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The rational design of a parabolic trough solar collector PTC from metrological and material data 
necessitates the availability of a method for evaluating the optical performance. For this purpose, it is 
imperative to have precise knowledge of the concentrated flux pattern on the outer surface of the absorbing 
tube. The existing methods in literature are very general and the consequent expenise and computation 
facilities required to exercise them may prevent their use by the design engineers in industry. 

In the present paper, a simple but reliable analytical method is developed which enables the 
determination of the concentrated flux distribution on the outer surface of the absorber tube of a PTC. Both 
defaults resulting from contours and sun tracking are considered in the analysis. A case study for a site 
having a latitude angle of 31' N is presented. The effects of collector and absorber tube dimensions as well 
as the contour and sun tracking errors on concentrated flux pattern, average flux concentration ratio and 
intercept factor are discussed. 
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INTRODUCTION 

Parabolic trough solar collectors (PTCs) have drawn remarkable attention for moderate 
temperature applications (100-400°C) such as the provision of industrial process heat 
and solar cooling [I-51. This is accounted by their simplicity, reliability and lower unit 
cost. A cross section of a PTC is shown in Figure I .  The collector (a) is continuously 
tracking the sun so that the majority of incident sun rays on the collector suiface are 
reflected to the absorber tube (b). The latest transfers a large portion of the absorbed 
radiation to the working fluid flowing through the tube. 

Evans [6] has clearly and conclusively expressed the essential aspects of the optics 
of the PTC which relied upon the "cone optics". Nicolas [7] extended the understanding 
of the fundamental concentrated flux distribution by consideration of off-normal 
operation which is unavoidable with PTCs. The available computer models which may 
be adaptable to PTCs are very complicated and need a high expertise and special 
computation facilities, such as the model given in [8]. Jeter [9] developed a technique 
for evaluating the concentrated flux density distribution in a PTC by a semifinite 
formulation. The derivation of this technique appears to be difficult to follow and its 
use requires relatively long computation time. In [lo] a simple method has been devised 
for predicting the concentrated flux distribution in a parabolic dish collector (paraboloid). 
This method can also be applied to a PTC as it is described briefly in the present work. 
In this method the non-ideal condition, to be expected in reality, has been taken into 
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Figure I Cross section of a parabolic trough collector. 
a collector contour h absorber tube 

consideration. Of many possible imperfections in real collectors, two have been selected 
which affect considerably the concentrated flux on the absorber outer surface. These 
concern flaws in the contours of the PTC and sun tracking. Both kinds of flaws 
considered in this paper are of purely deterministic nature. Other flaws statistically 
distributed on the collector surface [I 1-14] do not affect considerably the flux pattern 
on the absorber outer surface but must be taken into account in thermal performance 
analysis. Thus, the presented method simulates approximately a real PTC. 

The main characteristics of this method are: The simple derivation, and it needs 
relatively short computation time. Accordingly, it can be used by any engineer for 
practical calculation of the concentrated flux distribution in PTCs. 

ANALYSIS 

The following analysis is made for both ideal and real PTCs. All transverse contours 
of an ideal PTC are described by an equation of a parabola while those of a real PTC 
deviate more or less from parabola equation. Figure 2 shows a half cross-section of an 
ideal PTC (a) and its corresponding real one (b). A cartesian coordinate system (y,z) 
is set in the vertex of the shown cross section in which the z-axis coincides with the 
optical axis of the chosen contour. A point P laying on the ideal collector surface has 
the coordinates y and z which obey the equation of a parabola. In [15] an equation was 
derived that describes the points of the real collector surface, e.g point P' with 
coordinates y and z' as 
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Figure 2 Contours of ideal and real collectors 
a idea collector h real collector 

In obtaining this equation, it was assumed that the deviations in the z-coordinates run 
linearly with the distance from the collector axis, i.e. the absolute value 1 y I of the 
y-coordinate. 

Consider a real parabolic collector of width w, length I and focal length f as sketched 
in Figure 3. A cartesian coordinate system (x, y, z) is set at the vertex of the lower 
transverse contour of the drawn collector in which the z-axis coincides with the optical 
axis of this contour and the x-axis lies in line with the collector axis. A plane 5 is located 
at random position in space above the collector. It may, for example, be tangential to 
the absorber surface. Its position in accordance with the coordinate system is described 
by its normal unit vector $ and a point on it, as point C whose coordinates are xc, yc 
and zc. An incident radiation cone with an aperture angle 32' is shown in Figure 3. Its 
central ray is inclined at an angle E (sun tracking error) to the collector central plane, 
which is composed of the collector axis and focal-line, and makes an angle 0 (incident 
angle) with the normal of the collector aperture i.e., the z-axis. The incident radiation 
cone is reflected by the collector surface at point P and generates in plane 5 an elliptical 
image of the sun. The coordinates of point P are xp, y and z . The determination of 
both the unit vectors i:. and <, in direction of the incJent and reflected central rays, 
respectively, and the incident angle 0 for specific collector parameters, at any solar time 
is reported in [is]. The point C on the plane 5 is irradiated by the reflected radiation 
cone only when it lies within the generated ellipse area. This is fulfilled when the angle 

between the reflected central ray and the line PC is in the range 

An infinitesimally small area dAc, assumed to lie on the x-y plane, receives a radiation 
power given as: 

dQ = qs dAc cos 0 (3) 
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Figure 3 Determination of solar radiation intensity onto a point 
a FTC h optical axis of the lower contour 
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where, qs is the direct normal solar flux. 
If the reflectivity of the collector surface for short-wave solar radiation is represented 

by pr, the following solar energy is reflected from the collector: 

The radiant flux reflected by point P on the collector and incident on point C normal 
to 5 plane has been obtained in [lo] as: 

Where, P T i s  the distance between points P and C, and K is the angle between the normal 
to the plane 5 and the reflected central ray. The length PC is obtained with the aid of 
Figure 3, as: 

P? = J(xp - xJZ + (Y,, - ~ 1 ) ~  + (zp - zc) 2 
2 

(6) 

To determine the angle < , the unit vector PC in the direction from point P to point 
C must first be known. It is obtained in component notation as: 

The angle ( can be calculated from: 

Let the normal unit vector Z5 of the plane 5 be defined as: 

12 5 = ( fig. , ng., , ng,, ) 
By analogy with equation (a), the angle K is then obtained as: 

C O S K = < . ~  5 = ( s , , x n 5 ~ + s , , ~ n g , + ~ , , z ~ 5 , , )  

Now the solar radiation intensity qc,p reflected from a point P on the collector surface 
onto point C on the plane 5 can be determined with aid of equation (5) if the normal 
unit vector % of a plane at a random location above the collector is known. With respect 
to the absorber, this implies that the unit vector of the irradiated absorber surface must 
be known. Figure 4 shows a plan view and a transverse section through the absorber 
collector arrangement. The vertex of the collector lower contour is again located at the 
origin of a cartesian coordinate system (x,y,z). The absorber is located with its axis 
coinciding with the collector focal line. It has an outside diameter d and a length I equal 
to the collector length. Furthermore, the central angle @ which progresses counterclockwise 
from the z axis is introduced, as shown in Figure 4. Given the x-coordinate and the 
angle @ for the point C, one can deduce the y and z coordinates as: 
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Figure 4 Unit vector normal to absorber surface 
a absorber h collector 
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The equation of the normal unit vector ii; of the absorber is defined in component 
notation as: 

= (0, - sin I$ , cos 4 ) (13) 

The variables of equation (5) are now known, and the solar radiation flux q , ,  reflected 
from a point P on the collector surface onto a point C on the absorber surface can be 
calculated directly. Determination of the total solar radiation intensity q, at point C 
necessitates integration over the collector surface. It is to be borne in mind that the 
absorber shades a part of the collector surface, the width of this shaded area is roughly 
equal to the absorber outside diameter d. Thus, the effective surface area of the collector 
of width w, becomes: 

Now the total solar radiation intensity qc  at point C is obtained with the aid of equation 
(5) as: 

p, cos 0 COS K 
4, = I - 

n tan2 16' A ~ , ~  (PC cos c)2 dA< 

Where the reflectivity p, of the entire collector surface is assumed to be uniform. 
Integration of equation (1 5) is performed numerically to calculate the insolation for any 
point on the absorber outer surface. 

Since the concentrated flux intensity is proportional to the incident flux intensity on 
the reflector, it is preferable to compute the local flux concentration ratio 

over the receiver surface as this is a more flexible and useful measure of the collector 
optical performance. When needed, e.g. for heat transfer calculations, the local energy 
flux can be evaluated by multiplying the concentration ratio by the incident irradiance. 
For most purposes, it is desirable to compute the average flux concentration ratio C ?  
as follows: 

In this connection it is necessary to differentiate between the average flux and geometric 
concentration ratio. The latest is used to describe the relative size of the absorber. The 
geometric concentration ratio is defined for a parabolic trough collector with a tubular 
absorber as: 

A procedure for calculating the optimum CR of both ideal and real PTC and for any 
incident angle is given in [15]. The optimum CR means the greatest CR which makes 
the absorper recives all reflected radiation. If CR is chosen greater than that, some 
reflected rays will pass by the absorber and do not impinige upon its surface. In this 
case the intercept factor y is of interest in collector design. y is defined as the ratio of 
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the intercepted radiant energy by the absorber to the total reflected energy. Assuming 
that the collector length is so greater than its width, that the end effects of the absorber 
can be neglected, y may be given by: 

d 

=2 prw cos 8 

RESULTS AND DISCUSSIONS 

The concentrated flux pattern on the outer surface of a tubular absorber with a parabolic 
trough collector depends in essence on the ratio f/w of the focal length to collector 
width, and geometric concentration ratio CR. Moreover it depends on the magnitude 
of both the collector contour and sun tracking errors. Concerning f/w, it has been 
revealed in [I51 that the maximum geometric concentration ratio CR is obtained at f/ 
w = 0.25. Most of the commercially constructed PTC, have values of f/w around 0.25 
11-51, Therefore all the following results have been obtained for a PTC having f/w = 
0.25. Besides, it has been assumed that the collector surface reflectivity for short-wave 
radiation is p, = 0.9. The absorber axis is postulated as being located coincident with 
the collector focal line. The following results have been obtained for any site having 
a latitude of 31°N. 

To study the effect of the sun tracking and collector qontour errors, Figure 5 shows 
the local flux concentration ratio CF on the outer absorber surface for an incident angle 
8 = 0". In the left-hand diagram, perfect parabolic contour is considered for all 
transverse sections of the collector; i.e. Azmrr / w = 0. E is chosen to have the values 
of 0'. 15', 30' and 45'. For the right-hand diagram, the curve parameter AzmrX / W, defined 
as the ratio of the maximum contour error to the collector width, is chosen to have the 
values of -0.004, -0.002, 0.002 and 0.004 while E is assigned zero for all curves of 
this diagram (fully precise sun tracking). For better understanding, the variation of CF 
pattern with the error parameters E and AzmrX / W, Table I shows the geometric 
concentration ratio CR, obtained by using the procedure given in [15], for each curve 
of the two diagrams in Figure 5. This figure clearly shows that both the arc angle of 
the irradiated absorber surface and the concentrated flux decrease as E increases. This 
is accounted by the decrease in the geometric concentration ratio CR as i t  can be seen 
from Table I .  It  is to be mentioned here that the curves of CF have irregular change 
in some ranges of the angle (e.g. for E = 0' it occurs between $ = 150' and 210' and 
for E = 45' between $ = 160' and 300'). This is caused by the shadow resulting from 
the absorber itself on the collector surface. 

Table I. Effect of error parameters on geometric 
concentration ratio CR (0 = 0') 

A Z - J W  E (mimtles) CR 
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Investigating the right-hand diagram of Figure 5, one concludes that, an increase in 
Az,,,/ w, in case of its positive values, leads to a decrease in both the arc angle of 
irradiated absorber surface and concentrated flux. The negative values of Az,,, / w make 
the reflected radiation be concentrated on two separate regions of the absorber outer 
surface (e.g. for Az,,, / w = -0.004, the first region lies between 41 = 70' and 170' and 
the second one extends from (I = 200' to 300"). The arc angles of irradiated collector 
surface as well as CF become smaller as Az,,, I w decreases. 

In Figure 6 the concentrated flux patterns are shown for the three chosen cases; E 
= 0' . Az,,, / w = 0 (left-hand diagram); E = 30', Az,,, / w = -0.004 (middle diagram); 
and E = 30'. Az,,, / w = 0.004 (right-hand diagram). The curve parameter is the incident 
angle 0 which has the values of 0'. 22.5" and 45'. I t  is clear from this figure, that the 
arc angle of the irradiated absorber surface is slightly affected by 0, while the 
concentrated flux is significantly decreasing as 0 increases. This is a direct consequence 
of the reduction in the incident solar irradiance on the collector surface due to the cosine 
factor loss and the decrease in the geometric concentration ratio as depicted in 
Table 2. It has been revealed in [I51 that the geometric concentration ratio 

Table 2. Effect of incident angle 0 on geometric concentration ratio CR 

CR is dependent on the incident angle 0 of the sun rays relative to the collector aperture. 
I t  increases with the decrease of 0 and has its maximum at 0 = 0". In order to ensure 
that all reflected sun rays by the PTC surface impinge upon the absorber outer surface 
(i.e. y = I), CR should be chosen for the greatest possible 0 during the collector 
operation period. In this case the absorber diameter has its greatest value. Considering 
that PTC is used 7 hours per day around noon time, the value of 45" for the maximum 
possible 0 is reasonable for the different collector orientations. 

Figure 7 shows the concentrated flux patterns for three absorber diameter ratios; i.e. 
d / d,, = 0.6, 0.8 and 1.0. Hereby d,, is the least absorber diameter for which y = I, 
0 = 45', E = 30' and Az,,, / w = k0.004. The figure represents three cases of the PTC: 
& = 0'. Az,,, / w = 0 (left-hand diagram); E = 30' , Az,,, / w = -0.004 (middle diagram); 
and E = 30' Az,,, / w = 0.004 (right-hand diagram). This figure shows that the arc angle 
generally decreases while the flux intensity increases with the decrease of d specially 
for ideal collector. 
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Figure 8 Dependence of intercept factor and average flux concentration ratio on absorber diameter. 
- 8 = 0  --- 8 = 22.5" - . 8 = 45" 

The average flux concentration ratio C? and the intercept factors y have been 
calculated by aid of Figure 7 and use of equations (18) and (19) respectively . y and 
@are plotted in the upper and lower diagrams of Figure 8 respectively, for 8 = 0°, 
22.5' and 45". It is to be observed &re that the sign of Az,,, / w has a very small 
unremarkable effect on both y and CF. It is obvious from Figure 8 that the intercept 
factor increases sharply with the increase of the diameter ratio, reaching a unity as the 
absorber diameter d is getting closer to the diameter d,:. As is shown in both diagrams, 
the range of the diameter ratio at which y = 1 is greater In case of ideal collector system, 
(E = O', Az,,, / w = 0 ) than that of real one (E = 30' Az,,, / w = fO.O04).ydecreases 
by 10% at did,, = 0.42 and 0.78 for each case respectively when 8 = 0. C F  increases 
very sharply as d decreases in case of ideal collector system, while it is slightly 
decreasing with the increase of d/d ,, in case of real one. Both y and C F  decrease with 
the increase of the incident angle 8 mainly due to the cosine loss factor. 
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CONCLUSIONS 

A solar concentrating system consisting of a parabolic trough collector and a tubular 
absorber, located with its axis in-line with the collector focal line, was investigated. For 
such system, a simple but reliable analytical method was presented, which enables the 
determination of the concentrated flux distribution on the absorber outer surface. By 
aid of this method calculations were made on an example of a site having a latitude 
of 3 l o  N. The results reveal that, the increase of the following parameters; the collector 
contour error, sun tracking inaccuracy, incident angle and absorber diameter tends to 
reduce both the arc'angle of the irradiated absorber surface and the concentrated 
radiation intensities as well. The intercept factor ydecreases slightly with the decrease 
in absorber diameter within some range, then i t  goes down sharply. This range is greater 
in case of ideal collector system than in real one. The average flux concentration ratio 
CF increases considerably in case of ideal system as the absorber diameter decreases, 
whereas C ?  is almost constant for the real collector system. 
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NOMENCLATURE 

effective surface area of the collector 

local flux concentration ratio 
average flux concentration ratio 
geometric concentration ratio 
outer diameter of the absorber 
the smallest diameter of the absorber for y = 1 
0 = 45O, E = 30 and Umnx / w = f 0.004 
focal length 
collector length 
normal unit vector of the absorber surface 
normal unit vector of the plane 5 
concentrated radiation intensity at point C 
normal solar radiation irradiance 
cartesian coordinates with x-axis in the axial direction 
& z-axis is the optical axis 
collector width 

Greek letters 

Y : intercept factor 
Umrl : maximum contour error 
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E : sun tracking error 
0 : incident angle 

: reflectivity of the collector surface for solar radiation. 
: centreal angle of the absorber surface 

rad. 
rad. 
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