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PERFORMANCE EVALUATION OF PARABOLIC TROUGH COLLECTOR WITH
RECEIVER POSITION ERROR
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ABSTRACT

In the present study, the effect of receiver position error on the optical and thermal performance of a parabolic
trough collector (PTC) has been studied. Optical analysis of the PTC has been carried out by using Monte Carlo ray
tracing (MCRT) method. The solar heat flux profile obtained from the optical analysis is coupled with the finite volume
method (FVM) to study the thermal performance of the PTC. Simulations have been done for experimental SEGS
LS2 solar collector used in Sandia National Laboratories. Syltherm 800 has been considered as heat transfer fluid
(HTF). Receiver position errors in two directions i.e. along optical axis and lateral direction, have been taken. Results
show that the receiver position error substantially influences the solar heat flux distribution and hence the temperature
distribution on the absorber tube. The maximum circumferential temperature difference over the absorber tube
increases up to by 199.7 K with receiver dislocation along the optical axis. The effects of the receiver position error
on the optical efficiency and collector efficiency have also been studied. A maximum drop of 32% in the optical
efficiency is observed when the receiver is displaced from the focus by 1.63% of focal length of the collector in both
directions. The collector efficiency decreases by up to 14% when the receiver is offset by 1.63% of focal length of the
collector along optical axis (away from the trough).
Keywords: Parabolic Trough Collector, Receiver Position Error, MCRT Method, Finite Volume Method,
Concentrated Solar Power

INTRODUCTION

Solar energy is a clean unlimited free energy [1]. Recent developments in concentrated solar power (CSP)
system have made solar energy the most promising [2]. In the concentrated solar power, mirrors concentrate a large
number of sunrays on a small area to attain a high temperature [3]. Parabolic Trough Collector (PTC) is a proven
industry scale solar power generation technology among all available CSP technologies [4]. The maximum extraction
of thermal energy from available solar irradiation is a challenge for researchers. In the past few decades, many
researchers [5-12] have presented studies to improve the efficiency of the PTC system; still, there is a scope for
improvement in some aspects. PTC system comprises a reflective cylindrical parabola, which focuses the incident
solar radiation on a receiver located on its focal line (Figurel). The receiver assembly consists of a metal absorber
tube enclosed within a concentric glass tube but separated by a vacuum space. Absorber tube converts concentrated
solar radiation into heat that is transferred to the heat transfer fluid (HTF) circulating through the solar field[13]. The
outer surface of the absorber tube is coated with a material having high absorptivity and low emissivity to increase the
absorption of solar radiation and to reduce the radiation heat loss from the absorber tube respectively [14, 15]. The
evacuated space between the absorber tube and the glass tube minimizes the convective heat losses hence the total
heat losses from the receiver to the atmosphere are reduced [14].

The thermal output of the PTC system depends on its optical efficiency and distribution of solar heat flux on
the absorber tube. The optical efficiency and solar 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
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mechanical precision of the system elements [16-18]. 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 encountered during the
construction and/or operation of the PTC system. The errors include receiver tube position error, profile error, local
slope error, misalignment of the reflector and tracking error [18]. The identification of these errors and their effects
on the thermal performance of the PTC system are important for its design.

Guven and Bannerot [18] studied different types of errors encountered and their influence on the optical

performance of the PTC system. Thomas and Guven [19] proposed an analytical method to determine the effect of the
receiver position error on 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 system [16, 20-27].
The receiver position error occurs due to (i) weight of the receiver assembly and weight of HTF causing sagging of
the receiver assembly (ii) variation in specified shape of the receiver after welding and galvanization (iii) misalignment
in the receiver support structure assembly and (iv) distortion of the collector supporting frame due to gravitational
loading [17]. Due to these errors the receiver is not able to collect a large number of the reflected rays which leads to
decreased performance of the PTC system. Very often, the receiver position error is approximated by an empirical
probability distribution function. Still there is no existing correlation to statistically convert the actual receiver position
error, present in the PTC geometry, to its corresponding error-probability distribution [17].

Treadwell [5] carried out a study on the influence of the receiver position error on the performance of the
PTC. No significant change in performance of the PTC was observed when the receiver was displaced by + 10% of
its diameter from the focus in the lateral y-direction. He also suggested that receiver tube diameter can be increased
in compensation of dislocation without a significant penalty on performance of the PTC [18]. Another studies carried
out by Ratzel [7] and Ratzel and Sission [28] on the receiver dislocation also supported the observations of Treadwell
[5]. Treadwell and Grandjean [29] stated that the receiver location error significantly degraded the annual performance
of the PTC depending upon the magnitude of dislocation. Guven and Bannerot [18] studied the influence of the
receiver mislocation on intercept factor. Zhu [17] and Binotti et al. [30] presented FirstOPTIC analytical technique to
determine the influence of the receiver position error on the optical performance of the PTC system. Zhao et al. [27]
reported that the receiver position error has significant effects on the solar flux distribution and optical performance
of the collector. 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 [31] presented a semi-finite formulation
technique for calculating the solar flux distribution on the circumference of the PTC receiver. Later on, Jeter [32]
presented an analytical technique to calculate the circumferential solar flux distribution. Khanna and Sharma [33]
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 [34, 35]. Cheng et al. [36], He et al. [37] and Cheng et al.[38] have estimated the
distributed solar flux by MCRT method and the results of their studies were in good agreement with the analytical
study of Jeter [31]. Ghomrassi et al. [4] used MCRT in SolTrace software to obtain the solar flux distribution for
different absorber tube diameters. Mwesigye et al.[16] used 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.
[27] also obtain the solar flux distribution for different receiver position errors and tracking errors by using MCRT
method.

Various heat transfer models are available to analyze the heat transfer in the receiver [16, 36, 39-42]. Cheng
et al. [36] studied thermal performance of the receiver by coupling MCRT with FVM and compared their results with
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the experimental results of Dudley et al. [43]. It was concluded that the simulated results [36] were in close agreement
with the experimental data [43], and the average relative error of collector efficiency was found within +2% [36].
Subsequently, many researchers [4, 16, 37, 38, 44-47] have used 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 [16, 36-38] and experimental studies [43] has been reported.

Form the above discussions it is clear that the receiver position error occurs in the PTC due to various reasons
and it significantly affects the heat flux distributions over the absorber tube. The variation in the heat flux distributions
over the absorber tube may result an increase in temperature gradients in the absorber tube. The higher temperature
gradients may result a damage of receiver due to thermal stress in the absorber tube. This study presents the effect of
receiver position error on the temperature gradients in the absorber tube, optical efficiency and collector efficiency.
Monte Carlo ray trace method is used to calculate the local heat flux distributions over the absorber tube. Later these
heat flux distributions are used in the finite volume method to carry out the thermal analysis.

PHYSICAL MODEL

The schematic diagram of the parabolic trough collector is shown in Figure 1(a) and its cross sectional view
in xy-plane with sunray path is shown in Figure 1(b). The PTC mainly consists of two components, a parabolic
concentrator and a receiver. The other components such as metal support structure for concentrator, receiver supports
and tracking mechanism are not shown as those are not relevant to the present study. As shown in Figure 1(b), the
concentrator is a cylindrical parabola which reflects the incident solar rays on the central receiver. The curvature of
the parabola follows the equation given as

y = x2/4f (1)

Where ‘f” represents the focal length.

Parabolic
concentrator e

/= 1.84m

(@) (b)

Figure 1. Schematic of the parabolic trough collector (a) Three-dimensional view (b) Cross-sectional view

The rim angle (¢,) is calculated by using equation :

@y =tan™' | ———— 2

where ‘w’ represents the aperture width.
The central receiver collects the heat of concentrated solar radiation and transfers it to a heat transfer fluid
flowing inside the absorber tube. The absorber tube is separated from the glass tube by an evacuated space as shown
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in Figure 2. The circumferential angle of the receiver is represented by ‘0’. The geometrical parameters of the present
study are listed in Table 1.
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Figure 2. Cross-sectional view of receiver in xy-plane

Table 1. Geometrical parameter of PTC system used for simulation [43]

Parameter Symbol | Value
Aperture width w 5m
Length of receiver L 4m
Glass tube inner diameter dgi 0.109m
Glass tube outer diameter dgo 0.115m
Absorber tube inner diameter | dyi 0.066m
Absorber tube outer diameter | dro 0.070m
Focal length F 1.84m

MCRT RAY TRACING

In the present study the distribution of the concentrated solar flux on the outer surface of the absorber tube
has been obtained using Monte Carlo Ray Tracing method in SolTrace software. In SolTrace, the sun shape has been
modeled as CSR0 measurement as suggested by Neumann et al. [49]. For simplifying the simulation, the profile error
in parabolic curvature, mirror specularity error and local slope error of the parabolic concentrator are neglected. The
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optical properties of the mirror, glass tube and the absorber tube have been taken from the work of Dudley et al. [43]
and are listed in Table 2. The slope and specularity errors associated with the glass tube and the absorber tube are not
considered in the present work. To obtain an accurate heat flux profile, the number of ray interactions and the
maximum number of generated sunrays have been set to 108 and 102 respectively. A direct normal irradiance (DNI)
of 1000W/m2 is assumed for all the cases presented in this study [50]. Local concentration ratio (LCR) has been
calculated by using equation given as

LCR = q/DNI (3)

Where g’ is local heat flux in Wm2, DNI is direct normal irradiation of sun in Wm?

Table 2. Optical properties of the PTC system considered in the present study [38]

Parameter Symbol Value
Absorber tube absorptivity ar 0.92
Absorber tube reflectivity pr 0.08
Glass tube transmissivity g 0.935
Glass tube reflectivity Dy 0.045
Mirror reflectivity Pm 0.93
Mirror transmissivity Tm 0

Normalized receiver position errors in x-direction (o) and y-direction (o,,) are specified by equations given as
o, = Ax/f (4)

Oy =Ay/f )

‘Ax’ and ‘Ay’ are the receiver displacements in x-direction and y-direction from focus as shown in Figure 3.
Range of o, is considered from 0 to 0.0163 and for o,, it is considered from - 0.0163 to 0.0163. As parabolic trough
is symmetric about the y-axis, g, in the negative direction is not considered.
'l*

-

Focus
- X

¢

Displaced receiver

"',‘ | ’ Center of absorber tube

Figure 3. Illustration of receiver position error

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 [31] and He et al. [37]. The results thus obtained are validated
with the results of Jeter [31] and He et al. [37] as shown in Figure 4.
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Figure 4. Comparison of present study with literature by local concentration ratio (LCR) for validation of

SolTrace

THERMAL ANALYSIS

In the present study, the thermal analysis of the PTC has been carried out using the finite volume method
(FVM) [51]. The value of distributed concentrated solar heat flux obtained by the MCRT method is introduced as a
boundary condition for successive thermal analysis. The numerical simulations result in temperature distribution over
the absorber and glass tube, heat loss from the receiver and heat gained by the HTF circulating in the absorber tube.
The results of numerical simulations have been used for calculation of collector efficiency.

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. Those are time averaged equations of turbulent flow for the conservation of
mass, momentum, and energy given in Mwesigye et al. [16, 52]. Reynolds stresses have been calculated by using
realizable eddy viscosity model. Two additional transport equations, turbulent kinetic energy (k) and turbulent
dissipation rate () are solved to find the turbulent kinetic energy and turbulent dissipation rate and hence eddy viscosity
[53]. The evacuated space between the absorber tube and the glass tube has been modeled by using the discrete
ordinates (DO) radiation model.

Simulation assumptions and boundary conditions

The following assumptions are made in the FVM analysis: (i) steady-state conditions (ii) all surfaces are
gray and diffusive (iii) incompressible fluid (iv) heat transfer between the outer surface of absorber tube and inner
surface of glass tube is by radiation only and (v) the physical properties of Syltherm 800 are polynomial function of
temperature as already mentioned [38].

The boundary conditions are defined as follows:
(i) HTF inlet at absorber tube: inlet fluid velocity = 0.3 to 0.3886 ms™, temperature (Tin) = 323 to 573 K.
(if) HTF outlet at absorber tube: fully developed flow.
(iii) End surfaces of the absorber tube, glass tube and annular space (at z=0 and z=4m): adiabatic walls.
(iv) outer surface of the absorber tube: circumferential heat flux distribution obtained from SolTrace is introduced by
using user-defined function. Emissivity of the coated material on the outer surface of the absorber tube has been
computed using Eq. (6) given by Dudley, Kolb [43] and Forristall [11].

£ = —0.065971 + 0.000327T,, (6)

(v) Inner surface of the absorber tube: no slip boundary condition.
(vi) Outer surface of the glass tube: convection and radiation boundary condition. Radiative heat transfer from the
outer surface of the glass tube to the sky is calculated using Stefan-Boltzmann law. Sky is considered as a large
enclosure and its effective temperature has been calculated by Eq. (7) [4, 16]
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Tsky = 0.0552T; @)

Convective heat loss from the outer surface of the glass tube is calculated by specifying the heat transfer
coefficient and ambient temperature. Heat transfer coefficient has been determined by using Eq. (8) given by
Mullick and Nanda [54]

h = VM9'58d§¢942 (8)

The ambient temperature is taken as 298 K and wind velocity is taken as 2 ms™ for all simulations in this
study.

Numerical simulations

The governing equations specified in the section 4.1 have been solved using FVM with boundary conditions
specified in section 4.2. 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. A structured mesh with
hexahedral elements has been generated as shown in Figure 5. 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.

HTF outlet
HTF Inlet

(@)

-

Absorber
tube

HTF

Vacuum

Glass tube /

(b)

Figure 5. Mesh of the parabolic trough receiver

The generated mesh is used to perform the FVM analysis. Pressure based coupled algorithm is used to couple
the velocity and the pressure fields. Since the momentum and pressure-based continuity equations are solved
simultaneously in the coupled solver, 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
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equations are discretized using first-order upwind scheme. The convergence criteria for scaled residuals (mass,
momentum, turbulent kinetic energy and turbulence dissipation rate) is taken less than 10-5, while the discrete
ordinates residuals and energy residuals are taken less than 10-8 for all the simulations.

Simulations have been carried out for different mesh sizes to find the mesh independent solution and 857,472
elements have been found optimal. The numerical model has been validated by comparing the simulated results with
the experimental data of Dudley et al. [43]. The simulated results are found to be in close agreement with experimental
results as shown in Table 3.

Table 3. Mesh independent test

Mesh size f Nu
655,586 0.02456923 4721
735,563 0.02480032 52.03
802,324 0.02521953 53.13
857,472 0.02545234 52.57

The numerical model has been validated by comparing the simulated results with the experimental data of
Dudley et al. [38]. The simulated results are found to be in close agreement with experimental results as shown in
Table 4.

Table 4. Validation of present study with experimental data

Flow rate Wind Air
DNI (L min') speed temperature Tin Tout (°C) Tout (°C) %

(Wm?) (ms™?) (°C) (°c) (Experimental) (Present study) error
1| 9337 41.7 2.6 21.2 102.2 124 128.08 3.29
2| 9379 95.5 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 33 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| 9823 49.1 2.5 24.3 197.5 219.5 221.75 1.02

RESULTS AND DISCUSSION
The effects of the receiver position error on circumferential heat flux distribution over the absorber tube and

thermal performance of the PTC have been studied. The results have been discussed in subsequent sections.

Circumferential distribution of heat flux on the absorber tube

The ideal position of the receiver is taken as o,,= 0 and a,,= 0 i.e. the receiver is concentric with the focus of
the parabolic trough. Figure 6 shows the circumferential distribution of heat flux on the outer surface of the absorber
tube for o,,= 0.0054 and o,,= - 0.0054. 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 Figure 6.
Further, the regions ‘A’ and ‘B’ are divided into sub-regions namely shadow effect region represented by A; and By,
increasing solar flux area represented by A, and By, reducing solar flux area represented by As and B; and the direct
radiation area represented by As and By4. The peak flux in region A is termed as gp,4 , the peak flux in the region B is
termed as qpp 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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Figure 6. Heat flux distribution on the circumference of absorber tube
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Figure 7(a)-(d) show the effect of the receiver position error on the distribution of heat flux over the
circumference of the absorber tube. The distribution of heat flux on the circumference of the absorber tube with respect
to the circumferential angle 0 is shown in Figure 7(a) for o,,= 0 and for a range of g,= - 0.0163 to 0.0163. It can be
observed that the distributed heat flux is symmetric about 6 =180°. The values of peak fluxes gp, and g5 are equal
and increase when the receiver is displaced from o, = 0, in positive y-direction i.e. away from the trough and decrease
when the receiver is offset in negative y-direction (towards the trough). As a,, changes from - 0.0163 to 0.0163, the
angle spans of region A4 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+ Az + B2) between two peak fluxes
decreases when the absorber tube is displaced in the y-direction from o,, = -0.0163 to 0.0108. The angle span is zero
between two peaks at o, =0.0108 and for higher values of o, 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 radiation.
Therefore, the peak flux increases as observed in Figure 7(a) and vice versa occurs when the receiver is displaced,
from the focus, towards the trough. Figure 7(b) shows the distribution of heat flux for ¢,,= 0.0054 and for a range of
0y=-0.0163 to 0.0163. It can be seen that the distribution of heat flux is not symmetric. The region ‘A’ contracts and
region ‘B’ expands with peaks qp, and qpp Skewed towards left with respect to the ideal position of the receiver. The
value of gp, is higher than the value of g5 for whole range of a,,, however, both the heat fluxes increase as o, changes
from - 0.0163 to 0.0163. The difference between the values of gp4 and qpp is very small when o, is equal to - 0.0163
and it drastically increases until o,, attains a value of 0.0054 and for higher values of o, 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 portion of the absorber tube because of the receiver displacement in
positive x-direction (g, > 0). Figure 7(c) shows the distribution of heat flux for o= 0.0108 and a range of o= -
0.0163 to 0.0163. It is observed that there is more shift in heat flux peaks in comparison to Figure 7 (b). The value of
qpa is lower than the value of gpp for o,,= - 0.0163, whereas the value of gp, is higher than the value of gpp for a
range of ,,-- 0.0108 to 0, and only one peak exists for o, > 0. Figure 7(d) shows the distribution of heat flux for o,=
0.0163 and for a range of o, = - 0.0163 to 0.0163. A similar trend of heat flux distribution is observed in Figure 7(d).
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 Figure 7(a)-(d), it is found that for a range of o, =
- 0.0108 to 0.0054, the value of gp, increases and is skewed with increasing in receiver position error in x-direction,
for a range of o,,= 0 to 0.0163, because the same amount of rays reaches on the reduced area on the lower left portion
of the absorber tube. However, the value of g», decreases at o,, equal to - 0.0163 and 0.0163 when o, increases in
the range 0 to 0.0163.

Optical efficiency of PTC
The optical efficiency which is defined as the ratio of the energy absorbed by the absorber tube to the solar
radiation incident on the aperture area has been estimated using the Eq. (9) given below

+
N, = Qc Qlost (9)
I.W.L
Heat gained by the HTF is calculated using Eq. (10)
Qc = M(TyyuC out — Tme,m ) (10)
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Figure 8. Optical efficiency for o,= 0 to 0.0163 and o,,= - 0.0163 to 0.0163

The values of the optical efficiency of the PTC for a range of o,,= 0 to 0.0163 and for a range of ¢,,= - 0.0163
t0 0.0163 are shown in Figure 8. For all the receiver positions in the x-direction (o,.= 0 to 0.0163), the optical efficiency
is almost the same when the receiver is offset by the same amount in the positive or negative y-direction. It is observed
from Figure 7(a) to (d) that, at o, = - 0.0163, 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 o,,= 0.0163
where the case is reversed. Since the areas under the heat flux curves are equal (for o,,= - 0.0163 and 0.0163) same
optical efficiency is obtained when the receiver is displaced equally either in the positive or negative y-direction.
Similar observation is also found for the pair o,,= - 0.0108, 0.0108 and g,,= - 0.0054, 0.0054 as shown in Figure 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 o, therefore + o, notation is used for discussion. It has
been observed that at a,,= 0 there is no variation in the optical efficiency, when o, changes from 0 to 0.0108, thereafter
efficiency slightly decreases. In addition, no significant variation in the efficiency is observed for o,,= + 0.0054 when
g, changes from 0 to 0.0108 after that, the efficiency decreases till o, changes to 0.0163. In comparison to o,,= +
0.0054, no significant drop in efficiency is observed at o,= + 0.0108 and for range of o, from 0 to 0.0054. A
continuous fall in the efficiency is observed at g,,= + 0.0163 as the o, varies from 0 to 0.0163.

Receiver thermal performance

Figure 9 shows the velocity profile of HTF in the 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 2m
from the inlet of the absorber tube, which satisfies the condition of fully developed flow. Figure 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 Figure 10, the variation in temperature distribution is negligible in z-
direction in comparison to the variation in temperature in 6-direction due to non-uniform circumferential heat flux
distribution. Therefore, only the temperature distribution in 6-direction at z = 4 m is discussed for different receiver
position errors ( g, and g, ).
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Figure 10. Circumferential distribution of temperature on absorber tube atz=1,2,3and 4 m

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 Figure 11(a) - (t) for five receiver position errors in y-direction (o, = - 0.0163, - 0.0108, 0, 0.0108 and
0.0163) and for four receiver position errors in x-direction (o, = 0, 0.0054, 0.0108 and 0.0163). It has been observed
that in Figure 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 buoyance forces (see the pattern of streamlines in Fig 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
absorber tube, the colder fluid from the central region rush to fill it. This cyclic movement of the fluid creates two
counter rotating vortices in the 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 (o,=0,= 0) is shown in Figure 11(c). When g, = 0, for whole range of g, the vortex streamlines and
temperature distributions are symmetrical as seen in Figure 11(a) — (€) due to symmetric heat flux distribution. When
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o, increases to 0.0054 in Figure 11(f) — (j) for all values of g, the streamlines are asymmetric due to skewness of the
heat flux distributions and higher value of g, compared to qp5 as observed in Figure 7(b). Because of this, the left
vortex moves upward and right vortex moves downward. The upward and downward movement of vortices is directly
correlated to the difference between gqp, and gpp and skewness of flux distributions. Similar trends are also observed
in Figure 11(k) — (o) for 0,,= 0.0108 and Figure 11(p) — (t) for a,,= 0.0163 due to the skewness of flux distribution and
differences between the gp, and gpp as observed in Figure 7(c) and (d) respectively.

(a)0,=0,0,=0.0163 (f)o,=00054,0,=00163  (k)0,=00108,0,=00163  (p),=00163,0,=00163

{l)o,=0.0108,0,=0.0108

(no,=00163,0,=0

(d)o,=0,0,=-0.0108 (iyo,=0.0054,0,=-0.0108 (n)o,=0.0108,0,=-0.0108 (s)o,=0.0163,0, =-0.0108

(e)o,=0,0,=-0.0163 () o,=0.0054,0,=-00163 (0)0,=00108,0,=-0.0163 (t)0,=0.0163,0,=-0.0163

Temperature: 378 380 385 390 395 400 420 440 480 520 560 600

Figure 11. Temperature contours and streamlines at the outlet of absorber tube
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Circumferential distribution of temperature on 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 Figure 12(a) - (d). The temperature
distribution follows similar trends of heat flux distribution, but the curves of the former one are flatter than those of
the latter one. Figure 12(a) shows the temperature profile on the absorber tube for o,,= 0 and for a range of o,,= -
0.0163 to 0.0163. 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 positive y-direction from the
focus i.e. away from the trough. These decrease when receiver is displaced in negative y-direction from the focus of
the parabolic trough. When the receiver is at ideal position, the computed values of Tnax and AT at the outlet are found
to be 527.7 K and 104.8 K respectively. When the value of o), is equal to - 0.0163, the Tmax and AT are found to be
482.7 K and 42 K respectively. At o, equal t00.0163, Tmaxand 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. Figure 12(b), (c) and (d) shows the temperature profile on absorber
tube for o,,= 0.0054, g,,.= 0.0108 and o,.= 0.0168 respectively. As shown in Figs 12 (b) - (d) 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
Figure 11.
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Figure 12. Circumferential distribution of temperature on outer surface of the absorber tube at z = 4 m for inlet
temperature 373 K , 0,,= - 0.0163 to 0.0163 and (a) o,.= 0 (b) o,= 0.0054 (c) o,,= 0.0108 (d) o,= 0.0163
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Collector efficiency
The collector efficiency is calculated as the ratio of heat gained by the HTF to the solar radiation incident
on the aperture area given in Eq. (11)

(11)

Collector efficiency (%)

45
0.000 0.004 0.008 0.012 0.016
]

x

Figure 13. Collector efficiency for o,,= 0 t0 0.0163 and o, = - 0.0163 to 0.0163

The effect of the receiver position error on the collector efficiency is shown in Figure 13. The parameters
considered for calculating the collector efficiency are: inlet fluid temperature = 373 K, range of receiver position error
for 0,= 010 0.0163 and for ,,= - 0.0163 to 0.0163. It has been observed that the efficiency may increase with increase
or decrease in the receiver position error. For ideal position of the receiver (o,,= 0 and o,,= 0), the computed value of
collector efficiency is 78.1%. Whereas when o, increases to 0.0163 keeping a,, equal to zero, a 3% fall in collector
efficiency is observed. However, when o, increases from 0 to 0.0163 keeping o, equal to zero, a 14% fall in the
collector efficiency is observed due to increase in non-uniformity of heat flux. In other condition when g,, changes
from0 to - 0.0108 and o,= 0, the collector efficiency is increased by 1.3% because of increase in heat transfer due to
wide spread of heat flux on the outer surface of the absorber tube as seen in Figure 7(a). When g, = 0, the collector
efficiency for o,,= 0.0163 is 14% lower than the collector efficiency when o, = - 0.0163, even though the optical
efficiency is the same for both the cases. This is mainly because of the pattern of distribution of heat flux on the
absorber tube as seen in Figure 7(a).

Figure 14(a)-(d) shows the variation in collector efficiency for different inlet fluid temperature ranging from
Tin= 323 K to 523 K for receiver position error o, = 0, 0.0054, 0.108 and 0.163 where the value of g, ranges from -
0.0163 to 0.0163. The collector efficiency decreases with an increase in 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 decrease in the temperature difference between absorber tube wall
temperature and HTF temperature. It is also observed that irrespective of o, value, the difference between the collector
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efficiency for all o,, values remains 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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Figure 14. Variation of collector efficiency with respect to inlet HTF temperature for o,,= - 0.0163 to 0.0163 and (a)
0,=0 (b) o,= 0.0054 (c) g,,= 0.0108 (d) o,,= 0.0163

CONCLUSIONS

In this paper, the effect of the receiver position error on the optical and thermal performance of the parabolic
trough solar collector has been studied and the results are presented. The simulations have been performed by coupling
MCRT and FVM. Thus, 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 positive y-direction and
these parameters decrease with increase in receiver position error in the negative y-direction.
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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 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. A 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 of the PTC from the focus in the positive y-direction.
Therefore the displacement of the receiver in the y-direction (away from trough along the optical axis) 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 of the PTC 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.

NOMENCLATURE

: specific heat (J kg K?)

: glass tube inner diameter (m)

: glass tube outer diameter (m)

: absorber tube inner diameter (m)

: absorber tube outer diameter (m)

: focal length (m)

: average friction coefficient

- heat transfer coefficient (W m2 K1)
. direct normal irradiance (W m?)

. length of receiver tube (m)

: HTF mass flow rate (kg s)

: average Nusselt number

- local heat flux on absorber tube (W m-?)
: temperature (K)

e §|§.I——3\h|_"§-§?-%o-99-9

: ambient air temperature (K)

Tin : inlet temperature of HTF (K)

Tmax -maximum temperature on absorber tube (K)

Tout : outlet temperature of HTF (K)

Tro : absorber tube surface temperature (K)

Tsky . external radiation temperature (K)

T : average temperature of HTF at a cross-section (K)

AT : difference between maximum and minimum temperature on absorber tube (K)
Ax . displacement of receiver from focus in x-direction (m)
Ay . displacement of receiver from focus in y-direction (m)
Vw : wind velocity (m s™)

Qc : solar energy absorbed by HTF (W)

Qiost - heat loss (W)

w : aperture width (m)

Greek symbols
Oy
€ro
Pm

: absorber tube absorptivity
: emissivity of absorber coating
: mirror reflectivity
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. absorber tube reflectivity

: glass tube reflectivity

: receiver position error distribution (mrad)
: mirror specularity distribution (mrad)
: slope error distribution (mrad)

: sun’s energy distribution (mrad)

: total error distribution (mrad)

: tracking error distribution (mrad)

: receiver position error in x-direction

: receiver position error in y-direction

: rim angle (degrees)

: glass tube transmissivity

> mirror transmissivity

: collector efficiency

: optical efficiency

Abbreviations

CSP : concentrated solar power

DNI : direct normal irradiation

FVM : finite volume method

HTF : heat transfer fluid

LCR : local concentration ratio

MCRT : Monte Carlo ray tracing

PTC : parabolic trough collector
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