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Abstract. The convective heat loss of a modified cavity
receiver for a low-cost concentrating solar power plant is studied.
Convection is modelled by using the fundamental mass,
momentum and energy conservation principles together with the
k-w SST for turbulence modelling. It is also compared to a flat
receiver design. The temperature at the cavity walls is fixed to a
non-uniform distribution computed from the solar irradiation
field at the walls obtained from a previous work. The convective
heat loss rate is computed at different conditions of inclination
angle and wind speed of the receivers. As it was expected the
cavity improves to the flat receiver; however it is shown that the
cavity losses are still considerable mainly due to the wind
entering the cavity.
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1. Introduction

The availability of technologies for the efficient
exploitation of renewable energies has become a demand
in the energy market. Conventional energy sources, such
as fossil and nuclear energy, are still necessary.
Nevertheless a reduction of its use has been devised by
using renewable sources. The effort in the development of
renewable energy technologies is being focused in
designing cost-effective facilities to turn renewable energy
sources into a feasible energy [1,2].

The technology studied in this work is the Parabolic Dish
Concentrator (PDC) technology. Concretely a low power
system already deployed for steam generation. A sketch of
the PDC system under study can be seen in

Fig. 1.

The receiver is where the transformation of radiant to

thermal energy occurs. Thermal oil is used as working
fluid to transport thermal energy to the boiler, as it is done
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in [3]. This avoids the phase change inside the receiver
that is difficult to control and stabilize [4]. Moreover the
transport of superheated steam through large distances
can be subjected to a considerable temperature drop.

Convective heat loss is a considerable energy loss in the
receivers as it is shown in [5]. Cavity receivers are
usually developed with the aim to reduce convective and
radiation thermal losses.

This paper extends the work in [6]. The purpose is to
analyse the convective heat loss from two different
receiver types under different operating conditions of
wind and inclination. The receivers considered are a
cavity receiver and a flat receiver. The cavity receiver is
a cylindrical cavity modified with a curved bottom and
dimensioned for its use in low to medium power plants,
see Fig. 1 and 2.

Receiver

4500
Diameter

Aperture Plane/Wind Directiorn

Concentrator
4

Fig. 1. Sketch of the parabolic dish concentrator under study.
The length unit is the millimetre. The focal distance is 2.2m and
the concentrator radius is 2.25m, giving an intercepting area of
15.9m’
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a) Cavity receiver

b) Flat receiver

Fig. 2. Sketch of the two solar receivers studied. The length unit
is the millimetre

2. Process Modelling

The Navier-Stokes equations are employed to model the
convective heat transfer phenomena. These include the
mass, momentum and energy conservation principles for a
continuum medium, together with some constitutive
relations and parameters characteristic of a particular
medium. The following variables are used to describe the
flow: velocity v, density p, pressure p, temperature 7, and

enthalpy 4.

For forced convection or large temperature differences,
further modelling is employed, as discussed in the
following section.

A.  Turbulence modelling for the receivers

For the receivers the flow becomes turbulent even for
moderate wind speeds (~15km/h). In these cases a
considerable variation of flow quantities in space and time
happens, and obtaining a solution to the flow equations
would require a considerable amount of computational
resources that is not currently affordable.

Turbulent motion can be modelled by means of some
additional transported properties accounting for turbulent
effects in the mean flow [7]. Since the mean flow is
expected to be smoother, it can help to reduce the
computational costs while keeping a reasonable accuracy
on the quantities of interest. Concretely, the Reynolds-
Average Navier-Stokes (RANS) approach is chosen here
due to being the lowest computationally demanding one.

In a RANS model, at a position 7 and in an instant t the
value of a flow wvariable ¢ is expressed as

d(r,t) =@ (r)+¢'(r,t), wheregis the time-mean value
and ¢' is the instantaneous deviation. For the cases
considered here the turbulent motion is stationary; thus the
time-average of the flow field, ¢ (r) , exits.

In particular, the k-w SST (Shear Stress Transport)
turbulence model is employed [8,9]. The main reasons are
the following. Firstly this model can be integrated down to
the wall which is appropriate for wall heat transfer
calculations as it depends directly on the thermal boundary
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layer close to the wall. Secondly it also predicts
recirculation and reattachment regions, which affect to
the overall heat loss rate by the dragging of the heated air
inside the cavity.

This model adds to the fundamental equations two new
flow variables: The turbulent kinetic energy &, and the
specific dissipation w, together with two new transport
equations governing them. It also adds new flow-
dependent parameters that ideally would have to be
fined-tuned for every application; however the general
values are used since they are shown to be suitable for
many applications.

B.  Air model

In the range of the operating conditions studied, air can
be approximated as an ideal gas. Its dynamic viscosity is
model by the Sutherland’s law. Thermal expansion
coefficient is given by the equation of state. Thermal
conductivity and heat capacity are considered constant
and uniform. Reference values are computed at the film
temperature 7, =1/2(T,,, +7T,,,), and at the normal

pressure pp=latm.
C. Air-Domain Geometry

The receiver geometry is placed inside a rectangular
cuboid representing the air surrounding the receiver at
normal operating conditions.

For natural convection the chimney approach is used.
Given a characteristic length of the receiver studied, L,
the bounding box is constructed with the following
dimensions: The upward distance (the distance from the
centre to the roof) is SL. The downward distance is 3L.
And the side distances are also 3L.

For forced convection the same dimensions are used.
D. Boundary Conditions

The boundary conditions used are briefly discussed in the
following.

Velocity

For natural convection, the atmospheric patches are set to
a zero gradient for velocity (Neumann type). This
condition represents an external boundary where the air is
able to freely enter or exit the domain.

For forced convection, the atmospheric patches are
distinguished. At the inlet patch the velocity is fixed
(Dirichlet type), otherwise it is set to zero gradient.

Finally, the velocity at the receivers’ walls is set to 0 m/s.

Pressure
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For pressure the atmospheric patches are set to a fixed total
pressure equals to the normal pressure. For inlets and walls
a zero gradient condition is used.

Temperature

Temperature on the receiver transmitting walls is fixed at a
non-uniform field. For the remaining faces an insulated
boundary condition is used (zero gradient).

In the cavity the transmitting walls are the bottom, side
and front faces. The total area is 0.117m’. In the flat
receiver the transmitting face is the horizontal face shown
in Fig. 2. Its area is 0.065m”.

The temperature field is computed based on the energy
flux that is being irradiated form the concentrator. This
flux is obtained from [6]. In the following the assumptions
used for constructing the temperature field are detailed for
every receiver.

In the cavity receiver, the working fluid flows from the
external wall to the bottom uniformly. Assuming a
stationary condition the energy flux can be related to the
temperature variation along the symmetry axis, z, by

Q =CdT /dz , where C is a constant that can be
determined by fixing the operating temperatures of the
working fluid. Thus given an inlet temperature T;, and an
outlet temperature, T, , the following expression can be
used to calculate the temperature distribution:

T(z)=T + ujQ(z‘)dz'

Qmax

On the other hand for the flat receiver, it is considered that
the working fluid flows through a solenoid inside its body.
By considering that the solenoid path covers the receiving
area from one side to the other, an expression similar to
that above can be used over a symmetry axis of the
transmitting wall.

E.  Heat Transfer Computation

The heat transfer at the walls is calculated based on the
following expression:

Trasnmitie
Faces

oh
o, —d
o on

Where A =a+a, is the effective thermal diffusivity.

urbulent
This expression is derived from the Fourier’s thermal
conductivity law assuming a zero gradient pressure normal
to the wall, which is the pressure boundary condition used
here for fixed walls.

3. Methodology

The altitude angles considered are typical of the altitude of
the Sun in a latitude of 37°59'13"N, corresponding to the
location of Murcia, Spain. The following altitude values
are chosen: {40,70}°.
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On the other hand, the wind direction is considered
parallel to the concentrator aperture plane. We have
considered that these directions play a major role than the
perpendicular ones since the concentrator itself speeds
down the wind. Two wind speeds are considered here:
{15, 30}km/h. They are representative of a light breeze
and a moderate breeze respectively.

The operating temperatures considered are shown in
Table 1. These values are representative of a collector of
aperture area 15.9m’, based in the experimental data

shown in [4].
Table I. — Temperature parameters
Parameter | Value
T, 250°C
T; 150°C
Tamb 27°C
T 152°C

The temperature profiles calculated with these input
values are shown in Fig 3.

a) Flat receiver

b) Cavity Receiver
Fig. 3. Sketch of the temperature field distribution

These generate the cases summarized in Table II. The
Grashof and Reynolds numbers are also shown. For the
computation of these values the characteristic lengths
used are for the cavity receiver its external diameter, and
for the flat receiver its depth.

Table II. — Studied cases

Id | Geometry | vy Altitude | Reynolds | Grashof
(km/h) | (deg) Number | Number

1 Flat 0 40 - 9-10"

2 Flat 0 70 - 9-10"

3 Flat 15 - 4-10* 9-10’

4 Flat 30 - 810 9-10’

5 Cavity 0 40 - 10°

6 | Cavity 0 70 - 10°

7 | Cavity 15 - 2-10* 10°

8 | Cavity 30 - 7-10* 10°

From Table II, the Grashof numbers fall below the
turbulent region (10%), thus the fundamental equations are
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used. On the other hand, the Reynolds numbers for forced
convection are of order 10°-10° falling in the transition to
turbulence regime. These values are not in the range of
high Reynolds numbers for which the turbulence theory is
developed; although it is found that these models are also
employed at low Reynolds numbers performing well
within a reasonable accuracy.

Finally, the atmospheric pressure is set to the normal
pressure, latm.

A.  Mesh Sensibility Study

To validate the numerical scheme used, a particular case is
simulated for which experimental data is available. The
case 1 is chosen for this purpose.

Table III shows the series of meshes studied. In this case
the representative magnitude for mesh independency
criterion is the rate of change of the total power over the
number of elements.

Table III. — Mesh Independency study for case 1. The
abbreviations used stand for: FLH for First Layer Height, BL for
Boundary Layers, GR for Growth Rate, and ES for Element Size

Elements | FLH | BL | GR ES
(109 | (mm) (mm)
3.86 0.1 20 1.15 7.5
4.76 0.1 20 1.15 5
11.5 0.1 15 1.15 2.5
26.5 0.1 10 1.15 1.5
Elements | Power | Rate of change
(-:10°) (W) | (W/Element-10°)
3.86 114 -
4.76 97 -18.9
11.5 87 -1.48
26.5 86 -0.067

It is considered that the third test is independent of the
mesh as the rate of change is already below 10°W/Element
from that number of elements and it is not expected to
increase. The element sizes used for this mesh will be used
as a guide in the construction of the meshes for the
remaining cases.

B.  Experimental Validation

Experimental data is available for inclined walls given as a
correlation that can be found in the literature. The
correlation used here corresponds to an inclined wall in the
laminar regime obtained from [10]. In this case the
gravity-inclination correction is used, that is, g cos(¢) . In

this particular case the inclination angle is ¢ =4(° and the

mean temperature of the heated wall is T,=500K. The
experimental convective heat transfer rate obtained is
82.7W. Thus, the computed value of the third test from
Table III represents a 5% of relative error from
experimental data.

4. Simulation

https://doi.org/10.24084/repqj15.457

760

The OpenFOAM® [11] framework has been used for the
implementation of the simulations.

A. Natural Convection Simulations

Natural convection simulations are carried out with the
PIMPLE algorithm. Concretely the solver
buoyantPimpleFoam is used. For these simulations a time
step of 0.1s is used.

The final heat transfer value is obtained when it reaches a
stationary mean behaviour. It is found to occur at
typically above 100s of simulation time.

B. Forced Convection Simulations

Forced convection simulations are carried out with the
SIMPLE algorithm. The buoyantSimpleFoam solver is
used. The convergence criteria are a relative residual of
107 for momentum and continuity equations, and 10 for
energy equations.

In these simulations the final heat transfer value is
obtained at the stage of convergence. As the iterations
advance this value oscillates, and as the stage of
convergence is reached they diminish. Despite of the
final oscillations only the final value is considered the
final result.

C. Numerical Schemes

Spatial linear and linear upwind numerical schemes are
used, except for velocity divergence where a LUST
scheme is used. Time advancement is discretized using
the second-order implicit scheme backward.

5. Results

The table IV shows the convective heat loss rate for
every case. It is also shown the overall heat loss flux over
the total receiver transmitting area.

Table IV. — Results

Case Id. | Heat Loss Rate | Heat Loss Flux
(W) (-10° W/m?)
1 87 1.39
2 148 2.39
3 300 4.65
4 472 7.31
5 124 1.06
6 62 0.529
7 352 3.01
8 534 4.56

Table V shows the relative differences in the overall heat
loss flux between the flat and cavity receiver for every
case

Table V. — Comparative values

| Reference Case | Comparison Case | Relative
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1d Id difference
1 5 27%
2 6 75%
3 7 35%
4 8 38%

a)  40°

b) 70°
Fig. 4. Temperature field for natural convection in the cavity
receiver at 100s of simulation time for different altitude positions

b) Cavity receiver
Fig. 5. Temperature field for forced convection at the state of
numerical convergence for a wind speed of 30km/h. Flow
streamlines are also shown

Natural convection in the cavity receiver is shown in Fig.
4, where the temperature field at 100s of simulation time is
shown for every inclination. Force convection is shown in
Fig. 5 where the mean temperature field and the flow
streamlines are shown for a wind speed of 30km/h for
every receiver.

6. Conclusions

As it can be observed from Table V, the cavity improves
the overall heat loss rate, as it was already known. The
cavity is more efficient as the angle is increased from 40°
to 70° which reflects the fact that it can retain more heated
air when it approaches to a vertical position, which is the
expected inclination of the concentrator in summer. This
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behaviour is also found in [12]. For forced convection
this advantage is reduced since the wind can drag the
heated air inside the cavity. This can be observed from
Fig. 5b. From Table V it is shown that the improvement
is maintained at approximately 35% for the two wind
speeds.

From the results discussed above, the cavity receiver
could be improved if a window pane could be placed in
the cavity aperture. This could also help to reduce the
optical and thermal radiation losses if the glass used were
of one-way type.

However, more inclination angles and wind speeds are to
be considered for further testing of the trends observed.
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