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Abstract

The objective of the present research work was to
carry out a numerical analysis by means of CFD of a
flat plate solar collector, in addition to a comparison
with experimental results. The working fluid reached
a maximum outlet temperature of 20.16 °C at 12:00,
the value of solar radiation was determined for the
geographical coordinates latitude -0.2252 and longi-
tude -77.84; similarly, at this time it was possible
to obtain a temperature of 27.12 °C on the collector
surface, as peak value. The lowest performance of the
heat transfer device was determined at 10:00 with an
outlet water temperature and maximum temperature
on the collector surface of 18.65 and 20.48 °C, respec-
tively. The experimental results showed a maximum
temperature of 20.93 °C and a minimum temperature
of 19.4 °C, resulting in a 4.01 % error between the
computational simulation and the experimental data.

Keywords: Collector, solar energy, temperature,
CFD simulation.

Resumen

El objetivo de la presente investigacién fue realizar
un andlisis numérico mediante CFD de un colector
solar de placa plana; ademés, se realizé una com-
paracién con resultados experimentales. El fluido de
trabajo alcanz6 una temperatura maxima de salida
de 20.16 °C a las 12:00, el valor de la radiaciéon so-
lar se determiné para las coordenadas geograficas
latitud -0.2252 y longitud -77.84; de forma similar,
en este horario fue posible obtener una temperatura
de la superficie del colector de 27.12 °C, como valor
pico. Se determiné el menor rendimiento del dispo-
sitivo de transferencia de calor a las 10:00 con un
valor de temperatura de salida del agua y tempera-
tura maxima en la superficie del colector de 18.65 y
20.48 °C, respectivamente. Los resultados experimen-
tales mostraron una temperatura maxima de 20.93 °C
y una temperatura minima de 19.4 °C, derivando en
un error de 4.01 % entre la simulacién computacional
v los datos experimentales.

Palabras clave: colector, energia solar, temperatura,
simulacion CFD
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1. Introduction

At present, it has been observed how the scientific
community has become aware about the use of en-
ergy renewable sources, due to many studies about the
damages produced by the burning of fossil fuels for
the generation and use of energy. For this reason, in
recent years there has been an increase in the research
and experimental works about the use of solar energy
for increasing the temperature of fluids using thermal
solar collectors; among them there are the concentrat-
ing solar collectors which have determined that the
operating range varies between 50 and 300 °C [1].

Taking advantage of this virtually renewable re-
source has more impact in places with an appropri-
ate geographic location to optimize the performance
of heat transfer devices with the assistance of solar
energy, due to the appropriate and invariant angle
of incidence by the influence of the seasons, as it is
the case of countries in the equatorial region such as
Ecuador [2].

Ayompe and Duffy [3], in their research work about
the thermal performance of a water heating solar sys-
tem with flat plate collectors applied along one year
at a forced circulation household scale system, show
that the obtained results corresponded to a yearly av-
erage of collected daily energy of 19.6 MJ/day, a solar
fraction of 32.2 %, and, in addition, a collector and
system efficiency of 37.8 and 45.6 %, respectively.

There are various external agents involved in the
operation of a solar collector, namely the ambient
temperature, irradiation, geographic position, among
others, as stated by Hashim et al. [4]. In their work
they show the influence of the volumetric flow in the
temperature that the working fluid may reach when
leaving the solar collector; in their experimental re-
search they conducted two tests with flow rates of 5.3
and 6.51 L-min~!, respectively, obtaining as results
output temperatures of 51.4 and 49 °C, reaching the
conclusion that as the volumetric flow rate decreases
a greater temperature may be reached at the outlet of
the collector.

The Computational Fluid Dynamics (CFD) is of
great help in studies that seek to improve the perfor-
mance of heat transfer devices. For this reason it is
regularly used to develop improved designs of various
mechanisms that require energy transfer, such as solar

air heaters, and to evaluate the potential of power
generation [5].

In their research, Marroquin et al. [6] use the AN-
SYS simulation software, specifically its library for
fluid dynamics (CFD). The CFX-Mesh is utilized for
the meshed, where it is considered a face space in the
elements between 0.004 and 0.08 m, a resolution angle
of 30°; regarding the simulation, it is carried out under
the k-epsilon energy model due to the turbulent flow,
obtaining a result that varies 5% with respect to the
experimentation.

It is possible to perform a comparative analysis
to validate the results of the CFD analysis with ex-
perimental results seeking to find a permissible error
margin as stated by Mohamed et al. [7], who in their
study of a Direct Expansion Solar Assisted Multifunc-
tional Heat Pump (DX-SAMHP) take real parameters
such as external ambient temperature during winter
from —1 to 5 °C, solar radiation of 0, 57, 100 and 200
W-m~2 to enter them in the simulator, obtaining larger
values in the modeling compared to the experimental
results, with average deviations of 4= 4 %.

Similarly, the research work by Duarte et al. [8]
presents a comparative study to validate the results
of the mathematical model with experimental values,
where a heat pump is utilized with a collector /evapora-
tor of 1.65 m?, ambient temperature between 27.1 and
31.6 °C, solar radiation between 0 and 811 W-m™2,
among other parameters, thanks to which the simula-
tion generates a difference in the COP of 1.6 %, smaller
than the experimental uncertainty of 5 %.

Likewise, the efficiency of the flat plate solar collec-
tors may vary by the influence of other conditions such
as the cross sections through which the working fluid
circulates, as shown by Andrade et al. [9], who validate
their research work by means of a CFD simulation; in
addition, they show a final temperature of 330 K at
the outlet of the pipe, and an efficiency of 68 %.

There are many research works about the use of
solar collectors in heating systems, which are carried
out in different countries, as shown in Table 1, where
simulation proposals are validated experimentally for
a more precise development.

Similarly, some works seek to numerically validate
experimental proposals to find limitations in the design,
which shows the importance of the complementarity
between the simulation and experimental parts.
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Table 1. Research works carried out in different systems with flat plate solar collectors

Ji et al. [10]  Mohamed et al. [7] Duarte et al. [8] Fathabadi [11] Rabelo et al. [12] Kong et al. [13]
1. Type of solar collector
Flat plate with cover X X X X
Flat plate without cover X X
2. Aplication
Hot sanitary water b'e b'e b'e X X
Space heating X
3. Country China Sudan Brasil Grecia Brasil China
4. Area of the collector (m?) 4 4.22 1.65 2.42 1.57 2.1
5. Length of the collector (m) 2 - - 1.981 - 1.448
6. Validation Experimental Experimental Experimental Experimental Experimental Experimental

and numerical

and numerical

1.1. Description of the solar collector

The design of the equipment utilized for carrying out
the present work consists of a tube, in which the energy
exchange to the working fluid (water) takes place, cov-
ered with a metallic plate with two wings, as illustrated
in Figure 1.

Wing —

Inlet —— ——= Outlet

Metallic
cover

Figure 1. Schematic diagram of the solar collector

In pursuit of improving the heat transfer in the
device, and thus considerably increasing its efficiency,
the material considered in the model of the solar col-
lector is copper for the metallic cover with the wings
and the tube through which the working fluid circu-
lates, with the dimensions specified in Table 2, taking
into account the variables that directly impact on the
temperature increase in the fluid, between the inlet
and the outlet of the collector.

Table 2. Detailed specifications of the solar collector

Description Specification

Length of the absorbing plate 0.960 m
Thickness of the absorbing plate 0.001 m
Thermal conductivity of the plate 387.6 W-m~1.K~!
Density of the plate material 8978 kg-m 3
Thickness of the plate 0.001 m
Diameter of the conductive tube 0.0165 m
Thickness of the incremental and

. 0.002 m
conductive tube
Total area 1.728 m?

1.2. Operating principle of the system

The working fluid begins its circulation through the
system entering at ambient temperature (Ty,,p) in the
solar collector, where as a result of the heat transferred
by the solar energy (Qg) it reaches a temperature at

the outlet (71) larger than at the inlet, then enters a
tank where it losses part of the heat gained (Q p1) until
entering the pump where it gains work (W) to move
to a second tank where it losses the remaining heat
gained in the solar collector (@ p2) and then reenters
the solar collector at ambient temperature, as detailed
in Figure 2.

Tamb Q=
Qr. v
Qif
Tank Solar collector T
Qr.
>
Ts I Pump Tank
;|
w T:

Figure 2. Cycle of the working fluid in the solar collector

2. Materials and methods

In a solar collector heat is transferred in three differ-
ent ways: conduction, convection and radiation, which
occur due to the solar radiation striking the device,
and the temperature difference between the working
fluid and the ambient air T, as seen in Figure 3.

Too

Solar radiation

Too

Solar radiation

Figure 3. Heat transfer in a solar collector
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Convection and radiation are due to the heat trans-
fer through the ambient air up to the device surface,
and to the solar energy received by the collector, re-
spectively. On the other hand, conduction occurs due
to the heat transfer between the solar collector surface,
as shown in Figure 4.

Figure 4. Network of thermal resistances in a solar col-
lector

The heat transfer by conduction (g), explained by
Fourier’s law, is proportional to the temperature gra-
dient (dT'/dx) multiplied times the area (A) through
which the energy is transferred; the relationship be-
tween the local temperature (T), the distance in the
direction of heat flow (x) and the thermal conductivity
(k) is shown in Equation (1) [14].

dT
¢=—k-A — (1)

The heat exchange by convection (Q,) for a model
can be expressed as the process of heat convection be-
tween the internal and external surfaces of the envelope
of a surface as expressed in Equation (2) [15].

ch =h- AS ' (TS - Too) (2)

Where (h) represents the convection heat transfer
coefficient, (Ag) the surface area, (Ts) the tempera-
ture of the surface and (T,) the temperature of the
fluid at a certain distance of the surface. It should be
considered that the temperature of the fluid is equal
to the temperature on the surface of the solid in the
contact area [16]. Regarding convection, it is important
to classify it in two types: natural or free and forced.

The intensity of natural convection is measured by
the Grashof (Gr) and Prandtl (Pr) number, which is
shown in Equation (3), these dimensionless numbers
are characteristic of free convection, since when they
increase, the transition of the flow regime becomes
insignificant as stated by Meyer and Everts [17].

9-B-(Th—T) L3
:g B (Iu22 1) (3)

Where (g) represents the gravity, (9) the density,
(8) the volumetric expansion coefficient, (T» y T}) are
the temperatures at the boundary, (L) the wall length
and (p) the dynamic viscosity [18]. The free convection
heat transfer can be quantified by means of the Nusselt
number, which varies as a function of the conditions
in which the heat exchange takes place, in this case
of free convection, it is related to the dimensionless
Rayleigh (R,) number shown in Equation (4), which
results from the product of the Grashof and Prandtl
numbers [19].

Gr

g-B-(Tn—T1)-R?

V-«

Ra =

(4)

For correct calculation of the Rayleigh number it
is necessary to take into account the volumetric ex-
pansion coefficient, the temperature of the fluid (73),
the temperature of the enclosure wall (77), the radius
of the enclosure (R), the cinematic viscosity (v) and
the thermal diffusivity («) [20]. The thermal radiation
is the energy emitted by any type of matter which
is at a temperature greater than zero and whose en-
ergy diffusion is shown in Equation (5), where it is
presented [21].

q=Fkq-40-T* (5)

Equation (5) presents the heat transfer of the ra-
dioactive source (¢), the thermal conductivity (k,),
the Stefan-Boltzmann constant (o = 5.67 x 108 W -
m~2- K~*) in units of the International System (SI)
and the temperature distribution due to the limit of
the physical media (T) [22].

2.1. Parameters of the fluid at the inlet of a
flat solar collector

Some important conditions of the working fluid at the
inlet of a flat solar collector were: velocity, mass flow,
gauge pressure, ambient temperature, among others,
as seen in Table 3, which have been collected from
different research works that show the conditions at
the inlet of a solar collector.
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Table 3. Conditions of the fluid at the inlet of the solar collector

Properties Cetina-Quinones et al. [23] Pang et al. [24] Visa et al. [25]
Temperature 45 °C 27 °C 20 °C
Volumetric flow 0.0167 L - s7! 0.05 L -s~1 —
Pressure —_— —_— 300 kPa
Mass flow — 0.1 kg-s~* 0.02 kg -s7!
Internal diameter 0.0254 mm — 0.008 m
Working fluid Water Water Water
Material of the pipe — Copper Aluminum

2.2. Meshed and modeling

To correctly analyze the different properties of the
solids, liquids and gases with the simulation software,
it is necessary to construct an efficient computational
mesh, which may be constituted by pyramidal, tetrahe-
dral or hexahedral cells that divide the body in various
smaller subsets [26]. To generate a correct mesh of the
fluid section it is recommended to use tetrahedral
cells due to their adaptability with the curved regions
crossed by the fluid.

The independence of the meshed is important to
determine the optimal mesh number, which means
that the solution is independent of the mesh resolution.
In the 3D CFD analysis it is common to carry out
simulations using different mesh sizes to compare the
results, despite this it is possible to find variations
smaller than 0.5 % in the temperatures, which indi-
cates that this does not have a significant impact on
the results [27].

In the current case study it was required a differ-
entiated meshed as illustrated in Figure 5. To obtain
the mesh, a patch conforming tetrahedral method was
utilized in the curved figures of the working fluid and
of the tube that contains it, edge sizing along the joints
between the wings and the arc in the collector wall
with an angle of curvature of 5°, which is shown in
Table 4 as mesh 1; in this way, typical hexahedrons
and tetrahedrons are utilized in the CFD analysis of
the solar collectors, heterogeneous distribution of its
elements and different number of neighboring elements,
which represent an unstructured meshed to improve
the convergence of the result [28].

Due to the search for high reliability results it was
necessary to establish an efficient meshed and, conse-
quently, with a proper number of nodes and elements.
However, a comparative analysis was carried out be-
tween a variety of meshes with different qualities and
number of elements, as shown in Table 4, to verify the
efficiency of the meshed in this work; as a result, the
mesh 1 model was taken with the excellent ratings of
quality previously pointed out.
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Figure 5. Mesh of the solar collector

Table 4. Types of meshes

Mesh Number of elements Skewness average

1 2272823 0.23763
2 149286 0.32162
3 92901 0.42708
4 192792 0.30576
5 247324 0.27664

With the help of the mesh quality, it can be seen
in Figure 6 the different types of trends generated by
the variability of results of the CFD simulation, which
leads to the final selection of a particular meshed.

Temperatura vs Longitud
21

214

%)
=

Temperatura [°C]
=]
=]
1

©

T
1.00
Longitud [m]
-e-Mallal -=Malla2 » Malla3 -~ Mallad -+ Malla5

0.50

Figure 6. Variation of results with different meshed

To model the dynamic fluids, the CFD simulation
software employs the Navier-Stokes equations, which
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take into account the continuity, momentum and en-
ergy conservation, as shown in Equations (6), (7) and
(8), respectively [29].

0
.

ot (p¥) = Sm

(6)

)
a—‘t’@a) + - (pi0) = Ip+ V- [ x (V7 + viT)] +

—

+pg + F
(7)

O (0B +9-[5- (9 + 1)) = - (hegs - 9T) + Sh (8)

When carrying out the validation of the CFD sim-
ulation results, it is important to know the permissible
range of the variation that such results may exhibit
with respect to the experimental values of the same
study; this range can be measured with the percent-
age error presented in Equation 9, and according to

different authors the maximum permissible value is
5.2 % [30].

|Xsim - Xemp‘

Error % = X

3. Results and discussion

The radiation module of the CFD simulation software,
solar calculator, enabled the analysis of the flat plate
solar collector with parameters of latitude (-0.225219),
longitude (-78.5248) and different hours to determine
parameters such as surface temperature of the heat
transfer device, as shown in Figure 7 (a and b) with
hours from 11:00 to 12:00, respectively, where it is
possible to observe a greater temperature distribution
due to the radiation peak existing at 12:00 with a max-
imum value of 27.12 °C; this temperature attenuates
as time goes on as it is indicated by a smaller value of
24.63 °C on the wing surface at 13:00.

The radiation striking on the collector is directly
related with the hours at which the test is conducted,
as can be observed in Figure 8 (a and b), generating
peak values between 12:00 and 13:15 with available
radiation values between 650 and 800 W-m™2, respec-
tively, influencing in a similar manner on the ambient
temperature, a very important parameter in the heat
transfer to the device and in its performance.

Figure 7. Temperature in the external wall of the solar
collector
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Figure 8. Variation of a) Radiation, b) Temperature

Due to the common variations of the radiation
levels that fluctuate between 350 and 800 W-m~2 in
the zone with the previously established latitude and
longitude, along with the temperature and heat flow
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change on the surface of the heat transfer device, it is
possible to observe a greater temperature at the center
of the working fluid along the center of the tube in
the solar collector at specific times, as illustrated in
Figure 9, and due to this it is determined that the
largest temperature at the outlet of the collector will
occur at 12:00 with a value of 20.2 °C and with the
smallest value of 18.65 °C at 10:00 when going across
the total length of the flat plate heat exchanger.
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Figure 9. Comparative diagram of temperature vs. length
at the center of the collector

It is possible to observe a greater temperature in-
crease as the fluid approaches the tube wall in the
heat exchanger, as it is appreciated in Figure 10(a),
where the temperature is measured along the solar col-
lector in an intermediate space between the wall and
the center of the tube, and additionally Figure 10(b)
illustrates the temperature variation in the collector
wall.
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Figure 10. Comparative diagrams of temperature vs.
length at a) % of the surface, b) surface

The results of the CFD simulation presented in
Figure 9 show the same trend that the experimental
results, as can be observed in Figure 11, validating the
results within an error margin of 4.01 % in the analy-
sis at the center of the solar collector at the different
hours.

Temperatura [° C]

0 02 04 06 08 1 12 14 16 18
Longitud [m]

——10H00 —m-11H00 12H00 ——13H00 —»14HO00

Figure 11. Comparative diagrams of temperature vs.
length with experimental results

When carrying out the comparative analysis be-
tween the experimental results and the results of the
numerical simulation, it is possible to find a similar
trend in both cases as shown in Figure 12. Similarly,
it is possible to appreciate a maximum percentage
error of 4.01 %, thus validating the experimental and
simulation data.

0 02 0.4 0.6 038 1 12 14 16 18
Longitud [m]

—e—Experimental Simulacion

Figure 12. Comparative diagram in the experimental and
numerical analysis at 12:00
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4. Conclusions

In the present study an analysis of the performance of
a flat plate solar collector was performed by means of
a CFD simulation software, where the solar radiation
at different hours has been utilized in several simu-
lations carried out; such radiation directly influences
the transfer of thermal energy to the working fluid,
showing various results.

The maximum value of fluid temperature at the
outlet of the solar collector is 20.16 °C at 12:00, while
the smallest fluid temperature at the outlet was ob-
tained at 10:00 with 18.65 °C, due to the low solar
radiation at that time; these values represent a favor-
able trend for the utilization of the fluid in different
processes, all this without ruling out the use of in-
dependent fluid heating processes to reach a specific
temperature in the search for fulfilling a particular
need.

The radiation peak occurring at 12:00 generates a
maximum heat flow of 96.02 W-m~?2 to the working
fluid, thus achieving the maximum amount of energy
transfer in all the analysis range considered in the
research. It is possible to appreciate a temperature
variation on the external surface of the heat transfer
device in accordance with the typical radiation levels at
the different hours under study, obtaining a maximum
value of 27.12 °C and a minimum value of 20.48 °C at
12:00 and 10:00, respectively. At last, it can be verified
that the simulation and experimental data differ 4.01
% when compared to each other.
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