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Abstract The present work is aimed at geometrical optimization and
optical analysis of a small-sized parabolic trough collector (PTC). Improving
the performance of parabolic trough collectors can greatly justify the use of
solar energy. An optimized curvature geometry, the location of the absorber
tube, and the heat flux distribution along the circumference of the absorber
tube are major features in the geometric optimization and optical modelling
of parabolic trough collectors. Rim angle, aperture width, the diameter of
the absorber tube, receiver position, and the optimum value of heat flux are
the major parameters considered in this work for geometrical and optical
analysis. The Monte Carlo ray tracing method has been adopted for anal-
ysis. The non-uniform heat flux distribution profile obtained from optical
analysis of the proposed parabolic trough collector has been compared with
the profile available in the literature, and good agreement has been obtained,
which proves the feasibility and reliability of the model and method used
for this study. An experimental new small-sized parabolic trough collector
has been fabricated for the optimized rim angle of 90 deg after a successful
laser light feasibility test. The effect of the absorber tube position along the
optical axis on the heat flux profile was analysed and found to be substan-
tial. Furthermore, the sensitivity analysis of the parabolic trough collector
using the software applied has been discussed separately.
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Nomenclature

As — surface area, m?

Ap —  aperture area, m?

CR — concentration ratio

DNI — direct normal irradiation, W/m?

f — focal length, m

H —  height of the trough, m

L — length of the trough, m

LCR — local concentration ratio

l — length of the absorber tube, m

d, — outer diameter of the absorber tube, m

Tr —  rim radius, m

Wa — aperture width, m

z, y — Cartesian coordinates, m

q ~  local heat flux, W/m?

Greek symbols

ap — acceptance angle, deg
¢r — rim angle, deg
Acronyms
CFD — computational fluid dynamics
CSHFD - circumferential solar heat flux distribution
CSP — concentrated solar power
CTG — circumferential temperature gradient
MCRT - Monte Carlo ray tracing
PTC — parabolic trough collector
SEGS — solar energy generating system

1 Introduction

The parabolic trough collector (PTC) is a line-focused type of concen-
trated solar power (CSP) technology that is prominently used due to its
wide temperature range (up to 400°C). The reflector and absorber tubes
are two major components of PTC. A reflector concentrates incoming beam
radiation at the focus of the aperture at which the absorber tube is kept so
that the heat transfer fluid (HTF) passing through it gets heated [1,2]. Op-
tical performance significantly influences PTC’s overall efficiency. By using
the method of ray tracing, the optimal configuration of the collector with
maximum performance can be obtained. The thermal performance of PTC
systems depends upon optical efficiency, which is significantly influenced
by the geometry of the collector, heat flux intensity distribution along the
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absorber tube circumference, the location of the absorber tube, etc. Various
numerical and experimental analyses have been carried out by numerous
researchers to investigate the heat flux distribution around the absorber
surface of PTC and other CSP technologies.

Wang [3] conducted a review study related to slope error in reflector
surface and sun shape using six different optical modelling tools: SolTrace,
Tonatiuh, Solar PILOT, Tracer, Solstice, and Heliosim. Mwesigye et al. [4]
estimated the heat flux profile on the receiver tube surface of PTC using
Monte Carlo ray tracing (MCRT) and coupled it to computational fluid
dynamics (CFD) for heat transfer analysis. Particularly, they analysed rates
of entropy generation at a range of rim angles, concentration ratios, and
temperatures of flowing fluid.

Many times, the optical efficiency of the PTC system does not reach
expectations due to geometrical and optical faults such as receiver posi-
tion inaccuracy, misalignment, slope, and profile error, among others. It is
important to design by figuring out what these errors are and what they
mean for how well PTC works. Donga et al. [5] studied the influence of
receiver location on the optical and thermal performance of a PTC. The
simulation was carried out by coupling MCRT heat flux distribution data
with CFD. They found that the error in receiver position had a significant
impact on thermal performance and the heat flux profile. Zhao et al. [6]
simulated heat flux distribution along the circumference of absorber tubes
by combining coordinate transformation with the MCRT method. They re-
ported the substantial effects of inaccuracies in receiver position, tracking
errors, geometrical concentration ratios, and incident angle on the solar
heat flux distribution profile. The error becomes larger with an increase in
incident angle and a decrease in geometrical concentration ratios. Tread-
well examined the effects of receiver location errors in the lateral direction
from the focus [7]. When the receiver position was shifted along the lat-
eral y-direction by +£10% of its diameter from the focus, no major change
in the performance of the PTC was detected. He also recommended that
the receiver tube’s diameter be expanded to compensate for misalignment
without compromising the PTC’s performance significantly. Treadwell and
Grandjean said that the receiver positioning error affected the PTC’s an-
nual performance, depending on how much the receiver was moved [8].
The above-mentioned literature shows that the receiver position error has
a considerable effect on the optical efficiency of the PTC and the heat flux
distribution throughout the circumference of the absorber tube, and hence
on the thermal performance of the PTC system.
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The generation of circumferential solar heat flux distribution (CSHFD)
is essential in concentrating solar collectors since it is one of the boundary
conditions for the PTC receivers’ thermal analysis. Various works from
the past are available; a few of them have been discussed here. Ghomrassi
analysed numerically the thermal performance of the PTC receiver tube for
different diameters by coupling CSHFD obtained in SolTrace software to
CFED [9]. Jeter proposed a semi-finite analytical approach for evaluating the
CSHFD of the PTC receiver [10]. Wang et al. [11] investigated the thermal
performance of the PTC system numerically by the finite element method
(FEM). Solar flux densities are evaluated by using the solar ray tracing
method. Cheng et al. [12] investigated the thermal performance of the PTC
receiver by combining MCRT with the finite volume method (FVM) and
compared their findings with the experimental results of Dudley et al. [13].
It was found that the numerical results were quite close to the experimental
results. Among other techniques, the MCRT method is extensively used for
obtaining focused solar heat flux distribution [5,6,9,11,12, 14].

From the above discussion, it is clear that for the efficient functioning
of PTC systems, the optimised collector geometry, the optical model for
concentrated heat flux distribution, and the correct location of the absorber
tube are crucial, among other factors. Aperture width, focal length, and rim
angle are the parameters that define the size and curvature of a parabolic
trough. The rim angle is a single parameter having the capability to define
the cross-section of the parabolic trough [15,16]. Since some smaller and
larger rim angles are not good for a reliable PTC, this study gives an
optimal rim angle for a new small-sized PTC based on the average and
peak values of CSHFD over the absorber tube. More heterogeneous heat
flux densities around the circumference of the absorber tube may result in
a higher circumferential temperature gradient (CTG), increased thermal
stress and strain, damaging the receiver tube and reducing system stability
and safety. The impacts of the receiver dislocation from the focus point as
well as the sensitivity analysis of the PTC have also been discussed.

2 Numerical simulation for design optimization
and fabrication of parabolic trough collector

In this section, the numerical modelling of a new small-sized parabolic
trough collector and fabrication of a laboratory-scale experimental setup
for an indoor experiment have been discussed. In this work, the two major
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components of PTC, namely the reflector and absorber, were analysed.
Other components, such as the sun tracking mechanism, the glass cover,
the heat transfer fluid (HTF), and so on, are irrelevant in this study.

2.1 Consideration of design parameters

To define the physical structure of a parabolic trough, there are mainly four
geometric parameters: trough length, aperture width, rim angle, and focal
length. The size of the absorber tube can be determined by its diameter
and length. The two dimensional (2D) cross-sectional view in Fig. 1 depicts
critical elements for designing a new small-size PTC. The length of the
trough or collector has been determined (1 m) based on prior work related
to small-sized PTC, which reported the length of the collector in the range
of 1-3 m [17-20]. The lower the aperture width of the trough, the shorter
the geometric factor, resulting in greater optical efficiency. For a particular
absorber diameter, however, the concentration ratio reduces as the aperture
width lowers, resulting in large thermal losses. Kalogirou et al. [21] proposed
that the aperture width be reduced to a length ratio of 0.64 after aperture
width optimization to achieve the goal of having a small geometric factor
and a high concentration ratio. Based on the above literature, we can figure
out that the aperture width is 0.64 m for the analysis of the present work.

HTF ‘ocal point (F)
Iy \H Absorber tube
NN
[ ‘\
_\ e
[} \
X
-

% Trough

Figure 1: 2D sectional view of present PTC.

One of the critical criteria for the proper operation of any PTC system is
the selection of the optimum rim angle [16]. A ray tracing software based on
the MCRT algorithm has been adopted for analysing the effect of different
rim angles on the concentrated heat flux and selecting the optimum one.
The parameters of PTC that have been used in the analysis of CSHFD are
listed in Table 1.
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Table 1: Parameters of the parabolic trough collector used in the circumferential solar
heat flux distribution analysis.

Parameters Units Numerical value

Collector length mm 1000
Aperture width mm 640
Absorber tube outer diameter mm 21

Absorber tube inner diameter mm 19

Absorber tube length mm 1000
Direct normal irradiance W /m?2 1000
Concentration ratio - 9.38
Reflectivity of concentrator - 0.88
Absorptivity of the absorber tube - 0.95
Slope error concentrator mrad 2

Specularity error of concentrator mrad 0.5
Sun shape (pillbox) mrad 4.65
Desired number of ray interaction - 106
Maximum number of generated sun rays - 108

The analysis has been carried out for a rim angle ranging within 30-130 deg,
with a gap of 10 deg to obtain the maximum collection of solar heat flux for
a non-ideal concentrator, having the slope and specularity errors mentioned
in Table 1.

As the rim angle decreases, the focal length increases, and concentrated
heat flux falls on a very small region of the bottom outer surface of the
absorber tube while the rest of the tube receives direct normal irradiation
(DNI). In this case, the peak value of heat flux (51.3 kW /m?) is very high,
51.3 times the DNI (1 kW /m?), which can cause thermal stress and damage
to the absorber tube due to the high CTG. In Fig. 2, the effect of one of
the smaller rim angles (30 deg) on concentrated heat flux density is shown
through a ray-intersection plot, contour plot and surface plot.

As the rim angle increases, the focal length reduces, and the reflected
radiations from the outer portion of the concentrator travel a relatively
greater distance. In this case, the outer part of the reflector also contributes
less to reflection. Also, it is clear from Fig. 3 that as the rim angle increases,
the intensity of heat flux decreases (16.8 kW /m?). Large rim angles are also
restricted due to economic constraints and are practically uncomfortable
and difficult to handle. Figure 3 depicts the effect of one of the larger rim
angles (130 deg) on heat flux distribution.
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Figure 2: Effect of small rim angle (30 deg) on heat flux: (a) ray intersection plot,
(b) contour plot, (c) surface plot.

As it follows from the above discussion, due to some reasons, a range of
smaller and larger rim angles are not suitable for a reliable PTC. In the third
case, a medium range of rim angles (90 deg) has been taken for analysing
its effect on heat flux intensity, which is shown in Fig. 4.

In the case of a 90-degree rim angle, the peak value of heat flux is
19.4 kW /m?, which can be seen in the contour and surface plot in Fig. 4.
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Figure 3: Effect of larger rim angle (130 deg) on heat flux intensity: (a) ray-intersection
plot, (b) contour plot, (c) surface plot.

For ease of analysis, the rest of the rim angle range (30-130 deg) and its
effect on heat flux intensity have been tabulated in Table 2.

Table 2 shows that the optimum value of average heat flux for a 90-
degree rim angle is 8.58 kW/m?, while smaller rim angles of 30 deg and
larger rim angles of 130 deg have relatively very high (51.3 kW/m?) and
poor values (16.85 kW /m?) of peak heat flux, respectively, in comparison
to 19.44 kW /m? of peak heat flux for a 90-degree rim angle.
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Figure 4: Effect of medium range rim angle (90 deg): (a) ray-intersection plot, (b) contour
plot, (c) surface plot.

Furthermore, the ideal value of the rim angle for proper operation of the
PTC system is 70-110 deg [16], which is satisfied by the result given in
Table 2. Table 2 shows that the simulated values of peak and average heat
flux for 70-110 deg of rim angle do not vary much. A 90-degree rim angle is
most practically employed in PTC with a circular absorber tube, according
to Jeter [10]. The above discussion proves that the MCRT method used
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Table 2: Comparative analysis of heat flux density for different values of rim angle.

. Uncertainty in Average Uncertainty in
er(il an)gle Pe?ll:\;fl?a%ﬁux peak heat flux heat flux average heat flux
8 ™) (%) (kW /m?) (%)
30 51.3 +0.86 8.55 +0.07
40 35.65 +1.04 8.56 +0.07
50 30.78 +1.12 8.56 +0.07
60 25.86 +1.2 8.57 +0.07
70 23.54 +1.2 8.56 +0.07
80 22.26 +1.32 8.56 +0.07
90 19.44 +1.4 8.58 +0.07
100 20.42 +1.37 8.57 +0.07
110 19.93 +1.39 8.56 +0.07
120 19.81 +1.39 8.55 +0.07
130 16.85 +1.51 6.52 +0.07

in this work is viable and the numerical findings obtained are reliable. So,
a 90-degree rim angle is what we have selected for further numerical analysis
and the fabrication of an experimental setup.

2.2 Data reduction

The different geometrical parameters are discussed mathematically as fol-
lows. The aperture of the parabolic trough collector is represented by the
parabola equation [22,23]:

1.2

- 1
where z and y are Cartesian coordinates and f is the focal length of the
parabola.

The following is the relationship between focal length, aperture width
(Wy), and rim angle (¢,):
Wa
et 2)
4tan ==
2

The minimum theoretical outer diameter of the absorber tube that can
intercept all the reflected DNI is given by the relation as follows [24,25]:

do = 2ry sin OZTD , (3)
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where 7, is the radius of the rim which can be calculated from the relation
[1,26]
2f

" 1+cosey (4)

Ty
Parameter ap is the acceptance angle for maximum concentration and its
value is taken as 0.53° [27].

By using Eqs. (3) and (4) for a 90-degree rim angle, we get a minimum
theoretical outer diameter of 2.96 mm for the absorber tube. However, due
to geometrical imperfections, misalignments, and other constraints, it is dif-
ficult to use the theoretically designed diameter for experimental analysis.
In this study, we used an absorber tube with an inner diameter of 19 mm
and an outer diameter of 21 mm, which is within the range of diameters
used by many researchers to investigate small-sized PTC.

The height of the parabolic trough can be obtained by putting z = Ta

and y = H in Eq. (1), which finally gives

W2
T 16f

()

The surface area (A;) of the reflector is given by the relationship [17]

Wa Wa2 Wa W(%

where [ is the length of the parabolic trough.

As =

Another important geometrical parameter for focusing type of solar col-
lector is the concentration ratio which is given as

_ Effective aperture area (W, —d,)1 )
~ Absorber tube surface area  wd,L '

CR

where L is the length of the absorber tube.

2.3 Design methodology for a new parabolic trough
collector

The flow chart of the design methodology and the fabrication process for
a new small-sized PTC is shown step by step in Fig. 5.
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Figure 5: Flow chart for design methodology and fabrication of a new PTC.

2.4 Experimental design and fabrication of a parabolic
trough collector

This section deals with the experimental process adopted for the design and
fabrication of the PTC. First, a laser light test for the design of the curva-
ture of the PTC has been done to determine the feasibility of the technique.
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After that, an experimental trough with the dimensions shown in Table 1,
including an optimized rim angle of 90 deg and, correspondingly, a value of
the focal length of 160 mm calculated using Eq. (2), was fabricated for the
further study.

2.4.1 Laser light test

This test has been performed for a smaller dimension of the parabola, for
the feasibility test of the procedure, and for the ease of conducting the test.
The materials and parameters used in the test are summarized in Table 3.
Later, this technique was used to create actual troughs for experimentation.
Their dimensions are given in Table 4.

Table 3: Parameters and material used for laser light test.

Parameters and material used Dimensions/Property
Width of aperture 200 mm
Focal length of the parabolic aperture 50 mm
Rim angle 90 deg
Laser light 635 nm
Chrome sheet (reflector) — reflectivity 0.88
Drawing sheet -

Table 4: Description of the components, materials and its dimensions used in the
fabrication of PTC.

Components Material Dimension
End aperture of trough Plywood Width of aperture: 640 mm
Trough Galvanised sheet Length: 1000 mm, width: 640 mm
Absorber tube Copper d; =19 mm, dp = 21 mm
Solar reflector film Chrome sticker Reflectivity: 0.88
Focal length — 160 mm
Rim angle - 90 deg

In this test, a 635 mm laser light was used as the light source, and a drawing
sheet of 1 mm thickness has been shaped into a parabolic curve according
to the coordinate points marked on the sheet, obtained by Eq. (1) for the
parabola and the parabola calculator 2.0 software [28]. A chrome sheet
adhered to the parabolic-shaped sheet was used to reflect the laser light
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that fell on it. We can see in Fig. 6 that the laser light, after reflection from
the parabolic-shaped reflector, exactly passes through the focal point made
at 50 mm focal length, corresponding to a 90-degree rim angle, which proves
the feasibility of the test. Sixteen segment coordinate points for designing an
accurate parabolic curve have been obtained from the parabola calculator,
as shown in Fig. 7. For a 50-mm focal length, the same coordinate points
can also be obtained by using the parabola equation (Eq. (1)).

Figure 6: Experimental view of laser light test.

\u Parabola Calculator 2.0 %
File Options Wifi Calcuations Print About

Enter the Parabola
Dimensions

Both dimensions must use the
same units fintegers on)

Diameter [200 | [ »|
Depth:  [50 0 it |

Focal Length 50.00
Linear Diameter [ 229.47

Segments «|[ || 16

[ Coose ]

Save to Text File

Exit

Figure 7: Snap of the parabolic curve and coordinate points in Parabola Calculator 2.0
software [28].

2.4.2 Fabrication of experimental parabolic trough collector

After a successful feasibility test of the laser light, the same procedure was
used for the fabrication of experimental PTC, as shown in Fig. 8. Table 4
lists the materials and dimensions used in the fabrication of experimen-
tal PTC.
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Figure 8: Experimental view of (a) parabolic aperture drawn on the sheet, (b) trough
with absorber tube, (c) parabolic tough collector with supporting frame.

3 Methodology for heat flux distribution
analysis using SolTrace software

The CSHFED analysis with SolTrace is carried out in the steps depicted in
flow chart (Fig. 9). It is based on an optical interaction technique that uses
the ray tracing method. The programme generates the scatter plot, surface
plot (3D), and contour plot (2D) for the heat flux distribution profile on
the circumference of the PTC absorber [29]. The first step to analysing the
ray tracing is to define the sun’s shape and sun position. There are three
options available to define the shape of the sun, namely pillbox, Gaussian
and user-defined distributions, while the position of the sun is defined either

Sun Shape Profile

T T T T T
-10 -5 0 5 10

Angle from center (mrad)

Figure 9: Flow chart of CSHFD analysis using SolTrace software version 2012.7.9.
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by the global coordinate system or by defining the latitude, day and solar
hour of a particular place. In the present analysis, the sun’s shape is defined
as a pillbox distribution with a half-angle width of 4.65 mrad as shown in
Fig. 10 [11,29,30], and the sun position is defined by the global coordinate
system. The next step is setting the optical properties of the concentrator
and absorber tube as shown in Fig. 9. After defining the optical properties,

[ = J
4’[ Define Sun shape I

Global coordinate Pillbox distribution
system

— g T

Set optical properties,
slope and specularity error

Define system stages ]t:

Edit element Edit element
aperture surface

Set trace options parameter

Desired number Maximum number of
of rav interactions generated sun rays

| Generate results E'

{ End ]‘

e

Figure 10: Pillbox sun shape profile.
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the geometry of the system was developed by setting stage properties and
defining the element aperture and element surface. The desired number of
ray interactions of 10% and a maximum number of generated rays of 108
have been employed in the trace options parameter to obtain an accurate
heat flux profile and save computational time [5]. During simulations, it
has been seen that the value of heat flux changes significantly between
runs when the desired number of ray interaction values is less than 10.
A constant value of DNI 1000 W/m? is employed for the simulation. The
sun'‘s rays first strike the absorber and concentrator, and the reflected rays
from the concentrator fall on the absorber and are absorbed by it.

4 Results and discussion

4.1 Discussion on non-uniform heat flux profile

Figure 11 shows the surface plot of heat flux distribution along the outer
periphery of the absorber tube. The surface plot actually shows the heat
flux distribution on the unwrapped absorber tube, varying from 0-360 deg
from left to right, where 0 deg and 180 deg stand for the top and bottom
positions of the absorber tube, as illustrated in Fig. 12c. As shown in Fig. 11,

18000
16000
14000
12000
10000

Flux

8000
6000
4000
2000

Figure 11: Surface plot of solar heat flux distribution along the absorber tube periphery.
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the curve can be divided into six parts for ease of explanation of heat flux
variation. In the first part of curve depicted in Fig. 11, heat flux intensity
is very low, since in this part, the absorber tube only receives DNI. This
is clear from the graph representing the change in heat flux distribution
with the absorber tube circumferential angle (Fig. 12b) and the scatter
plot shown in Fig. 12a. In the second part, heat flux increases rapidly and
reaches a peak of 19.44 kW /m? at about 112.5 deg circumferential angles
from the top of the tube, as shown in Fig. 12b, then decreases rapidly

(a)
60 -
—
E 50 - 0°
= ——— ==
= | —=— Present work
§ 40
b
=
=
'S 30
=
-
= 90°
Z 20 ¥ 270°
s \\ /\
=
U
o 104 -
o Jemen: T
; T T T T T ; ]
o 45 a0 135 180 225 270 315 360
Absorber circumferential angle (Degree)
(®) ©

Figure 12: (a) Scatter plot for 90 deg rim angle, (b) heat flux vs. absorber circumferential
angle, (c) absorber circumferential angle distribution.
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and reaches a value of 10.55 kW/m? at 180 deg in the third part due to
a decrease in reflected heat flux, which can also be seen in the scatter plot in
Fig. 12a. The curve is symmetrical about 180 deg, and the variation of heat
flux in the next part exhibits the same characteristics as in the earlier one.

These CSHFD can be used as one of the boundary conditions in the
CFD simulations for further thermal analysis.

4.2 Receiver position error analysis

In this part, the numerical modelling software was used to investigate how
the misalignment of the receiver along the optical axis affects the heat
flux profile. For this analysis, the dimensional details have been incorpo-
rated from Table 4 without consideration of a slope or specularity error
(i.e., 0.0001 mrad). As presented in Fig. 13, the centre of the absorber
tube is shifted above the focal point of the parabolic trough by its outer
radius (10.5 mm) in the first case (Fig. 13a), in which most of the re-
flected ray concentrates at the small bottom part of the absorber tube. In
this case, the peak value of heat flux is 76.95 kW /m?, i.e., almost 77 times
DNI (1 kW /m?) which is very high, and will increase CTG in the absorber
tube. The second is the case when the absorber tube is concentric with
the focal point (Fig. 13b). This is the ideal case, where the peak value of
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(a) Scatter plot and contour plot for absorber tube with the centre shifted by 10.5 mm
above the focal point

Figure 13: For caption see next page.
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(b) Scatter plot and contour plot for absorber tube concentric with the focal point
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(c) Scatter plot and contour plot for absorber tube with the centre shifted by 10.5 mm
below the focal point
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Figure 13: Effect of receiver position misalignment along the optical axis on the heat flux
profile.

heat flux is 23.5 kW /m?, and the average value of heat flux is 9.32 kW /m?,
which is greater than the average value of 8.17 kW /m? for the first case and
8.16 kW /m? for the third one. The third case deals with the centre of the ab-
sorber tube being below the focal point by 10.5 mm (Fig. 13c). In this case,
the absorber tube receives a poor value of peak heat flux (12.57 kW /m?).

The above discussion reveals that the heat flux density is significantly
affected by receiver misalignment along the optical axis.
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4.3 Validation of numerical modelling results

For the validation of the present simulation work in SolTrace, the obtained
outcome was compared with Jeter’s result [10]. In his paper, the parameter
local concentration ratio (LCR) is discussed [5]:

g
LCR = 5o (8)

where ¢ represents the local heat flux.

Jeter’s result corresponds to the parameter of the solar energy generat-
ing system (SEGS), solar collector (LS2 — Luz system 2) used in Sandia
National Laboratories. Numerical simulation was carried out at the same
geometrical dimensions, and optical and material properties as presented
in [10] with normal irradiance, 90 deg rim angle and a uniform sun of
0.0075 mrad angular radius. The simulation results of LCR distribution
at the cross-section of the absorber outer surface compared with those re-
ported by Jeter are shown in Fig. 14. The comparison shows that the pre-
dictions agree well with Jeter’s results, which also proves that the MCRT
method used in the present work is viable and the numerical results are
reliable.

—— Jeters result |
50 — —e— Present work |

40 ]

30

20 -

Local concentration ratio (LCR)

o o T T _z._‘l

T T T T T T T T T
o 30 B0 90 120 150 180 210 240 270 300 330 360

Absorber tube circumferential angle (deg)

Figure 14: The LCR distribution — comparison between the present study and Jeter’s
results.
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4.4 Sensitivity analysis
4.4.1 Influence of rim angle on the peak heat flux

The variation of the peak value of heat flux with the rim angle around the
absorber tube periphery is shown in Fig. 15. Within the 30- to 130-degree
rim angle, the peak value of heat flux is very large at 30 deg, with a poor
value for peak heat flux at 130 deg. The peak value of heat flux for the rim
angle varies little in the optimum range (70-110 deg).
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Z 35
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F 30+
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& 25
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15
. T - T r T T T T T T 1
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Figure 15: Peak heat flux vs. rim angle.

4.4.2 Heat flux variation along the receiver circumference
for three different rim angles

The heat flux distributions along the absorber circumference for three dif-
ferent rim angles, namely 30 deg, 90 deg, and 130 deg, are compared in
Fig. 16. Due to concentrated heat flux in a relatively small region of the
absorber tube, a larger spike in the peak value of heat flux can be observed
with a smaller rim angle of 30 deg. A poor value of peak and average heat
flux is found for the relatively larger rim angle of 130 deg, while an accept-
able range of peak heat flux and an optimum average heat flux is observed
for the 90 deg rim angle. The heat flux profile distribution for different rim
angles have been discussed in more detail in Section 2.1.



www.czasopisma.pan.pl P N www.journals.pan.pl

I
Geometrical and optical analysis of small-sized parabolic trough collector. .. 57
50 +
J —es— 90" rim angle
o .

404 —— 20 ;lm angle
“c —— 130" rim angle
=
= 30
]
3 4
B 204
-
>
5
2
T 10
==

[

% T ] T » T % T i T x T - T ' T ] 1
50 0 50 100 150 200 250 300 350 400

Absorber circumferential angle (deg)

Figure 16: Comparison of heat flux profile along the absorber circumferential angle for
different rim angles.

4.4.3 Effect of absorber tube outer diameter on the heat flux
profile

Figure 17 depicts the variation of heat flux distribution with the absorber
tube’s outer diameter. For this analysis, all parameters given in Tables 1
and 4 have been adopted, except for the receiver’s outer diameter. The three
different values of the absorber tube’s outer diameter, 21 mm, 23 mm, and

20

=1
w
1

Heat flux distribution (kW/m®)

T T T T T T 1
s} 45 920 135 180 225 270 315 360
Absorber circumferential angle (deg)

Figure 17: Variation of heat flux along absorber circumferential angle for different outer
diameters of absorber tube.
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25 mm, have been used while keeping the aperture width at 640 mm. As
we know from Eq. (7), the concentration ratio depends on the width of an
aperture as well as the outer diameter of the absorber tube. As the outer
diameter increases, the concentration ratio decreases, resulting in a decrease
in the value of heat flux intensity.

5 Conclusion

The present work focus on the geometrical optimization and optical analysis
of a novel small-sized PTC based on the analysis of heat flux distribution
around the circumference of the absorber tube using a ray tracing software
called SolTrace. The outcome of this study can be summarised as follows:

e Heat flux distribution analysis was carried out for different values of
rim angle within 30-130 deg, and an optimized rim angle of 90 deg was
obtained on the basis of the optimum value of average heat flux and an
acceptable range of peak heat flux to obtain the maximum collection
of solar heat flux for a non-ideal concentrator. Also, the determined
optimum rim angle falls within a range of values obtained by other
researchers in the literature, which proves the Monte Carlo ray tracing
method used in the present work is viable and the numerical results
are reliable.

« Ray-intersection plots, contour plots and surface plots were provided.
Also, the peak and average values of heat flux were presented for the
different values of rim angle 30-130 deg, with a gap of 10 deg.

e An experimental model of a small-sized parabolic trough collector
was designed and fabricated. The curvature of the parabolic trough
was designed for an optimized value of rim angle 90 deg, and other
parameters mentioned in Table 1. A laser light test of a small dimen-
sion parabolic trough was performed first for the feasibility test of
the procedure before fabrication of the actual parabolic trough col-
lector and was found successful. Also, the design methodology was
presented through a flow chart.

e The heat flux around the circumference of the absorber tube is non-
uniform in nature. The heat flux profile is found to be symmetrical
about the bottommost point of the circular absorber tube. The max-
imum value of heat flux is found at the bottom part of the tube
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(112.5 deg and 247.5 deg from the topmost point), and the heat flux
decreases towards the top of the absorber tube due to only direct
normal irradiation falling in this location.

e The effect of the receiver position error along the optical axis on
the heat flux profile was analysed and found to be significant. A re-
ceiver with a centre 10.5 mm above and below the focal point of the
parabolic trough increases peak heat flux by 227.44%, which is very
large and decreases it by 46.8%, which is poor. A very large value of
heat flux caused by concentrated rays at a very small area of absorber
creates a greater value of circumferential temperature gradient, and
a poor value of heat flux may decrease overall performance; hence,
both large and poor values of peak heat flux are not recommended
for the efficient functioning of a reliable before fabrication of the ac-
tual parabolic trough collector and was found successful.

o During the sensitivity analysis of the parabolic trough collector, it was
observed that as the outer diameter of the absorber tube increases,
while keeping the aperture width the same, the heat flux intensity
around the circumference of the absorber tube decreases due to a de-
crease in the concentration ratio.

e The slope error has a significant impact on the uniformity of flux
intensity and the peak heat flux at the focal point. When the slope
error is low, the peak heat flux at the focal point of the trough is
high. When the slope error is high, however, the peak heat flux and
uniformity go down because the rays do not reflect as well off the
concentrator.

e A comparison of the local concentration ratio distribution versus ab-
sorber tube circumferential angle was made between the present work
and Jeter’s result for the optimized value of rim angle 90 deg and the
same geometrical configurations, and the profile of the curve is found
to be very close. This proves that the Monte Carlo ray tracing method
used in the present work is viable and the numerical results are reli-
able.

e The heat flux distribution profile along the absorber tube circumfer-
ential angle generated by using the Monte Carlo ray tracing method
can be utilized as one of the boundary conditions in CFD.
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