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a b s t r a c t

This paper presents an analysis of the wind effects, wind velocity and wind direction, on heat losses from
a receiver with the longitudinal tilt angle of small-scale linear Fresnel reflectors for urban applications. In
urban applications, the area required to install a solar collector is a critical parameter, therefore the
parameter given by the energy-to-area ratio must reach its maximum value. Different combinations of
longitudinal tilt angles are analyzed and compared with the typical configuration of a large scale linear
Fresnel reflector (C1 configuration). The analysis is performed by SolidWorks Flow Simulation for
different wind velocities and wind directions. Heat losses from the receiver have been estimated using a
3-D computational fluid dynamics model. Based on the numerical simulation of the receiver, the heat
loss analysis has been calculated for several wind velocities, wind directions, and maximum energy-to-
area ratio configurations. The effect of wind direction on heat losses is almost negligible. Although, heat
losses are slightly higher in the North wind direction in most simulations. It will be demonstrated that
the heat losses dramatically increase with a maximum energy-to-area ratio configuration, with the in-
crease in longitudinal angle and, obviously, with the wind velocity. On the other hand, heat losses are
higher at those locations with greater maximum energy-to-area ratio configuration. The heat losses, for
wind velocity of 10 (m=s) and North direction, are, approximately, 120% of C1, 131% of C1, 143% of C1,
165% of C1 and 174% of C1, in Almeria, Rome, Budapest, Berlin and Helsinki, respectively. The longitu-
dinal inclination of the receiver has positive effects on the performance of small scale linear Fresnel
reflectors for urban applications.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduccion

Nowadays, our society faces significant challenges, such as: the
transition to a low carbon energy system, the increase of pollution
levels, and the high demand for energy. All these goals promote the
search of an alternative and sustainable way to satisfy the energy
demand and to reduce the pollution levels. Among other renewable
energy sources, such as wind, geothermal or biomass, the solar
energy meets two fundamental requirements: its abundant avail-
ability and its respect for the environment.

One of the great energy consumers in the European Union (EU)
is the building sector. In particular, the final end use of energy in
231922@uniovi.es (C. L�opez-
vi.es (A. Pardellas).
building sector was about 27:2% in 2017 [1] with 9:48% and 17:72%
for the commercial and residential sectors respectively. Heating
and hot water both amount to 79% of the total final energy use in
building sector whereas cooling is just a fairly small percentage in
the total use [2].

Numerous studies conclude that for low and medium temper-
ature applications, a small-scale linear Fresnel reflector (SSLFR) is
suitable in building sector. For example, domestic water heating:
[3e5], heating/cooling systems: [6e8], absorption of cooled air
Solar-GAX cycle [9]: and absorption cooling system [10]. In addi-
tion, this collector can also be used in daylighting systems [11].
Some reasons for this suitability are: a simple design of its com-
ponents, its high level of robustness, and its lowmanufacturing cost
[12].

The basic geometry of a typical small-scale linear Fresnel
reflector includes a primary reflector, a cavity receiver, and a
receiver. Fig. 1 shows this geometry. The primary reflector is an
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Fig. 1. Basic geometry of an SSLLFR.
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array of stretched mirrors which concentrate the sun’s rays onto
the receiver. As an SSLFR concentrates only the direct solar irradi-
ance, a tracking system is needed to adjust the orientation of the
mirrors according to the Sun position. For that purpose, the mirrors
are equipped with single axis tracking to focus the solar irradiance
onto the focal receiver. This movement is called elementary
movement. The cavity receiver captures stray solar rays from the
mirrors and reflects them onto the receiver. The receiver carries the
working fluid. The receiver is placed at the middle of the SSLFR at
the focal distance of the mirrors.

Different designs for the mirrors, the cavity receiver, and the
receiver have been applied. The wide variety of existing designs in
the literature indicates that there are not well-established designs
that provide the optimal solutions [13]. In this study we will focus
in the secondary reflector system. The first function of the cavity
receiver is to minimize thermal losses by convection in the
absorber tube, and the second one is to improve the optical per-
formance of the SSLFR, reducing the number of off-target rays. A
non-use of cavity receiver causes high optical losses [14] and high
thermal losses. For that reason, several shapes of cavity receivers
have been proposed: compound parabolic design [15], involute
design [16], parabolic design [16], butterfly design [17,18], trape-
zoidal design [19], triangular design [20] and other complex
geometries.

The conventional designs of the SSLFR have in common: (i) the
mirrors and the receiver are parallel to the horizontal plane and (ii)
the mirrors and the receiver are not provided with longitudinal
movement. Some works found in the literature incorporate certain
geometrical modifications designed to enhance their efficiency.
Several authors, in addition to elementary movement, introduce
othermovements from different parts of the SSLFR: (i) Dai et al. [21]
include both the East-West translation of the entire reflector field,
according to the relative position of the Sun, and the rotation of a
cavity receiver; (ii) Barbon et al. [22,23] include both the East-West
axis rotation of the mirrors, and the East-West axis rotation of the
receiver; (iii).Zhu et al. [24] include the axial axis rotation of the
receiver. Other authors propose designs that allow the longitudinal
inclination of the mirrors and/or the receiver [25,26]. None of these
works take into account the effect of heat losses.

Several thermal models can be found in the literature, applied to
lineal Fresnel reflectors: thermal resistance model and computa-
tional fluid dynamics model (CFD). The thermal resistance model is
only applied to cross-section calculations. The computational fluid
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dynamics model allows you to examine two or three dimensions.
Heimsath et al. [27] studied the temperature distribution and

heat loss of a compound parabolic cavity. They used a thermal
resistance model. This model incorporates the wind speed and
wind direction. The model was developed for the two general
receiver configurations: absorber tube surrounded by a glass en-
velope and receiver with a glass plate at the bottom. Montes et al.
[15] proposed a thermal model of a compound parabolic cavity
based on a thermal resistance model. The 2D model allows the
study of the influence of the wind speed. Montes et al. [28] did a
comparative analysis of the heat loss associated to three single-tube
receiver designs with a compound parabolic cavity: evacuated,
non-evacuated and non-evacuated with a glass plate at the aper-
ture. They used a thermal resistance model. The analysis of the
thermal loss for these three designs depended on the tube tem-
perature and the wind velocity. In these works, the receiver is
parallel to the horizontal plane.

Qiu et al. presented a double optical-thermal study of a com-
pound parabolic cavity [29] and of a trapezoidal cavity [30]. In these
works, the thermal performance was investigated by coupling the
Monte Carlo ray tracing model with the finite volume method. The
model incorporates the wind speed. In order to minimize the
thermal heat losses of a trapezoidal cavity, Moghimi et al. [19] used
CFD simulations. A 2D model has been simulated incorporating
wind speed. They presented an accurate modeling of all the heat
transfer mechanisms. The heat transfer rate and heat loss in a
trapezoidal cavity are analyzed by Ref. [31]. They employed CFD
model. In this work the number of tubes is evaluated changing the
cavity angles while the downer edge of the trapezoidal cavity is
constant. The model incorporates the wind speed. Moghimi et al.
[32] presented the solution of the radiative transfer equation using
a CFD model. They used a trapezoidal cavity. The 2D model in-
corporates the wind speed. They presented an accurate evaluation
of cavity heat loss. In these works, the receiver is parallel to the
horizontal plane.

A deep review on the relevant literature shows that the authors
that investigated on the heat losses of receiver cavities, didn’t deal
with the longitudinal inclinations of the mirrors and/or the
receiver.

The longitudinal inclination of the mirrors and/or the receiver
shows positive effects in terms of energy absorbed by the receiver,
and surface required for installation [26]. The available area, in
urban applications, is one of the main limiting factors of the local
energy production in buildings [33]. Therefore, this is a critical
parameter. Barb�on et al. [26] show how the longitudinal inclination
of the mirrors and/or the receiver significantly reduces the required
area for the SSLFR installation. But this study does not take into
account heat losses due to the longitudinal inclination of the
receiver.

In this paper the influence of wind on heat loss from a receiver
with longitudinal tilt angle of small-scale linear Fresnel reflectors
for urban applications is studied. This is its the original contribu-
tion. The analysis of the heat losses for various wind speeds and
wind directions has been realized. The wind speeds we use are 1
(m=s), 2.5 (m=s), 5 (m=s), 10 (m=s) and 20 (m=s). The wind orien-
tation goes from 0 to 180 (o), in steps of 45 (o). As longitudinal di-
rection also influences our study, just because the computational
fluid dynamics model (CFD) allows you to examine three di-
mensions, we have used the CFD method in this paper. In order to
get this, the receiver has been modeled and analyzed using the CFD
simulation. The validation of the model has been performed with
the correlation presented by Montes et al. [28]. The 3-D numerical
simulations have been carried out to investigate the heat losses
from the receiver for different longitudinal inclinations, consid-
ering that the surface required for the installation of SSLFR is a
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critical parameter.
The paper is organized as follows. In Section 2, basic construc-

tive aspects of a small-scale linear Fresnel reflector and its heat
losses are introduced. Section 3 presents a computational fluid
dynamics model of the receiver: boundary conditions, material
properties, mesh study and thermal model validation. Numerical
simulations are presented in Section 4 for different wind velocities,
wind directions, longitudinal angles, ambient temperatures,
coating emissivities of the absorber tube and maximum energy-to-
area ratio configurations. Finally, the conclusions are given in Sec-
tion 5.
2. Modeling of an SSLFR

2.1. Constructive aspects of an SSLFR

Fig. 2 shows the systems that configure an SSLFR [12]. SSLFR
incorporates parallel rows of stretched mirrors (7) (primary
reflector system (3)) used for concentrating solar irradiance on the
focal line of an absorber tube (secondary reflector system (4)).
These parallel rows can form a longitudinal angle with the hori-
zontal plane (bM).

In this study, we are particularly interested in the secondary
reflector system (see Fig. 3(a)). The secondary reflector system is
mounted on a fixed structure, some meters above the primary
reflector system, and contains the absorber tube (9), cavity receiver
(10), isolation (11), glass covering (12), secondary structure (13),
protective casing (14), and a secondary shaft (15). The secondary
reflector system can form a longitudinal angle with the horizontal
plane (ba). The absorber tube (9) is encased in the receiver cavity
(10) to reduce convective heat losses; for this purpose, the cavity
receiver (10) is insulated and sealed with a glass cover (12) and
silicon rubber beading. The absorber tube (9) is specially coated to
increase its capability to absorb the incident solar irradiance. The
absorber tube contains the working fluid. The absorber tube is a
carbon steel tube, dull black painted. The cavity receiver consists of
a polished stainless steel. Insulation consists of a glass wool. The
glass covering is made of a tempered glass. The structure is made of
a square hollow section of steel. The secondary reflector system is
Fig. 2. Systems of an SSLFR.
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covered with an aluminum sheet. The shaft is a galvanized steel
tube. The secondary reflector geometry is presented in Fig. 3(b).
Others systems of the SSLFR are the following: fixed structure (1),
mobile structure (2), transmission systems (5) and tracking system
(6).
2.2. Heat losses in a secondary reflector system with single-tube
and glass-cover

Heat losses in the secondary reflector system (SRS) are produced
by a complex mechanism that includes conduction heat transfer,
convection heat transfer and radiation heat transfer. The study of
heat losses is based on energy balances at each of the walls of the
secondary reflector system (absorber tube, cavity receiver, insu-
lation, casing, glass covering). Table 1 shows each wall used with its
subscript (Sub.). Heat losses and its direction from the secondary
reflector system are shown in Fig. 4 (see Table 2).

The secondary reflector system surfaces are continuously
exposed to solar irradiance. The cavity receiver side walls absorb
heat from the absorber tube surface by convection and radiation
heat transfer. The cavity receiver sidewalls transfer heat to the glass
cover by convection and radiation heat transfer, and to the inner
casing surface by conduction through insulation. The absorption of
direct solar irradiance by the casing is very little compared to the
concentrated solar irradiance absorbed by the receiver [34].

Between the cavity receiver and the insulation there is an air
gap. This fact is considered by several authors ([15,27]). For the
same reason this study takes into account the air gap between the
insulation and the casing. Glass cover gets heated up by convection
and radiation heat transfer from the absorber tube, cavity receiver
side walls, and by absorbing the incoming concentrated beam solar
irradiance reflected by the rows of primary mirrors. The casing
outer surfaces get heated up by conduction heat transfer from the
cavity receiver inner surfaces through insulation and by absorption
of beam solar irradiance and transfer heat to the ambient by con-
vection and radiation heat transfer.

The Newton’s Law of Cooling and the Stefan-Boltzmann Law are
used to calculate convective exchange and the radiative exchange,
respectively. Newton’s Law of Cooling states that convection heat
transfer is proportional to the difference between its own tem-
perature and the ambient temperature:

qconv ¼hi ,Ai,ðTi � TambÞ (1)

where hi is the heat transfer coefficient of the ith component wall of
the secondary reflector system, Ai is the surface area of the ith
component of the secondary reflector system, Ti is the surface
temperature of the ith component wall of the secondary reflector
system, and Tamb is the ambient temperature.

Stefan-Boltzmann Law states that radiation heat transfer is
proportional to the difference between the fourth power of its own
temperature and the fourth power of the ambient temperature.

qrad ¼s , εi ,Ai,
�
T4i � T4amb

�
(2)

where s is the Stefan-Boltzmann constant which is equal to
5:67,10�8 (W=m2K4), εi is the emittance of the ith component wall
of the secondary reflector system, Ai is the surface area of the ith
component wall of the secondary reflector system, Ti is the surface
temperature of the ith component wall of the secondary reflector
system, and Tamb is the ambient temperature.

Several authors have calculated the heat flows shown in Fig. 4
[15,35e37]. The interaction of convective exchange and the radia-
tive exchange makes extremely difficult to develop a purely



Fig. 3. Secondary reflector system.
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analytical model for its estimation [38]. Therefore, several authors
use computational fluid dynamics (CFD.) to calculate the heat losses
in the absorber tube [31,32].
3. Computational fluid dynamics modeling

In general, computational fluid dynamics is a numerical tech-
nique in which equations describing the fluid flow are solved on a
computer.
3.1. Flow and energy equations

The flow and heat transfer simulations in the secondary
reflector system are carried out by solving continuity, momentum
and energy equations simultaneously. The continuity, momentum
and energy equations are given as [39]:

The continuity equation:

Vðr v!Þ¼0 (3)

where r is the density, v! is the fluid velocity in the control volume,
and V ¼ v

vxþ v
vyþ v

vz.
Table 1
Subscripts that identify each wall of the SRS.

Sub. Wall

0 Internal environment
1 Heat transfer fluid
2 Absorber tube (inner surface)
3 Absorber tube (outer surface)
4 Glass cover (inner surface)
5 Glass cover (outer surface)
6 Cavity receiver (inner surface)
7 Cavity receiver (outer surface)
Sub. Wall
8 Air gap 1
9 Insulation (inner surface)
10 Insulation (outer surface)
11 Air gap 2
12 Casing (inner surface)
13 Casing (outer surface)
14 External environment
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The momentum equation:

r v!þV v!¼ V
!
pþ V

!
,tþ r g! (4)

where p is the static pressure, and t is the is the Reynolds stress
tensor.

The energy equation:

V ,
�
rcp V

!
T
�¼V,ðkVTÞ (5)

where cp is the specific heat, and k is the thermal conductivity.
Eqs. (3)e(5) are extremely coupled and nonlinear, therefore, a

numerical approximation approach has been carried out using a
commercial computational fluid dynamics software. Thus, the
governing equations have been solved using the finite volume
method by segregated implicit solver. The secondary reflector
system with single-tube and glass-cover has been designed in
SolidWorks and it has been simulated in a CFD program, Solid-
Works Flow Simulation [40]. This program is commonly used by
several authors [36,41]. SolidWorks Flow Simulation [40] is a
commercial computational fluid dynamics (CFD) solver based on
the finite volume method. The numerical method used by Sol-
idworks Flow Simulation is optimal for incompressible flows and
flows with Mach Numbers less than 3.0. Temporal approxima-
tions of the continuity and convection/diffusion equations (for
momentum, temperature, etc.) are used along with an operator
splitting technique [42]. This technique is used to effectively
solve the problem of pressure-velocity decoupling. Following an
approach similar to SIMPLE [42], a discrete pressure equation of
elliptical type is derived by algebraic transformations of the
discrete equations originally derived for mass and momentum,
taking into account the boundary conditions for velocity. This
solver is extended by the broad set of physical models available
for SolidWorks Flow Simulation like gravitation, radiation, real
properties of various fluid media,etc. Radiation is a complex
phenomenon and therefore there are a lot of simplified models
of radiation. A Discrete Transfer model is used [42]. For the Ray
Tracing model the heat radiations from solid surfaces, the
emitted and the reflected one, both are assumed to be diffuse
[42] (except for symmetry and mirror radiative surface types),
i.e. they obey Lambert’s law, according to which the radiation



Table 2
Direction of the heat flow.

Heat flow Heat transfer From To

q
,
2/1;conv

Convection Absorber tube (inner surface) Heat transfer fluid

q
,
3/2;cond

Conduction Absorber tube (outer surface) Absorber tube (inner surface)

q
,
3/0;conv

Convection Absorber tube (outer surface) Internal environment

q
,
3/0;rad

Radiation Absorber tube (outer surface) Internal environment

q
,
0/4;conv

Convection Internal environment Glass cover (inner surface)

q
,
0/6;conv

Convection Internal environment Cavity receiver (inner surface)

q
,
0/4;rad

Radiation Internal environment Glass cover (inner surface)

q
,
0/6;rad

Radiation Internal environment Cavity receiver (inner surface)

q
,
4/5;cond

Conduction Glass cover (inner surface) Glass cover (outer surface)

q
,
5/14;conv

Convection Glass cover (outer surface) External environment

q
,
5/14;rad

Radiation Glass cover (outer surface) External environment

q
,
6/7;cond

Conduction Cavity receiver (inner surface) Cavity receiver (outer surface)

q
,
7/8;conv

Convection Cavity receiver (outer surface) Air gap 1

q
,
7/8;rad

Radiation Cavity receiver (outer surface) Air gap 1

q
,
8/9;conv

Convection Air gap 1 Insulation (inner surface)

q
,
8/9;rad

Radiation Air gap 1 Insulation (inner surface)

q
,
9/10;cond

Conduction Insulation (inner surface) Insulation (outer surface)

q
,
10/11;conv

Convection Insulation (outer surface) Air gap 2

q
,
10/11;rad

Radiation Insulation (outer surface) Air gap 2

q
,
11/12;conv

Convection Air gap 2 Casing (inner surface)

q
,
11/12;rad

Radiation Air gap 2 Casing (inner surface)

q
,
12/13;cond

Conduction Casing (inner surface) Casing (outer surface)

q
,
13/14;conv

Convection Casing (outer surface) External environment

q
,
13/14;rad

Radiation Casing (outer surface) External environment
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intensity per unit area and per unit solid angle is the same in all
directions. This simulation tool solves the governing equations
(momentum, continuity, and energy equations) under turbulent
flow conditions. The turbulence in the flow has been treated
Fig. 4. Heat transfer between the different w
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using the turbulent kinetic energy (k) and the turbulence
dissipation rate (ε) using a standard k� ε turbulence model. The
selected k� ε turbulent model is an usual model employed for
similar studies [43e45]. The absorber tube inlet flow is assumed
alls of the secondary reflector system.
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to be fully developed.
Fig. 5. Considered computational domain.
3.2. Boundary conditions and material properties

Boundary conditions are the following:

i) The ambient temperature is 20 ðoCÞ.
ii) The atmospheric conditions with atmospheric pressure (1

(bar)).
iii) Concentrated solar irradiance on the absorber tube is 2000

(W).
iv) Inlet temperature of the working fluid is 100 ðoCÞ.
v) Used wind speeds are 0 (m=s), 1 (m=s), 2.5 (m= s), 5 (m= s), 10

(m=s) and 20 (m=s).
vi) Wind direction varies from 0 to 180 (o), in steps of 45 (o).

Wind direction is generally reported in azimuth degrees, gw
[46]. Wind direction is measured in degrees clockwise from
the North. Therefore, a wind blowing from the North has a
wind direction of 0 (�), and.a wind blowing from the South
has a wind direction of 180 (�).

vii) Volumetric flow rate is 2600 (l=h).
viii) It is considered that all the concentrated beam solar irradi-

ance that reache the aperture of the cavity are going to be
directed on the absorber tube.

ix) Absorption of direct solar irradiance by the casing is not
considered in the analysis, as this absorption is significantly
lower that the concentrated solar irradiance absorbed by the
absorber tube [34].

The secondary reflector system is made of the following mate-
rials [12]: (i) The absorber tube is a carbon steel commercial tube
48.6 (mm) in outer diameter, 3.68 (mm) thick [47], and 2400 (mm)
Table 3
Material properties.

Component Material

Working fluid Oil [48]
Absorber tube Carbon steel tube [39]
Cavity receiver Stainless steel 316 [39]
Insulation Glass wool [49]
Glass covering Tempered glass [50]
Casing Aluminum sheet [39]
Internal environment Air [39]
Air gap 1 Air [39]
Air gap 2 Air [39]
External environment Air [39]
Component Density (kg=m3)
Working fluid � 0:7,T þ 886
Absorber tube 7833
Cavity receiver 8000
Insulation 70
Glass covering 2650
Casing 2787
Internal environment � 0:0021,T þ 1:2081
Air gap 1 � 0:0021,T þ 1:2081
Air gap 2 � 0:0021,T þ 1:2081
External environment � 0:0021,T þ 1:2081
Component Specific heat (J=kgoC)
Working fluid 4:18,T þ 1686:6
Absorber tube 465
Cavity receiver 420
Insulation 800
Glass covering 786
Casing 883
Internal environment 0:1364,T þ 1001:2
Air gap 1 0:1364,T þ 1001:2
Air gap 2 0:1364,T þ 1001:2
External environment 0:1364,T þ 1001:2
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length; (ii) The cavity receiver consists of a polished stainless steel
sheet 0.6 (mm) thick, and the aperture of the cavity receiver is 186
(mm) in widht; (iii) The insulation consists of a glass wool filling
100 (mm) thick; (iv) The glass cover is made of a tempered glass 5
(mm) thick; (v) The structure is made of a steel square hollow
section with dimensions 40x40x1:5 (mm); (vi) The secondary
Density (kg=m3) Emissivity [51]

� 0:7,T þ 886 -
7833 0.49
8000 0.1
70 0.1
2650 0.9
2787 0.9
� 0:0021,T þ 1:2081 -
� 0:0021,T þ 1:2081 -
� 0:0021,T þ 1:2081 -
� 0:0021,T þ 1:2081 -
Thermal conductivity (W=m+C)
� 7,10�5,T þ 0:1342
� 0:034,T þ 55:1
0:0121,T þ 13:494
0.034
1.5
0:18,T þ 164
0:00007,T þ 0:0245
0:00007,T þ 0:0245
0:00007,T þ 0:0245
0:00007,T þ 0:0245
Kinematic viscosity (m2=s)
0:0031,T�1:398

-
-
-
-
-
8,10�6,T0:2042

8,10�6,T0:2042

8,10�6,T0:2042

8,10�6,T0:2042
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reflector system is covered with an aluminum sheet 0.6 (mm) thick.
The thermo-physical properties of the secondary reflector sys-

tem are listed in Table 3. We have used the emissivity values used
by Pye [51]. Theses values were used for similar studies [19,31,38].

As boundary conditions, a rectangular prism has been created
around the secondary reflector system with dimensions
600x3000x3000 (mm) (See Fig. 5). These dimensions have been
selected so as not to affect the development of outer natural con-
vection and not to increase too much the simulation time.

3.3. Mesh study

The computational mesh has been created by the SolidWorks
Flow Simulation [40]. The automatic mesh generation is based
on the Marching Voxel method composed of hexahedral ele-
ments. Our model consists of a global mesh and a local mesh. In
this model, a structured mesh with tetrahedral elements has
been developed to achieve a higher accuracy and a faster
convergence. A very fine mesh is generated near the outer and
the inner surface of the absorber tube to capture the high ve-
locity and temperature gradients. In the calculations of the
initial model, the number of total cells is 472;657. With this
value was not qualified to the aim of the research. Therefore, by
increasing it to 853;272 cells, the heat transfer rate is changing.
Whereas, increasing the number of cells to the values greater
than 853;272 does not lead to significant change in the results.
As in this paper the influence of wind on heat loss from a
receiver with longitudinal tilt angle of small-scale linear Fresnel
reflectors for urban applications is studied by comparing
different SSLFR configurations, it is concluded that, the meshing
network with the 853;272 cells is acceptable and adequate for
this study. Some meshes are displayed in Fig. 6.

3.4. Thermal model validation

The correlation of Montes et al. [28] has been used to validate
the present model. This correlation is used in large-scale LFRs,
configuration C1, where the parallel rows of mirrors form a longi-
tudinal angle of 0+ with the horizontal plane (bM ¼ 0o) and the
secondary reflector system forms a longitudinal angle of 0+ with
the horizontal plane (ba ¼ 0o). Montes et al. suggest the following
relationship:
qloss ¼ ð0:0212,vw � 0:6049Þ,ðTt � TambÞ þ 0:0135,qiþ
þ0:0072,ðTt � TambÞ2 � 1:046,10�6,qi,ðTt � TambÞ � 9:582,10�8,q2i

(6)
where qloss is the heat loss per length of the absorber tube (W=m),
vw is the wind velocity (m=s), Tt is the tube wall temperature ðoCÞ,
Tamb is the ambient temperature ðoCÞ, and qi is the concentrated
flow on the absorber tube per tube perimeter and length unit (W=

m2). The reasons for using this correlation are the following: (i)
This correlation focuses on a secondary reflector system with
single-tube and glass-cover; (ii) Heat losses from the secondary
reflector system have been analyzed with the wind flow; (iii) The
validation of the correlation has been carried out through the
work presented by Montes et al. [15]; (iv) The results of Montes
correlation have been compared to numerical results [52]; (v) The
results of Montes correlation have been compared to empirical
results [53]; (vi) Montes correlation has been used by several
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authors [54,55].
Fig. 7 shows the heat losses for Montes model and the proposed

thermal model, as a function of the wind velocity and wind direc-
tion. As shown in Fig. 7, heat losses obtained with both models are
very similar for the wind velocities (1, 2.5, 5, and 10 (m=s)), for
North and South wind direction. In North wind direction, a devia-
tion of 2:8%� 6:1% is observed in the total heat losses as shown in
Fig. 6. In South wind direction, a deviation of 3:1%� 5:2% is
observed in the total heat losses as shown in Fig. 6. The present
model is considered to be validated as these deviations are not
greater than 6:5% [56] or 10% [34]. Therefore, the CFDmodel is used
for the heat loss analyses. For a wind velocity of 20 (m=s), the
discrepancy is significant, because the highest wind speed they had
used to settle Montes correlation was 12 (m=s). In this case, the
deviation is the 17:2% and 17:3% for North and South wind direc-
tion, respectively.

In this paper the influence of wind on heat loss from a receiver
with longitudinal tilt angle of small-scale linear Fresnel reflectors
for urban applications is studied by comparing different SSLFR
configurations. Our model is not precise. Anyway, as it uses the
same model to study all the different configurations, we consider
this comparison to be valid.

In Fig. 8 some pictures which give the temperature and heat
flow distribution over the geometry, are presented for awind speed
of 0 (m=s). The temperature contours in the cross-section of the
secondary reflector system are shown in Fig. 8.a. The temperature
contours in the lengthwise section of the secondary reflector sys-
tem are shown in Fig. 8.b. The heat flow distribution in the working
fluid is shown in Fig. 8.c. Flow fields of air are shown in Fig. 9.a and
Fig. 9.b, cross-section and lengthwise section, respectively. These
images are output from Solidworks Flow Simulation.
4. Results and discussion

The aim of this section is to estimate the wind effects on heat
losses from a secondary reflector systemwith longitudinal tilt angle
(ba) of small-scale linear Fresnel reflectors for urban applications.
3-D numerical simulations have been carried out for several
geographic locations and compared with the configuration (C1)
used in large-scale LFRs. In C1 configuration, the mirrors form a
longitudinal angle of 0+ with the horizontal plane (bM ¼ 0o) and
the absorber tube forms a longitudinal angle of 0+ with the hori-
zontal plane (ba ¼ 0o). It has been considered that SSLFR is perfectly
aligned in a North-South orientation.
4.1. Case study

Table 4 shows the geographic characteristics of the cities under
study.

We consider that the surface required for the installation of
SSLFR is a critical parameter for urban applications. Thus, we
will use the parameter energy-to-area ratio (EAR). This
parameter, which is expressed in MWh=m2ear, is
commonly used to compare SSLFR for urban applications [57].
The EAR is obtained by dividing the annual total energy
absorbed by the absorber tube in Megawatt hours by area



Fig. 6. Mesh of the secondary reflector system.
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required for the SSLFR installation in square meters. The EAR is
expressed as follows:

EAR¼ E
A

(7)

The parameters of the SSLFR under analysis are listed in Table 5
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[26]. These parameters remain constant in this study.
The maximum EAR results for the cities under study have been

obtained in Ref. [26]. These results are shown in Table 6. These
parameters remain constant in this study.

With the sign convention that we have adopted, lengths from
the centre of the mirror to the left are considered positive, and



Fig. 7. Validation of the present model with the Montes model.
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those to the right, negative. The following conclusions can be
drawn from Table 6 for configuration of maximum EAR: (i) ba
equals the latitude of the geographic location; (ii) An increase in
ba increases La and therefore the exposed area; (iii) An increase
in ba increases the maximum EAR configuration.

4.2. Results and discussion

The heat losses in the secondary reflector system have been
analyzed for various maximum EARs, various wind velocities,
various wind direction, various longitudinal angles, various
ambient temperatures, and various coating emissivities. The oper-
ating conditions considered for the heat losses analyses are the
following: (i) A wind velocity range from 1 (m=s) to 20 (m= s); (ii) A
wind direction range from 0 (�) (North direction) to 180 (o) (South)
in steps of 45 (o); (iii) The operating temperature of the working
fluid is 100 ðoCÞ; (iv) The ambient temperature is 20 ðoCÞ; (v) The
atmospheric pressure is 1 (bar); (vi) The concentrated solar irra-
diance on the absorber tube is 2000 (W); (vii) The volumetric flow
rate is 2600 (l=h).

4.2.1. Effect of wind direction on secondary reflector system heat
losses

The results of the simulations for maximum EAR are shown in
Figs. 10 and 11 for the heat losses, wind directions, and wind ve-
locities, in Almeria, and Helsinki, respectively. In Almeria, heat
losses are similar for all wind directions. Although, heat losses are
slightly higher in the No1th wind direction when the wind ve-
locity increases. In Helsinki, heat losses are also similar for all
wind directions. However, the North wind direction no longer
prevails in all wind speeds. In orden to simplify the presentation
of results the North wind direction will be considered for the rest
of the study.

4.2.2. Effect of longitudinal angle on secondary reflector system
heat losses

The heat loss analyses have been carried out in Almeria by
varying the longitudinal angle with a constant absorber tube length
(2.4 (m)), a constant wind velocity (5 (m=s)), andmaintaining North
direction. The longitudinal angle has been varied from 12 (o) to 36
(o) in steps of 12 (o). These heat losses are shown in Fig. 12. The heat
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losses are directly proportional to the area exposed to the sur-
roundings. The heat losses increase with an increase in the longi-
tudinal angle due to a more heat transfer through the glass
covering.

4.2.3. Effect of ambient temperature on secondary reflector system
heat losses

The heat loss analyses have been carried out in Almería by
varying ambient temperature with a constant absorber tube
length (2.4 (m)), a constant wind velocity (5 (m=s)), and main-
taining North direction. The ambient temperature has been varied
from 15 ðoCÞ to 30 ðoCÞ in steps of 2.5 (oC). These heat losses are
shown in Fig. 13. The heat losses are directly proportional to the
temperature difference between the surface and the surround-
ings, therefore the heat losses decrease with an increase in the
ambient temperature.

4.2.4. Effect of coating emissivity of the absorber tube on secondary
reflector system heat losses

The heat loss analyses have been carried out in Almería by
varying the coating emissivity of the absorber tube with a constant
absorber tube length (2.4 (m)), a constant wind velocity (5 (m=s)),
and maintaining North direction. The coating emissivity of the
absorber tube has been varied from 0.1 to 0.5 in steps of 0.1. These
heat losses are shown in Fig. 14. The heat losses increase with an
increase in the coating emissivity.

4.2.5. Effect of wind velocity on secondary reflector system heat
losses

As it is shown in Table 6, the configuration C1 has the same
length of the absorber tube in all cities under study, therefore it also
has the same exposed area. In contrast, the maximum EAR config-
uration has different length of the absorber tube, therefore it has
different exposed area.

The heat loss analyses are carried out by varying wind ve-
locity, and considering the North direction. These heat losses are
shown in Fig. 15. It is obvious that heat losses increase as the
wind velocity increases and maximum EAR configuration,
because heat losses are directly proportional to the exposed
area. As ba equals the latitude of the geographic location and
increasing ba increases maximum EAR configuration, an



Fig. 8. Temperature distribution in the SRS from Solidworks Flow Simulation.
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Fig. 9. Flow fields of air.
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Table 4
Cities under study [26].

Cities Latitude Longitude Altitude

Almeria (Spain) 36o5000700
N 02o2400800

W 22 (m)
Rome (Italy) 41o5303000

N 12o3004000
E 52 (m)

Budapest (Hungary) 47o2905200
N 19o0202300

E 111 (m)

Berlin (Germany) 52o3102700
N 13o2403700

E 37 (m)
Helsinki (Finland) 60o1001000

N 24o5600700
E 26 (m)

Table 6
C1 and maximum EAR parameters [26].

Configuration C1

Cities bM (o) ba (o) Lla(m) Lra(m) La(m)
Almeria 0 0 � 0:037 � 2:037 2.00
Rome 0 0 � 0:329 � 2:329 2.00
Budapest 0 0 � 0:586 � 2:586 2.00
Berlin 0 0 � 0:865 � 2:865 2.00
Helsinki 0 0 � 1:343 � 3:343 2.00

Configuration maximum EAR Maximum EAR
Cities bM (o) ba (o) Lla(m) Lra(m) La(m) (% of C1)
Almeria 18.418 36.836 1.236 � 1:098 2.334 142.54
Rome 20.946 41.892 1.262 � 1:238 2.500 179.60
Budapest 23.749 47.498 1.375 � 1:307 2.682 219.82
Berlin 26.260 52.520 1.502 � 1:392 2.894 272.30
Helsinki 30.085 60.169 1.784 � 1:512 3.296 412.76
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increasing ba also increases La and therefore the exposed area.
The heat losses, for wind velocity of 10 (m=s), North direction,
and maximum EAR configuration, are, approximately, 120% of C1,
131% of C1, 143% of C1, 165% of C1 and 174% of C1, in Almeria,
Rome, Budapest, Berlin and Helsinki, respectively. Therefore, the
heat losses increase when the latitude of the geographic location
increases, because ba increases.

4.2.6. Effect of wind velocity on maximum EAR configuration
Fig. 16 shows the percentages with respect to configuration C1,

of the maximum EAR, with and without heat losses for wind ve-
locity 10 (m=s) and North wind direction, in Almeria, Rome,
Budapest, Berlin and Helsinki, respectively. In this figure, the pos-
itive effects of the longitudinal inclination of the secondary
reflector system without heat losses on the maximum EAR is
noticeable [26]. When heat losses of the secondary reflector system
are considered, the effect of the longitudinal inclination of the
secondary reflector system on themaximum EAR decreases, but the
effect remains positive with respect to configuration C1. Although
heat losses are greater.with the longitudinal inclination of the
secondary reflector system, the total computing increases in EAR
over the configuration C1. Therefore, it can be concluded that the
longitudinal inclination of the secondary reflector system has
positive effects on the design of SSLFR.

5. Conclusions

The objective of this work is to investigate the wind effects on
heat losses from a receiver with longitudinal tilt angle of small-
scale linear Fresnel reflectors (SSLFR) for urban applications at
five European locations. As the area required for the SSLFR instal-
lation for urban applications is a critical parameter, the maximum
energy-to-area ratio configurations have been used in this study.
Table 5
Parameters of the SSLFR [26].

Parameters

Number of mirrors
at each side of the central mirror (n)
Mirror width (WM)
Separation between two consecutive mirrors (d)
Height of the receiver (f)
Outer diameter of the absorber tube (D)
Mirror length (LM)
Total length of the single absorber tube (La)

Left length of the single absorber tube (Lla)
Right length of the single absorber tube (Lra)
Reflectivity of the mirrors (r)
Cleanliness factors of the mirror (CLm)
Cleanliness factors of the glass ðCLgÞ
covering the secondary absorber
Transmissivity of this glass (t)
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The analysis has been performed with SolidWorks Flow Simu-
lation for different wind velocities and wind directions. 3-D nu-
merical simulations of heat losses in the secondary reflector system
of an SSLFR have been carried out based on computational fluid
dynamics (CFD) model. The correlation of Montes et al. [28] has
been used to validate the CFD model. A good agreement between
the simulated data and the correlation data was found for the wind
velocities (1, 2.5, 5, and 10 (m=s)), because the deviations are not
greater than 6:5%. For high wind velocities, correlation and simu-
lated heat losses have a remarkable difference.

To evaluate the heat losses of the secondary reflector system,
CFD simulations have been done. The heat losses in the secondary
reflector system have been analyzed for different wind velocities,
wind directions, maximum energy-to-area ratio configuration,
longitudinal angles, ambient temperatures, and coating emissivi-
ties of the absorber tube. The heat losses are slightly higher in the
North wind direction, in most simulations with increasing wind
velocity. The heat losses increase with: the increase in the longi-
tudinal angle, the decrease in the ambient temperature, and the
increase in the coating emissivity of the absorber tube. The heat
losses increase with wind velocity andmaximun EAR configuration.
The heat losses, for wind velocity of 10 (m=s) and North direction,
are, approximately, 120% of C1, 131% of C1, 143% of C1, 165% of C1
and 174% of C1, in Almeria, Rome, Budapest, Berlin and Helsinki,
respectively. Therefore, the heat losses increase as the ba increases.

Finally, an important conclusion was obtained: the positive ef-
fects of the longitudinal inclination of the secondary reflector
Value

12
0:060(m)
0.024 (m)
1.50 (m)
0.0486 (m)
2.00 (m)
Depends of the city and maximum EAR
Depends of the city and maximum EAR

Depends of the city and maximum EAR
0.94 [58]
0.96 [59]

0.96 [59]
t ¼ 0:87 if ai � 20+ ,
t ¼ 0:85 if 20o � ai � 30o [60]



Fig. 10. Effect of wind direction on heat losses in Almeria.

Fig. 11. Effect of wind direction on heat losses in Helsinki.

Fig. 12. Effect of longitudinal angle on heat losses in Almeria.
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Fig. 13. Effect of ambient temperature on heat losses in Almeria.

Fig. 14. Effect of coating emissivity on heat losses in Almeria.

Fig. 15. Heat losses in C1 and maximun EAR in the cities.
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Fig. 16. Comparison maximun EAR, with and without heat losses.
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systemwithout heat losses on themaximum EARwhich has already
been demonstrated by other authors. When heat losses of the
secondary reflector system are considered, the effect of the longi-
tudinal inclination of the secondary reflector system on the
maximum EAR decreases, but it remains positive with respect to
configuration C1. Although, heat losses are greater with the longi-
tudinal inclination of the secondary reflector system, the total
computing increases in EAR with respect to configuration C1.
Therefore, it can be concluded that the longitudinal inclination of
the secondary reflector system has positive effects on the design of
SSLFR.

Regarding perspectives of future, we consider that it would be
interesting to carry out experimental works to validate the corre-
lation of Montes.
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Nomenclature

CLg: Cleanliness factor of the glass
CLm: Cleanliness factor of the mirror
D: Diameter of the absorber tube (m)
d: Separation between two consecutive mirrors (m)
EAR: Energy-to-area ratio (MWh=m2=year)
f: Height of the receiver (m)
La: Length of the single absorber tube (m)
Lla: Left length of the single absorber tube (m)
Lra: Right length of the single absorber tube (m)
LM: Length of the mirrors (m)
n: Number of mirrors at each side of the central mirror
qconv: Convection heat transfer (W)
qi: Concentrated flux on the absorber tube per tube perimeter and unit length

(W=m2)
qrad: Radiation heat transfer (W)
Tamb: Temperature ambient ðoCÞ
Tt: Tube wall temperature ðoCÞ
vw: Wind velocity (m=s)
WM: Width of the mirrors (m)
ab: Absorptivity of the absorber tube
ba: Angle between the absorber tube and the horizontal plane (o)
bM: Angle between the mirror axis and the horizontal plane (o)
Р: Reflectivity of the primary mirrors
Τ: Transmissivity of the glass
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