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Abstract

This study reports on numerical simulations of a parabolic trough solar collector to predict the
aerodynamic behaviour and the convection heat transfer from the heat collector element. In the
study, the variation of fluid flow with different angles of attack has been taken into account.
Calculations are performed using Large Eddy Simulations with a Variational Multiscale (VMS)
approach for modelling the sub-grid scale stress tensor. The governing equations are discretised on
a collocated unstructured grid arrangement by means of second-order spectro-consistent schemes.
The numerical model is validated first with a cross flow around a horizontal cylinder. After that,
aerodynamic coefficients at different angles of attack or pitch angles are calculated and compared
to wind-tunnel experiments. It has been shown that, the orientation of the solar collector plays an
important role in evaluating the aerodynamic performance and structural design criteria of the
collector.

1. Introduction

Concentrated solar power plants are one of the most promising renewable options for electric
generation. Parabolic trough collectors (PTC) are currently the most proven, widespread and
commercially tested technology available for solar harnessing. PTC includes the parabolic reflector,
the absorber tube with its associated glass cover, the metal support structure and the tracking system.
The heat collector element (HCE) is the most important element in the system where the solar
irradiation is absorbed and converted to thermal energy. In the case of forced convection (with winds),
heat losses from the glass envelope are dominated mostly by convection.

The surrounding air is usually turbulent and can affect the optical performance and wind resistance of
the PTC as well as the heat exchanges between the glass outer surface and the ambient air. Wind flow
analysis is then required to understand the aerodynamic loading around the parabolic reflector as well
as the convection heat transfer from the HCE. Hosoya and Peterka [1] have conducted a series of wind
tunnel tests about a PTC with different configurations in which they included the peak load and the
local pressure across the face of the solar collector and investigated the effect of Reynolds number on
aerodynamic load coefficients. Current state-of-the-art for studying the flow around the parabolic
collector and the absorber tube are based on resolving the time-averaged Navier-Stokes equations
(RANS) [2, 3]. However, RANS methods suffer from inaccuracies in predictions of flow with massive
separations. On the other hand, Large-Edddy Simulations (LES) methods have been proved to be more



suited for calculating these complex flows. The aim of this work is to simulate accurately the fluid
flow and heat transfer around the PTC for different wind speed and pitch angles using a LES model.

2. Numerical Model

The parabolic collector is usually large in length and the aspect ratio of the HCE is very large,
therefore wind flow can be assumed as two dimensional and the span-wise direction can be solved as a
periodic flow. The methodology used for solving the fluid flow and heat transfer around the PTC is
similar to that of bluff body flow described in Rodriguez et al .[4]. In this context, LES models have
been proven to yield accurate results in flows with massive separations [5].

All the simulations are carried out using the CFD&HT code Termofluids [7], which is an unstructured
and parallel object-oriented code for solving industrial flows. In Termofluids, the incompressible
turbulent modelling of the Navier-Stockes equations are written as,

Mu =0 (eq.1)
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where u , p T, ¢, /} , v and p denote the velocity, pressure, temperature, time, body forces, kinematic

viscosity and the air density respectively.

Convective and diffusive operators in the momentum equation for the velocity field are given by
C(u)=w V),D=-V*. Gradient and divergence operators are given by G=VandM =V-,
respectively. The last term in both equations indicates some modelisation of the filtered non-linear
convective term. % and T are the filtered velocity and temperature, M represents the divergence

operator of a tensor and 7 is the SGS stress tensor which is defined as
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where § = %[G () + G*(w)], where G~ is the transpose of the gradient operator. 7, term is evaluated

as in 7 term, but vy, is substituted by v, /Pr, where Pr is the turbulent Prandtl. In this work, the
wall-adapting local-eddy viscosity (WALE) model within a Variational Multiscale approach [6]
(VMS-WALE) is used for modelling the subgrid scale stress tensor.

In Termofluids, the governing equations are discretised on a collocated unstructured grid arrangement
by means of second-order spectro-consistent schemes. Such schemes are conservative, i.e. they
preserve the symmetry properties of the continuous differential operators and they ensure both,
stability and conservation of the kinetic-energy balance even at high Reynolds numbers and with
coarse grids. For the temporal discretisation of the momentum equation a two-steps linear explicit
scheme on a fractional-step method is used for convective and diffusive terms, while for the pressure
gradient term an implicit first-order scheme is used.



3. Results

The suitability for solving the flow around a PTC of the present numerical model is presented
hereafter. First, the study of the fluid flow and heat transfer around a horizontal circular cylinder is
analysed. Then, the study of the wind flow and aerodynamic coefficients around a PTC is performed.
The results of both cases are compared against available experimental measurements from literature.

3.1. Fluid Flow and heat transfer around a horizontal circular cylinder

. . . . . uD .
This case consists of a circular cylinder in cross flow. Two Reynolds numbers (Rep = - where u is

the free-stream velocity and D the cylinder diameter) are studied (7190 and 21580) and compared with
experimental results of Scholten and Murray [9]. For both Reynolds numbers simulated Prandtl

number (Pr = g) is set at Pr=0.7. Cylinder wall temperature is set to 300K and free stream temperature

is maintained at 350K. The boundary conditions at the inflow consist of uniform velocity and
temperature. Slip and Neumann conditions are prescribed in the top and bottom boundaries of the
domain for velocity and temperature, respectively. At the outlet, a pressure-based condition is used for
momentum equation, whereas for energy equation a Neumann condition is assumed. At the cylinder
surface, no-slip condition is prescribed for velocity.

The simulations are started from homogeneous flow and an impulsive flow initial condition is used.
The flow field is advanced in time for initial duration to ensure temporal converged statistically. The
time-averaged heat transfer results are computed over approximately (2000tu/D). The computational
domain is extended to [-15D,25D];[-10D,10D];[0,nD] in the stream-, cross- and span-wise directions
respectively, the cylinder is placed at (0,0,0). A three-dimensional mesh is generated by the constant-
step extrusion of a two-dimensional unstructured grid. A prism mesh is used around the cylinder to
well capture the boundary layer. The use of unstructured grid for the plane has allowed clustering more
control volumes around the cylinder and in the near wake. The mesh is then stretched going away from
the cylinder. Simulations are performed with two different grid resolutions by varying the number of
control volumes (CVs) in the span-wise direction and around the circular cylinder. Two computational
grids are considered: a coarse grid of 72000x32 planes (2.3MCVs) and a finer grid of 130000x64
planes (8.3MCVs).

First, the distribution of the drag forces around the circumference of the cylinder for both grids at
Rep = 7190 is calculated and compared with experimental measurements of Norberg [11]. Figure 1
shows the results on both meshes together with the experimental data by Norberg [11] at Rep, = 8000.
Both grids capture the pressure distribution in the laminar zone reasonably well. However, the low-
resolution mesh over-predicts the pressure in the back zone and the magnitude of the minimum
pressure on the cylinder surface. On the other hand, the high-resolution mesh reproduces accurately the
experimental results of Norberg [11] with the same minimum magnitude and angle position where it
occurs.
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Fig.1. Variation of the drag coefficient around the cylinder for two grid resolutions. Comparison with
experimental data of Norberg [11].

For the finer grid, which predicts well the flow dynamics and drag forces in the cylinder surface, the
Nusselt number is evaluated. The Nusselt number (Nu=hD/A) which describes the heat transfer
characteristics for the flow around the bluff body is calculated around the circumference of the
cylinder. The calculated local Nusselt number gives a good agreement with experimental
measurements [9] and follows the same trends as shown in Figure 2. The Nusselt number is maximum
at the leading edge or the front stagnation point (fsp) and decreases smoothly by moving towards the
top (or the bottom) of the cylinder. The minimum value occurs at about 90° from the stagnation point
of the cylinder which is associated with flow separation and the formation of a recirculation zone in the
near wake. That is, the local separation restricts heat transfer away from the surface and causes the
decrease of the Nusselt number. It increases again by approaching to the wake region as the turbulent
wake allows heat to again be removed.
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Fig. 2. Variation of the Nusselt number around the cross flow horizontal cylinder and comparison with
experimental data at (a) Re=7190 and (b) Re=21580 [9].



The numerical results of the averaged Nusselt number and the front stagnation point Nusselt number
are summarized in Table 1 for both cases and compared with experimental measurements [9] and the
correlation of Zukasuskas [10] for the mean Nusselt number of a single cylinder in low turbulence and
low blockage cross flow.

Table 1. Comparison of front stagnation point and average Nusselt number with experiments [9] and values
obtained by Zukasuskas correlation [10].

Re Nugp Nugp %oerror | Nuayg Nugye Nuayg(exp) %error
(exp) (exp) (Zukasuskas ) (exp)

7190 | 86.58 88 1.6 52.22 47.3 49.5 5.49

21580 | 147.68 | 148 0.2 96.86 91.3 103.4 6.32

3.2. Wind Flow around a parabolic trough solar collector

The wind flow and heat transfer is also studied around a typical LS-2 parabolic trough solar collector
[8]. The numerical model is validated with wind-tunnel experiments [1] conducted on a LS-2 PTC [8]
in the same range of Reynolds numbers (Rey, = 2 X 10°) based on the aperture of the parabola
(W=5m). The computational domain is defined by 5W in the upstream direction, 20W in the
downstream direction, 9 W in the cross direction and W in the span-wise direction. A constant wind
speed (u,=7 m/s) is considered in the inlet boundary condition. Slip conditions are fixed in the top and
bottom boundaries, while at the outlet a pressure-based condition is used. At the mirror and HCE
surfaces, no-slip conditions are prescribed. As for the span-wise direction, periodic boundary
conditions are imposed. In a similar manner to section 3.1 a three dimensional extruded mesh is
generated. The mesh is refined around the mirror, the HCE and the near wake and then stretched going
away from the collector.

Extensive grid refinement tests for each pitch angle are conducted in order to obtain a solution which
accurately describes the fluid flow and heat transfer phenomena. For the sake of brevity, these studies
are not shown and only results obtained with the finer grid for each pitch angle are presented. Indeed,
finer meshes are about 7 MCVs with 96 planes in the homogenous direction. Aerodynamic coefficients
at different pitch angles are calculated and compared to experimental measurements in Figure 4. As
can be seen from the figure, numerical results obtained by the present model are within the error-bars
of both experimental measurements from the wind-tunnel data [1]. The discrepancies between
predicted and measured aerodynamic coefficient are most likely due to the unsteady flow behaviour
and the ground effect. On the other hand, there also could be some differences with the experiments
due to the wide range of Reynolds number adopted in the model-to-full-scale test.

The zero pitch angle presents the maximum horizontal drag force (Cp) and it decreases by moving the
parabolic trough toward the horizontal position. However, the lift coefficient (C;) increases by
approaching to the stow mode where the concave surface of the trough is facing the ground.
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Fig. 4. Predicted and measured aerodynamic parameters for LS-2 PTC. (a) drag and (b) lift coefficients.

The variations of the aerodynamic coefficients can clearly be understood if the instantaneous flow is
studied. In figure 5, the instantaneous velocity field for different pitch angles (6=0°, 6=45° and 6=90°)
are depicted. A large separated zone is observed at 6=0°. The turbulent flow in the detached region
produces a large depression region in the back of the PTC being the responsible for the large value of
drag coefficient obtained. With the increase of the pitch angle from 8=0° to 6=90° the separated zone is
continuously reduced which provokes the reduction of drag forces in the PTC surface.

(b)

()
Fig. 5. Instantaneous velocities around the PTC for different pitch angles: (a) 6=0°, (b) 6=45° and (c) 6=90°

Numerical simulations are also carried out to study the heat transfer from the HCE of the LS-2 PTC.
The temperatures of the glass cover and ambient air are fixed to 300 K and 350 K respectively. The
parabolic mirror is oriented to the horizontal position (6=90°), which corresponds to the normal
operation mode. The Reynolds number based on the glass cover diameter is about 22320 which is alike



to the Reynolds number considered in the validation of cross flow around horizontal cylinder (see
section 3.1). The comparisons show that the Nusselt number for cross flow around a horizontal
cylinder is higher than the Nusselt number for wind flow around a HCE of a PTC. This reduction is
desirable, since it reduces heat losses from the HCE and improves the thermal efficiency. The
minimum of Nusselt number is displaced away the stagnation point and occurs at about 85°. After
reaching the local minimum, the increase of Nu in the wake zone is smoother.

In general, the circumferential variation of the Nusselt number in the case of the HCE is similar to the
simple cross flow and the effect of the parabolic mirror can be seen mainly in the reduction of the
magnitude of Nusselt number.

'HCE  +
Cylinder x

140

120

100

80

MNusselt

60

40

20

0 20 40 60 80 100 120 140 160 180
Angle(degree)

Fig. 3. Comparison of the Nusselt number around the HCE and the cross flow horizontal cylinder.

4. Conclusions

A study of fluid flow and heat transfer around the HCE and the PTC has been carried out by means of
large-eddy simulations. The suitability of the model used for accurate predicting the flow dynamics
and heat transfer present is analysed by comparing the results with experimental measurements.
Present simulations proved to reproduce accurately the aerodynamic and thermal behaviour around
PTC under turbulent wind flow conditions. Aerodynamic coefficients are calculated for different pitch
angles and give good agreements with the experiments measurements. The drag force is maximum
when the wind blows normal to the concave of the parabolic mirror and minimum when the collector is
oriented parallel with wind direction. The lift force is more important in the stow mode than in the
normal mode. In addition, the influence of the parabola on the heat transfer in the HCE is also analysed
by comparing the results with those obtained from a circular cylinder in cross-flow. Results shown that
the magnitude of the Nusselt number decreases with the presence of the parabolic mirror and tend to be
smoother.



Further work is ongoing to determine the effect of the pitch angle on the Nusselt number as well as the
effect of Reynolds number on the fluid flow around the solar collector.
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