expensivg
especially in large installations. Therefore, the stationary nonimaging concentrators
had been proposed and taken a considerable amount of intecest in the last {ew years.
These concentrators which accept radiation over a range of angles without diurnal

tracking may be subjected to occasional tilt adjustment to improve its performance.

The first of these is the compound parabelic concentrator CPC, with one side
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illuminated flat receiver, has been introduced and investigated by Winston (I).
The reflector sides of the CPC are of different parabolic surfaces, and its maximum
concentration ratio CRm, is a function of the acceptance angle, A as given by,

CRm = 1fsin ( Af2)

However, Winston and Hinterberger (2) have shown that the absorber of a two
dimensional ideal concentrator need not to be flat and parallel to the aperture.
They prooved that, radiation incident within the acceptance angle on an aperture
of width ], can be concentrated onto any convex receiver of a cercumference =
I sin (Af2). They also proposed some receiver shapes which have the advantage
of eleminating back losses. Asymmetrical nonimaging cylinderical concentrators
are also available. The reflector may be a combination of a part of a circle followed
by a parabolic segment {3). The receiver in this type is illuminated from one side
and has one edge in the common focus. On the other hand, the receiver in the semi-
parabolic concentrator SPC (4) is a fin along the axial plane. The maximum con-
centration ratio of this type is given by,

CR,, = 2f tan (A/2)

The overheating effect at the focal line in SPC can be avoided by using the reflector
defocusing walls, which increases the cost and number of reflecteins. The daily
variations in the CR is also high compared to that of CPC,

In order to increase the acceptance angle and overcome the technical
problems in obtaining the parabolic shape in fabricating the CPC, Jones and Anderson
(5) have proposed the compound circular arc concentrator CCAC. In fact this is
a truncated CPC with its reflector sides approximated to circular aluminized plastic
films. Grillo (6) has studied a new model with two or more channels of reflecting
walls, to decrease theheight and maintain larger CR. However, this concentrator
which requires a high quality reflecting material with a carful assembly, has an
increased average number of reflections relative to that of CPC.

Another design trend has been started to define a transverse shape of the
reflecting surface, which results in a uniform flux distribution over the receiver
surface. Gupta et al {7) have derived an analytical expression for the transverse
shape of the reflecting surface (instead of the parabola in the CPC design) so that
the flux distribution on the receiver is uniform for certain angles of incidence.
The illumination becomes increasing nonuniform as solar radiation deviates from
the axial plane. The analysis involves some algebraic equations from which the
reflector shape can be numerically predicted. However, during their experimental
work on a prototype model, they have observed 12% variation in the flux distribution,
which is measured in terms of the current through three photodiods placed on the
receiver surface. They also concluded 50% and 33% decrease in the reflector height
and CR respectively, compared to the corresponding values in the CPC. However,
they reported a very low experimental data, compared to the predicted results.
But the analysis can be considered as an important and promising design trend.
Therefore, the work in this line should be continued with other designs such as
asymmetrical concentrator , having mirror segments forming its reflecting surface,
which is the object of this work.

2. CONSTRUCTION EQUATIONS

Figure 1 shows the transverse shape of the reflecting surface and receiver
of the proposed piece-wise concentrator PWC, which consists of carfully arranged
ungual flat mirror segments, starting from the receiver bottom. The x-y coordinates
are chosen such that when the incident beam radiation is parallel to the y-axis,
all the reflected flux is distributed uniformly over a pre-defined portion Ry on the
receiver as shown in the figure. The following definitions are necessary to derive
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the construction equations of the PWC reflecting sucface:

L. The optical axis {axial plane) has the direction of maximum CR. All
the incident radiation parallel to the axial plane (y-axis} hit the upper
portion of the receiver R, . .

2. The acceptance angle A is the angle between the incident and reflected
beams at the end point of the last segment. Therefore, the value
of A depends.on the total number of segments, N and can be obtained
from the optical geometry as,

A-ISO-IZSN )]

where 5, is the angle between the segment uymber N and the x-axis.

N
3. The maximum aperture area . is that corresponding to the maximum
concentration ratio CR_.. Therefore,

"F = 1 . o ow 2)
LRm ({ ry Sin A)/R i {
where R is the receiver width and Iy is the distance from the receiver

top point to the last segment end point.

Now, the ‘width of the first segment can be calculated from,

LI -:Rsin_(ZSl-W)/cos Sl R

and the distance T is given by,

c :Rcos(Sl-\V)a’cosS {4

In general, the corresponding values for the segments number 2,3,..., N can be
obtained from,

.| sin2 Sn 2 - RO a"rn 1 I) sin W
S, = 1/2 tan * [ memmmmememem e e i ] e (5
cos 2 5. l—(Rfr I)cosw
P By lcos(ZS _l-Sn)fCOSSn Stk
Ln:ROSin(ZSn—W)IcosSn o ey

by taking the value of n - 2,3,...., N respectively. Thus, in order to construct the
reflector, the receiver parameters R, W and the image length at maximum con-
centration, R, as well as the angle of the first segmeni, Sl should be arbitarly

decided. The geometrical condition (S] > W/2) must be considered in the choise
of angle 3.

3. OPTICAL ANALYSIS

[f the concentrator is fixed with its length in the E-W direction, and
tilted in such a way to keep its axial plane pointing to the sun at noon position,
this situation is called o -orintation (4). The present analysis is constrained with
this type of orintation, which yields maximum CR at noon and decreased values
at off-noon times, compared to other orintation rnechanisms. In this case, the optical
axis makes an angle Z with vertical, given by,

Zheid’ - & SN ¢:3)

The instantanious value of CR can be easily obtained from the optical
geometry at any off-noon position as,
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3

CR:CRmsin(A-G)coszpfsinA R )

where & Is the angle between the solar noon position and projection of the sun
tay on the N-5 vertical plane at any time,
and Zp is the prejection of Zenith angle on the E-W vertical plane.

However, the angle ¢ variations affects the flux distribution in the receiver width
direction, while the change in Zp, affects it only in the length direction (i.e. causes
the end losses). For simplicity, the latter effect is not considered in the theoretical
analysis.

At noon position, all segments except the first one reflect beam radiation
on the portion R,. The flux on the remaining area is only due to the first segment
and reftected diffuse radiation. At any off-noon position, the falling beam radiation
nakes an angle 6" with the axial plane, and that reflected from segment number
n wil hit the receiver between two limits defined by the distances Lfn and Dn

neasured from the top point as shown in Fig.2. From the optical geometry of
the system, it can be shown that,

n:rnsin6’fsin(25 + 6 - W) ... (L0
and n

Dy =rpoysm(2s -2 | «6)/an(25 +6-W).0D

Il a part of (or all} the reflected beam misses the receiver lower edge '(Dn or Un

= R}, 1t will be re-reilected on any other segment m, again to the receiver. This
is the case ol double reflection, where the following must be calculated :

a- The segment number, m

b- The point of intersection between the segment m, and the reflected
beam, and

c- The position af the re-reflected beam on the receiver {the new values
of Un and Dn for the re-refiected beam).

I E is the angle between the relfleted ray extension and the x-axis,
the segment number m can be obtained by trial and error, based on the condition
5“ o2z |80-E > Sm’ as illustrated in Fig.3. Consequently, the ordinates of the

point of intersection with this segment, (xp, yp) can be written as,

¥z X - cot E
p ™% ¥

Yp = (xo vy, cot Srn 5 ) { sin E sin S )/ sin(E + Sm) o (12)

where X and Y, are the ordinates of the segment number m top point,

x ==-{U -R)cos(E+W)/sinE
o n
and,

E = 37U'14-25n-6'
On the other hand, the position of re-reflected ray on the receiver can
be defined by the distance B from the top point as given by,

B=R-y_ /fcosW-(x_+y tanW)sinT/cos(W+T). (13
where, p_ P P
T:)T-ZSm—E

However, the condition for double refiection should be checked after each
procecess of ray tracing to calculate for triple or multi-reflection cases if exist.

The flux density &t any point on the receiver surface Fb, resulting from
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Optical axis

Reflecting
surface

Fig. 1. Optical geometry of the PTC.

x
Fig., 2. Case of single reflection on the segment number (n).
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the single, double or multi-reflections of beam radiation at any time, can be
« alculated from,

N J
Fy > § cos Gh c (1Y)

n |1 b,n
where, Ibn 15 the normal beam radjation intensity,
T

P is the reflectivity of the mirror segments,

S is the incident angle of the reflected beam from the segment n on
the receiver at that point = T + W,

and i is the number of reflections to which the beam is subjected.
d s added to Fb

being multiplied by the correction factor, obtained from the latest reported infroma-
tion (8). Accordingly, the tetel flux can be calculated from,

FoeFelyl{2vcosB)/3+¥(l-cosp)f2] . 13)

where pb is the receiver tilt angle to the horjzontal = 90 + Z - W,

However, diffuse radiation intensity on horizontal plane, I after

and J is the diffuse reflectance on the concentrator and  surrounding space
(taken as 0.8 in the analysis}

Local concentration ratio at any point on the receiver {in the width direction)
is obtained from

o= FIL 1)
where Ir: is the normal total solar radiation intensity, which is given by,
ln:]b,n+ld(2'c052)f3 U7

The procedure is repeated to get cr at different points yielding finally the
flux distribution over the receiver in its dimensionless form, which is a more useful
design tool. Also, calculations can be repeated, changing the time to obtain the
hourly dimensionless flux distribution for any day of the year. This Is carried out
by the computer program. It is to be noted that the flux distribution in length
direction depends mainly on the concentrator geometry and orintation.

4. EXPERIMENTAL SET UP AND PROCEDURE

An experimental set up has been designed and fabricated with a {lat receiver

of width R = 25 cm, and N = 19 mirror segments forming its reflecting surface,
1o verify the theoretical results. The receiver, which has a length of 94 cm makes
an angle W = 229 with the optical axis. The first mirror segment is adjusted to

make an angle S 12° with the x-axis. According to these data and the construc-

|
tion equations 3 to 7, the mirror segments are arranged as shown in Table |. The seg-
nents, which are of 1 m length, are fixed to three wooden pieces, having the same
rransverse shape of the reflecting surface. The whole assembly is then supported
on a wooden frame, which is capable of changing the concentrator orintation,
us shown in Fig. 4.

The flux distribution is measured in terms of the current flowing through
10 photo resistances placed widthwise and lengthwise, on the receiver surface
as shown in the figure. The local concentration ratio Is calculated as the ratio
between the flux at these points and that measured by another photo resistance
tracking the sun. The normal beam radiation is measured by a pyrheliometer, while
the horizontal total solar radiation is measured by another pyranometer. Diffuse
radiation is calculated as the difference between the total and beam radiation,
refered to the horizontal plane.
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i

Fig.3. Case of double reflection on segments (n) snd (m)

Photo
resistances
5

Receiver

Fig.4. The experimental set up.
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segment width angle segment width angle

number L,cm 5@ number L, cm e
l 0.9 12 ol 7.0 35.530
2 0.4 12.424 12 3.3 40.816
3 0.5 13.02 13 . 10.1 45.847
3 0.8 13.87y 14 11.5 50.360
5 1.0 15.063 13 12.8 54.258
6 1.5 16.7 14 16 13.9 57.562
7 2.2 18.967 17 15.0 60.346
g 3.0 21.962 18 15.9 62.695
g 4.1 25.785 19 16.7 64.689
10 5.4 30.388

Table 1. Specifications of the reflecting surface

The experiments are performed at Mansoura University, where the latitude
angle @@ = 31°, during the first week of April ( declination angle & = 3.5° as an
average value ). According to equation 8, the zenith angle Z = 27.5° and the
orintation of concentrator is fixed so that the receiver makes an angle Z - W = 5.5°
with the verticial direction. The experimental data are recorded daily from 9 a.m
to 4 p.m.

5. RESULTS AND DISCUSSION

The local concentration ratio cr, { calculated from the measured photo
resistances current ratio ) on the receiver surface in the width direction is shown
in Fig. 5 At noon time, the distribution of cr is almost uniform over the upper
third of the receiver, with an average value of about 2.5, and then gradually drops
to about 0.8 over the remaining part. In the period from 11 a.m to 1 p.m, this
distribution is seen to be unchanged, except a little shift of the peak downwards.
bBefore and after this period, the peak value drops and is shifted downwards as
the sun travels away from noon position. However, it is clear from this figure
that the flux over the receiver lower half is always low during the day time. If
the concentrator is properly orinted, the above distribution will not have a con-
siderable seasonal change. Therefore, the receiver width should be reduced to the
upper half, which in turn decreases the cost, specially in photovoltaic applications.

On the other hand, a considerable change in the local concentration ratio
is observed in the receiver lengthwise direction at off-noon positions, due to the
E-W motion of the sun. Fig. 6 shows the distribution at 10 a.m, 12 noon and 2
p.m, which gives an indication ol the optical end losses, resulting from the finite
length of the receiver.

The theoretical results corresponding to the given geometrical conditions
are obtained. The measured solar radiation data shown in Fig. 7 are used in the
prediction. The value of the mirror reflectivity is also measured (§ - 0.81) to obtain
accurate results. But a large difference i1s observed between the predicted and
measured values, This is clear in Fig. 8, which showns a sample of measured data
and the corresponding predicted results. The measurements have shown a maximum
value of 2.7 for cry, corresponding to a predicted value of 6.65. However, Gupta
et al (7) have observed an experimental value of about Z compared to the correspond-
ing predicted value of 11. This difference is probably due to the reflecting material
defects and assembly errors.

6. CONCLUSIONS

The given theoretical model can be considered as a suitable design technique
for the proposed asymmetrical piece-wise concentrator,which produces a pre-defined
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Local concentration ratic

Local cr

] L i
0 0.2 0.4 0.6 0.8 1.0
Distance from receiver top/Width

Fig. 5. Local concentration ratio in the receiver
width directiorn at different hours.

| | - | =

0 0.2 0.4 0.6 0.8 1.0
Distance from receiver West edge/Length.,

Fig., 6. Local concentration ratic in the receiver length
direction at different hours.
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Fig. 7. Solar radiation data recoded on a horizontal plane.
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Fig. 8. Comparison between the measured’and pred-
ioted local concentration ratios in the
receiver w{dth direction.
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flux distribution over a flat receiver. By this design trend, the overheating problem
can be avoided without any addetiopal costs, Results have shown that, experimental
data on a prototype model are necessary to determine the receiver active area
for thermal and photoveltaic applications. Alse the concentrator length should
be large enough, to minimize the optical end losses. The def ects of the reflecting
surface and assembly errors, should be avoided in the construction of this concentr-
ator type to inprove its optical caracterestics.

7. NOMENCLATURE

A concentrator acceptance angle

) distance from the receiver top point to the position of the re-reflected ray
CR concentration ratio

CRp  maximum concentratien ratio

cr local concentration ratio

E angle between the reflected ray extension and the x-axis
F flux distribution on the recelver surface

In normal total radiation intensity

Ih,n normal beam radiation intensity

Id horizontal diffuse radiation intensity

j number ot reflections

Ly width of the segment number n

R receiver width

Rg uniformly illuminated portion on the receiver

r distance between top point of segment number n and the recelver.

n

Sh angle of the segment number n with respect to the x-axis

W angle between the receiver and the y-axis

z zenith angle

Zp projection of zenith angle on the E-W vertical plane

oc an orintation mechanism
tilt angle of the receiver to the horizontal

¥ diffuse retlectance of the surrounding space

o incldent angle of the reflected beam from segment number n on the
reciver

) declination angle

& latitude of the place

'3 angle between the projection of the sun ray on the N-S vertical plane
and its noon position '

Q reflectivity of the mirror segment.
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