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EXECUTIVE SUMMARY

Global warming issues and limited availability of conventional fuels leads the
world to look for alternative energy sources. The energy from the SUN is
abundant and free. It is also clean energy, as it does not produce any greenhouse
gases. Concentrated solar power is one of the technique to harness solar energy.
In which the solar energy is harnessed by concentrating a large number of sun
rays on to a smaller receiver to achieve high operating temperatures. The high
operating temperatures result in high thermodynamic efficiency. Parabolic
trough collector (PTC) technology is well-commercialized electricity
generation technology among the different concentrated solar power
technologies available today. The efficiency of the PTC can be increased by
improving the heat transfer in the absorber tube and/or by improving the
concentration ratio.

To design a high efficient PTC, the optical, thermal and mechanical
properties of the PTC components are vital. In practical conditions, although the
properties of the PTC components are at the design values, the overall efficiency
of the PTC is always below its designed value because of the optical and/or
geometrical errors present in the PTC system. These errors occur during
installation/operation of the PTC system. The high precision installation
methods to avoid those errors are very expensive and complex. The important
errors, which greatly affect the performance of the PTC, are curvature precision
of the reflective (concentrating) mirror and absorber tube misalignment

This work presents the performance of PTC under the influence of
absorber tube misalignment and reflector surface slope error. Optical and

thermal performance of two different PTCs has been evaluated. Optical analysis



viii
of the PTC has been done by using Monte Carlo ray tracing method in the
SolTrace Software. Finite volume method has been used for the thermal
analysis. Variable local heat flux, on the absorber tube, obtained from ray
tracing simulations has been incorporated in finite volume method. The study
has been conducted for LS 2 trough with 70 mm diameter absorber tube and for
Sener trough 2 with two different diameters of the absorber tube, 70 mm and 80
mm. Simulations have been done for slope error and mass flow rate in the range
of 0 to 3 mrad and 1 to 6 kg s respectively. The absorber tube misalignment
up to 30 mm and each in two directions i.e. along the optical axis and lateral
direction has been considered of the LS 2 collector. The intercept factor, Optical
efficiency, temperature gradients in the absorber tube, thermal efficiency and
overall collector efficiency of the PTC have been evaluated. It is found from the
results that collector performance is affected by absorber tube misalignment,
mirror slope error, and absorber tube diameter. It has been studied that intercept
factor decreases by up to 11% under the influence of absorber tube
misalignment by and slope error for 70 mm diameter absorber tube. Results
also indicate that overall collector efficiency decreases by up to 11 % for 70 mm
diameter tube with absorber tube dislocation in the presence of slope error.

This study also presents the improvement of heat transfer inside the
absorber tube using fins. Longitudinal fins are employed inside the absorber
tube of a PTC to increase the convective heat transfer. The PTC having 5 m
aperture width and 1.84 m focal length with an absorber tube of 70 mm outer
diameter is considered for the study. Results of a parametric study conducted
on the conventional receiver and finned tube receiver, for a range of Re from

0.25x10° to 2.82 x10° are compared. A significant improvement in heat transfer



has been observed for finned tube absorber. The maximum improvement in the
Nusselt number is 40.1% and the maximum value of performance evaluation
criteria for the tubular receiver is found to be 1.28 at Reynolds number 2.82
x10°.

In this work, rhombus tube absorber tube has been proposed to improve
the concentration ratio of the PTC. The concentration ratio of the PTC using
rhombus tube absorber has been estimated and presented. An analytical
technique has been developed to determine the optimum size of the rhombus
tube for given trough dimensions. The optimum size of the rhombus tube
absorber is 13.8% smaller than the circular tube absorber for the LS3 trough
with no change in intercept factor. The maximum improvement in the
concentration ratio is found to be 31.5% for the troughs with rim angle 90%n
comparison to circular tube absorber. Results also indicate that rhombus tube

absorber can be employed for a range of rim angle 75to 90degree.
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CHAPTER 1

INTRODUCTION

Global energy demand is increasing day by day to meet the electricity,
heating and cooling requirements of society. Presently, the majority of energy
demand is met by fossil fuels like natural gas, coal, and oil. However, the fossil
fuels release greenhouse gases and its availability is limited. In order to meet
the increasing global energy demand and combating global warming, it is
important to explore renewable energy sources like solar, wind, hydro,
geothermal and biomass. Among renewable energy sources, solar energy has
the greatest potential to meet global energy demand.

Solar energy is abundant and it is available free of cost. It is also clean
energy as it does not release any greenhouse gases [1]. Solar energy is being
used in wide applications such as electric power generation, water heating, air
heating, desalination processes, refrigeration, air conditioning, industrial
processes heating, and food processing [2-4]. Photovoltaic (PV) and
concentrated solar power (CSP) are two widely used technologies to harness
solar energy for electric power generation [5]. In photovoltaics, the SUN light
is directly converted into electricity by using semiconducting materials. In the
concentrated solar power technology, solar energy is concentrated on a smaller
area of the receiver by using reflectors [6]. The thermal energy of SUN rays is
converted into heat in the receiver, which in turn is used to run the heat engines
to generate the electricity [7].

CSP technologies being commercialized are solar tower, linear Fresnel

collector, parabolic dish collector, and parabolic trough collector. Among these

1



parabolic trough collector (PTC) technology is well developed and most
economical [7]. Fig. 1.1 shows the schematic of the typical PTC power plant. A
PTC power plant comprises a PTC solar field, steam boiler, steam turbine,

condenser, generator, and thermal energy storage system.

il Oil Circuit

Turbine

Gernerator

Heat Exchang
Codnser

Solar Trough Field

Fig. 1.1 Schematic of the PTC solar power plant [8]

The energy from the sunrays is captured in the PTC solar field for
heating the heat transfer fluid (HTF). In the solar field, many numbers of PTCs
are joined in series and parallel to achieve the required operating temperature
and flow rate of the HTF respectively. High-temperature HTF (at ~ 390°C)
flows through the steam boiler, where the heat of HTF is transferred to water to
generate high-pressure steam. The high-pressure steam is supplied to the steam
turbine-generator to generate electrical power. The excess heat captured in the
solar field during the daytime is stored by employing a thermal storage system.
In a storage system, the thermal energy of the HTF is transferred to the molten
salt in a heat exchanger. The heat of the molten salt is extracted during the night

time to run the solar power plant. Fig. 1.2 shows the kramer junction solar

2



electric generating station (SEGS I11-VII), California. It is a PTC solar power

plant with a 150 MW of capacity.

&

Fig. 1.2 Kramer junction SEGS 3-7 plant, California. [9]

1.1 Parabolic trough collector

PTC is a line focused concentrated solar collector. The components of the PTC
are shown in Fig. 1.3 [10]. The PTC comprises a cylindrical parabolic mirror,
which focuses the incident solar rays on a heat collection element (HCE) i.e.
Receiver. The axis of the receiver is concentric with the focal line of the
parabolic trough. The HCE absorbs the energy from the concentrated sun rays
and convert it into heat that is transferred to the HTF circulating through the

solar field.



Parabolic Trough Reflector

Fig. 1.3 Parabolic trough collector [11]
1.1.1 Geometry of PTC

The geometry of the PTC can be described by the following parameters i.e.
aperture width (w), focal length (f), rim angle (v) and length of the trough (L)
as shown in Fig. 1.4. The curvature of the parabolic concentrator (reflector)

follows the Eqgn. (1.1),
XZ

Y=F—— 11
T (11)

where “F” is the focal length of the parabola.

Aperture width is defined as the distance between two rims of the parabola. The
rim angle is the angle between the optical axis and the line joining the parabola
rim with the focal point. The rim angle can be calculated from the aperture width

and focal length as given by Eqn. (1.2).
w
WZ
2(F - 7¢5)

Out of these three parameters (aperture width, focal length, and rim angle), any

Y = tan™? (1.2)

two parameters are required to determine the size of the parabola.
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1.1.2 Heat Collection Element

The HCE comprises a metal absorber tube enclosed within a concentric glass
tube but separated by a vacuum space. The evacuated space in the HCE
minimizes the convective heat losses. The glass tube allows the solar radiation,
reflected from the parabolic mirror, to reach the absorber tube. The absorber
tube absorbs the radiation to convert it into heat. The heat is transferred to the
HTF circulating through the absorber tube. The outer surface of the absorber
tube is coated with a material having high absorptivity and low emissivity to
increase the absorption of radiation and to reduce the radiation heat loss from

tube surface respectively. The optical characteristics of the selective coatings

are presented in Table 1.1.

Table 1.1 Selective coatings [7]

Fig. 1.4 Cross-sectional view of the PTC

HCE Absorptance Emittance
Luz Cermet 0.915 0.14
Solel UVAC 0.95-0.96 0.15




The cross-sectional view of the HCE is shown in Fig. 1.5, where dg; is a glass
tube inner diameter, dgo is a glass tube outer diameter, dri is the inner diameter

of the absorber tube and dyo is the outer diameter of the absorber tube.

J‘.'
0{)
Glass Tube ~ !
y
Vacuum
Space HTF
000 - ¢

- 270°

Fig. 1.5 Cross sectional view of the HCE

1.2 Concentration ratio

The concentration ratio (CR) is one of the important parameters in concentrating
collectors. Itis for achieving the operating temperatures in the power plant [12].
The CR represents the enhancement of solar energy received on the reflective
surface of the concentrator. The higher CR leads to higher operating
temperatures and results in a higher Rankin efficiency. The concentration ratio
is classified as optical concentration ratio and geometrical concentration ratio.

The optical concentration ratio is defined as the ratio of average irradiance over



the absorber surface to the direct normal irradiation on the collector aperture.
The geometrical concentration ratio is the ratio of the aperture area of
concentrator and the surface area of the absorber. The geometrical concentration
ratio is given by Eqgn. (1.3)

CR_AC_WL_W (13)
A, mdlL md '

Where Ac is an aperture area of concentrator and Aa is the area of the outer
surface absorber tube.

The optical concentration ratio is always lower than the geometrical
concentration ratio on account of optical losses.

1.3 Sun Tracking System

Tracking of Sun is required to receive maximum direct solar radiation in case
of concentrating collectors. As the PTC is a line-focused collector, the single
axis sun tracking is required as shown in Fig. 1.6. The rotational axis is normally
at the vertex line of the parabolic trough or in a parallel position to it. The
parabolic troughs in the solar field can have any horizontal orientation. The
north-south alignment with east-west tracking is preferred in power plants. East-
west alignment with north-south tracking was used for experimental purposes
only. Depending on the latitude where the power plant is installed, different
orientations have different effects on the energy yield of the power plant. For
latitudes below 40° and, generally, not too close to the equator (not below 15°),
the following holds:

The East-west alignment has the following advantages and disadvantages:

(i) The collector performance over the day is quite uneven. Due to large
incidence angles, the collector performance is reduced considerably in the hours
after sunrise and the hours before sunset. At noon, the full aperture always faces
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the Sun. This means that the highest possible thermal peak power of the solar
field at a given direct irradiance is always reached if it has east-west alignment
(but not necessarily if it has a north-south alignment).

(ii) Energy yield differences between summer and winter are smaller than for
north-south alignment.

(iii) Quite small tracking movements are required during the day.

(iv) The annual energy yield is lower than for north-south alignment.

Parabolic Trough
Reflector

Collector
Supports

Rof;iiznat
Fig. 1.6 Single axis tracking of PTC [13]

The North-south alignment has the following advantages and disadvantages:
(i) The collector performance over the day is quite even.
(ii) Due to incidence angle differences between summer and winter, the seasonal
energy Yield differences are larger than for east-west alignment.
(iii) The annual energy yield is higher than for east-west alignment.
The moment of the PTC is controlled by a drive unit, which moves the collector
assembly in the sun direction. The drive units must be sufficiently strong to be

able to move collector assemblies and to maintain them in the right position also



under wind conditions. Mechanically, the drive unit can be realized as a motor-
gearbox unit determining the direction of rotation.

1.4 Heat transfer fluid

The function of HTF in a PTC power plant is to absorb the thermal energy in
the PTC and transport it to the power generation block and realizing it in the
boiler to generate the steam. However, there are two different types of heat
transporting methods to transport the heat from the PTC to the power generation
block. In the first method, the HTF is used to transport the heat from the PTC
to the power block where the heat from the HTF is extracted to generate the
steam to run the turbine. This is called indirect steam generation system. In the
second method, the steam is directly generated in the PTC absorber tube. This
is called direct steam generation system. In the direct steam generation systems,
the heat transfer medium is water/steam of the Rankin cycle itself. In the indirect
steam generation systems, synthetic oils are used as HTF. The commercial PTC
power plants are usually equipped with indirect steam generation systems.

The HTF in indirect steam generation plants has to meet certain
requirements. It should have a high evaporation temperature and low freezing
temperatures so that it will not evaporate at high temperatures and no freezing
protection devices are required if the temperatures in the solar field are very
low. The HTF should have high specific heat so that a high amount of heat can
be stored and transported. It should also have high thermal conductivity for
quick heat transfer processes. Low viscosity is important to reduce pumping
energy. Low investment costs and sufficient availability are also important

criteria. Finally, environmentally friendly materials are preferable as well as



materials with low inflammability. Properties of some of the synthetic oils used

as HTF in the commercial power plants are presented in Table 1.2.

Table 1.2 Correlations for the HTF properties.

a+ bT(K) + cT?(K) + dT3(K) + eT*(K)
HTF Properties a b c d e Tempera
ture (K)
p(kg m?) 1.1E3 -41E-1 | -6.06E-4 0.0 0.0 283.15-
673.15
cp(Ikg™KY) 1.1E3 1.7 0.0 0.0 0.0 373.15-
Syltherm 673.15
800 MWmt K?) 1.9E-1 -1.87E-4 | -5.75E-10 0.0 0.0 283.15—
673.15
p(Pas) 8.48E-2 -5.54E-4 | 1.38E-6 -1.56E-9 6.67E-13 | 283.15—
673.15
p(kg m®) 2.26E3 -0.636 0.0 0.0 0.0 573.15-
873.15
cp(IkgiK) 1.39E3 0.172 0.0 0.0 0.0 573.15-
. 873.15
Nitrate Salt - Tk 38161 190E4 | 00 0.0 00 573.15-
873.15
p(Pas) 7.55E-2 -2.77E-4 3.48E-7 -1.47E-10 0.0 573.15—
873.15
p(kg m) 1.67E3 -7.67E-2 | 0.0 0.0 0.0 477.15-
755.15
cp(IkgiK?) 2.81E3 0.0 0.0 0.0 0.0 294.15-
. 866.15
Hitec XL MWmt K?) 1.05 -6.58E-3 2.48E-5 -3.766E-8 192E-11 | 422.15-
773.15
p(Pas) -7.58E-2 6.93E-4 | -1.80E-6 1.95E-9 -7.87E- | 422.15-
13 811.15
p(kg m?) 1.34E3 -8.04E-1 | -1.15E-3 2.36E-6 0.0 285.15—
673.15
cp(IkgK?h 9.20E2 2.24 1.24E-3 -1.83E-5 4.41E-8 285.15-
Therminol 673.15
VP1 MWm? K 1.45E-1 2.92E -5 -2.16E-7 3.30E-11 -7.2E-15 285.15-
673.15
H(Pas) 10-6 e(% - 2.59578) 285.15—
' 673.15

1.5 Efficiency of PTC

PTCs are used to collecting the heat from the available solar radiation and

transfer it to the HTF. Therefore, the collector efficiency of the PTC can be

defined as the ratio of heat absorbed by the HTF to the amount of energy

incident of the aperture area of the collector as given in the Eqgn. (1.4)

Heat gain by the HTF

MNe

10

- Energy incident on the aperture T Iwl

(1.4)



Where 1 is the direct normal irradiation, a is aperture width, L is the length of
the collector and Qq is heat gained by the HTF in the absorber tube and it can
be calculated by using Eqgn. (1.5)

Qg = M. Cp(Tin — Toue) (1.5)
The heat absorbed by the HTF in the PTC is always below the amount of energy
incident of the aperture area of the collector because of energy losses at the
various stages in the PTC. These losses include optical and thermal losses.
1.5.1 Optical losses
The total solar radiation incident on the aperture of the collector does not reach
the absorber tube due to the optical losses in the PTC system. The optical losses
occur due to the limited reflectivity of the mirror, absorptivity of the absorber
tube and transmissivity of the glass tube. The optical losses also occur due to
geometrical and optical errors present in the PTC system. During the
construction and operation, the PTC system commonly encounters with these
errors. The errors include receiver tube position error, profile error, local slope
error, misalignment of the reflector and tracking error [14]. All these errors
collectively reduce the intercept factor (y). The optical performance of the PTC
is commonly described by intercept factor and it is defined as the fraction of the
number of the rays reflected by the collector that will be intercepted by the
absorber [15].
1.5.1.1 Optical efficiency
The optical efficiency of the PTC can be defined as the ratio of amount radiation
reaching the absorber tube to the radiation incident on the absorber. The optical
efficiency of the PTC can be calculated using Eqgn. (1.6) given by Guven and

Bannerot [14]
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Qo = K(6) pm(Tgt@at)ny (1.6)

1.5.2 Thermal losses

The HCE of the PTC is a complex heat exchanger, which converts the radiation
into thermal energy. Thermal losses occur from the HCE to the atmosphere in
the three modes of heat transfer; conduction, convection, and radiation. The
thermal losses depend on the absorber tube temperature and ambient
temperature. These losses increase with the increase of the temperature
difference between the absorber tube and atmosphere. The energy flow in the

HCE including losses is shown in Fig. 1.7.

absorption

1

reflection

. thermal

) 1\ radiation

l—n convective
loss

Fig. 1.7 Heat flow in the HCE
1.5.2.1 Thermal efficiency
The thermal efficiency of the collector is defined as the ratio of the heat
absorbed by the HTF to the energy incident on the absorber tube and it is given
in Egn. (1.7)

Heat gain by the HTF Qq

= = 1.7
e Energy incident on the absorber q.m.d,,.L (37

Where q is average heat flux over the absorber tube

12



1.6 Thesis organization.

The remaining chapters of this thesis have been organized in the following
manner.

CHAPTER 2 deals with literature review related to common optical and
geometrical errors encountered in PTC during the construction and operation of
the PTC.

CHAPTER 3 explains the numerical methodology adopted in this study for
optical analysis and thermal analysis. The validation of optical and thermal
analysis results are also presented in this chapter.

CHAPTER 4 discusses the effect of absorber tube misalignment on the optical
and thermal performance of the LS2 collector. Variation of optical efficiency,
thermal efficiency and temperature gradients in the absorber tube for various
operating conditions are presented.

CHAPTER 5 discusses the effect of absorber tube misalignment and slope error
on the optical and thermal performance of the sener trough 2 collector. Variation
of optical efficiency, thermal efficiency and temperature gradients in the
absorber tube for various operating conditions are presented.

CHAPTER 6 discusses the improvement in the thermal performance of the PTC
with finned absorber tube. Temperature gradients in the finned absorber tube
and un-finned absorber tube are presented. The improvement in the Nusselt
number, performance enhancement criteria are also presented.

CHAPTER 7 discuss the improvement in the concentration of the PTC with
rhombus tube absorber. The improvement in the concentration ratio with
rhombus tube absorber for different rim angles is presented. Variation of

intercept factor with slope error is also presented.
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CHAPTER 8 summarizes the major conclusions of the present study and offers

the future scope of the work.
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CHAPTER 2

LITERATURE SURVEY

The extraction of maximum thermal energy from available solar irradiation is
one of the challenges in PTC. This can be achieved by improving the heat
transfer in the absorber tube and/or by improving the concentration ratio. In the
past few decades, many researchers [10, 15-20] have presented studies to
improve the efficiency of the PTC,; still, there is a scope for improvement in
some aspects [21].

The thermal output of the PTC system depends on its optical efficiency
and distribution of solar heat flux over the absorber tube. The optical efficiency
and heat flux distribution of the PTC are significantly influenced by (i) the
geometry of the collector, (ii) sun incident angle, (iii) optical properties of the
materials used, (iv) optical and mechanical precision of the system elements
[14, 22, 23]. To design a high efficient PTC, the optical, thermal, and
mechanical properties of the PTC components are important [7, 24, 25]. In many
cases, the optical performance of the PTC system is below the expectations even
though the optical parameters such as reflectivity, specularity, transmissivity,
and absorptivity are within the design values. It may be due to optical and
geometrical errors present in the system. These errors occur during the
installation/operation of the PTC system [14, 16, 22, 26]. The high precision
installation methods are very expensive and complex [26].

2.1 Optical and geometrical errors
The important optical and geometrical errors, which extensively affects

the intercept factor, are curvature precision of the reflective (concentrating)
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mirror, tracking error, absorber tube misalignment and specularity of the mirror
[15, 22-24, 26-30]. In some studies [15, 16], the errors were treated
independently; random processes and their occurrences were approximated by
Gaussian probability distributions. The total error is given by Eqgn. (2.1).
Ofot = Ofun + (2 X 0510)? + O + 045 + 0q (2.1)

Where oot represents the total error distribution, osun IS the standard deviation of
the sun’s energy distribution, osio IS the slope error distribution, omir is the
specularity error distribution, ogis IS the receiver misalignment convolution
distribution and o is the tracking error distribution. [10].

Guven and Bannerot [14] studied different types of errors encountered
and their influence on the optical performance of the PTC system. Thomas and
Guven [31] proposed an analytical method to determine the effect of the
receiver position error on the circumferential distribution of heat flux on the
outer surface of the absorber tube. A series of experimental and analytical
studies have been carried out to study the effect of optical and geometrical errors
on the optical performance of the PTC [22, 26, 32-38].

2.1.1 Slope error

The curvature precision of the mirror is mainly described by two
parameters profile error and local slope error. The profile error is the deviation
of parabolic curvature from the designed shape and the slope error is the local
deviations in the reflective mirror from the designed curvature as shown in Fig.
2.1. The deviations in the parabolic curvature occur due to the thermal
expansion of mirror supporting structure, wind loading and gravity [39]. The
slope error significantly degrades the optical performance of the PTC system

[22, 27, 40]. Out of all these errors, the effect of slope error on collector
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performance has been studied in detail [22, 27, 40]. Mwesigye, Huan [22]
reported a numerical study on the effect of slope error on the optical, thermal

and thermodynamic performance of the PTC system.

Absorber tube

Incoming ray
Ideal mirror

Real mirror

- - -- |deal reflected ray
- - - - Real reflected ray

Fig. 2.1 Slope error
2.1.2 Tracking error
The Tracking error is defined as the deviation of the optical axis of the
parabolic concentrator from the sun position [15] as shown in Fig. 2.2. The
tracking error occurs due to improper tracking mechanisms of the PTC system.
Zhao, Xu [26] reported that the tracking error significantly affects the heat flux

distribution over the absorber.
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* /Tracking error
/< Absorber tube

Parabolic
concentrator

Fig. 2.2 Tracking error
2.1.3 Absorber tube misalignment

The absorber tube misalignment may be stated as the deviation of the
axis of the absorber tube from the focal line of the cylindrical parabola. Due to
the deviation of absorber tube from its ideal position the absorber tube may not
receive all the radiation reflected from the reflecting surface as shown in Fig.
2.3. The effect of absorber tube misalignment on the optical performance of the
PTC is well explored but its effect on the thermal performance of the PTC is
unexplored.

The various probable reasons for absorber tube misalignment are : (i)
improper mounting of the absorber tube-supporting frame [41], (ii) thermal
stresses in the absorber tube [42, 43], (iii) variation in operating temperature
from the designed value [24], (iv) distortion in the collector supporting frame

due to wind load and gravity [23], (v) sagging of the absorber tube between the
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supports due to its own weight and weight of the heat transfer fluid (HTF) [42,
44], (vi) sagging in the absorber tube-supporting frame due to dead weight of
absorber tube and weight of HTF [24] and (vii) forces and torques from flexible

tube connectors [45].

Absorber tube

Incoming ray
Ideal absorber

—— Displaced absorber

Fig. 2.3 Absorber tube misalignment

The absorber tube misalignment significantly degrades the optical
efficiency of the PTC [23, 24, 46]. It also affects the heat flux distributions over
the absorber tube [26], causing damage of the glass tube and malfunctioning of
the tracking system [24, 47]. Some studies, experimental and analytical, on PTC
performance with absorber tube misalignment without considering the surface
slope error have also been reported in the literature. Treadwell [16], in 1976,
had conducted an experimental study to determine collector efficiency by
considering absorber tube misalignment. A PTC having an aperture width of 2
m, rim angle of 90° and absorber tube diameter of 25.4 mm was studied for the
range of absorber tube misalignment from 0 to +30 mm. Treadwell and

Grandjean [48] by using experimental data of the study of Treadwell [13]
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developed a computer code to predict annual collector performance. In 2007,
Lipfert, Pottler [32] studied the influence of tracking error and absorber tube
misalignment on the optical performance of the LS3 collector. Zhu [23]
presented a FirstOPTIC analytical technique to analyze the effect of absorber
tube misalignment on the intercept factor. Khanna, Kedare [27] presented an
analytical technique to find the distribution of heat flux over the absorber tube
with absorber tube misalignment. In 2016, Zhao, Xu [26] have studied the
optical performance of the PTC with tracking error and absorber tube
misalignment. In their study, the heat flux distribution over the absorber tube
for different geometrical concentration ratios, tracking errors and receiver
misalignments was presented.

From the above discussions, it is clear that the effect of absorber tube
misalignment on the optical performance of the PTC is well studied [23, 26, 27,
32]. Detailed thermal analysis (heat flux distribution on absorber tube,
temperature gradients in absorber tube and thermal efficiency) of the PTC with
absorber tube misalignment by considering slope error has not been explored.
The absorber tube misalignment substantially influences the heat flux
distribution over the absorber tube and the local heat flux affects the heat
transfer in the heat collection element (HCE) resulting variation of temperature
gradients in the absorber tube. It is desirable to maintain the temperature
gradient in the absorber tube within design limits to avoid the damage of the
HCE due to thermal stress [49]. The detailed heat transfer analysis of the HCE
IS necessary to obtain the temperature gradients in the absorber tube and to know

the overall performance of the PTC. Also for most of the accurate parabolic
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trough collectors, a slope error of small magnitude may be expected hence slope
error must be considered for performance evaluation of collectors.
2.2 Improving the heat transfer in the absorber tube

One of the most important challenges related to PTC is to increase the heat
to be transferred from the absorber tube to the heat transfer fluid (HTF) [50, 51].
Improvement in heat transfer rate to HTF reduces the total number of receiver
elements required in a solar field as the thermal output per an element increases
[52]. Installation and operational costs are reduced with the lesser number of
receiver elements thus improving the overall economics of the PTC system.
Heat transfer rate in the absorber tube can be increased by providing more
contact area to the fluid. Employing fins in the absorber tube is the best way to
increase the fluid contact area and hence heat transfer rate. In active and passive
methods, the passive method is widely accepted [53]. In passive method heat
transfer rate is increased by increasing fluid contact area using fins. However,
the pressure drop may increase with fins leading to more requirement of
pumping power. Therefore, it is equally important to study both heat transfer
and pressure drop in a receiver with fins.

Few studies have been reported in the past on improving heat transfer rate
in the absorber tube by employing fins. Reddy, Kumar [50] were the first to
study heat transfer characteristics of PTC receiver with longitudinal fins and
porous fins. Longitudinal fins and porous fins were employed throughout the
inner circumference of the tube. It was reported that inclusion of porous fins in
receiver enhances the heat transfer by 17.5% on account of 2 kPa pressure drop.
Cheng, He [54] have introduced the vortex generators inside the lower portion

of the absorber tube to enhance the heat transfer and a maximum improvement
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of 1.14 in the performance evaluation criteria are reported. Gong, Wang [55]
had carried out a numerical study to enhance the heat transfer in a PTC receiver
by using internal pin fin arrays and a 9% improvement in the average Nusselt
number and 12% improvement in the overall heat transfer performance factor
was reported. The studies [50, 55] suggest that pin fin can enhance the heat
transfer but on the cost of significant pressure drop. Employing the longitudinal
fins at the location of peak solar flux on the absorber tube may give better
performance due to increased effective heat transfer area. A detailed heat
transfer analysis needs to be conducted to evaluate the heat transfer
enhancement and also the pressure drop.
2.3 Improving the concentration ratio

Improving the concentration ratio is one of the challenges in parabolic
trough collector. From the Eqn. (1.3), it is clear that CR can be increased by
increasing the size of the concentrator or decreasing the size of the absorber.
The large size concentrators may have installation and operational issues such
as structural stability under gravitational and wind loads. Also, high profile
errors may be encountered during the operation of these PTCs. Over the decades
the size of the concentrator has been increased and a maximum aperture size of
6.8 m is currently available commercially [12]. An added advantage of using
smaller size absorber is a reduction in heat losses and improved thermal
performance of PTC [12]. However, the minimum size of the absorber is limited
by focal length, aperture width, Sun shape, slope error, specularity error,

receiver misalignment and tracking error of the PTC [12].
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Fig. 2.4 Visualization of ray tracing with secondary mirrors [56-59]

Many solutions were proposed in the past to increase the concentration
ratio of the PTC system by reducing the size of the absorber [56-59]. Use of the
secondary mirrors of different shapes (flat and non-flat) behind the absorber
tube is one of the techniques to decrease the size of absorber by sacrificing
minimum reflected energy [12, 59-63]. Some of the proposed designs and
shapes of secondary mirrors are shown in Fig. 2.4 [12, 56, 63-65]. The optical
analysis performed on the PTC, with modified absorber, shows a 66%
improvement in CR for LS1 collector with a 25% loss of total energy due to a
shadow of the secondary mirror and loss of radiation through the gap between
the absorber and secondary mirror [12]. Drawbacks of using a secondary mirror
are increased cost and greater complexity of the receiver assembly. Secondary
mirrors also produce a shadow on the absorber and/or concentrator thus
constraining full capacity utilization of PTC. Modification in the shape of the

absorber can be another option to increase CR without using secondary mirrors.
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In the present study, a rhombus-shaped linear absorber is proposed for
the PTC system to improve the geometrical concentration ratio, with almost
same intercept factor as in circular tube absorber, by decreasing the size of the
absorber, without using secondary mirrors. The intercept factor is defined as the
ratio of solar energy reaching the absorber to the energy incident on the
parabolic trough. A mathematical model has been developed to obtain the
optimum size of rhombus tube absorber taking into account the acceptance
angle, focal length and rim angle of the trough. A comparative study on CR of
troughs using circular and rhombus tube absorber is also presented.

2.4 Optical analysis

As evident from the above literature, the receiver position error significantly
affects the optical efficiency of the PTC and circumferential distribution of solar
flux on the absorber tube, hence the thermal performance of the receiver.

The circumferential distribution of solar heat flux on the outer surface
of the absorber tube is required as it is one of the boundary conditions in thermal
analysis of the PTC receiver. Jeter [66] presented a semi-finite formulation
technique for calculating the solar flux distribution on the circumference of the
PTC receiver. Later on, Jeter [67] presented an analytical technique to calculate
the circumferential solar flux distribution. Khanna and Sharma [40] presented
an explicit analytical expression for the calculation of solar flux distribution on
an undeflected absorber tube, by considering the sun shape and optical errors.
Another technique to obtain the solar heat flux distribution is ray tracing. Monte
Carlo ray trace (MCRT) method is widely used and it is a convenient technique
to obtain the concentrated solar flux distribution [68]. Cheng et al. [69], He et

al. [70] and Cheng et al.[71] have estimated the distributed solar flux by MCRT
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method and the results of their studies were in good agreement with the
analytical study of Jeter [66]. Ghomrassi et al. [72] used MCRT in SolTrace
software to obtain the solar flux distribution for different absorber tube
diameters. Mwesigye et al.[22] used the MCRT method in SolTrace software to
estimate the solar flux distribution on the absorber tube for different values of
local slope error and mirror specular error. Zhao et al. [26] also obtain the solar
flux distribution for different receiver position errors, and tracking errors by
using the MCRT method. Monte Carlo ray tracing (MCRT) method is the most
extensively used technique in the optical analysis of the CSP devices in presence
of geometrical/optical errors as it is more convenient and accurate [22, 26, 55,
68-79]. The same method has been adopted in the present study.
2.5 Thermal analysis

Many heat transfer models are available in the literature to analyze the
heat transfer characteristics in the HCE of the PTC system. Some past models
are based on the assumption of a uniform heat flux distribution [19, 80-86] over
the absorber tube. These models do not predict temperature gradients in a glass
tube and absorber tube. Recent models have considered the non-uniform heat
flux distribution over the absorber tube [22, 37, 71, 87-89]. Non-uniform heat
flux distribution can be obtained from an optical analysis to carry out heat
transfer analysis. In the presence of absorber tube misalignment, the heat flux
distribution over the absorber tube can be obtained by using analytical
techniques [23, 27, 40]. Cheng, He [69] modeled the heat transfer in HCE by
coupling MCRT with Finite volume method (FVM) and found very good
agreement with the experimental results of Dudley, Kolb [90]. It was concluded

that the simulated results [69] were in close agreement with the experimental
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data [90], and the average relative error of collector efficiency was found within
+2% [69]. Subsequently, many researchers [22, 55, 69-72, 74-76, 91-94] have
used the MCRT method coupled with FVM in their numerical studies for the
thermal performance evaluation of the PTC system. A good agreement between
the results of numerical studies [22, 69-71] and experimental studies [90] has
been reported. As MCRT coupled with FVM technique is well studied and

validated same has been adopted in the present study.
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CHAPTER 3

NUMERICAL METHODOLOGY

In order to evaluate the overall performance of the PTC, the optical analysis of
the PTC and the thermal analysis of the HCE are need to be conducted
separately. The combined results present the overall performance of the PTC.
The numerical optical analysis involves the ray tracing simulation of the PTC
for a given geometrical and optical properties PTC components. The intercept
factor, optical efficiency, and heat flux distribution over the absorber tube can
be obtained from the optical simulation of the PTC.

The heat flux distributions obtained from the optical analysis are used in
the heat transfer analysis of the HCE to simulate the heat transfer including
conduction, convection, and radiation. The heat transfer analysis provides the
temperature of the HTF, temperature gradients in a glass tube and absorber tube,
heat loss from the HCE, heat gain by the HTF and pressure loss of the HTF in
the HCE.

3.1 Optical analysis

The optical analysis of the PTC has been performed by using Monte Carlo Ray
Tracing method in SolTrace software. The SolTrace software allows the user to
simulate the PTC optically with optical and/or geometrical errors. The sun shape
also can be specified in the software. A sample ray tracing simulation of the

PTC using SolTrace software is shown in Fig. 3.1.
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Fig. 3.1 Sample ray tracing simulation in SolTrace

3.2 Thermal analysis

The thermal analysis of the HCE has been carried out using the finite volume
method (FVM) in Fluent® software. The value of distributed concentrated solar
heat flux obtained by the MCRT method is introduced as a boundary condition
in Fluent® software for successive thermal analysis. The results of numerical
simulations have been used for the calculation of thermal efficiency and overall
collector efficiency.

3.2.1 Governing equations

Reynolds-averaged Navier-Stokes (RANS) equations have been used to analyze
the thermal performance of the receiver in FVM in the present study [95, 96].
Those are time-averaged equations of the turbulent flow for the conservation of
mass, momentum, and energy given by Eqgn. (3.1) - (3.3) in Mwesigye et al. [22]
and Fluent ® [95].

Continuity equation:

a
a—xi(Pui) =0 3.1)

Momentum equation:
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In the above equation , the term —pu;u; (Reynolds stresses) calculated by eddy
viscosity model which uses the Boussinesq hypothesis for correlating Reynolds
stress to mean velocity gradients. The Reynolds stresses is calculated using Eqgn.

(3.4).

— aui+auj 2<k+ (’)uk>6 34
pUU; = [y ox, o, 3 \PkF e (3.4)

Where K is turbulent kinetic energy obtain by Eqn. (3.5) and y; is eddy viscosity
obtain by Eqgn. (3.6). The Boussinesq hypothesis assumes turbulent viscosity
(u:) 1s an isotropic scalar quantity. This model is relatively involve a low
computational cost for estimating the value of turbulent viscosity (u.). The
realizable k — e eddy viscosity model has been used to compute the eddy
viscosity (u;). Two additional transport equations, turbulent kinetic energy (k)
given in Egn. (3.7) and turbulent dissipation rate (&) given Eqgn. (3.8) are solved

to find the k and &, these values are substituted in Eqn. (3.6) to find u, [97].

1
k= Eu{u{ (3.5)
k2
pe = pCy— (3.6)
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Turbulent kinetic energy (k) equation:

@ ;) =

( +ut) il 3.7

Turbulent dissipation rate (&) equation:

2

&
k + vve (38)
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Where

€, = max [0.43, "] n=5% 5=

Gy 1s gea neration of turbulence kinetic energy due to the mean velocity

gradients given in Egn. (3.9)

Ju
Gie = —pujiy = = [heS? (3.9)

The turbulent model constants for the realizable k — e model are: [95]

C,=19, o0,=10, o0,=12

1
C, = —
Ay + Ag =
Where,
Ay = 4.04

Ag =\/€COS[ cos~1(V6 S”Sjkskl ]

S~ = S S and SU (au} + au)

K ox; = 0x;

In addition to the conservation of mass, momentum and energy equations, the
radiative heat transfer equation (RTE) is modeled using the discrete ordinates
(DO) radiation model. The discrete ordinates radiation model solves the

radiative transfer equation (RTE) for a finite number of discrete solid angles,
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each associated with a vector direction s fixed in the global Cartesian system.
In the present study, all the surfaces of the receiver tube are assumed gray. Eqgn.
(3.10) shows the Radiative transfer equation (RTE) for gray radiation in the
direction s as a field equation [95].

V.(I(7,5)8) + (a + a-)I(T,5)

oT* g, (4T (3.10)
=an —+—=| I#3)P(33)d’
m  4m),

Where 7 is position vector, § is direction vector, s’ is scattering direction vector,
‘a’ is absorption coefficient, ‘n’ refractive index, gy is scattering coefficient, o
is Stefan-Boltzmann constant, | is radiation intensity, T is temperature, @ is
phase function and 2’ is the solid angle.

3.2.2 Simulation assumptions

The following assumptions are made in the FVM analysis: (i) steady state, (ii)
isotropic and homogeneous material properties, (iii) turbulent flow, (iv) all
surfaces are gray and diffusive, (v) negligible buoyancy generated turbulent
kinetic energy, (vi) incompressible fluid, (vii) only radiative heat transfer
between the outer surface of the absorber tube and inner surface of the glass
tube is considered, and (viii) heat transfer fluid used was syltherm800. The
physical properties of syltherm800 are considered as a polynomial function of
temperature. The density (p), specific heat (cp), thermal conductivity (A) and
viscosity (k) are given in Eqn. (3.11), (3.12), (3.13) and (3.14) respectively [71].

p = 1.105702 x 103 — 4.15349 X 1071T — 6.06165

(3.11)
X 107*T? (kgm™1)
for 283.15 < T < 673.15
C, = 1.107798 x 10° + 1.708T (J kg~* K1) (3.12)
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for 373.15 < T < 673.15

A =1.90021 x 107! — 1.875266 x 10~*T — 5.753496

(3.13)
x 107172 (W m™t K1)
for 283.15 < T < 673.15
i =8.486612 x 1071 — 5.541277 x 10~*T — 1.388285
X 107672 (3.14)

—1.56600 X 107°T3 + 6.671331 x 10713T* (Pa s)
for 283.15 < T < 673.15
3.2.3 Boundary conditions
The boundary conditions are defined as follows:
(i) HTF inlet at absorber tube: mass flow rate, Temperature (T;)
(if) HTF outlet at absorber tube: a fully developed flow governed by the
following equation
du _9v _ow _ 9 _ 0k _ 9T _ dp

=—=0.

9z 0z 0z 0z 0z dx ox
(iii) End surfaces of the absorber tube, glass tube, and annular space (at z=0
and z=4m): adiabatic walls.
(iv) the outer surface of the absorber tube: nonuniform circumferential heat flux
obtained from SolTrace was introduced by using user-defined functions [98],
the emissivity of the coated material on the outer surface of the absorber tube
was computed using Eqgn. (3.15) which is given by Dudley, Kolb [90] and
Forristall [19].

€0 = —0.065971 + 0.000327T,, (3.15)
(v) The inner surface of the absorber tube: no-slip boundary condition.
(vi) The outer surface of the glass tube: convection and radiation boundary

condition. Radiative heat transfer from the outer surface of the glass tube to the
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sky was calculated using Stefan-Boltzmann law. The sky was considered as a
large enclosure and its effective temperature was calculated by Eqn. (3.16) [22,
72]
Tory = 0.0552T;5 (3.16)

Convective heat loss from the outer surface of the glass tube was calculated by
specifying the heat transfer coefficient and ambient temperature. Heat transfer
coefficient was determined by using Eqgn. (3.17) given by Mullick and Nanda
[99]

h = 4958d; 042 (3.17)

The ambient temperature was taken as 298 K and wind velocity was taken as 2
m s for all the simulations in this study.
3.2.4 Numerical simulation.
The governing equations specified in the section 3.2.1 have been solved using
FVM with boundary conditions specified in section 3.2.3. Realizable k-¢ eddy
viscosity model is used to model turbulent flow. Since this model cannot be
applied near the solid wall, an enhanced wall treatment is employed near the
wall regions. The geometry of the receiver has been generated in SolidWorks
software. The generated geometry has been later imported in ICEM CFD [100],
where structured mesh with hexahedral elements has been generated. A very
fine mesh has been generated near the wall to capture the velocity and
temperature gradients. The non-dimensional distance (y*) near the wall has been
maintained less than one for all simulations.

The generated mesh is then imported into Fluent to perform the FVM

analysis. Pressure based coupled algorithm is used to couple the velocity and
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the pressure fields. Since the momentum and pressure-based continuity
equations are solved simultaneously in the coupled solver, the solution
converges in less time with higher stability than the segregated solver. A
second-order upwind scheme has been used for discretizing the momentum and
energy equation, whereas pressure has been discretized using PRESTO scheme.
Turbulent kinetic energy, turbulent dissipation rate, and discrete ordinates
equations are discretized using the first-order upwind scheme. The convergence
criteria for scaled residuals (mass, momentum, turbulent Kinetic energy and
turbulence dissipation rate) is taken less than 10°, while the discrete ordinates
residuals and energy residuals are taken less than 107 for all the simulations.
3.3 Validation
3.3.1 Validation of the optical analysis

In order to valid the SolTrace software the distribution of local
concentration ratio (LCR) on the circumference of absorber tube of the
parabolic trough concentrator has been obtained from SolTrace software by
considering the optical and geometrical properties of components of the PTC
system from the study of Jeter [66] and He et al. [70]. The results thus obtained
are validated with the results of Jeter [66] and He et al. [70] as shown in Fig.

3.2.
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Fig. 3.2 Validation of the optical analysis
A direct normal irradiance (DNI) of 1000W/m? is assumed and the local
concentration ratio (LCR) has been calculated by using the equation given as
LCR = q/DNI (3.18)

Where ‘q’ is local heat flux in Wm™, DNI is direct normal irradiation of sun in
Wm2
3.3.2 Validation of the thermal analysis

The numerical model has been validated by comparing the simulated
results with the experimental data of Dudley et al. [90]. The simulations are
performed for the optical, geometrical and operating parameters considered in
the study of Dudley et al. [90]. The simulated are compared with results are

found to be in close agreement with experimental results as shown in Table 3.1.
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Table 3.1 Validation of the present study with experimental data

DNI Flow | Wind Air Tin Tout (°C) Tout (°C) % error
(Wm?2) | rate speed | tempera | (°C) | (Experiment | (Present
(L (ms?) ture al) study)
min’ (°C)
)
1 933.7 47.7 2.6 21.2 102.2 124 128.08 3.29
2 937.9 55.5 1 28.8 297.8 316.9 318.22 0.41
3| 9209 56.8 2.6 29.5 379.5 398 398.64 0.16
4 880.6 55.6 2.9 27.5 299 317.2 318.02 0.82
5| 909.5 54.7 3.3 26.2 250.7 269.4 270.8 0.51
6 968.2 47.8 3.7 22.4 151 173.3 175.6 1.32
7 982.3 49.1 2.5 24.3 197.5 219.5 221.75 1.02
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CHAPTER 4

EFFECT OF ABSORBER TUBE MISALIGNMENT IN LS-2

COLLECTOR

This chapter presents the effect of absorber tube misalignment on the optical
and thermal performance of the LS-2 collector. The LS-2 collector is a parabolic
trough collector developed by Luz. It is used in SEGS 11l to SEGS VII power
plants with SCHOTT PTR70 receiver. The dimensions of the LS-2 collector are
presented in Table 4.1. The absorber tube misalignments in x-direction and y-
direction are specified by ‘Ax’ and ‘Ay’ respectively and shown in Fig. 4.1. The
range of Ax is considered from 0 to 30 mm and for Ax it is considered from -
30 to 30 mm. As parabolic trough is symmetric about the y-axis, Ax in the
negative direction is not considered.

Table 4.1 Dimensions of the LS-2 collector.

Parameter Value

W 5m

L adm
dgi 0.109m
dgo 0.115m
dri 0.066 m
dro 0.070 m
F 1.84m
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Fig. 4.1 Absorber tube misalignment

4.1 Optical analysis

The optical analysis of the LS-2 collector has been carried out by using SolTrace
software for different absorber tube positions (Ax and Ay). The details of the
using SolTrace software is discussed in section 3.1. In SolTrace, the sun shape
has been modeled as CSRO measurement as suggested by Neumann, Witzke
[101]. For simplifying the simulation, the profile error in parabolic curvature,
mirror specularity error and local slope error of the parabolic concentrator are
neglected. In SolTrace, the number of ray interactions and the maximum
number of generated sunrays has been set to 108 and 102 respectively to obtain
the accurate heat flux distribution. A direct normal irradiance (DNI) of
1000W/m? is assumed for all the cases presented in this chapter. The optical
properties of the components of the LS-2 collector are listed in Table 4.2.

Table 4.2 Optical properties of the LS-2 collector

Parameter | Value
Or 0.92
pPr 0.08
Tg 0.935
Dy 0.045
Pm 0.93
m 0
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4.2 Thermal analysis

The thermal analysis of the PTC heat collection element has been carried out by
using the Fluent® software. The details of the steps involved in the thermal
analysis are discussed in section 3.2. The governing equations specified in the
section 3.2.1 have been solved using FVM with boundary conditions specified
in section 3.2.2. The inlet fluid velocity is 0.388 m/s, inlet temperature (Ti)
ranges from 327 to 573 K. The structured mesh of the receiver assembly with
hexahedral elements has been generated as shown in Fig. 4.2 to perform the
numerical analysis. In order to capture the high velocity and temperature
gradients near the wall, a very fine mesh has been generated at the wall. The
non-dimensional distance (y*) near the wall has been maintained less than one
for all simulations. Simulations are carried out for different mesh sizes to find

the mesh independent solution and 857,472 elements have been found optimal.

P

Absorber
tube

HTF

Vacuum

Glass tube /
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HTF outlet
HTF Inlet

Fig. 4.2 Mesh of HCE

4.3 Results and discussion

4.3.1 Circumferential distribution of heat flux on the absorber tube

The circumferential distribution of heat flux over the absorber tube has been
calculated by using SolTrace software. The procedure has been discussed in
section 3.1. The ideal position of the receiver is taken as Ax =0 and Ay =0 i.e.
the receiver is concentric with the focus of the parabolic trough. Fig. 4.3 shows
the circumferential distribution of heat flux on the outer surface of the absorber
tube for Ax = 10 mm and Ay = -10 mm. The circumferential heat flux
distribution has been divided into two major regions ‘A’ and ‘B’ for discussing
the pattern of heat flux distribution on the absorber tube as shown in Fig.6.
Further, the regions ‘A’ and ‘B’ are divided into sub-regions namely shadow
effect region represented by A1 and Bz, increasing solar flux area represented
by Az and By, reducing solar flux area represented by Az and B3 and the direct
radiation area represented by A4 and Bs. The peak flux in region A is termed as
qpa , the peak flux in region B is termed as gpg and minimum heat flux in
shadow effect area is termed as q.. The regions ‘A’ and ‘B’ are separated at the

location of g, on the circumference of the absorber tube.
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Fig. 4.3 Heat flux distribution over the circumference of absorber tube for
absorber tube misalignments Ay = - 10 mm and Ax =10 mm

The distribution of heat flux on the circumference of the absorber tube
with respect to the circumferential angle 0 is shown in Fig. 4.4 for Ax = 0 and
for a range of Ay = - 30 to 30 mm. It can be observed that the distributed heat
flux is symmetric about 6 =180°. The values of peak fluxes gp, and gpp are
equal and increase when the receiver is displaced from Ay = 0, in positive y-
direction i.e. away from the trough and decrease when the receiver is offset in
the negative y-direction (towards the trough). As Ay changes from - 30 to 30
mm, the angle spans of region As and B4 increase whereas the angle spans of
Az and B3 decrease. The angle span refers to the sector of the circular cross-
section of the absorber tube. The angle span (A1 + B1+ A2 + B>) between two
peak fluxes decreases when the absorber tube is displaced in the y-direction
from Ay = -30 to 20 mm. The angle span is zero between two peaks at Ax = 20
mm and for higher values of Ay only one peak is obtained. Thus it can be said
that due to the displacement of the receiver, from the focus, away from the
trough, concentrated rays fall on a smaller circumferential portion of the

absorber tube and a bigger circumferential portion is exposed to the direct sun
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radiation. Therefore, the peak flux increases as observed in Fig. 4.4 and vice

versa occurs when the receiver is displaced, from the focus, towards the trough.
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Fig. 4.4 Heat flux distribution over the circumference of absorber tube for
absorber tube misalignments Ay = -30 to 30 mm and Ax =0

Fig. 4.5 shows the distribution of heat flux for Ax = 10 and for a range
of Ay = - 30 to 30 mm. It can be seen that the distribution of heat flux is not
symmetric. The region ‘A’ contracts and region ‘B’ expands with peaks qp4 and
qpp Skewed towards left with respect to the ideal position of the receiver. The
value of gp,4 is higher than the value of gp5 for a whole range of Ay, however,
both the heat fluxes are increase as Ay changes from - 30 to 30 mm. The
difference between the values of gp,4 and gpp is very small when Ay is equal to
- 30 and it drastically increases until Ay attains a value of 10 and for higher
values of Ay only one peak is obtained. The shift of peak flux towards left with
respect to the ideal position of the receiver occurs due to increase in the
concentration of falling rays on the lower left a portion of the absorber tube

because of the receiver displacement in positive x-direction (Ax > 0).
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Fig. 4.5 Heat flux distribution over the circumference of absorber tube for
receiver position errors Ay = -30 to 30 mm and Ax = 10 mm
Fig. 4.6 shows the distribution of heat flux for Ax =20 mm and a range
of Ay = - 30 to 30 mm. It is observed that there is more shift in heat flux peaks
in comparison to Fig. 4.5 The value of gp, is lower than the value of gpg for Ay
= - 30 mm, whereas the value of gp, is higher than the value of g,z for a range

of Ay =- 20 to 0, and only one peak exists for Ay > 0.
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Fig. 4.6 Heat flux distribution over the circumference of absorber tube for
receiver position errors Ay = -30 to 30 mm and Ax =20 mm

Fig. 4.7 shows the distribution of heat flux for Ax = 30 mm and for a
range of Ay = - 30 to 30 mm. A similar trend of heat flux distribution is observed
in Fig. 4.7. However, there is a slight decrease in the values of peak fluxes with
an increase in the skewness of peaks more towards the left with respect to the
ideal position. From the observations of Fig. 4.4 to Fig. 4.7 it is found that for a
range of Ay = - 20 to 10 mm, the value of gp, increases and is skewed with an
increase in receiver position error in the x-direction, for a range of Ax =0 to 30
mm, because the same amount of rays reaches on the reduced area on the lower
left portion of the absorber tube. However, the value of gp, decreases at Ay

equal to - 30 and 30 mm when Ax increases in the range 0 to 30 mm.
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Fig. 4.7 Heat flux distribution over the circumference of absorber tube for

receiver position errors Ay = -30 to 30 mm and Ax =30 mm
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4.3.2 Optical efficiency of PTC

The valued of optical efficiency of the LS-2 collector has been calculated for a
range of Ax =0 to 30 mm and for a range of Ay =-30 to 30 mm and shown in
Fig. 4.8. For all the receiver positions in the x-direction (Ax = 0 to 30 mm), the
optical efficiency is almost the same when absorber tube is offset by the same
amount in the positive or negative y-direction. It is observed from Fig. 4.4 to
Fig. 4.7 that, at Ax = -30 mm, the magnitude of peak flux is low but the
concentrated heat flux is distributed over a wider surface area of the absorber
tube in comparison to the heat flux distribution at Ay = 30 mm where the case
is reversed. Since the areas under the heat flux curves are equal (for Ay = - 30
mm and 30 mm) same optical efficiency is obtained when the receiver is
displaced equally either in the positive or negative y-direction. A similar
observation is also found for the pair Ay = - 20 mm, 20 mm and Ay = - 10 mm,
10 mm as shown in Fig. 4.8. It is also observed that the values of the optical
efficiency of the collector are similar for the same amount of displacement of
the receiver in the lateral y-direction for different values of Ax, therefore £ Ay
notation is used for discussion. It has been observed that at Ay = 0 there is no
variation in the optical efficiency, when Ax changes from 0 to 20 mm, thereafter
efficiency slightly decreases. In addition, no significant variation in the
efficiency is observed for Ay = + 10 mm when Ax changes from 0 to 20 mm
after that, the efficiency decreases till Ax changes to 30 mm. In comparison to
Ay = £ 10 mm, no significant drop in efficiency is observed at Ay = + 20 mm
and for a range of Ax from 0 to 10 mm. A continuous fall in the efficiency is

observed at Ay = + 30 mm as the Ax varies from 0 to 30 mm.
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Fig. 4.8 Optical efficiency for Ax = 0to 30 mm and Ay = - 30 to 30 mm

4.3.3 Receiver thermal performance

The thermal analysis of the parabolic trough collector HCE has been carried out
for the range of Ax = 0 to 30 mm and for a range of Ay =-30 to 30 mm. The
detailed discussion about the thermal analysis is given in section 3.2. The Fig.
4.9 shows the velocity profile of HTF in yz-plane passing through the centerline
of the receiver at z-locations equal to 0.5, 1, 1.5, 2, 2.5 and 3 m. It can be
observed that a fully developed flow is obtained after 2 m from the inlet of the
absorber tube, which satisfies the condition of fully developed flow.

Fig. 4.10 shows the circumferential distribution of the temperature on
the outer surface of the absorber tube at z = 1, 2, 3 and 4 m for inlet fluid
temperature equal to 373 K. As shown in Fig. 4.10, the variation in temperature
distribution is negligible in the z-direction in comparison to the variation in
temperature in 0-direction due to non-uniform circumferential heat flux
distribution. Therefore, only the temperature distribution in 8-direction at z = 4

m is discussed for different receiver position errors (Ax and Ay).
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4.3.3.1 Streamlines and temperature contours

The spatial distribution of the temperature and streamlines at the outlet of the
absorber tube (z = 4 m) are shown in Fig. 4.11 (a) - (t) for five receiver position
errors in y-direction (Ay = - 30 mm, - 20 mm, 0, 20 mm and 30 mm) and for
four receiver position errors in x-direction (Ax =0, 10 mm, 20 mm and 30 mm).
It has been observed that in Fig. 4.11 (a) — (t), the value of the temperature in
the lower portion of the absorber tube (facing the trough) is higher than that of
in the upper portion (exposed to direct sun radiation) due to variation in
concentrated heat flux. Because of this reason the HTF flowing over the lower
surface of the absorber tube experiences differential heating. The increase in the
temperature of the HTF decreases its density causing it to move upwards along
the sidewall of the absorber tube due to buoyancy forces (see the pattern of
streamlines in Fig. 4.11). At the upper region of the absorber tube, the
streamlines along the sidewall of the absorber tube interact with each other in
opposite direction, thus enhancing the mixing of fluid. Since the HTF at the
bottom of the absorber tube moves upward along the sidewall of the absorber
tube, the colder fluid from the central region rushes to fill it. This cyclic
movement of the fluid creates two counter-rotating vortices in xy-plane.
Therefore, any change in the distribution of heat flux over the absorber tube
changes the orientation of streamlines and thus the shape and inclination of
counter-rotating vortices. The ideal position of the receiver (Ax = Ay = 0) is
shown in Fig. 4.11 (c). When Ax = 0, for a whole range of Ay the vortex
streamlines and temperature distributions are symmetrical as seen in Fig. 4.11
(@) — (e) due to symmetric heat flux distribution. When Ax increases to 10 mm

in Fig. 4.11 (f) — (j) for all values of Ay, the streamlines are asymmetric due to

48



the skewness of the heat flux distributions and higher value of g, compared to
qpp as observed in Fig. 4.5 (b). Because of this, the left vortex moves upward
and the right vortex moves downward. The upward and downward movement
of vortices is directly correlated to the difference between qp4 and gpp and
skewness of flux distributions. Similar trends are also observed in Fig. 4.11 (k)
— (0) for Ax =20 mm and Fig. 4.11 (p) — (t) for Ax =30 mm due to the skewness
of flux distribution and differences between the qp, and gpp as observed in Fig.

4.6 and Fig. 4.7 respectively.
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Fig. 4.11 Temperature contours and streamlines at the outlet of the absorber
tube

4.3.3.2 Circumferential distribution of temperature on the absorber tube

The effect of the receiver position error on the circumferential distribution of
temperature on the outer surface of the absorber tube at z = 4 m, for inlet fluid

temperature of 373 K, is shown in Fig. 4.12 to Fig. 4.15.The temperature
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distribution follows similar trends of heat flux distribution, but the curves of the
former one are flatter than those of the latter one. Fig. 4.12 shows the
temperature profile on the absorber tube for Ax = 0 and for a range of Ay = - 30
mm to 30 mm. It can be seen that the maximum temperature (Tmax) and the
difference between the maximum and minimum temperature on the absorber
tube (AT) increase when the receiver is offset in the positive y-direction from
the focus i.e. away from the trough. These decrease when the receiver is
displaced in the negative y-direction from the focus of the parabolic trough.
When the receiver is at an ideal position, the computed values of Tmax and AT
at the outlet are found to be 527.7 K and 104.8 K respectively. When the value
of Ay is equal to — 30 mm, the Tmax and AT are found to be 482.7 K and 42 K
respectively. At Ay equal to 30 mm, Tmax and AT are found to be 606.4 K and
199.7 K respectively. So the positive y-direction errors (displacement of the
receiver away from the trough) should be avoided to protect the receiver from
overheating and thermal stresses. Fig. 4.13, Fig. 4.14 and Fig. 4.15 shows the
temperature profile on absorber tube for Ax = 10 mm, Ax =20 mm and Ax = 30
mm respectively. As shown in Fig. 4.13 to Fig. 4.15 the temperature profile is
asymmetric and follows the similar trends of the heat flux but the temperature
in the right side is slightly lower than the left side. That is mainly because of
convective currents caused by asymmetric heat flux distribution as shown in

Fig. 4.11.
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4.3.3.3 Collector efficiency

The effect of the absorber tube misalignment on the collector efficiency
is calculated using Eqgn. (1.4) and shown in Fig. 4.16. The parameters considered
for calculating the collector efficiency are: inlet fluid temperature = 373 K,
range of receiver position error for Ax = 0 to 30 mm and for Ay = - 30 mm to
30 mm. It has been observed that the efficiency may increase with increase or
decrease in the receiver position error. For the ideal position of the receiver (
Ay = 0 and Ax = 0), the computed value of collector efficiency is 78.1%.
Whereas, when Ax increases to 30 mm keeping Ay equal to zero, a 3% fall in
collector efficiency is observed. However, when Ay increases from 0 to 30 mm
keeping Ax equal to zero, a 14% fall in the collector efficiency is observed due
to the increase in non-uniformity of heat flux. In other condition when Ay
changes from 0 to - 20 and Ax = 0, the collector efficiency is increased by 1.3%
because of increase in heat transfer due to the widespread of heat flux on the
outer surface of the absorber tube as seen in Fig. 4.4. When Ax = 0, the collector
efficiency for Ay = 30 mm is 14% lower than the collector efficiency when Ay
= - 30 mm, even though the optical efficiency is same for both the cases. This
is mainly because of a pattern of distribution of heat flux on the absorber tube

as seen in Fig. 4.4.
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Fig. 4.16 Collector efficiency for Ax = 0 to 30 mm and Ay = - 30 to 30 mm
Fig. 4.17 to Fig. 4.20 shows the variation in collector efficiency for
different inlet fluid temperature ranging from Tin = 323 K to 523 K for receiver
position error Ax = 0, 10 mm, 20 mm and 30 mm where the value of Ay ranges
from — 30 to 30 mm. The collector efficiency decreases with the increase of inlet
fluid temperature for all the receiver position errors considered in this study. In
all the cases approximately 7% fall in the efficiency is observed when inlet
temperature increases from 323 to 573 K due to a decrease in the temperature
difference between absorber tube wall temperature and HTF temperature. It is
also observed that irrespective of Ax value, the difference between the collector
efficiency for all Ay values remains the same along the temperature axis.
Therefore, it can be concluded that the effect of inlet temperature and receiver

position error on collector efficiency are independent.
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CHAPTER S

EFFECT OF ABSORBER TUBE MISALIGNMENT AND

SLOPE ERROR IN SENER TROUGH -2

This chapter presents the effect of absorber tube misalignment and reflector
surface slope error on the optical and thermal performance of the Sener trough
2 collector. The Sener trough 2 collector is a high aperture width parabolic
trough collector with an aperture width of 6.868 m. The parameters of the Sener
trough 2 collector are presented in Table 5.1. A numerical study has been
conducted for the Sener tough 2 collector with two different diameters of the
absorber tube, 70 mm and 80 mm. Simulations have been done for slope error
and mass flow rate in the range of 0 to 3 mrad and 1 to 6 kg s respectively. The
absorber tube misalignment up to 15 mm each in two directions i.e. along the
optical axis and lateral direction has been considered. The intercept factor,
circumferential temperature gradients in the absorber tube and overall collector
efficiency of the PTC have been evaluated. Discussions on the results are
presented in subsequent sections.

Table 5.1 Parameters of the Sener Trough 2

Parameter | Value Parameter Value

A 6.868 m Oat 0.96

L 4m pm 0.96

dgti 115 mm ’L'gt 097

dgto 125 mm ¥ 81.3°

dato 70 mm & 80 mm | GC (Based on 271.3 &
circumference of tube) 31.2

T 3 mm F 2m
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5.1 Optical analysis
Optical performance of the Sener Trough 2 has been analyzed by using SolTrace
software. The simulations have been performed by considering the parameters
of the PTC specified in Table 5.1. The sun shape is modeled as a Gaussian
distribution with a cone angle of 2.6 mrad and direct normal irradiation of 1000
w/m? is assumed for all the simulations as considered in the study of Mwesigye,
Huan [22]. To obtain an accurate heat flux profile, the number of ray
interactions and the maximum number of generated sunrays have been set to
10% and 108 respectively. Slope error of the mirror is considered from 0 to 3
mrad and the tracking error is assumed zero.
5.2 Thermal analysis
The thermal analysis of the Sener Trough 2 is carried out using the same method
used in the thermal analysis of the LS-2 collector. The details of the steps
involved in the thermal analysis are discussed in section 3.2. The governing
equations specified in the section 3.2.1 have been solved using FVM with
boundary conditions specified in section 3.2.2. As shown in Fig. 5.1 a structured
mesh with hexahedral elements has been developed to achieve higher accuracy
and faster convergence. The very fine mesh is generated near the inner surface
of the absorber tube to capture the high velocity and temperature gradients of
the HTF. The non-dimensional distance (y+) near the wall has been maintained
less than one for all simulations.

Mesh independent test has been carried out for the HCE with 70 mm and
80 mm diameter absorber tubes. The meshes with 1,310,720 and 1,351,680
hexahedral cells have been found optimal for 70 mm and 80 mm diameter

respectively.
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Fig. 5.1 Mesh of HCE

Pressure based coupled algorithm has been used to couple the velocity
and pressure fields for faster convergence and high stability. The momentum
and energy equations are discretized by using second-order upwind and pressure
is discretized by using PRESTO scheme. First order upwind scheme has been
used for discretizing the discrete ordinates, turbulent dissipation, and turbulent
kinetic energy. The convergence criteria for scaled residuals have been taken
less than 107 for all the simulations.

5.3 Results and discussion

5.3.1 Intercept factor

Fig. 5.2 shows the variation of intercept factor with absorber tube misalignment
and slope error for 80 mm diameter absorber tube. Two values of slope error 0
mrad and 3 mrad have been taken. It can be observed from Fig. 5.2 that in
absence of slope error the intercept factor is almost the same irrespective of the
range of absorber tube misalignment considered in the present study. It can be

60



stated that the intercept factor is not influenced at all by absorber tube
misalignment in absence of slope error. However, with slope error, there is a
cumulative effect on the intercept factor. In the presence of slope error (3mrad),
the curves showing variation in intercept factor are almost symmetrical about
Ay = 0. It indicates that the drop in the value of intercept factor is almost same
for same magnitude of absorber tube misalignment in the positive y-direction
(Ay > 0) and in the negative y-direction (Ay < 0) i.e. along the optical axis. For
the perfectly aligned receiver, the intercept factor is reduced by up to 1.6% when
slope error is 3 mrad. At slope error of 3 mrad, the intercept factor decreases
with an increase in the magnitude of absorber tube dislocation in both directions.
The intercept factor decreases by up to 4.4 % with slope error when absorber
tube dislocation is 15 mm in y-direction only. With slope error and absorber
tube dislocation of 15 mm in the x-direction only, the intercept factor decreases
by up to 3.1 %. However, a maximum decrease of up to 6.5 % in intercept factor
is observed when the magnitude of absorber tube misalignment is 15 mm each

in both directions (optical axis and lateral direction) in presence of slope error.
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Fig. 5.2 Variation of intercept factor with absorber tube misalignment and slope
error for dato = 80 mm

Similar trends for variation of intercept factor with absorber tube
dislocation and slope error are observed for 70 mm diameter absorber tube as
shown in Fig. 5.3. However, the drop in the value of the intercept factor is higher
in the case of a 70 mm diameter absorber tube than 80 mm diameter absorber
tube in the presence of slope error. The reason for this may be that some of the
reflected rays escape the absorber due to its smaller size. For perfectly aligned
absorber tube, the intercept factor is reduced by up to 3.4% when the slope error
is 3 mrad. With slope error, the value of the intercept factor decreases by up to

11 % when the absorber is displaced by 15 mm each in both directions (x, y).
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Fig. 5.3 Variation of intercept factor with absorber tube misalignment and slope
error for dato = 70 mm

5.3.2 Heat flux distribution over the absorber tube

The distribution of heat flux over the absorber tube has been studied for two

different diameters of the absorber tube. The effect of slope error and absorber
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tube misalignment on heat flux distribution over the absorber tube has also been
analyzed separately. Fig. 5.4 shows the circumferential heat flux distribution
over the absorber tube for 70 mm and 80 mm diameters by considering slope
error only. It can be seen that the absorber tube diameter and slope error affect
the heat flux distribution. The peak heat flux and average heat flux decreases
with an increase in slope error and diameter of the tube. In the absence of slope
error, the values of peak flux and average heat flux are higher in case of 70 mm
diameter tube than 80 mm diameter tube. The values of average heat flux are
31283 W/m? and 27278 W/m? for 70 mm and 80 mm absorber tube respectively
with zero slope error. It may be due to higher geometric concentration ratio for
70 mm diameter absorber tube. For 70 mm absorber tube, the average heat flux
is 30141 W/m? at slope error 3 mrad. Nearly constant peak heat flux is obtained

with slope error on almost one-third portion of the circumference of the

absorber.
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Fig. 5.4 Distribution of heat flux over the absorber tube for Ax = 0 and Ay =

0
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Fig. 5.5 shows the variation in circumferential heat flux distribution over
the absorber tube with absorber tube misalignment in the y-direction only (at
Ax = 0) at slope error 3 mrad. As shown, the heat flux distribution is
symmetrical and is significantly affected by the absorber tube dislocation. It can
be observed that the peak flux over the absorber tube increases with an increase
of absorber tube misalignment in the positive y-direction ( at Ay > 0) and it
decreases with an increase of absorber tube misalignment in the negative y-
direction (Ay < 0). Due to absorber tube dislocation in the positive y-direction,
the lower portion of the absorber tube comes closer to the focal point resulting
in higher peak flux due to apparent higher concentration ratio. The reverse
phenomenon is observed when the absorber tube is displaced in the negative y-

direction.
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Fig. 5.5 Distribution of heat flux over the absorber tube for = 3 mrad at Ax =

0
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Fig. 5.6 shows variation in circumferential heat flux distribution over
the absorber tube with absorber tube misalignment in the x-direction with slope
error 3 mrad. It can be seen that the distribution of heat flux is asymmetric in
this case. The peak flux over the absorber tube increases with an increase of
absorber tube misalignment in the x-direction (Ax). It is because of the fact that
dislocation of absorber tube in x-direction makes the geometry of PTC
asymmetric. It has also been studied that average heat flux over the absorber
tube is not significantly affected by dislocation of absorber tube in either

direction (x or y).
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Fig. 5.6 Distribution of heat flux over the absorber tube for 6 =3 mrad at Ay =
0
5.3.3 Temperature distributions in the absorber tube
The temperature distribution in the absorber tube has been computed to know
the effect of slope error and absorber tube dislocation on the temperature

gradient (AT = difference in maximum and minimum temperature on absorber
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tube surface). The results are presented in Fig. 5.7 (a) - (e). It is evident from
Fig. 5.7 (a) and (b) that slope error of 3 mrad has almost no effect on the
temperature gradient in the absorber tube for the perfectly aligned absorber. The
absorber tube misalignment has a much greater effect on the temperature
gradient in the absorber tube when slope error is zero. For example, the
temperature gradient (AT) is 37.6 Kwhen Ax =0, Ay =0, 6 =0, and the AT is
35.8 K when Ax =0, Ay =0 and o = 3, and the AT is 59.7 K when Ax = 15 mm
Ay = +15 mm o = 0. The cumulative effect of slope error and absorber tube
dislocation on temperature gradient is presented in Fig. 5.7 (c) — (d). It is
observed that the temperature gradients are affected by absorber tube
misalignment with slope error. The maximum temperature gradient is found for
the case presented in Fig. 5.7 (e). The value of AT is 49 K when Ax = 15 mm,
Ay=+15mm, o =3 mrad. It is observed that variation in maximum temperature
attained on the surface of the absorber tube is due to the heat flux distribution
pattern on the tube under the influence of slope error and absorber tube

dislocation.
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Fig. 5.7 Distribution of temperature in the absorber tube for Re = 2.76x10°,
Tin = 650 K and dato= 80 mm (slope error (o) is in mrad, Ax and Ay are in
mm)
5.3.4 Collector efficiency
The thermal performance of the PTC has been evaluated. The effects of absorber
tube misalignment and surface slope error on the thermal performance of PTC
have been studied. The collector thermal efficiency has been calculated by using
Eqn. (1.7). The overall collector efficiency has been calculated using Eqn. (1.4).
Fig. 5.8 and Fig. 5.9 show the variation of collector thermal efficiency
with absorber tube misalignment and slope error for 80 mm and 70 mm diameter
absorber tubes respectively (for the inlet conditions of volumetric flow rate
31.05 m3ht and inlet fluid temperature 650 K). It is observed that the collector
thermal efficiency is slightly higher with 70 mm absorber tube than 80 mm

diameter absorber tube for the range of absorber tube misalignment and slope
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error considered in this study. It is because of lower heat losses from receiver to
environment and higher value of average heat flux (due to higher geometrical
concentration ratio) obtained with 70 mm diameter absorber tube due to its
smaller size. It is found that the absorber tube misalignment in the lateral
direction has almost no effect on the collector thermal efficiency. However,
thermal efficiency is slightly affected by absorber tube dislocation in y-direction
along the optical axis. The collector thermal efficiency increases with absorber
tube misalignment in negative y-direction i.e. towards the trough and it
decreases when the absorber is misaligned in positive y-direction i.e. away from
the trough. It may be because of variation in the circumferential heat flux
distribution over the absorber tube. It is found that the collector thermal
efficiency of the PTC increases by up to 1.1% and 1.2% with 70 mm and 80
mm diameter absorber tubes respectively when Ay is -15mm. Thermal
efficiency decreases by up to 3% and 2.4% with 70 mm and 80 mm diameter
absorber tubes respectively for Ay = 15 mm. It is also evident from Fig. 10 that
thermal efficiency drops by less than 1% for perfectly aligned absorber when

surface slope error is 3 mrad.
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Fig. 5.8 Collector thermal efficiency Vs absorber tube misalignment for dato =

80 mm
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Fig. 5.9 Collector thermal efficiency Vs absorber tube misalignment for dat =
70 mm

Fig. 5.10 and Fig. 5.11 show the variation in the overall collector efficiency of
the PTC with absorber tube misalignment and slope error for 80 mm and 70 mm
diameter absorber tubes respectively (for the inlet conditions of volumetric flow
rate 31.05 m3 h' and inlet fluid temperature 650 K). As seen, the overall
collector efficiency is slightly higher with 70 mm absorber tube when the
absorber is misaligned but surface slope error is zero. The effect of slope error
on overall collector efficiency is greater in the case of 70 mm absorber tube than
80 mm tube in the absence of absorber tube misalignment because of the smaller
size of 70 mm tube. For a perfectly aligned absorber, there is a drop of 3.5 % in
overall collector efficiency with 70 mm diameter tube at slope error 3 mrad. The
cumulative effect of absorber tube misalignment and slope error on overall
collector efficiency is significant. But the effect is greater in 70 mm absorber

tube than 80 mm diameter absorber tube. The overall collector efficiency with
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70 mm tube decreases by up to about 11 % at slope error 3 mrad and Ax = 15
mm and Ay = +15 mm. Whereas for the same magnitude of slope error and
absorber tube dislocation the overall efficiency decreases by up to 7 % with 80

mm diameter absorber tube.
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Fig. 5.12 shows the variation in the circumferential temperature gradients (AT)
(the difference between the maximum and minimum temperature) in the surface
of absorber tube with Reynolds number for 80 mm diameter absorber tube at a
slope error of 3 mrad. It can be seen from the plot that temperature gradient
decreases with an increase in the value of the Reynolds number. The absorber
tube misalignment has a greater effect on temperature gradients at lower values
of Reynolds number. Temperature gradient increases when the absorber tube is
dislocated in the positive y-direction and it decreases with absorber tube
dislocation in the negative y-direction. For example, for perfectly aligned
absorber AT is 35 K, and AT is 28.2 K when dislocation of absorber tube is 15
mm in the negative y-direction and AT is 48.9 K for the absorber tube
dislocation equal tol5 mm in the positive y-direction. The practical safe
operating conditions for PTC are : Re = 2.76x10° (volumetric flow rate of HTF
31.05 m®h? [19]) and AT should be lower than 50 K [22, 49, 102]. If AT is
more than 50 K then higher thermal stresses are induced in the tube, which is
much higher at higher values of AT may cause damage to the heat collecting
element. It can be observed that at Re = 2.76x10°, the temperature gradient (AT)
is about 30.1 K for Ay = -15 mm and AT is 52.9.7 K for Ay = +15 mm. It can
be stated from the results presented in Fig. 12 that absorber tube dislocation

should not be more than +10 mm for practical working conditions of PTC.
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CHAPTER 6

HEAT TRANSFER ENHANCEMENT IN PTC USING

FINNED ABSORBER TUBE

This chapter presents the improvement of heat transfer in the absorber tube
using fins. As discussed in chapter 2, the improved heat transfer in the absorber
tube improves the thermal efficiency of the collector hence the overall collector
efficiency.

In this work, longitudinal fins are introduced inside the absorber tube of the
PTC receiver to enhance the heat transfer. Since the lower portion of the
receiver receives concentrated solar power, employing the fin at this location
may lead to a higher heat transfer. Therefore, the fins are introduced at the lower
portion of the absorber tube. Two different finned absorber tubes along with un-
finned absorber tube are studied to compare the results and estimate the
improvement in the heat transfer. The three absorber tubes are termed as AT1,
AT2, and AT3 as shown in Fig. 6.1 (a), (b) and (c) respectively. AT1 is an un-
finned absorber tube. AT2 is a finned absorber tube with one longitudinal
triangular fin employed at the inner lower portion of the absorber tube. AT3 is
also a finned absorber tube but has two longitudinal rectangular fins placed at
the two peak flux locations on the absorber tube [70]. The geometrical
parameters of the PTC system considered for the are presented in Table 4.1

Table 6.1 Geometrical properties of the PTC system

Parameter Symbol | Value

Aperture width W 5m
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Length of receiver L 4m
Glass tube inner diameter dyi 109 mm
Glass tube outer diameter dgo 115 mm
Absorber tube inner diameter dri 66 mm
Absorber tube outer diameter dro 70 mm
Focal length F 1.84m

Fin Fips
AT1 AT2 AT3
(a) (b) (©)

Fig. 6.1 Cross sectional view of receiver (a) AT1 (b) AT2 (c) AT3

6.1 Optical analysis

The optical simulation was carried out for the PTC system for the geometrical
parameters given in Table 6.1 with the optical properties presented in Table 6.2.
Sun has been modeled as a Gaussian distribution with a cone angle of 2.6 mrad
[22]. An ideal tracking system of the PTC system was assumed where the direct
normal irradiation was taken as 1000W/m? for all ray tracing simulations. Both
the slope and specularity error of the mirror were considered as 3 mrad [22,

103].
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Table 6.2 Optical properties of the PTC system [90]

Parameter Symbol | Value
Absorber tube absorptivity ar 0.92
Absorber tube reflectivity pr 0.08
Glass tube transmissivity Tg 0.935
Glass tube reflectivity Py 0.045
Mirror reflectivity pm 0.93
Mirror transmissivity Tm 0

6.2 Thermal analysis

The thermal analysis of the PTC receiver with the three different absorber tubes
is carried out using the method specified in section 3.2. The governing equations
specified in the section 3.2.1 have been solved using FVM with boundary
conditions specified in section 3.2.2. A structured mesh of the geometry has
been generated as shown in Fig. 6.2 to carry out the FVM analysis. A very fine
mesh has been generated near the wall to capture the high velocity and
temperature gradients. Second order upwind scheme was used for discretizing
the momentum and energy equation. Turbulent Kinetic energy, turbulent
dissipation rate, and discrete ordinate equations are discretized using first-order
upwind scheme. The convergence criteria for scaled residuals are taken as 10

for all the equations.

Grid-independent test was carried out to determine the optimum mesh size. The
mash with 857,472, 1,003,574 and 2,386,271 cells are found to be optimum for

AT1, AT2, and AT3 respectively.
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Fig. 6.2 Boundary conditions and mesh of PTC receiver (a) boundary
conditions (b) AT1 (c) AT2 (d) AT3

6.3 Results and discussion

The simulated results of the PTC with the three absorber tubes are presented
and compared. The slope error considered in the present study is 3 mrad as
experimentally determined in the study of Wendelin [103]. Fig. 6.3 shows the
heat flux distribution on the circumference of the absorber tube for the
parameters of the PTC specified in Table 6.1and Table 6.2. It can be observed
that the value of heat flux is high on the lower half portion of the absorber tube
due to concentrated solar flux and low on the upper half portion due to direct

sunlight. A non-linear heat flux distribution observed over the absorber tube
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leads to higher temperature gradients. These higher temperature gradients cause

thermal stresses, hence distortion in the absorber tube.
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Fig. 6.3 Distribution of heat flux over absorber tube

The temperature gradients in the three absorber tubes are compared in
Fig. 6.4 for the HTF volumetric flow rate 31.05 m®/s and inlet temperature 600
K as considered in studies of Mwesigye, Huan [22] and Forristall [19]. As
observed the temperature gradients in the absorber tubes follow the trend of the
heat flux distribution. In comparison to the upper half portion, the temperatures
in the lower half portion of the absorber tube are higher for all the three cases.
The reason for this is non-uniform heat flux distribution over the absorber tube.
As seen in Fig. 6.4 (a), (b) and (c) the temperature gradients in the AT1, AT2
and AT3 are almost the same. However, the sizes of conferential zones having
constant temperature vary in three cases. The difference between the maximum
and minimum temperature in the absorber tube is 28 K for all three cases, it is
within the allowable limits for the safe operation of the PTC receiver [49]. In

ATS3, the longitudinal fins are employed at the location of maximum heat flux
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on the absorber tube the heat transfer rate is higher resulting in a narrow high-

temperature zone in the AT3.
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Fig. 6.4 Temperature distribution over (a) AT1 (b) AT2 (c) AT3

Fig. 6.5 shows the variation of average Nusselt number and average
friction factor with Reynolds number for the inlet temperature of 600 K. The
average Nusselt number is calculated by using Eqn. (6.1).

hd 6.1
Nu=—ﬂh 1)

Where h is the average heat transfer coefficient and it is obtained by using Eqn.

(6.2).
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Qa (6.2)
A(Twall - Thtf)

h =

Where Qa is the heat absorbed by the HTF, calculated by using Eqgn. (6.3).
Qq = mcp (’ITO - 7_11) (6.3)
The friction factor (f) is calculated using Eqn. (6.4). Where AP; is the pressure

drop per unit length

AP, (6.4)

I
As shown in Fig. 6.5, for the three absorber tubes, lower average Nusselt
numbers are obtained at the lower Reynolds numbers and the Nusselt number
increases with increase in Reynolds number. It can be observed that the values
of average Nusselt number for the finned absorber tubes (AT2 and AT3) are
higher in comparison to the un-finned tube (AT1) indicating enhanced heat
transfer in the finned absorber tubes. Higher values of average Nusselt number
for the absorber tube AT3 (with two longitudinal fins) are obtained than the
values of the Nusselt number obtained for AT2. It indicates that a higher amount
of heat is transferred to the fluid in absorber tube AT3 due to the two
longitudinal fins employed at the peak flux locations on the absorber tube. In
comparison to AT1, the maximum increase in Nusselt number in the AT2 and
AT3 is 18.3% and 40.1% respectively. For the three absorber tubes, the
maximum value of a Nusselt number is obtained at Reynolds number equal to
2.82 x10°. As shown in Fig. 6.5, for the three absorber tubes, the higher average
friction factors are observed at the lower Reynolds numbers and friction factor
decreases with the increase in values of Reynolds number. A similar trend for
friction factor is reported in the study of Cheng, He [54]. Slightly higher values

of friction factor are observed in the finned absorber tubes (AT2 and AT3) in
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comparison to the un-finned absorber tube (AT1) due to the higher pressure
drop in the finned absorber tubes. No significant difference in the value of the

average friction factor is observed between the absorber tube with a single fin

and tube with two fins.
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Fig. 6.5 Variation of Nu and f with Reynolds number

The overall improvement in the heat transfer performance of a PTC can
be examined by using performance evaluation criteria (PEC) of the PTC
receiver for a given pumping power [54, 104]. The PEC is given in equation

Eqn. (6.5).

(")
uf

()"

Where Nuyr and fur are an average Nusselt number and average friction factor

PEC =

for the un-finned tube. Nus and fr are an average Nusselt number and average

friction factor for the finned tube. For a given pumping power, with the finned
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absorber tubes, the comprehensive heat transfer performance of the PTC

receiver improves, if the values of the PEC are above one.
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Fig. 6.6 Variation of PEC with Reynolds number.

Fig. 6.6 shows the variation of PEC with Reynolds number for the three
absorber tubes. As observed, the values of the PEC for AT2 and AT3 are above
one whereas the value of PEC is one for the un finned absorber. It implies that
the comprehensive heat transfer performance is improved in both the finned
absorber tubes. The values of the PEC for the AT3 are higher in comparison to
the AT2. No significant variation in the PEC is observed with Reynolds number
in case of absorber tube with two fins. The maximum value of PEC is 1.19 at
the Reynolds number 0.25 x10° in case of AT2 whereas in case of AT3 the
maximum value of PEC is 1.28 at the Reynolds number 2.83 x10°. It indicates
that employing two longitudinal fins at the location of peak flux in the absorber

tube is more beneficial than a single longitudinal fin.
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CHAPTER 7

RHOMBUS TUBE ABSORBER

This chapter presents the improvement of the CR by using rhombus tube
absorber. As the PTC is a line focused concentrated solar power collector. The
PTC can be considered as a two dimensional system for the optical analysis
provided Sun rays are perpendicular to the aperture area (i.e. a perfect tracking
system) [12]. For simplicity, a two dimensional geometry is considered for the
analysis in the present work. The cross section view of the PTC is shown in Fig.

7.1.

\ 4

b w

Fig. 7.1 Cross section view of the parabolic trough collector.
The concentrator follows the curvature of the parabola generated by the

Eqn. (7.1) for the given coordinates (X,Y) and focal length (F) as shown in Fig.

7.1 and Fig. 7.2. Eqn. (7.2) has been obtained from the geometry of Fig. 7.2, for

calculating the rim angle (y). Also from the geometry of Fig. 7.2, the local rim

angle (yp) at any point p (X,Y) on the curvature of the parabola can be obtained

by using Egn. (7.3).
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Fig. 7.2 Ray projections from the mirror.
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Fig. 7.3 Schematic of rhombus tube absorber.

The half acceptance angle (0) can be defined as the maximum deviation
of the ray that can be allowed in the collector while the absorber is receiving
whole energy reflected from the concentrator as shown in Fig. 7.1 [12]. It is
calculated by using the absorber tube radius (r), aperture width (w) and focal

length (F) in the Eqn. (7.4) [12] obtained from the triangle ‘doa’ in Fig. 7.2.

r r
=sin !

(%)2 + 1 (%)2 +(Fo % 2 (7.4)

1

0 = sin™

From Eqn. (1.3) the CR of the PTC can be increased with smaller size
circular absorber, which results in a lower acceptance angle. Thus, the amount
of reflected solar energy intercepted by the absorber reduces (i.e. low intercept
factor) because some of the rays escape the absorber. The possibility of
improving CR of the PTC (circular absorber) by using non-circular absorber
without changing the acceptance angle can be explored. In the present work, a
rhombus tube absorber has been proposed. A rhombus tube absorber should be

placed in such a way that the larger diagonal of the rhombus coincides with the
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focal axis and its center merges with the focal point of the reflector (Fig. 7.3) so
that a smaller shadow is produced on concentrator and a larger effective surface
area is available for reflected rays. The design of rhombus tube absorber is
discussed in subsequent sections.
7.1 Application of edge ray principle
The size of the rhombus tube absorber should be big enough to receive all the
rays reflected from concentrator for better efficiency. The edge ray principle
[105] is applied to define the dimensions of the rhombus tube absorber such that
all the rays reflected from the concentrator fall on it. If the incoming rays are
parallel and normal to the aperture area, all the rays reflect on the focus of the
concentrator. In real conditions, the reflected rays deviate and spread around the
focus due to the finite size of Sun, geometric and optical errors of the system
[106]. The edge ray is defined as a maximum deviated ray from the focus. If the
edge rays are intercepted by the absorber, it ensures that all the inner rays will
also be intercepted [12]. If the deviation of edge ray is equal to the half-
acceptance angle (0) as shown in Fig. 7.1, all the reflected rays from the
concentrator will fall on the absorber. Thus, the study of edge ray (+0) is
sufficient to calculate the size of the absorber for the rim angle less than 90°.
As shown in Fig. 7.2, rayl is the maximum deviated ray from the edge
of the concentrator, which intersects the focal axis at point ‘i’. Therefore, the
point ‘i’ is considered as one of the corners of rhombus so that the maximum
deviated ray (rayl) will intersect with rhombus tube absorber. The opposite
corner of a rhombus (‘k”) will be the mirror image of point ‘i’ about focus ‘0’

on the focal axis so that the center of the rhombus coincides with the focus. The
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distance between point ‘0’ and point ‘i’ (oi) is calculated using Eqn. (7.5) which

is obtained from the triangle ‘iod’ in Fig. 7.2 using sine law.

W 2
i \(7) +% (75)
sinf  sin(yp — )

As the rim angle considered in this study is less than 90°, all the reflected
rays from the edge of the concentrator will lie between point ‘i’ and point ‘k’.
Also, the rays (ray 2) reflected from any point ‘p’ will lie between point ‘i’ and
point ‘k’ for the local rim angle (yp) varies between ye < yp < vy, where ¢ IS
critical rim angle at critical point ‘c’. At the critical point ‘¢’ the maximum
deflected ray (ray 3) intercept with the optical axis at point ‘i'. For the condition,
local rim angle yp < y¢, the maximum deflected ray will cross the focal axis
above point ‘i' hence, missing the interception with rhombus absorber. The
distance ‘o0i’ is also calculated from Eqn. (7.6) obtained from the triangle ‘ioc’

in Fig. 7.2 using sine law.

oi JVXZ+Y? (7.6)

sinf sin(y, — 0)

The Eqn. (7.7) is obtained by equating right-hand side terms of Eqn.
(7.5) and Eqn. (7.6) where the unknown terms are Xc and Yc. The Eqn. (7.7) is
converted to a fourth order quadratic equation in terms of Xc using Eqgn. (7.1).
Eqn. (7.8) is the modified version of Eqn. (7.7). The steps are given in appendix

B.

& vve mm .7)

sin(p —0)  sin(y, —6)
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sin(yp — 0) X}

W2
_ {Wsin 0 —sin(y — 60)

16F?2

|
+ 1sin(l,lJ - 0) IX2
2 |7c
(7.8)

2

w
- (7) + Y2 |cosO X

2

w
+F (7) + Y2 |sin@ + F?sin(y — 0)

=0

By solving the Eqn. (7.8) the value of X, is obtained which is further used for
calculating Y and yc using Eqgn. (7.1) and Eqgn. (7.2) respectively. For the
condition, yp < y¢, the maximum positive deflected ray will fall outside the
region between point ‘i’ and point ‘k’. Another diagonal of the rhombus is
determined in such a way that the reflected rays from the region having local
rim angles below critical point (yp < yc) will also intercept the rhombus. The
maximum positive deflected ray from point ‘c’ intersects the horizontal line
passing through the focus at point ‘j” as shown in Fig. 7.3. Therefore, the point
‘j> 1s considered as another corner point of the rhombus and opposite corner ‘I’

will be the mirror point about the focus ‘0’. Now the distance between point ‘o’
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and point ‘j” (0j) is calculated from the similar-triangles ‘ioj” and ‘imc’ (see Fig.
7.3)by using Eqn. (7.9).

ol 0j

=X (7.9)
Finally, the points i, j, k and | forms the desired coroners of the rhombus where
all the rays reflected from the concentrator will be intercepted. The optimum
size of the rhombus can be obtained from Eqn. (7.8) by specifying values of
acceptance angle, focal length and rim angle of PTC. The side of the rhombus
(s) can be calculated by using Eqgn. (7.10) obtained from the triangle ‘i0j’ using

the Pythagorean theorem. The concentration ratio of the PTC with rhombus tube

absorber can be calculated by using Eq. (7.11).

s = 4/i0? + 0j? (7.10)

CR — (7.11)

7.2 Dimensions of the rhombus tube absorber.
In the previous sections, a methodology to obtain the dimensions of the rhombus
tube absorber has been described. By using the proposed method, the
dimensions of the rhombus tube absorber are obtained for the commercially
available troughs [12] and are presented in Table 7.1. The percentage decrease
in absorber’s size is calculated using Eqn. (7.12).

(2mrL — 4sL)100
2nrlL

% decrease in absorber's size =

(7.12)
_ (2mr — 45)100

27T
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It is evident from Table 7.1 that size of rhombus tube absorber is smaller than
the size of circular tube absorber for all the troughs. Percent increase in CR with
rhombus tube absorber is also listed in Table 7.1.

Table 7.1 CR of commercially available troughs with circular tube absorber

and rhombus tube absorber for the same acceptance angle

PTC ‘w’ ‘© r ‘v’ ‘0’ CR ‘s’ CR % %
(mm) | (mm) | (mm) © © (circular | (mm) | (rhombus | decreasein | increas
tube) tube) absorber’s | einCR
size
LS1 2500 680 21 85 0.96 18.9 26.5 23.6 19.7 24.6
LS2 5000 1400 35 835 | 08 22.7 45.1 27.7 18.0 22.0
LS3 5760 1710 35 80 0.69 26.2 47.4 304 13.8 16.0
Acurex | 1830 457 15.9 90 1 18.3 19 24.1 23.9 315

7.3 Comparison of results

Variation in concentration ratio with rim angle is plotted in Fig. 7.4 for
rhombus and circular tube absorbers for LS3 trough (focal length = 1.71 m, half
acceptance angle = 0.69°). Fig. 7.4 also shows the percentage change in CR. It
can be observed from Fig. 7.4 that the maximum gain in concentration ratio with
rhombus absorber is around 31.5% at rim angle 90°. It is also evident that the
gain in concentration ratio with rhombus absorber decreases with a decrease in
rim angle. The CR for both absorbers is same at rim angle 72.5°. There is no
gain in concentration ratio with rhombus absorber for values of rim angle below
72.5°. 1t is not advisable to use rhombus tube absorber in place of the circular
absorber for the values of rim angle below 72.5°. This may be because the
surface area of rhombus tube absorber increases due to a decrease in rim angle
hence concentration ratio is decreased. At 72.5° value of rim angle, the surface
area of the rhombus tube absorber becomes equal to the surface area of the
circular absorber, therefore, there is no gain in the concentration ratio. With rim

angle less than 72.5°, the surface area of rhombus tube absorber will become
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higher than the surface area of the circular absorber, resulting in lower
concentration ratio than the circular absorber.

Ray tracing with SolTrace software is done for circular and rhombus
tube absorbers employed in the LS3 collector for the parameters shown in Table
7.1. Sun shape has been modeled using Gaussian distribution, considering 2.6
mrad as sun cone angle [22, 37] for all the simulations. Specularity and tracking

errors have also been considered.

LS3 Collector
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Fig. 7.4 Comparison of the concentration ratio of rhombus tube absorber with
circular tube absorber for the LS3 collector, F = 1.7m; 6 = 0.69°.
In Fig. 7.5 the variations in intercept factor and average flux with mirror
specularity errors have been plotted for rhombus and circular tube absorbers.
The range of mirror specularity error is considered from 0 to 5 mrad as

mentioned in the study of (Mwesigye, Huan [22]. It is observed that there is no

90



significant change in intercept factor with specularity error for both the
absorbers. And the intercept factor is almost the same for both the absorbers. It
can be seen from Fig. 7.5 that the value of average heat flux on the rhombus
tube absorber is higher than circular absorber. Although the specularity error

has little effect on the average heat flux in case of both absorbers.
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Fig. 7.5 Intercept factor and average flux Vs specularity error at tracking error

Zero.

91



. s s A & i
30 — .—"—‘——?l
L B i
£ - 109
g 28 | 5
v B 1 5
2 | 1 &
(=
= 26 .- - = 4088
Q - 1 [3)
= [
g 1 2
8 24 F 1 =
5 - ———— Average flux circular tube absorber i
> | ——&—— Average flux rhombus tube absorber 407
< | ——=—— Intercept factor circular tube absorber |
22 |- —&—— Intercept factor rhombus tube absorber |
L | 1 I R 1 L O 6

20
0 1 2 3 4
Tracking error(mrad)

(6]

Fig. 7.6 Intercept factor and average flux Vs tracking error at specularity error
of 3 mrad.

Fig. 7.6 shows the variations in intercept factor and average heat flux
with tracking error at a constant value of specularity error 3 mrad. It can be seen
that similar trends for intercept factor and average heat flux as observed in Fig.
7.5 are obtained.

From Fig. 7.5 and Fig. 7.6 it is observed that the specularity error and
tracking error have little effect on the intercept factor and average heat flux in
both absorbers. Another observation is that the higher value of average heat flux
is obtained with rhombus absorber whereas the intercept factor is almost the
same for both the absorbers. Thus a higher average surface temperature may be
obtained with rhombus absorber with the same intensity of solar energy incident

on the PTC
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Fig. 7.7 Variation of the local heat flux over the absorber tube with specularity
error at tracking error zero

The variation in local heat flux over rhombus and circular tube absorbers
with specularity error for the LS3 collector is shown in Fig. 7.7. As observed,
the peak local flux over the rhombus tube absorber is higher for a whole range
of specularity error considered in the present study. It is also noted that peak
local flux decreases with increase in specularity error in case of both the
absorbers. It may be because of the widespread of the beam at high secularity
errors.

Fig. 7.8 shows the variation in local heat flux over rhombus and circular
tube absorbers with tracking error, at 3 mrad mirror specularity error, for the
LS3 collector. It is observed that local heat flux distribution over both tube
absorbers is symmetrical in the absence of any tracking error. Heat flux
distribution becomes more asymmetrical with an increase in tracking error for
both the absorbers. It is also noted that peak local flux is higher in rhombus tube

absorber for all values of tracking error.
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Fig. 7.8 Variation of the local heat flux over the absorber tube with tracking
error at specularity error of 3 mrad.

It can be summarized that the higher value of local peak flux is obtained
with rhombus tube absorber in the absence/presence of specularity and tracking
errors. The high peak flux leads to higher temperature gradients in the absorber
tube (Mwesigye, Huan [22]. The higher temperature gradients result in thermal
stresses causing deflection in the absorber tube. But the temperature gradients
are lower at higher fluid velocities in the absorber tube ([Mwesigye, Huan [22]].
Because of the smaller cross-sectional area in the rhombus tube absorber, the
fluid velocity in the rhombus tube absorber may be higher than circular tube
absorber, for a given fluid flow rate. The higher fluid velocity in the rhombus
absorber may decrease the temperature gradients in the rhombus tube absorber.
However, a detailed heat transfer analysis is required to quantify the
temperature gradients in the rhombus absorber tube which is beyond the scope

of the present work.
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CHAPTER 8

CONCLUSION AND FUTURE RESEARCH

8.1 Conclusion

This study presents the results of optical and thermal analysis for a parabolic
trough collector system with absorber tube misalignment and surface slope error
of mirror. LS2 collector and Sener trough 2 collector were considered for the
study. The simulations have also been performed for the parabolic trough
collector with finned absorber tube. Rhombus tube absorber has been proposed
for higher concentration ratio. The simulations have been performed by
coupling MCRT and FVM.

It can be concluded that the receiver position error substantially
influences the heat flux distribution on the absorber tube and significantly
affects the thermal performance of the receiver. The temperature distribution on
the absorber tube in the circumferential direction follows the pattern of heat flux
distribution, but it is flatter than the heat flux distribution. The maximum
temperature and the non-uniformity of the temperature on the absorber tube
increase with an increase in receiver position error in the positive y-direction
and these parameters decrease with increase in receiver position error in the
negative y-direction.

In the case of the LS2 collector, the variations in values of the optical
efficiency are negligible for the equal amount of displacement of the receiver
either in positive or in the negative y-direction from the ideal position. The

optical efficiency drops by 2% when the receiver is offset from the focus by
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1.63% of its focal length in the y-direction. It is found that the optical efficiency
decreases by 4 % when the receiver is displaced from the focus by 1.63% of its
focal length in the x-direction. The maximum drop of 32% in optical efficiency
is observed when the receiver is eccentric from the focus by 1.63% of the focal
length in both lateral directions.

The collector efficiency is found to be around 79% when the receiver is
concentric with the focus of the trough. No significant variation in the collector
efficiency is observed when the receiver is displaced by 1.63% of the focal
length from the focus of the trough in the negative y-direction. The variation in
the thermal efficiency is high (14%) when the receiver is displaced by 1.63% of
the focal length from the focus in the positive y-direction. Therefore, the
displacement of the receiver in the y-direction (away from the trough) is more
critical in comparison to the x-direction. The drop in the efficiency is more
(28%) when the receiver is displaced by 1.63% of the focal length from the
focus in both x and y-directions. Therefore, it can be concluded that the receiver
position error has a significant effect on collector efficiency.

In case of Sener trough 2, it has been found that the intercept factor does
not change at all under influence of absorber tube misalignment (within the
range considered in the present work) in the absence of slope error. It was shown
that for a perfectly aligned absorber intercept factor slightly decreases with an
increase in slope error. It has also been found that the cumulative effect of both
the absorber tube dislocation and slope error on the intercept factor is
significant. Further, it is shown that the reduction in the intercept factor under
influence of absorber tube misalignment and slope error is higher in case of 70

mm diameter absorber tube than 80 mm diameter absorber tube. The intercept
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factor is found to be decreased by up to 11% with 70 mm diameter absorber
tube when the absorber tube is dislocated by 15 mm in both directions and slope
error is 3 mrad.

It is found that heat flux distribution over the absorber tube is slightly
affected by the diameter of the absorber tube and slope error for the perfectly
aligned receiver. In presence of slope error, the value of peak flux over the
absorber tube increases with an increase in absorber tube dislocation in positive
y-direction whereas the peal flux decreases with an increase in absorber tube
dislocation in the negative y-direction.

Results have shown that the temperature gradient (the difference
between the maximum and minimum temperature) on the surface of a perfectly
aligned absorber tube is almost the same when slope error is 3 mrad. It is also
found that the diameter of the absorber tube has no effect on the temperature
gradient. Further, it has been shown that the temperature gradient is significantly
affected by absorber tube dislocation with zero slope error and in the presence
of slope error. It has been shown that temperature gradient is 59.7 K when Ax =
15 mm Ay =+15 mm o = 0, whereas temperature gradient is 49 K when Ax =
15 mm, Ay =+15 mm o =3 mrad.

It can be concluded from results that thermal efficiency of the collector
is not affected much by absorber tube dislocation in the presence of slope error.
It has been found that thermal efficiency of collector reduces by up to 3%
maximum with 70 mm diameter absorber tube when Ax =15 mm Ay =+15 and
slope error is zero. It is concluded that the effect of absorber tube misalignment
on the overall collector efficiency is insignificant with zero slope error.

However, in the presence of slope error and absorber tube misalignment, the
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overall collector efficiency degrades significantly. Results have shown that
maximum reduction in overall collector efficiency is 11% and 7% for the
absorber tube diameters of 70 mm and 80 mm respectively.

In an approach to the enhancement of the heat transfer in the PTC
receiver, numerical heat transfer simulations are performed on a PTC receiver
with an un-finned absorber tube and absorber tubes with single longitudinal fin
and two longitudinal fins. A detailed heat transfer analysis (including radiation)
is carried out by considering the non-uniform heat flux over the absorber tube.
The simulations have been performed for the range of Reynolds number from
0.25x10° to 2.82 x10°.

The variation of Nusselt number and friction factor with Reynolds
number is presented for the three absorber tubes. The variation of PEC with
Reynolds number is also presented. PEC is used as a parameter to indicate the
overall improvement in the heat transfer by taking care of both the Nusselt
number and friction factor. It is found that the comprehensive heat transfer
performance of the PTC is significantly improved with finned absorber tubes.
However, a greater value of PEC is obtained for the absorber tube with two
longitudinal fins than the absorber tube with single longitudinal fin. The
maximum values of PEC obtained in the AT3 and AT2 are 1.28 and 1.19
respectively.

A rhombus tube absorber is proposed for parabolic trough collector, to
improve the concentration ratio without affecting the intercept factor.
Mathematical equations are developed to obtain the optimum size of rhombus
tube absorber for the given trough dimensions (focal length, rim angle and

acceptance angle). The concentration ratios for some of the existing commercial
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collectors with rhombus tube absorber and circular tube absorber are calculated.
It is concluded that the concentration ratio improves with rhombus tube absorber
for all the collectors being considered.

A maximum gain of 31.5 percent is obtained in the concentration ratio
at rim angle 90° for rhombus tube absorber in comparison to the circular
absorber. As the rim angle decreases below 90°, the gain in concentration ratio
also decreases and gain in CR is zero at rim angle 72.5°. Use of rhombus tube
absorber is suggested for the values of rim angle between 72.5°to 90° preferably
closer to 90°.

It is concluded that the reduction in the surface area of the absorber is
13.8% for the LS3 collector with rhombus tube. A maximum reduction of 23.9%
in absorber surface area is obtained for Acurex collector with rhombus tube at
rim angle 90°. The heat losses from the rhombus tube absorber may be reduced
on account of the reduced surface area.

The concern may be about the installation of the rhombus tube in an
evacuated glass tube in existing PTCs. The authors viewpoint is that it can easily
be fitted in the glass tube with a little modification in glass-to-metal seals and
metal bellows. Practical difficulties to be encountered in the installation of the
rhombus tube are yet to be explored. Heat losses from rhombus tube absorber
may be reduced due to a decrease in its surface area but pressure drop may be
increased on account of higher fluid velocity. It is expected that the thermal
performance of PTC system with rhombus tube absorber will improve but
pumping power requirement will increase. A preliminary study presented in the
present work suggests the employment of rhombus tube absorber to improve

CR of the PTC system. However, the detailed thermal and flow analysis of the
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PTC system with rhombus tube absorber may give more insight into the overall
performance of the system. The detailed study about the thermal performance
of the PTC with rhombus tube absorber may be the next phase of the research.
8.2 Future Research

In this study, the performance of the parabolic trough collector has been
evaluated by considering the absorber tube misalignment and slope error. The
tracking error is not been considered it can be considered in the future study.
Two different types of longitudinal fin arrangements in the absorber tube of the
PTC receiver has been studied. However, the optimization of sizes of
longitudinal fins can be explored in the future study. Only the optical analysis
of the parabolic trough collector with rhombus tube absorber tube has been
presented in this study. The thermal analysis of the parabolic trough collector
with rhombus tube collector can be carried out in the future for different

operating conditions.
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