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In the present study, a parametric study of a parabolic dish receiver system is investigated in order
to determine the best configuration to achieve an optimal system performance.

A series of numerical simulations has been conducted for four receiver tubes and two positions of
the receiver inlet/outlet configurations: position 1 and position 2.

The thermal analysis proves that the receiver’s inlet/outlet configuration effect is influenced by the
geometric properties of the receiver.

Numerical results show that with a “low" height receiver (H = 0.075 m, H = 0.048 m), position
2 gives the highest thermal efficiency, while position 1 ensures the greatest thermal efficiency value
for the “elevated” height cylindrical receiver (H = 1.2 m, H = 0.468 m).

Indeed, for the configuration with H = 0.075 m, the thermal efficiency increases by 62.6% from

position 1 to 2. Moreover, by changing the position from 1 to 2, the thermal efficiency decreases by
53% for a configuration with H = 1.2 m.
© 2019 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Renewable energies have gained more and more interest in
recent years (Zhang et al., 2018) for numerous reasons such as
the increase of fossil fuels’ prices, the high concentration of CO,
emissions, the need to reduce greenhouse gas emissions and the
growing worldwide energy consumption. It is a form of inex-
haustible energy whose consumption does not use up resources
in nature. One of the most important renewable energy sources
available today is solar energy. It is a very abundant clean energy
source that emits no greenhouse gases. For this reason, several
researchers are interested in this energy form (Furler et al., 2012;
Mills, 2004; Badran et al., 2010).

The incident solar radiation is captured by the solar thermal
collectors and converted into useful energy such as electricity (Li
et al, 2011).

The concentrating solar collectors are the most developed
technology for the use of solar energy owing to their higher tem-
peratures in the focal zone. The most well-known technologies
for concentrating solar collectors are solar power towers, solar
parabolic dishes, parabolic trough collectors and linear Fresnel
reflectors (Li et al, 2011; Luo et al., 2018; Ghomrassi et al.,
2015; Sharma et al., 2016). Solar dish collectors are gaining more
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and more interest thanks to their high temperature in the focal
point and their best concentration ratio in all four types. They
are frequently used to concentrate the incident solar radiation in
order to heat a working fluid at medium or high temperatures
namely solar hydrogen production (Furler et al., 2012), Dish-
Stirling system (Mills, 2004) and solar cooker (Badran et al.,
2010).

According to the literature, a wide variety of studies investi-
gates experimentally or numerically the solar parabolic dish (Ste-
infeld and Schubnell, 1993; Johnston, 1998; Shuai et al., 2008;
Daly, 1979; Shuai et al., 2010; Khanna et al., 2013; Khanna and
Sharma, 2016; Huang and Yu, 2018; Huang et al., 2018; Collado
et al., 1986). The authors focused on the improvement of the solar
concentrating systems’ optical performance.

To estimate the optical performance of the latter, it is required
to measure the focal flux distribution. Experimentally, it is diffi-
cult to predict the solar flux distribution concentrated on the focal
point of the parabolic dish. That is why, a numerical modeling of
the solar concentration system has been used.

The Monte-Carlo ray-tracing method is frequently used in the
solar energy field to determine the concentrated solar heat flux
and optical energy distribution (Steinfeld and Schubnell, 1993;
Johnston, 1998; Shuai et al., 2008; Daly, 1979; Shuai et al., 2010).
It consists in developing a numerical code which has been used by
many researchers (Johnston, 1998; Shuai et al., 2008; Daly, 1979).

Steinfeld and Schubnell (1993) have used this method to study
the sunshape influence on the optimal parameters of a cavity

2352-4847/© 2019 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Nomenclature

a Absorption coefficient

A Receiver surface area (m?)

C Linear anisotropic phase function coef-
ficient

G Specific heat capacity (k] kg=! K1)

Cs Concentration ratio

D Absorber tube diameter (m)

H Absorber tube length (m)

I Direct normal irradiance (DNI) (W m~2)

k Turbulent kinetic energy (m? s—2)

m Mass flow rate of working fluid (kg/s)

n Medium refractive index

P Static pressure (Pa)

Re Reynolds number

Sg User defined radiation source

Sh Source term for the energy equation (J
m3s)

T Temperature (K)

u v, w X, y, z velocity components (m s~ ')

XV z Cartesian coordinates (m)

Greek symbol

8ij Kronecker delta function

€ Turbulent dissipation rate (m? s—3)
" Dynamic viscosity (kg m~1s™1)

Neh Thermal efficiency

P Density (kg m~3)

o Stefan Boltzmann constant

o Scattering coefficient

A Thermal conductivity (W m~! K™1)
Abbreviations

CFD Computational Fluid Dynamics
NSE Navier-Stokes Equations

receiver in a solar parabolic dish. Similarly, a numerical model
of a solar dish collector was investigated by Shuai et al. (2008),
in which the sunshape and surface slope error effects have been
studied using the Monte-Carlo ray-tracing method. Another study
is carried out by Shuai et al. (2010), in which they have applied
the experimental and numerical study using the Monte Carlo ray-
tracing method to evaluate the solar heat flux distribution on the
focal plane of the parabolic solar collector and on the wall of the
receiver’s cavity.

In addition to the Monte Carlo ray tracing method, analytical
equations are also used in other studies. In fact, Khanna et al.
(2013) have analytically assessed the absorbed flux function on a
bent absorber tube taking into account circumferential and axial
variations. Optical errors and Gaussian sun shape have also been
integrated. In another study of Khanna and Sharma (2016), an
explicit analytical expression is derived to find the solar flux
distribution on an undeflected absorber tube of a parabolic trough
concentrator accounting for the sun-shape and optical errors.
Huang and Yu (2018) have proposed a new heat flux distribution
function resulting from the convolution of the heliostat image
function with the solar flux distribution. These authors have also
presented analytically the solar flux distribution on the image

plane of a round spherical heliostat in another work (Huang et al.,
2018). This analytical method is validated by both the ray tracing
and numerical method.

Collado et al. (1986) have established an analytical function for
the heat flux distribution due to a rectangular heliostat focused
on the receiver plane of a solar power tower.

However, all these authors have treated only the optical be-
havior without studying the thermal behavior in the presence of
a heat transfer fluid.

The next part of the works focuses on the study of various
receiver shapes and their thermal behavior.

Tan et al. (2014) were interested in studying a semi-spherical
cavity receiver applied for the parabolic dish collector. They con-
ducted an experimental study to estimate its heat loss. Different
fluid inlet temperatures, receiver inclination angles and aperture
sizes were studied in order to develop experimental correlations
for Nusselt number as a function of Grashof number.

Reddy et al. (2016) examined a solar dish collector with a
modified cavity receiver. They carried out a numerical investiga-
tion to determine the influence of wind characteristics, receiver
configuration and receiver orientation on the receiver heat loss.
They proposed a correlation of Nusselt number as a function of
wind effects to estimate the combined convection heat losses
from the receiver. Moreover, Azzouzi et al. (2017) presented an
experimental and analytical study to investigate the effect of
various parameters on the thermal efficiency and total heat loss of
the cylindrical cavity receiver for a parabolic solar concentrator.
In another work, Sarwar et al. (2015) conducted a numerical
and experimental study to investigate the aperture size effects
on the steady-state temperatures of a cylindrical solar receiver
throughout the day.

A numerical study was developed by Daabo et al. (2016), in
which three different geometries of a cavity receiver: cylindri-
cal, conical and spherical in solar dish collectors were optically
studied. They concluded that the conical shape was the most
beneficial compared to the other two shapes.

Furthermore, Yu et al. (2015) conducted an experimental
study to investigate the concentrated solar heat flux and temper-
ature distributions of a steel plate receiver. The obtained results
have been compared to numerical outcomes investigated by
the commercial software FLUENT. Similarly, Roldan et al. (2013)
have experimentally and numerically illustrated the temperature
distribution of the receiver tube. Another study is carried out by
Wang et al. (2012), in which they have numerically determined
the temperature distribution of the receiver tube for different
materials.

In another investigation of Khanna et al. (2016), an explicit
expression is derived to find the temperature distribution of
bimetallic absorber tube of a parabolic trough concentrator tak-
ing into account the Gaussian sun-shape and the optical errors
‘system.

The non-uniform temperature distribution can lead to bend-
ing/deformation of a receiver. Khanna and Sharma (2015) have
dealt with this topic and an analytical expression has been made
in order to find the bending in the receiver tube of the parabolic
trough and the results were compared with the experimental
measurement. Bending/Deformation can occur in the receivers of
the parabolic trough, parabolic dish and Fresnel reflector.

Moreover, Wang and Siddiqui (2010) conducted a numerical
study using the commercial FEMAP software which analyzed
different geometric parameters’ effects such as the aperture size,
inlet/outlet configuration of the solar receiver and the parabolic
dish rim angle. These authors have tested a fixed aspect ratio

%‘m) with several fluid inlet /outlet positions and con-
cluded that the configuration of tangential inlet located at the top
with a tangential outlet located at the bottom is the configuration
that ensures the best thermal performance.
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In the present work, by keeping the receiver volume constant,
we study different aspect ratios. We take the same configuration
of Mo Wang and we examine if the same result obtained by Wang
and Siddiqui (2010) is valid for different receiver aspect ratios.

The novelty of our work is to expand these results for different
heights and diameters of the receiver and determine its limits and
areas of validity.

In order to carry out this study, the SOLTRACE software is used
to predict the concentrated solar heat flux distribution and the
FLUENT code to predict the receiver’s thermal performance. This
coupled method is used by Li et al. (2011).

First, the configuration of Yu et al. (2015) is taken into con-
sideration in order to validate our numerical results carried out
using the commercial CFD FLUENT code with experimental results
of Tao Yu et al.

Then, the cylindrical receivers are designated, keeping the
same cylinder volume of Wang and Siddiqui (2010), by varying
their height and diameter, and two different configurations of
inlet/outlet are carried out in order to verify the result found and
discussed by Wang and Siddiqui (2010).

The first tested configuration (position 1) consists of a tangen-
tial inlet located at the top with a tangential outlet located at the
bottom. The second configuration (position 2) is a tangential inlet
located at the bottom with a normal outlet on the top surface.

2. Material and methods

In this section, we take the same configuration of Yu et al.
(2015) in order to investigate the thermal performance of a
parabolic dish by a numerical simulation.

First, the SOLTRACE software is used to calculate the con-
centrated solar heat flux densities. The calculated densities are,
then, introduced into the FLUENT software as thermal boundary
conditions for the receiver wall through UDF. Using a numerical
simulation and taking into account certain simplifying assump-
tions and boundary conditions, it is possible to investigate the
thermal characteristics of the receiver.

2.1. Calculation of the solar heat flux by SOLTRACE

SOLTRACE (Wendelin et al., 2013) is a software tool developed
at the National Renewable Energy Laboratory (NREL) commonly
used in the solar energy field to model the concentrated solar
power systems and analyze their optical performance.

The execution of the model in SOLTRACE comprises several
steps:

e Definition of the sun shape and direction.

e Input of the optical properties that will be connected with
the optical elements of the system.

e Definition of the system geometry that is made up of stages,
and each stage of elements.

e The choice of the rays’ number to be traced.

e The extraction of results.

In SolTrace, a system is organized into stages in a global co-
ordinate system. A stage is clearly defined as a section of the
geometry that is sequentially hit by rays propagating from the
sun to the final receiver. A complete system geometry may com-
prise one or more stages. The target for this organization is to
use an efficient tracing to limit the computing time (Garcia et al.,
2008).

In our case, the solar parabolic dish is formed by two stages:
the reflector defines the first stage and the receiver is the second
stage.

A stage is composed of “elements”. It may comprise one or
more elements. Each element is defined by a surface, an optical

800000 —

600000 —

400000 —

Heat flux (W/m?)

200000 —

-0.3

© X(m)

Fig. 1. Rays numbers effect on heat flux distribution.

interacting type and a set of optical properties. The location and
orientation of the stages are specified in the global coordinate
system, while the location and orientation of the elements are
defined in the coordinate system related to its stage (Jafrancesco
et al., 2018).

In our case, each stage is composed of one element.

The sun shape and direction are firstly defined. Three options
are available; pillbox, Gaussian and user-defined profiles. In the
present study, a Gaussian sun shape is supposed and a direct
normal irradiation of 663.4 W/m? is considered, the same direct
normal irradiation (Yu et al., 2015).

Then, the optical properties of each element are defined. In
this case, reflectivity, transmissivity, slope error, specularity error,
error type and refraction indices are properties defined for every
element.

Thereafter, the parabolic solar concentrator geometry includ-
ing the stage definitions is created. The reflector defines the first
stage and the receiver is the second stage. The two stages are each
composed of one element.

Each stage will be defined by a set of stage properties, position
and orientation information in the global coordinate system.

After defining the system, the number of rays to be traced
through the system is chosen according to the details needed
in the results. For example, optical efficiency information can be
obtained with fewer rays than needed for a detailed concentrated
solar heat flux. In general, ray numbers of about 10° are required
for concentrated solar heat flux distribution.

Our results are focused on the study of concentrated solar heat
flux distribution. For this reason, ray numbers on the order of one
million are required for flux mapping.

A ray’s number sensitivity study is performed in order to
ensure the independence of the solar heat flux distribution from
the rays’ number.

Four rays’ numbers are tested: 10%, 10°, 108, and 107. Fig. 1
shows the solar heat flux distributions on the receiver tube for
different rays numbers tested. The results showed that the num-
bers of rays 10°, 108 and 107 give similar results. In contrast, the
rays’ number 104 gives a different solar heat flux distribution. So,
the choice of 10° rays’ number for all simulations was based on
appreciable computing time saving compared to 10° and 107.

The parabolic concentrator and receiver’s geometry are shown
in Fig. 2. The solar parabolic dish is a one surface reflector made
by aluminum mirror characterized by an overall reflectivity of
0.92 and transmissivity of 0.08. Its geometric parameters and
optical properties are presented in Table 1 from (Yu et al., 2015).
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Stage 2 : Receiver (one element)

Stage 1 : Reflector (one element)

Fig. 2. Schematic of parabolic concentrator.
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Fig. 3. Numerical temperature profiles of the receiver’s tube for different tested grid meshes.

Table 1

Geometric parameters and optical properties of the parabolic dish.
Parabolic dish Value
Diameter 4.175 m
Focal length 45 m
Reflectivity 92%
Transmissivity 8%

2.2. Geometry configuration and mesh

After the determination of the solar heat flux by SOLTRACE,
the thermal study of the receiver’s dish will be performed using
Fluent.

In fact, the geometry of the receiver’s dish is created on GAM-
BIT 2.3. The same dimensions, properties and materials of the
configuration (Yu et al.,, 2015) are introduced for the CFD sim-
ulation.

The mesh generated in the geometric model consists of hexa-
hedral cells. A grid independence test is also performed in order
to ensure the independence of the numerical results from the grid
density.

Three mesh grids are tested: the first with 230.030 nodes, a
second with 468.600 and a third grid with 670.800 nodes. Fig. 3
presents the temperature profiles of the receiver’s tube using
the three tested meshes. The temperature profiles demonstrate
that, as the number of nodes increases from 230.030 to 468.600
and from 468.600 to 670.800, the difference between the results
decrease respectively from 4.99% to 0.05%. A little change is
observed in the results obtained for the second and third mesh
(the difference between results is equal to 0.05%). Therefore, the
temperature profile of the receiver tube can be properly described
using the second grid. For this reason, the number of nodes is
chosen equal to 468.600 for the further calculations.

The optimal mesh is, then, exported to the FLUENT soft-
ware (FLUENT-Inc., 2005) for the resolution.
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Field of study Receiver’s tube

(a)

Mesh near walls

Wall

(Coupled)

(b)

(d)

Concentrated solar flux

Fig. 4. Mesh details and boundary conditions of the configuration.

The detailed mesh configuration and boundary condition are
illustrated in Fig. 4.

The geometry creation of the entire field and its generated
mesh are shown in Fig. 4(a) and (b). In Fig. 4(c) and (d), we
present precisely the mesh near the wall and in the receiver’s
plate. The detailed boundary conditions are clearly described in
Fig. 4(e).

2.3. Assumptions and boundary conditions

Several assumptions are adopted in order to reduce the com-
plexity of the problem:

e Steady-state flow.

e Incompressible Ideal gas fluid.

e For a temperature range between 300 K and 1000 K, the
ambient air properties are treated as a polynomial function
of temperature (Bahrehmand et al.,, 2015).

e For a temperature range between 300 K and 1700 K, the
thermal conductivity and specific heat capacity of the stain-
less steel are treated as a function of temperature (Bogaard,
1985; Bogaard et al., 1993).

As detailed in Fig. 4, the boundary conditions used when validat-
ing the numerical model are as follows:

(a) The plate lateral surface and the absorber lower and higher
surfaces are considered as “wall” u=v=w=0.

(b) The absorber lower surface exposed to the reflector is
subjected to a non-uniform solar heat flux distribution calcu-
lated by the SOLTRACE software. The solar heat flux distribution
calculation is detailed in Section 3.1.

(c) The heat transfer between the higher and the lateral sur-
faces of the absorber and the surrounding fluid is specified as a
“coupled “wall condition.

In fact, when the wall zone has a fluid or solid region on each
side, it is called a “two-sided wall”. The two sides of the wall
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Wall
- Pressure outlet

(Coupled)

Mass flow inlet .
T

T‘ A A

Concentrated solar flux

Fig. 5. Details of boundary conditions.

are coupled, using the Coupled option under thermal conditions.
The use of this boundary condition allows to perform a heat
transfer analysis to predict the operating temperature of each
wall, in relation to the flow and thermal state inside and outside
the receiver’s wall. No additional thermal boundary conditions
are required for this thermal limit because the solver calculates
the heat transfer directly from the solution in the adjacent cells.
By giving the wall emissivity coefficient, the solver allows to
simulate the radiative and convective heat transfer in the receiver
surfaces.

For the rest of the studied cases, the boundary conditions used
are as follows, and are well detailed in Fig. 5:

(a) The plate lateral surface and the absorber lower and higher
surfaces are considered as “wall” u=v=w=0.

(b) The absorber lower surface exposed to the reflector is
subjected to a non-uniform solar heat flux distribution calcu-
lated by the SOLTRACE software. The solar heat flux distribution
calculation is detailed in Section 3.1.

(c) The heat transfer between the higher and the lateral sur-
faces of the absorber and surrounding fluid is specified as a
“coupled” wall condition.

(d) The boundary conditions applied to the inlet and outlet of
the working fluid are as follows:

Inlet: “mass flow inlet”: this type of condition is considered
for an incoming flow. .

. Su;et_: f;lTlly_dOeveloped assumption: ¢ = & = w - Ik

" Argdg)n gadsx is considered the working fluid. Physical properties
of the working fluid are treated as a polynomial function of
temperature (Lu et al., 2009).

(e) The Reynolds number Re is calculated according to the
relation Re = 222, A value of Re= 22968 is found. This value is
higher than the critical value and corresponds to the turbulent
flow.

2.4. CFD numerical simulation

The conservation equations of mass, momentum, energy and
species are numerically solved by the FLUENT software. The P1
radiation model is adopted to determine the thermal radiation
heat transfer in numerical simulations.

The SIMPLE algorithm is used to solve the pressure-velocity
coupling field to satisfy the mass conservation law. The Standard
k-epsilon model is used as a turbulence closure model, and is
characterized by its acceptable predictions for many flows. The
first-order upwind scheme is applied for all equations except for
the “momentum” and “energy” which are discretized using the
second-order upwind scheme. The convergence criterion choice

is carried out. As 1073 allows to obtain a higher accurate result for
the continuity and momentum conservation equations than 102
where the difference was moved from 4% to 0.1%, it is chosen as
convergence criteria. Similarly, 107 is chosen for the energy and
P1 equations.

2.5. Mathematic models of the heat transfer

The governing equations are the Navier-Stokes equations
(NSE).

Based on the Favre decomposition and taking into account
the simplified assumptions, the conservation equations of mass,
momentum and energy are written as follows (Farjallah et al.,
2016):

e The continuity equation

0 _~
aTq(ﬁ”"):O (1)

20U
S8 2
3”8w)] )

Where - (piiiilj) is the convective transport term.
J

e The energy conservation equation
opiT 3 [ x 9T
8Xj 8Xj Cp 3Xj

e The momentum conservation equation

op ) ol ot
=——+ — — +— =
ox;  0x; 0X; 0X;

- ,OU}T"> + Sh (3)

e The P1 model is adopted to consider the thermal radiation
in numerical simulations.

The radiation intensity transport equation is presented as fol-
lows (FLUENT-Inc., 2005):

V.(I'VI) —al + 4an*oT* = S, (4)

= 1
Where I = 3x(atos)—Cos

[ : the incident radiation

a : the absorption coefficient
os: the scattering coefficient
n : the refractive index of the medium
o =5.672.10~8 W/m? K*: the Stefan — Boltzmann constant
T: la température
C : the linear — anisotropic phase function coefficient
Sg: user — defined radiation source

2.6. Thermal study of the inlet/outlet configuration

The inlet/outlet configuration is an important parameter that
influences the global performance of the solar parabolic dish that
is why the effect of the inlet and outlet positions is studied in
this paper for different configurations of the cylindrical receiver.
These positions are well detailed in Fig. 6: the tangential inlet
located at the top with a tangential outlet located at the bottom,
and the tangential inlet located at the bottom with a normal
outlet on the top surface.

For the first configuration, the solar receiver is a cylindrical
absorber with a 0.4 m diameter and 0.075 m height.

The second configuration is a cylinder with a 0.5 m diameter
and 0.048 m height. Thereafter, in the third configuration, the
solar receiver configuration consists of a cylinder of a 0.1 m in
diameter and 1.2 m in height and the fourth configuration is a
cylinder of 0.16 m in diameter and 0.468 m in height.

The solar receiver is made of stainless steel. Argon gas is
considered the working fluid that enters the absorber through the
inlet at ambient conditions at a constant flow rate and leaves it
through the outlet at ambient conditions.
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Outlet

Inlet

Inlet f

Position 1 Position 2

Outlet

Fig. 6. Different positions studied.

Position 1

Ambient temperature and pressure are considered 300 K and
101 351 Pa, respectively.

The cylindrical receiver is frequently used in several applica-
tions such as low temperature heating, cold production and steam
generation.

Table 2 shows the properties of the different studied configu-
rations.

The different receiver configurations investigated and
designed in GAMBIT, are given in Fig. 7.

3. Results and discussion
3.1. Validation of solar heat flux distribution

To guarantee the effectiveness of the SOLTRACE software to
predict the concentrated solar heat flux distribution in the focal

Position 2

(.

Config.1 : D=0.4 m,

L

Config.2 : D= 0.5 m, H=0.048 m

b

Config.3 : D=0.1 m, H=1.2 m

Y

L
S

H=0.075 m

Config.4: D=0.16 m, H=0.468 m

Fig. 7. The different receiver configurations.
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Table 2
Geometric properties of the receiver configurations.

Configurations Geometric properties

Diameter (m) Height (m)
Config. 1 D=04 H = 0.075
Config. 2 D=0.5 H = 0.048
Config. 3 D=0.1 H=1.2
Config. 4 D =0.16 H = 0.468
Graph 1
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Fig. 8. Comparison between the SOLTRACE code and Yu et al’s (2015) results
of focal flux distribution on a 0.4 m diameter absorber.

point of the receiver, a validation of the model with experimental
data is made.

The validation is achieved by comparing the numerical results
calculated by SOLTRACE with the experimental data collected by
Yu et al. (2015).

We take into account the same assumptions considered by Yu
et al. (2015). The heat flux distribution at the focal plane of the
parabolic dish is compared with that achieved by Yu et al. (2015),
in Fig. 8. We note that a good agreement is obtained between
numerical results and Tao Yu’s experimental results.

The results are statistically significant with a very high R-
squared value (above 0.98763) and very low P-value (in a range
of 0 < P < 2 x 1078) which is equivalent to a percentage average
error of 7.94%.

The latter result confirms that the MCRT method used in the
present study is feasible and the numerical findings are reliable.

The solar radiation heat flux reaches a peak of about 650.000
W/m? in the central region. The concentrated solar heat flux
distribution is shown to reach the focal point rapidly. Outside
the central region, the concentrated solar radiation is very low
because the receiver tube receives only a direct radiation.

The concentrated solar heat flux distribution calculated by
SOLTRACE is shown in Fig. 9.

The surface plot of the concentrated solar heat flux distri-
bution is presented in Fig. 9(a). It is clearly shown that the
distribution is symmetric along the plan X=0 and the plan Y=0.

In Fig. 9(b), the contour plot of this latter is shown. It is conspic-
uous that the distribution is symmetric along the horizontal and
vertical center line. It is noted that the flux is maximum at the
center of the receiver and it gradually decreases by moving away
from the plate center.

After ensuring the validity of the model on the SOLTRACE
software, we can conclude that the MCRT method can be used to
predict the concentrated solar heat flux distribution on a receiver
located in the focal point of a parabolic dish or in any other solar
application.

3.2. Validation of the receiver temperature distribution

In order to validate the heat transfer process of the receiver, a
direct normal irradiation of 458.3 W/m?, the same direct normal
irradiation of Yu et al. (2015), and a Gaussian sun shape are
supposed in the SOLTRACE software. Then, the solar heat flux
distribution predicted by this software is introduced into the
FLUENT software as thermal boundary conditions to the receiver
wall through UDF. After that, the results obtained are compared
to the experimental results of Yu et al. (2015).

The evolution of the receiver temperature along the horizontal
and vertical center line by the FLUENT software is presented in
Fig. 10.

It can be seen from this figure that the numerical receiver’s
temperature is very close and agrees well with Tao’s experimental
results. It is found that the numerical receiver’s temperature
results differ from the experimental results of Yu et al. (2015)
only by 2.5%.

So, we can prove the validity of the heat transfer process of
the receiver.

Fig. 11 depicts the receiver’s plate temperature. It is clear that
the maximum temperature is at the center of the plate, it reaches
1438 K, and by moving away from the center, the temperature
diminishes gradually to attain 670 K. The peak magnitude de-
creases from 1438 K to 670 K. This diminution in temperature
is explained by the concentrated solar heat flux distribution. In
fact, the concentrated solar radiation reaches its maximum value
at the center of the receiver. It attains the focal point rapidly.
Then, it gradually decreases outside the central region of the plate
because the absorber tube receives only a direct radiation.

3.3. Effect of the inlet/outlet configuration

The three-dimensional temperature distribution of the differ-
ent receiver configurations and inlet/outlet positions is shown in
Fig. 12 and its outlet temperature distribution is illustrated in
Fig. 13.

The different inlet/outlet positions are well defined in Table 3.

It can be seen that for the cylindrical absorber Configs. 1 and 2,
the temperature of the outlet section for position 2 is higher the
one for position 1 (see Fig. 13. Config. 1, Config. 2). Indeed, the
outlet fluid temperature of Config. 1 position 2 reaches a max-
imum of 1000 K whereas for position 1, it reaches a maximum
of 930 K. More precisely, the average outlet fluid temperature of
the cylindrical absorber (Config. 1 position 1) is equal to 550 K
while for position 2, it is about 968 K. Table 4 gives the average
outlet fluid temperature of each configuration. It is noted that the
average outlet fluid temperature increases by 43% by changing
the position from 1 to 2 in config. 1.

Fig. 13 demonstrates that the outlet fluid temperature of posi-
tion 1 is higher than that of position 2 for the Configs. 3 and 4. In
fact, for Config. 4 (position1), the maximum temperature value is
equal to 580 K, while for position 2, the maximum temperature
is equal to 460 K.
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Fig. 9. The focal flux distribution calculated by SOLTRACE code.
Table 3
Different inlet/outlet positions.
Position 1 Tangential inlet located at the top with a tangential outlet located at the bottom
Position 2 Tangential inlet located at the bottom with a normal outlet on the top surface

Furthermore, as illustrated in Table 4, the average outlet fluid position 1 “Tangential inlet located at the top with a tangential
temperature of Config. 4 position 1 is equal to 493 K but for po-  outlet located at the bottom” is greater than that of the receiver’s

sition 2, it is about 411.3 K. The average outlet fluid temperature 4| for position 2 “Tangential inlet located at the bottom with a
decreases by 16.5% by changing the position from 1 to 2 in Config. "
normal outlet on the top surface”.

4. . . .
Table 5 gives the receiver's wall average temperature for the .The increase of the receiver's wall dverage temperature im-
different configurations and positions. It is observed that for plies an increase of heat losses to the environment and subse-

Configs. 1 and 2, the receiver’s wall average temperature for quently the fluid average temperature decreases. This explains
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Table 4

Average outlet

fluid temperature of each configuration.

and numerical temperature

Configuration

Average temperature (K)

Position 1 Position 2
Config. 1 550 968
Config. 2 520 826
Config. 3 444 367
Config. 4 493 411.3
Table 5

Receiver wall average temperature.

Table 6
Receiver thermal efficiency.
Configuration Receiver thermal efficiency ng, (%)
Position 1 Position 2
Config. 1 : D=0.4 m, H=0.075 m 2.65 7.09
Config. 2 : D=0.5m, H=0.048 m 15 3.57
Config. 3: D=0.1m, H=12m 24.48 114
Config. 4: D =0.16 m, H = 0.468 m 12.8 7.4

that the fluid average temperature for position 2 is greater than
that of position 1 for Configs. 1 and 2.

Table 5 shows also that, for Configs. 3 and 4, the receiver’s
wall average temperature for position 1 is smaller than that of
the receiver’s wall for position 2. The decrease of the receiver's
wall average temperature implies a decrease of heat losses to
the environment, and subsequently the fluid average temperature
increases. This explains that the fluid average temperature for
position 1 is greater than that of position 2.

In Fig. 14, we represent the streamlines of the fluid in the
receiver to better explain this phenomenon.

The streamlines of the first configuration (Config. 1 (position
1)), plotted in Fig. 14(a), indicate that the flow of heat transfer
fluid passes through the middle of the receiver away from the
receiving inner section of the solar flux. Therefore, the fluid flow
does not absorb a large amount of heat. In addition, for the lowest
cylinder height (H = 0.075 m), the output section is very close to
the input section. The fluid flow passes directly through the outlet
section without absorbing maximum heat.

On the other hand, for the first configuration (Config. 1 (po-
sition 2)), the fluid flow entering through the inlet section in-
tercepts the lower surface which receives the concentrated solar
flux, and therefore, it heats up more. The exit section is located in
the middle of the upper face of the cylinder which is in front of
the focal point of the parabolic dish. As illustrated in Figs. 14(d)
and (e), the fluid flow is found to pass through the focal spot
which is the hottest area before it passes through the outlet
section, and therefore, it absorbs more heat and subsequently
its average outlet temperature is higher than that of the first
configuration (Config. 1 (position 1)).

Fig. 15 represents the temperature and flow streamlines of
the fourth configuration (Config. 4 (position 1)). It can be seen
that the flow gets decelerated soon after it has passed through
the inlet section. In addition, we note that the flow undergoes
the effects of inertia and buoyancy. The maximum fluid velocities
are higher in the outer section than in the inner section of the
receiver as illustrated in Fig. 15(c). This result indicates that
the swirling effects are significant. The velocity magnitudes are
stronger in the region close to the outlet, which indicates that
the buoyancy-driven flow is superimposed on the velocity field.

The large variation in velocities indicates a variation of the
fluid temperature. Therefore, the average outlet fluid temperature
reaches 493 K.

For Config. 4 (position 2) (see Fig. 16(a)), it is noted that the
temperature distribution is almost uniform in the upper two-
thirds of the receiver and variable in the lower part. The velocity
field in the central region is very small as illustrated in Fig. 16(b);

Configuration Receiver wall average temperature (K)
Position 1 Position 2
Config. 1 : D=0.4 m, H=0.075 m 998.4 981.98
Config. 2 : D=0.5 m, H=0.048 m 844.42 820.8
Config.3: D=0.1m H=12m 3753 401.3
Config. 4: D =0.16 m, H = 0.468 m 502.7 510.7
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Fig. 12. The temperature distribution of the different receiver configurations.

it reaches its maximum in the region near the outlet section. The
fluid velocity magnitude corresponding to Config. 4 (position 2)
is small compared to that of Config. 4 (position 1). Thereafter, its
average outlet temperature is low compared to Config. 4 (position
1).

Table 6 gives the receiver thermal efficiency for the different
tested configurations and for the two inlet/outlet fluid positions
(position 1 and 2).

The receiver thermal efficiency is defined as follows (Lee et al.,
2016)

nHC;J(Taut - Tin) (5)
GlAs

Where, A; and m are respectively surface area of receiver and
mass flow rate of working fluid.

Neh =

It can be seen that for the cylindrical absorbers Configs. 1
and 2, the thermal efficiency of position 2 is higher the one for
position 1.

Indeed, for Config. 1, the thermal efficiency corresponding to
position 2 is about 7.09% whereas for position 1, it is about 2.65%.
It has been shown that the thermal efficiency increases by 62.6%
by changing the position from 1 to 2 in Config. 1. It is observed
that position 2 gives the greatest thermal efficiency for these two
tested configurations Configs. 1 and 2.

The thermal efficiency of position 1 is higher than that of
position 2 for the Configs. 3 and 4. In fact, for Config. 3 (position1),
the thermal efficiency value is equal to 24.48%, while for position
2, it is equal to 11.4%. It is noted that the thermal efficiency
decreases by 53% by changing the position from 1 to 2 in Config.
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Fig. 13. The outlet temperature of different receiver configurations.

3. This result indicates that position 1 ensures the best thermal
efficiency for these two configurations Configs. 3 and 4.

In Table 7, we represent the thermal efficiency for the different
tested configurations for the two inlet/outlet positions.

The present study demonstrates that the results of Wang and
Siddiqui (2010) are not validated for all aspect ratios of the
receiver. In fact, Wang and Siddiqui (2010) has tested specified
geometric dimensions of the receiver (a fixed aspect ratio) and

several fluid inlet/outlet configurations. Mo Wang has concluded
that the configuration of the tangential inlet located at the top
with a tangential outlet located at the bottom is the configuration
that ensures the best thermal performance.

In our study, we have tested different geometric dimensions
of the receiver. We demonstrate that, for the “elevated” height
cylindrical receiver, the greatest thermal efficiency value corre-
sponds to the configuration of a tangential inlet located at the
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Fig. 14. The temperature streamlines of Config. 1.

top with a tangential outlet located at the bottom, similarly to
the result of Mo Wang.

But for a lower height receiver, the results of Mo Wang are not
confirmed and the best thermal configuration is reached when
the tangential inlet is located at the bottom and the normal outlet
is located on the top surface of the receiver.

Conclusions

This paper presents a numerical study of the radiation flux and
temperature distributions on the receiver’s surface of a parabolic

dish. The SOLTRACE code is used to study the radiation flux dis-
tribution and the FLUENT software to investigate the temperature
distribution.

A comparison between our numerical results and experimen-
tal results of Yu et al. (2015) is done and a good agreement is
obtained confirming the validity of our numerical method.

Two inlet/outlet configurations are investigated for four cylin-
drical receivers in order to verify the result of Mo Wang for all
aspect ratios of the receiver (Diameter/Height) by keeping the
same cylinder volume of Mo Wang.



H. Cherif, A. Ghomrassi, J. Sghaier et al. / Energy Reports 5 (2019) 882-897

Termperature(K)

Outlet

(a)

Termperature(

QOutlet

(b)

Velocity (m/s)

5.e-01
Inlet
3.39e-01
2.03 e-01
Outlet
0.00 e+00 )“"v

(0)

Fig. 15. The temperature and flow streamlines of Config. 4 (position 1).

Table 7
The obtained results.

Position 1 Position 2

Config. 1 : D=0.4 m, H=0.075 m
Config. 2 : D=0.5 m, H=0.048 m

Mo Wang Configuration:
D=02m H=03m

Config.3:D=0.1m H=12m
Config. 4: D =0.16 m, H = 0.468 m

Thermal efficiency (Position 1) < Thermal efficiency (Position 2)
Thermal efficiency (Position 1) < Thermal efficiency (Position 2)
Thermal efficiency (Position 1) > Thermal efficiency (Position 2)

Thermal efficiency (Position 1) > Thermal efficiency (Position 2)
Thermal efficiency (Position 1) > Thermal efficiency (Position 2)

895
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Fig. 16. The temperature and flow streamlines of Config. 4 (position 2).

The simulation results clearly showed that the outcome of Mo
Wang is not validated for all aspect ratios of the receiver. The
optimal thermal performance of the parabolic dish depends on
the geometric properties of the receiver and on the inlet/outlet
positions. In fact,

e With a “low” height cylindrical receiver (H=0.075 m,
H=0.048 m), position 2 of a tangential inlet located at the
bottom with a normal outlet on the top surface is the best
configuration achieving the optimal system performance.
Really, the thermal efficiency increases by 62.6% by changing
the position from 1 to 2 with H= 0.075 m.

e With an “elevated” height cylindrical receiver (H=1.2 m,
H=0.468 m), position 1 of a tangential inlet located at the
top with a tangential outlet located at the bottom is the
most beneficial position for this solar application. Indeed,
the thermal efficiency decreases by 53% from position 1 to
2 for a configuration with H=1.2 m.
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