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RESUMEN.

El presente trabajo y de acuerdo con el consumo de los combustibles
fésiles asi como con la contaminacion ambiental, es necesario hacer cada vez
mas eficiente el uso de la energia con base en las diferentes fuentes de
energia renovable, como es la solar particularmente. Para este caso se
presenta una propuesta experimental, que inicia con el disefio, instalacion y
montaje de un tren de concentradores solares. Un concentrador solar es un
tipo de intercambiador de calor, el cual transforma la energia radiante en calor.
Dentro del analisis que se presenta en este trabajo de investigacion sobre los
concentradores solares de tipo colector cilindro parabdlico o canal parabdlico
(CCP), es un estudio tedrico — experimental a las diferentes superficies
reflectoras de cada colector: como son superficie reflectora acero inoxidable
tipo 316 L, y superficie reflectora acero inoxidable tipo 304. Se desarrolld
diferentes configuraciones de CCP para analizar y discutir el incremento de la
energia util (Qu=kW) y rendimiento del colector (n=%). Los resultados
promedio demuestran que los maximos incrementos experimentales en
rendimiento y energia util para cada concentrador son: concentrador de acero
inoxidable tipo 316 L Qu=50.5 kW y n=37 %. Con respecto al concentrador de
acero inoxidable 304 CCP, los resultados obtenidos son satisfactorios
demostrando de esta manera que los CCP con mejores resultados fuero el tipo
acero inoxidable 316L y acero inoxidable tipo 304. Por lo tanto es
recomendable utilizar el modelo experimental como una herramienta de apoyo
para el disefio en computacion. Finalmente se desarrolld6 un modelo
matematico basado con redes neuronales con la finalidad de predecir y
optimizar la eficiencia energética del CCP. El modelo consisti6 en una
estructura de 7 neuronas de entrada, 25 neuronas en la capa oculta y 1
neuronal en la capa de salida. El modelo predice satisfactoriamente la

temperatura de salida del CCP con un coeficiente de correlacion de 0.99.



ABSTRACT.

The present work and in accordance with the consumption of fossil fuels
as well as with environmental pollution, it is necessary to make more efficient
use of energy based on different sources of renewable energy, such as solar
in particular. For this case an experimental proposal is presented, which begins
with the design, installation and assembly of a train of solar concentrators. A
solar concentrator is a type of heat exchanger, which transforms radiant energy
into heat. Within the analysis presented in this research work on solar
concentrators of the parabolic trough cylinder or parabolic trough type (CCP),
it is a theoretical - experimental study of the different reflecting surfaces of each
collector: how are 316 stainless steel reflective surface L, and type 304
stainless steel reflective surface. Different CCP configurations were developed
to analyze and discuss the increase in useful energy (Qu = kW) and collector
performance (n =%). The average results show that the maximum experimental
increases in performance and useful energy for each concentrator are:
stainless steel concentrator type 316 L Qu = 50.5 kW and n = 37%. With
respect to the 304 CCP stainless steel concentrator, the results obtained are
satisfactory, demonstrating in this way that the CCP with the best results was
the type 316L stainless steel and type 304 stainless steel. Therefore it is
advisable to use the experimental model as a tool for support for computer
design. Finally, a mathematical model based on neural networks was
developed in order to predict and optimize the energy efficiency of the CCP.
The model consisted of a structure of 7 input neurons, 25 neurons in the hidden
layer and 1 neuronal in the output layer. The model successfully predicts the

output temperature of the CCP with a correlation coefficient of 0.99.
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Ha colocado al hombre por encima de toda la creaciéon material

Y recalcado la igualdad fundamental de todos los hombres.

Salmo 8
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Puesto que, segun parece, sélo por el razonamiento

Se puede descubrir la ciencia y la verdad.
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[Platén, Dialogos, Teetetes o de la ciencia, ed. Porrua, 1993]
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Rd.

Rdi.

Cs.

Co.

Ab.

Aa.

ONU
KIOTO

UNFCCC
GEl

CCP

DIA
MATLAB
CPVC
CCP
CCP

Qu

Fr

ls

Aa
Ar
UL

Ta

Radiacion directa: es la que se recibe
directamente del sol sin haber sufrido
ninguna desviacion en su trayectoria.
Radiacién difusa: se debe a su
dispersion al atravesar la atmosfera y
reflexion sobre la tierra.

Colector solar: dispositivo que absorbe la
radiacion solar y transfiere su energia a
un fluido.

Concentrador: dispositivo que concentra
la componente directa de la radiacion
solar sobre un absorbedor.

Absorbedor (Receptor): componente de
un dispositivo solar que tiene como
funcion captar y retener la mayor
cantidad de radiacion solar.

Area de apertura: area del captador que
intercepta la radiacion.

Organizacién de las naciones unidas.

El protocolo de Kioto sobre el cambio
climatico.

De las naciones unidas sobre el cambio
climatico.

Gases de efecto invernadero.
Concentrador solar.

Aplicacién informatica para la creacion
de diagramas.

Software Matematico. Laboratorio de
matrices.

Cloruro de polivinilo tratado con cloro.

Concentrador parabdlico compuesto.
Concentrador parabolico compuesto.

Cantidad de energia util extraida por
unidad de tiempo.

Factor de remocion de calor.
Irradiancia solar util.

Area de apertura del concentrador.
Area del absorbedor.

Coeficiente global de pérdidas del
colector.

Temperatura ambiente.

KW

3,8,2.

°C
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Ti

Temperatura media en la superficie de la
placa colectora.

C Razén de concentracion.

Sin O0s Semi-angulo de aceptancia.

hw Coeficiente convectivo.

hr Coeficiente radiativo.

Ac Superficie del receptor.

Ro Factor geométrico.

CAPITULO I

INTRODUCION.

°C
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“No sé qué opina el mundo de mi; pero yo me siento como un nifio que juega
en la orilla del mar, y se divierte descubriendo que de vez en cuando un guijarro
mas liso 0 una concha mas bella de lo corriente, mientras el gran océano de

la verdad se extiende ante, todo para descubrir” Newton.

La curiosidad del nifio conquisto su propio temor. Cuando era pequefio
recuerdo que vivia en una colonia sencilla a un par de calles pasaba el tren
frecuentemente, y como fiel enamorado cuando escuchaba el silbato del tren
que se acercaba. En el lugar que me encontrara de la casa, me ponia de pie
y salia corriendo para ver, contemplar, admirar el paso de tan grande belleza.
En algunas ocasiones cuando llegaba a la esquina de la casa para
contemplarlo ya habia pasado el tren. Pero no por eso me des animaba.

Manhana vendra de nuevo.

En la mafiana sutil del asombro, no hay nada mas impresionable que la
imaginacion de un nifio, recuerdo que en mis mocedades papa me obsequio
una lupa, recuerdo haber tratado de quemar, papel, un mufieco de plastico, mi
mano entre otras cosas. Desconocia el término empirico, el método cientifico.
Ahora entiendo y comprendo términos técnicos, cientificos como colector

solar, concentrador solar, efecto invernadero, energias renovables.

La tierra es nuestro hogar, es sobre este mundo donde desarrollamos nuestra
pasion por explorar. El traspatio de casa es la imaginacidén que queda impresa
en nuestros sentidos, hace unos dias haciendo el jardin de casa, acompafiado
de mi incansable compafiera mi hija. Encontramos un insecto, lo tome entre
mis manos y se lo mostré. El asombro dibujado en su rostro me recordé que
tenemos el privilegio de vivir entre personas brillantes, apasionadamente
inquisitivas y en una época en que se premia generalmente la busqueda del

conocimiento
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EL SOL.

Apenas habia el rubicundo apolo tendido por la faz de la mancha y espaciosa
tierra las doradas hebras de sus hermosos cabellos, y apenas los pequefios y
pintados pajarillos con sus arpadas lenguas habia saludado con dulce y
melifua armonia la venida de la rosada aurora que dejando la blanca cama del
celoso marido, por las puertas y balcones del manchego horizonte a los
mortales se mostraba, cuando el famoso caballero Don quijote de la mancha,
dejando las ociosas plumas; subidé sobre su famoso caballo rocinante, y
comenzo a caminar por el antiguo y conocido campo de Montiel. (El ingenioso

hidalgo, don miguel de Cervantes).

El sol es la estrella mas cercana a la tierra la cual se encuentra situada a una
distancia media de 1.5 X 10"'m de la tierra tiene un diametro de 1.39 X 10° m.
el nucleo solar es la region comprendida entre 23 % de su radio, a partir del
centro. Este corresponde a tan solo el 15% del volumen pero contiene al 40 %
de la masa y genera el 90% de la energia. En esta region la energia es del
orden de 107 kW y la densidad de 10° kg m™ posee una masa de 2 X 10 3 kg
por lo tanto es 333 veces mas pesado que la, tierra, el nucleo del sol tiene una
temperatura de 15 X 10° °C y esta va disminuyendo hasta llegar hasta la
superficie solar donde posee una temperatura promedio de 5.770 °C se estima
que la edad de la estrella es de unos 5000 X 10° afios y se estima que seguira
viviendo durante un periodo similar. La parte del sol conocida como fotosfera
es conocida como la superficie del sol de donde se emite la gran mayoria de
la radiacion solar hacia el espacio. Todo el sol desde la superficie hasta el
nucleo se encuentra en forma gaseosa, no existe una superficie fisica
claramente definida, sobre la fotosfera, también existen gases, en condiciones
tales que son esencialmente transparentes, que constituyen la corona solar,

ésta es la atmosfera del sol. (Plana, Rusell, Urutia, 2005).
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El sol es la fuente de energia que calienta en su totalidad la tierra, el aire y el
mar. No seria posible la vida en nuestro planeta. La potencia irradiada es por
lo tanto tan basta y equivalente a una disminucién de cuatro millones de
toneladas por segundo de la masa del sol de acuerdo con Valero Michael. Por
lo tanto la energia irradiada emitida por el sol, proveniente de las reacciones
termonucleares como la fusion de atomos de deuterio para dar atomos de
helio. Un porcentaje de esta energia llega a la tierra en forma de radiacion
electromagnética.

El planeta tierra es un diminuto grano de roca que refleja la luz del sol recibe
en el exterior de su atmosfera una potencia mas o menos de 1.73 X 10' kW
conforme con lo anterior podemos decir que Lafuente de energia solar puede

estimarse como inagotable.

TIERRA

Los planetas del sistema solar, son mundos pesados, cautivos del sol,
obligados gravitatoriamente en orbitas casi circulares. Atraidos como polillas
al centro de la luminaria nocturna. Por lo tanto todos los planetas estan en
orbita alrededor del sol.

El planeta tierra lugar de cielos azules de nitrdgeno, océanos de agua liquida,
bosques frescos y prados suaves, un mundo donde se oye de modo evidente
el murmullo de la vida (Sagan Calr. 1983).

De aquel rincon banado por los fulgores del sol que el cielo triunfante llena, de
la florida tierra donde entre flores se deslizo mi infancia, dulce y serena.
(Poema, Marcos Rafael Blanco Belmonte). Es hermosa la descripcién de
Belmonte sobre el planeta tierra.

Los seres humanos nacidos en definitiva de las estrellas. Somos chispas

irrisorias en relacion con el universo. Como pequefias manifestaciones de
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energia, la energia se encuentra en torno a nosotros por todas partes y se

manifiesta de numerosas formas diferentes.

ENERGIA.

El termino energia por definicion del griego (en) y ergon (trabajo) concepto
cientifico mas aceptado de energia. De acuerdo con lo anterior los cuerpos
poseen cierta capacidad para realizar trabajo. La cual puede tener su origen
en su constitucién, en la posicidbn que ocupan en un campo gravitatorio o
eléctrico, en su estado de movimiento.

A esta capacidad de realizar trabajo que poseen los cuerpos se les denomina
energia. La energia por lo tanto es una magnitud homogénea con el trabajo.
La llevamos en lo mas hondo de nosotros mismos, el uso de la energia ha
acompafiado a la actualidad de los seres humanos desde la mas remota
actualidad. Histéricamente la humanidad contaba unicamente con la fuerza
muscular. Por lo tanto podriamos considerarnos hombres — maquina, ya que
con nuestro sudor y la consistencia de rudimentarias poleas palancas,
vehiculos de traccion animal y molinos de viento llegamos a construir
pirdmides, acueductos y catedrales. La mera existencia del ser humano exige
que este ingiera alimentos que no sean otra cosa que combustible bioldgico.
La energia es el motor del combustible social, econémico y tecnoldgico de la
humanidad. Por lo tanto ha sido la base para la transformacion de las
sociedades desde la primitiva, cazadora de caracter némada, primitiva
agricola, agricola avanzada, la industrial y finalmente la sociedad tecnolégica
que consume petréleo, el fundamento de las sociedades modernas,
industriales y pos industriales se produce como consecuencia del uso de
cantidades de energia desmesuradas, la mayor parte de la energia que se
utiliza procede de la combustion de combustibles fésiles (carbén, petréleo y
gas natural) de las cuales las reservas son limitadas y su agotamiento sera

cuestion de plazos no tan largos.
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CAPITULO Il.
ANTECEDENTES: ESTADO DEL ARTE.

Cada vez tenemos mayor dependencia energética y por lo tanto se incrementa
nuestra incertidumbre econdmica, ya que los precios de las energias no

renovables van en aumento. En proximos anos el conocimiento sobre la
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energia solar sera aun mas notable, mostrara su capacidad para acoplarse y
formar parte del panorama energético. Nuestro pais, el cual posee regiones
con el promedio mundial de insolacién mas alto, el aprovechamiento de la
energia solar constituye, sin lugar a dudas una buena opcién. De acuerdo con
lo anterior, ahora contamos con la creciente integracion medio ambiental de la
sociedad. La energia es indispensable para realizar todas y cada una de las

actividades del hombre.

La energia solar es la obtenida mediante la captacion de la luz y el calor
obtenidos por el sol. Hoy los llamamos energia solar fotovoltaica y energia
solar térmica, y corresponden a la produccién de electricidad y agua caliente
sanitaria, principalmente. [Iglesias. 2010]. Por lo tanto, la tierra aprovecha la
radiacion solar que la alcanza, el calor que produce dicha radiacion es
absorbida mediante dispositivos 6pticos. Este dispositivo se conoce con el

nombre de calentador solar.

El calentador esta constituido principalmente por el elemento colector, tanque
receptor el cual almacena el agua caliente y tanque de alimentacion. Los
calentadores se dividen en dos grupos. Los colectores de baja temperatura y
los colectores de alta temperatura, conformados mediante espejos. Los
primeros pueden destinarse a satisfacer necesidades como la obtencién de
agua caliente sanitaria (ACS), calefaccion de hogares y hoteles, aplicaciones
en agricultura, con este tipo de energia se podria reducir mas del 25% de

consumo de energia convencional.

Nos centraremos en los colectores de baja temperatura, que proveen calor util
a temperaturas menores a 65 °C para aplicaciones tales como calentamiento
domestico de agua para bafo, piscinas y en general para todas aquellas
actividades industriales en el que el calor de proceso no sea mayor a 60 °C. el

rendimiento de la energia solar térmica depende directamente de la
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temperatura con la que el sol incide sobre os paneles. Los mas altos se
consiguen con los colectores solares térmicos a baja temperatura, que puede
alcanzar un 70 % de rendimiento en la transferencia de energia solar a térmica.
[Iglesias. 2010]

GENERALIDADES (RECURSO SOLAR).

Bajo la perspectiva humana, la fuente energética solar puede considerarse
como inagotable, el que esta fuente de energia sea rentable depende de las
investigaciones que se realicen, de los recursos econdémicos destinados a su
estudio y del interés que se presente a su desarrollo. Vivimos en una sociedad
que se basa en el desarrollo para producir bienes y servicios, a su vez, el
funcionamiento de estos dispositivos contribuye directamente al gasto
energético. [Sagan Carl, 1980].

Las denominadas energias renovables pueden contribuir a resolver las
dificultades de abastecimiento que al parecer se presentaran inevitablemente
en un futuro no tan lejano. Autores definen el termino energético renovable
como. “energia que se obtiene a partir de corrientes de energia continua y

recurrentes en el mundo natural”. [Gonzalez Velazco, 1980]

COECTORES SOLARES.

Comunmente para calentar agua se necesita hacerlo con lefa, carbon,
petrdleo, gas o algun otro combustible, también se puede lograr aprovechando
la energia emitida por el sol. Hoy en dia se consigue hacer un uso directo de
la radiacion solar que es transformada mediante los correspondientes
dispositivos en fototérmica y fotovoltaica respectivamente. El elemento

encargado de captar la radiacion solar y transformarla en energia util es el
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panel solar, pudiendo ser de dos clases: modulos fotovoltaicos y captadores
solares térmicos. Estos ultimos son conocidos también como colector solar
que es un tipo especial de intercambiador térmico, el cual transforma la
radiacidon solar en energia térmica utilizable, para aplicaciones tales como es
la obtencidn de agua caliente sanitaria (ACS), calentamiento de piscinas,
calentamiento domestico calefaccion de hoteles y en general, para todas
aquellas actividades industriales en el que el calor de proceso no es mayor a
60°C. Con este tipo de energia se podria reducir mas del 25 % de consumo de

energia convencional en viviendas. [Iglecias Maldonado Pablo, 2010]

FUNCIONAMIENTO DEL CALENTADOR.

El calentador solar funciona bajo dos principios llamados efecto invernadero y
efecto termosifon. La combinacién de estos efectos, la absorcion de la
radiacion de los objetos negros y el aislamiento para evitar las pérdidas de
calor constituyen los principios fundamentales para comprender el

funcionamiento de un colector.

Efecto invernadero, para calentar el agua en el colector. Los rayos

del sol que pasan a través de la cubierta transparente, son
absorbidos por la lamina o placa negra. Al elevarse la temperatura
de la placa, ésta transmite su calor a los tubos conductores del
liquido caloportador, pero no todo el calor es absorbido, por lo que
la placa o lamina emite calor a través de radiaciones infrarrojas, las
cuales son reflejadas por la cubierta ya que ésta no permite el paso
a este tipo de radiaciones; asi evita que el calor recibido por la lamina
escape a la atmosfera. [Ramirez. 1979]

El efecto termosifén. Fendmeno que se fundamenta en la variacion

de la densidad del agua, lo cual indica que es inversamente

proporcional al incremento de la temperatura. Asi, para hacer fluir el
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agua desde el colector hasta el tanque de agua caliente sin el uso

de una bomba. [Ramirez. 1979]

Las pérdidas térmicas del colector hacia sus alrededores implican que
un porcentaje de la energia absorbida es cedida al entorno del colector y no al
fluido hacia el sistema de almacenamiento. El colector tiene limitaciones de tal
manera que transforma solo una fraccién de la radiacion solar recibida en

energia util.

Componentes de un colector solar.

El colector solar esta constituido de tres partes principales: colector,
tanque de almacenamiento de agua caliente y tanque de alimentacion. A
continuacion se analizaran las funciones que desempefian los componentes

del calentador.

Cubierta transparente. Su funcion principal es permitir el paso de los rayos

solares que inciden en la placa del colector y al mismo tiempo producir el
llamado efecto invernadero. Es suficientemente transparente a la radiacion
solar y opaca para la radiacion en el infrarrojo térmico. Aprovecha tanto la

radiacion directa como la difusa.

Placa selectiva. Es el elemento que recibe los rayos solares y los refleja al

receptor, tiene una alta absorcion de la energia emitida por el sol y una baja
emisividad de la misma, permitiendo asi absorber la luz del sol y convertir
la mayor parte de ella en calor. Es importante que el material de ésta placa

selectiva sea muy buen conductor térmico.

Tubo receptor. Es por el cual circula el agua, la cual se calienta por contacto

con la pared, por esta razén es necesario que estén hechos de un material

que sea buen conductor térmico.
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Aislante térmico. Esta parte del colector sirve para evitar las fugas de calor

por la parte inferior del mismo, logrando asi que el calor que se obtiene en
el colector no escape hacia el exterior, éste aislante puede ser fibra de

vidrio y espumas sintéticas.

Armazon. La cual contiene los elementos integrantes del colector ya

descritos. Y los protege de las inclemencias del tiempo.

Mediciéon de la radiacion solar.

Basicamente existen dos equipos para la medicion de la radiacion solar.

El pirandmetro: este recibe la radiacion en todas las direcciones del hemisferio,

por lo tanto mide la radiacion global, la adicién de radiacidon directa y difusa

incidentes en una superficie.

El pirheliometro: tiene una abertura colimada que restringe su vision de la

boveda celeste, habitualmente a 5° se utiliza para la medida de la radiacion

directa. Enfocandolo al sol.

HIPOTESIS.

Este trabajo es una continuacion de un estudio realizado a un tren de
concentradores solares. En el trabajo anterior se diseid y evalud
comparativamente la eficiencia y energia util de cada colector. Los resultados
experimentales demostraron que dos de los concentradores solares tuvieron
mejores eficiencias por encima de los demas concentradores siendo los
concentradores acero inoxidable tipo 316L y 304 respectivamente. Por lo tanto

en el presente trabajo se pretende evaluar y optimizar en condiciones de
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disefio el tren de concentradores solares. Realizar pruebas experimentales a
diferentes flujos, aplicar técnicas de optimizacién como pueden ser redes

neuronales artificiales (ANN).

OBJETIVO.

Estudiar el disefio y evaluar comparativamente la eficiencia y energia util de
un tren de concentradores solares por medio de redes neuronales artificiales
(ANN).

1. Evaluar comparativamente condiciones de disefio de un concentrador
solar (CP) contra un concentrador parabdlico compuesto (CPC) en el

tren de concentradores solares.

2. Realizar pruebas experimentales para comparar eficiencia y energia util

de cada concentrador solar.

3. Disenar y aplicar técnicas de optimizacion por medio de redes

neuronales (ANN).

CAPITULO Iil.

METODOLOGIA Y MATERIALES.

Para los criterios de disefio, el calentador solar funciona bajo dos principios
fundamentales. El efecto termosifon y el efecto invernadero, con base en lo

anterior y por lo tanto la planeacién del trabajo nos lleva al disefio, dibujo de la
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instalacion del equipo, para esto se utilizo software “DIA1, se realizaron
diferentes dibujos hasta llegar al apropiado. Un tren de concentradores solares
(figura 3.1). La observacion a este disefio es para poder ejemplificar el trabajo
de los concentradores de tal manera como si estuvieran operando
individualmente, y asi tener libre accesibilidad a la coleccion de los datos

diarios para tener un comparativo entre cada uno de ellos.
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Figura 3 1 Esquema general del tren de colectores, con
accesorios y tanques.

Descripcion de concentradores.

El concentrador solar esta disefiado en una base general, Consiste de un
bidén de lamina de acero con una capacidad de 216.5 L, el cual esta cortado
verticalmente obteniéndose dos medias cafnas. Estas con dimensiones de 85
cm de largo por 57 cm de diametro. El concentrador esta montado en una base
estructural que le permite ser fijado al piso. El exterior esta pintado de negro

mate y en el interior va montada la superficie concentradora.

! Dia. Aplicacion informatica de propdsito general para la creacion de diagramas, diagramas de redes,
diagramas de circuitos eléctricos.
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Superficie concentradora.

El concentrador es el sistema &ptico encargado de dirigir la radiacion directa
solar hacia el receptor. Existen diferentes tipos de superficies concentradoras,
es importante ya que aumenta la eficiencia de los dispositivos de captacion.
Con base en lo anterior y para poder realizar la comparacién entre los
concentradores se modificaron las superficies reflejantes de 5 concentradores

de la siguiente manera.

1. Arreglo con espejos: la superficie reflejante consta de 34 piezas de

espejos de 84 cm de largo por 2 cm de ancho y 3 mm de espesor, fijados

en la parte interna del concentrador asi como lo muestra la figura 3.2.

Figura 3 2 Concentrador con espejos.

2. Arreglo con lamina de acero inoxidable: la superficie reflejante consta

de una lamina de acero inoxidable tipo 316L calibre 16, con pulimento

espejo lado interior, rolada a media cafia. Como lo muestra la figura 3.3.

25



Figura 3 3 Concentrador con lamina de acero inoxidable tipo 316 L.

3. Arreglo con lamina de aluminio: la superficie reflejante consta de una

lamina de aluminio, rolada a media cafa, con pulimiento lado interior.
Como se muestra en la siguiente figura 3.4.

Figura 3 4 Concentrador con lamina de aluminio.

4. Arreglo con pintura reflejante: la superficie reflejante es una pintura de

aceite para altas temperaturas con particulas de aluminio, pintada sobre

la lamina interna del colector. Como se muestra en la siguiente figura
3.5.
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Figura 3 5 Concentrador con pintura de aceite color aluminio.

5. Arreglo con Iamina de acero inoxidable: la superficie reflejante consta

de una lamina de acero inoxidable tipo 304, calibre 16, con pulimento
espejo lado interior, rolada a manera de concentrador parabdlico

compuesto. Como lo muestra la figura 3.6.

Figura 3 6 Concentrador con limina de acero inoxidable tipo 304.

Superficie receptora.

El receptor es el elemento del sistema donde la radiacion es absorbida y

convertida en algun tipo de energia. El receptor utilizado para los
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concentradores. Consta de un tubo de cobre de %" de diametro por 90 cm de
largo. Pintado de negro mate para asi captar mejor la radiacién solar.

Tubo foco, enchaqueta al tubo de cobre, este tubo foco consta de dos tubos
de vidrio de diferentes diametros unidos, con tapas roscadas en los extremos,
con la finalidad de aprovechar mejor el efecto invernadero.

Con fin de aprovechar mejor el efecto invernadero y evitar pérdidas de calor
en el concentrador, se decidié implementar una tapa de vidrio de 85 cm. de
largo por 57 cm. de ancho y 5 mm de espesor, con marco de aluminio y

pestanas para permitir su libre movimiento.

Montaje e instrumentacion.

El tren de concentradores solares consta de 5 concentradores con diferentes

arreglos, orientacion este-oeste. Ver figura 3.7.

Figura 3 7 Azotea del CIICAp vista general de los concentradores, tuberias y tanque de alimentacion y
tanque de recepcion.

El area de interés para esta investigacion es el concentrador y el receptor, la
segunda es donde sucede el intercambio de energia solar en energia térmica,
por lo tanto, es de suma importancia monitorear lo que sucede al principio del

tubo receptor y al finalizar, para esto se utilizan termopares tipo (T), una tarjeta
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de adquisicién un software y equipo de computo. Se disefidé un termo pozo
adecuado para las necesidades del presente trabajo. Consiste en un tapén
macho de laton de 2" perforado, en el cual se ha soldado un tubo de cobre

flexible que sirve de guia para el termopar, ver figura 3.8.

figura 3 8 Diseiio de termo pozo.

Célculos de energia.

Para entender los fendmenos de transferencia de energia del sistema

concentrador receptor hacia el fluido se establece un modelo termodinamico
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donde el sistema en estudio es el receptor del concentrador, para el modelo

que se ha desarrollado se usa la ecuacion 3.1 [Duffie, Beckman. 2006].

Balance de energia, del colector en un instante de tiempo dado es la diferencia

entre la energia absorbida por la placa absorbente y la energia perdida.
Ar
Qu = FrAq |Is — A, U (T; — Ta) 3.1

Donde:

Qu = Cantidad de energia util extraida por unidad de tiempo.
Fr = Factor de remocion de calor.

Is = Irradiancia solar util.

A. = Area de apertura del concentrador.

A: = Area del absorbedor.

U= Coeficiente global de pérdidas del colector.

Ta = Temperatura ambiente.

Ti = Temperatura media en la superficie de la placa colectora.

Razén de concentracion: Esta razon de concentracion tiene un limite maximo

que depende de si la concentracion se hace en un concentrador circular como
un paraboloide o en un lineal como un concentrador cilindrico parabdlico. La
razon de concentracion maxima para un concentrador lineal se calcula de la

siguiente manera ecuacion 3.2 [Duffie, Beckman. 2006].

sin Os

Donde:

Sin 6s = Semi-angulo de aceptancia.

Entre mas alta es la temperatura a la cual la energia necesita ser liberada, mas

alta debe ser la raz6n de concentracion y también mas precisos deben ser los
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componentes Opticos del concentrador, receptor y el mecanismo de

seguimiento del sol.

Coeficiente de transferencia de calor. El coeficiente global de perdidas queda

definido por las perdidas convectivas de la siguiente manera por la ecuacién
3.3 [Duffie, Beckman. 2006].

U, =hw+ hr 3.3
Donde:
hw = Coeficiente convectivo.

hr = Coeficiente radiativo.

Rendimiento del concentrador. El rendimiento instantaneo de un colector se

define por la ecuacion 3.4 [Duffie, Beckman. 2006].

h= 3.4

Donde:

Qu = Cantidad de energia util extraida por unidad de tiempo.
A: = Superficie del receptor.

Is = Irradiancia solar util.

Ry = Factor geométrico.

El modelo del colector esta basado en un balance de energia para la primera
ley de la termodinamica. En los experimentos se esperan obtener la radiacion
absorbida por el recetor, las temperaturas del agua a la entrada y salida del
receptor. EI modelo tedrico desarrollado en este capitulo es muy sencillo y se

implementa facilmente. Como se muestra en capitulo posterior.
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CAPITULO IV.
RESULTADOS.

Descripcion del equipo para obtener los datos
experimentales

Como ya mencionamos anteriormente, un colector estatico con concentrador

de canal parabdlico (CCP) solar de placa reflejante de lamina de acero
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inoxidable tipo 316L calibre 16 con pulimiento espejo del lado interior. Se eligio
este colector solar porque fue el mas viable al tener mejores resultados en su
rendimiento de coleccion (37%) y una mejor energia térmica utilizable (ya
incluye las pérdidas) con 50.5 kW (Cardoso et al. 2013).

El concentrador consta de un bidon de lamina de acero cortado verticalmente
con dimensiones de 85 cm de largo por 57 cm de diametro. La superficie
receptora se constituye de un tubo de cobre de 1.27 cm de diametro (2
pulgada) por 90 cm de largo y esta pintado de negro para tener una mayor

absorcion.

Para evitar pérdidas convectivas y aprovechar el efecto invernadero, se tiene
una tapa de vidrio de 85 cm de largo por 57 cm de ancho, con un marco de

aluminio.

Esta instrumentado con termopares tipo T debidamente calibrados para medir

la temperatura en las siguientes zonas:

En la entrada del tubo de cobre.
En la salida del tubo de cobre.
En la superficie reflectora.

En la superficie de la placa de vidrio.

o e bdh =

Uno atmosférico

Se cuenta con una tarjeta de adquisicion Agilent 34970A y mediante el
software Agilent Benchlink Data Logger se guardan y almacenan las
temperaturas previamente descritas con su fecha y hora para crear la base de

datos.
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La Figura 4.2 muestra que el sistema esta compuesto por un tanque de
alimentacion (agua fria) y un tanque de almacenamiento de agua caliente
(termotanque) de 750 y 450 L, respectivamente. Se encuentran
interconectados para tener recirculacion y asi elevar la temperatura del tanque
de alimentacién cuando no se tenga en uso el agua caliente. No tienen
aislamiento porque se recircula el agua durante todo el proceso de

calentamiento de agua durante el dia.

Para controlar el flujo se cuentan con valvulas de paso y con una Motobomba
Presurizadora modelo AQC-15 que tiene la opcion de operacion en manual y
automatico al detectar un flujo de agua. Se conectan in-line (directamente en
la tuberia sin necesidad de soportes). Tiene una potencia de 2/15 HP y soporta
presiones de hasta 73 psi. También se tiene un flujometro Blue-White F-400
de 20 LPM de capacidad para medir el flujo volumétrico a la salida del tubo de

cobre de la superficie receptora.
Todas las demas tuberias que estan conectadas en el sistema son de cobre y

de 1.27 cm de diametro y estan pintadas de negro para aprovechar la radiacion

solar.
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Figura 4 1 Esquema sistema del colector solar de bajo costo.

4.1.1. Condiciones de operacion

El colector solar es fijo y todo el sistema se encuentra ubicado en las
instalaciones del CIICAp-UAEM en el Estado de Morelos, en el municipio de
Cuernavaca; con coordenadas en latitud y longitud de 18.981655, -99.23418,
respectivamente. Su orientacion es de Este-Oeste con la cara de la placa
reflectora apuntando hacia al Sur. Tiene 19° de inclinacién para aprovechar
mejor la incidencia de la radiacién solar, de acuerdo a la latitud del lugar.

Las pruebas experimentales se realizaron con un flujo volumétrico de 1 LPM
para agua sanitaria de uso comun. Para esto, se regulaban las llaves de paso
y de acuerdo al flujo metro para mantener dicho flujo constante a lo largo de la

duracién de la prueba.
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Las horas a la que se iniciaba la prueba y finalizaba fueron variadas,
teniéndose la hora mas temprana del dia a las 5:30 h mientras que la mas
tarde fue a las 19:10 h La hora mas comun de inicio y fin de prueba fue de las
9:00 h a las 17:30 h. EIl intervalo entre medicién y medicion fue de 10
segundos. Dichas pruebas se realizaron en los meses de mayo y junio (en

primavera y verano) de 2014 y enero de 2016 (invierno).

4.2 Red neuronal artificial para predecir la temperatura de
salida del fluido

Se desarrollaron diferentes modelos basados en redes neuronales artificiales
(RNA) para describir la temperatura de salida en un colector experimental de
canal parabdlico de bajo costo. Las variables de entrada fueron 7 variables de
entrada (Tabla 4.1), la cuales fueron: Temperatura de superficie reflectante,
Temperatura de superficie del vidrio, Temperatura ambiente, Temperatura de
entrada, Mes, Dia y Hora del dia. La salida del modelo de red neuronal artificial
fue la temperatura de la salida del concentrador de canal parabdlico (CCP)
(Figura 4.2). Cabe mencionar que se usaron como funcién de transferencia en
la capa oculta la funcion tangencial hiperbdlica (tansig) mientras que para la
capa de salida se utiliz6 la funcion lineal (purelin). En este caso las variables

de entrada fueron normalizadas entre 0.1y 0.9.

Tabla 4.1 Condiciones de operacion de entrada y salida de la RNA.

| Variables experimentales | Intervalos de operacion | Unidades |
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Entradas:

Mes

1,25y6

Dia

1-31

Hora

20267-69085

Temp. entrada

9-50.01

°C

Temp. Ambiente

9.07-70.28

°C

Temp. Superficie

9.53-514

°C

Temp. Reflectancia

9.05-77.92

°C

Output

Temp. Salida

9.73-50.67

°C

Tanque de . /‘d,"'/\ K
alimentacion
(agua fria) Tanque de
almacenamiento
(agua caliente) Datos
experimentales Tsalexp (°C) -
Target
Tsal (°C)
Tsal (°C) y 5> Salida | Tsalexp |
PS Tamo (°C)
Tsup vid (°C) G Método de optimizacion
e Levenberg-Marquardt
Tsupret (°C)
Bomba Colector Tent (°C)
| > Salida | Tsal sim |
= 5 = Mes (1-12)
@ Termopares fipo T =l Lk Red i Tsal sim (°C)
1 5 = Dia (1-31) neuronal
= WEZY
Hora (en segundos)
7

figura 4 2 Variables del modelo RNA para el sistema del colector solar de bajo costo.

El método de entrenamiento fue el de Levenberg-Marquardt (Fig. 4.3).
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Capa de Entrada Capa Oculta Capa de Salida

Ta=e (*C)

Levemberg-Marquardt

Tsa (*C)

N Tent (°C) .
Mes (1-12 .
Dia (1-31) .

Hora (en segundos)

Out, = PURELIN(W oz X (f) + by)
2

Out; = (Wyye X ( 1) + b,

1 + e~ 2(WinXxIng+by) -

f = TANSIG(W p, X Iny, + by)

Xi — Xmi -
Xni = 0.8 (‘—m“‘) +0.1 = T e 2 Wtngeiy ~ 1

Xmax — Xmin
Figura 4 3 Arquitectura del modelo RNA para el sistema del colector solar de bajo costo.

Se determind que el modelo de red neural artificial 6ptimo fue el que pasoé
satisfactoriamente las pruebas estadisticas. Dichas pruebas fueron:
Coeficiente de determinacion (R?), Error medio absoluto porcentual (MAPE)
and Error Medio de la raiz cuadrada (RMSE).

_ Z?:l(xexp(i) - xsim(i))z

R?>=1 —
Z?=1(xexp(i) - xexp)z
n |Xexp@® — Xsim(@i)
= Xexp(i)
MAPE = - x 100 (%)
2
RMSE — Y (Xsim@) — Xexp(n)

n

Asimismo, es necesario hacer un analisis paramétrico para saber si el modelo
se debe rechazar o no. Las pruebas paramétricas que se usaron fueron la
prueba F (prueba de Fisher) y prueba t (prueba t-student). Ambas pruebas
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establecen que su hipotesis nula debe ser aceptada para que el modelo sea
representativo, de lo contrario se debe desechar (aceptar hipotesis

alternativa). Las hipotesis son:
e H,: las varianzas de ambas muestras deben ser iguales o similares
(prueba F); ademas de que sus medias son iguales o que ambas

muestras provienen de la misma poblacion (prueba t).

e H,:las varianzas y las medias son diferentes.

)

Donde S es la desviacion estandar, S? es la varianza, n el nimero de muestras
y X es la media de la muestra. El resultado de F y t se comparan con el dato
correspondiente de tablas, ambos deben ser menores. Ademas se compara el

p-valor para determinar cual es nivel de significancia minimo para rechazar H,,.

La Tabla 4.2 presenta la comparacién del analisis estadistico y de significancia
para la determinacion del numero de neuronas en la capa oculta. Los modelos
optimos fueron los que se resaltan en negrillas. Los demas modelos no pasan

la prueba F.
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Tabla 4.2 Comparacion estadistica y de significancia para diferentes arquitecturas.

Neu R R? RMSE MAPE F t P

ronas

1 0.956554 | 0.914995 | 1.946371 | 0.407222 |1.093218 | 0.008860 | 0.992931
2 0.970421 | 0.941717 | 1.611667 | 0.295196 | 1.062228 | 0.006951 | 0.994454
3 0.977443 | 0.955395 | 1.409929 | 0.199452 |1.046932 |0.021083 | 0.983180
4 0.982462 | 0.965231 | 1.244803 | 0.162510 | 1.036102 | 0.015941 | 0.987281
5 0.983872 | 0.968004 | 1.194126 | 0.153951 1.033365 | 0.075255 | 0.940012
6 0.985488 | 0.971188 | 1.133170 | 0.122651 1.029930 | 0.031760 | 0.974663
7 0.986509 | 0.973200 | 1.092873 | 0.123080 | 1.027716 |0.012291 | 0.990193
8 0.987884 | 0.975914 | 1.036062 | 0.096943 | 1.024836 | 0.000640 | 0.999489
9 0.988366 | 0.976868 | 1.015348 | 0.112251 1.023830 | 0.048165 | 0.961585
10 0.988984 | 0.978090 | 0.988189 | 0.126571 1.023758 | 1.922689 | 0.054523
11 0.990360 | 0.980813 | 0.924723 | 0.083774 | 1.019823 | 0.030212 | 0.975898
12 0.991746 | 0.983561 | 0.855936 | 0.072207 | 1.016856 | 0.051586 | 0.958859
20 0.993273 | 0.986590 | 0.773050 | 0.055815 |1.013710 | 0.032608 | 0.973987
25 0.993909 | 0.987856 | 0.735682 | 0.049365 |1.012757 | 0.270616 | 0.786687

Se comparo la temperatura de salida de los modelos simulados con 12, 20 y

25 neuronas en la capa oculta con respecto a los datos experimentales, para

diferentes dias aleatoriamente (ver figura 4.4).
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Figura 4 4 Comparacion de los modelos a diferentes dias.

La Figura 4.4 describe como los tres modelos se ajustan adecuademene a los
datos experimentales, siendo el modelo con 25 neuronas el que mejor
comporamiento tienen por tener mayor R? y menores RMSE asi como MAPE.
El uso de redes neuronales artifciales demuestra que es una herramienta

poderosa para modelar sistemas altamente variables, incluso con datos que
tienen ruidos.

Se tomé como mejor opcion el modelo con 25 neuronas en la capa oculta por

ser el que mejor resultados estadisticos tiene y el que pasa todas las pruebas

de significancia, ademas de ser el que visualmente se comporta mejor.
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Figura 4 5 Regresion lineal y comparacion entre los datos experimentales y simulados para el modelo con
25 neuronas en la capa oculta.

La Figura 4.5 presenta la comparacion de todos los datos de experimentales
con los predichos con el modelo de 25 neuronas, los cuales fueron divididos

para su entrenamiento, validacion y prueba.

Posteriormente, una vez elegido el modelo 6ptimo, se requiere sacar la

ecuacion de la red neural artificial la cual esa dada por la siguiente expresion:

2

1+ e[‘zZf=1(Wi(1,R)'P(R)+b(1.1))]

K
Tsa agua — Z WO(KJ)
k=1

- 1 + b(Z,K)

Donde Wi son los coeficientes de los pesos en la conexién entre la capa de

entrada y la capa oculta, Wo son los pesos entre la capa oculta y la capa de

45



salida. P es el valor de la variable de entrada; R,/ y K son el numero de
neuronas en la capa de entrada, oculta y de salida, respectivamente. De forma

expandida:

W0(1,1) WO(LZ) W0(1'3) WO(1‘4) WO(1'5) WO(1’6)
1+e®)  14+e@2)  1+e@) 1+e@)  1+4+e@s) 14 e
+ Wo,7 Wo( g Wo(1,9) Wo(,10) Wo(11)

1+e*) " 14+e®)  14+e@®) 1 +eE0) 14 eE11)
Wo,12) Wo 13 Wo(,14) Wo(y,15) Wo,16)
14+e®2)  14+e*3) 1 +e®a) 14 e@is) 1 4 eX16)
Wo17) Wo( 1) Wo(,19) Wo(i 20 Wog 1)
1+ e17) 1 4+ e™*18) 1 + e(®19) 1 + e(*20) 1+ e(21)
Wo 22 Wo( 23 Wo,24) Wo( 25 w
14+e(22)  14e@23)  14e@20) 14 e02s)| (Woe,
+ WO(1,2) + WO(Lg) + WO(1,4) + WO(LS) + WO(L@ + WO(1’7)
+ W0(1,8) + W0(119) + W0(1110) + W0(1’11) + W0(1112) + W0(1’13)
+ W0(1114_) + WO(1,15) + W0(1,16) + WO(1’17) + WO(1,18) + WO(1,19)
+ Wo(120) + Wo(1,21) + Wo(1,22) + W0(1,23) + WO(1,24) + W0(1,25))
+ bz,

Tsai agua — 2

Donde
xl = _2 " (Wi(l,l) ) P]_ + Wi(l,Z) " PZ + Wi(1,3) ) P3 + Wi(1'4) " P4 + Wi(l,S) - P5
+ Wi(l,ﬁ) ) P6 + Wi(1'7) - P7) + b(l,l)
Escriba aqui la ecuacion.

Xos = —2 - (Wi(zs,l) Py 4+ Wiczsay - Py + Wigzs sy - Ps + Wigasa) - Po + Wias s
*Ps + Wigzss) - Po + Wigzs7) - Pr) + b os)
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Por consecuencia, en la Tabla 4. 3 se muestran los valores de los coeficientes
obtenidos de la red neuronal artificial, los cuales se sustituyen en la posicién
correspondiente de la ecuacidén anterior para recrear la prediccion de la
temperatura de salida en el colector experimental de canal parabdlico de bajo

costo.

Tabla 4.3 Valores de los pesos y bias de la ARN.

R=1 |R=2 |R=3 |R=4 |R=5 |R=6 |[R=7 |K=1 |b1 b2
- 66.90 | 26.9 |- - - 55.6 |2.89 |27.87
39.6 | 7385 | 1119 |62.2 |56.3 | 11.0 | 3797 | 5753 | 1779
0187 2 8142 | 2080 | 6874 | 5
3 1 2 9
- 2431|278 |- - - - - 0.743
341 | 875 |0904 |2.28 (212 |0.06 |1.19 |16.0 | 777

6813 1537 | 5678 | 5039 | 6606 | 6722

- || &

N Il &

- - - 0.50 |- - - 179 |-
0.12 | 3.547 | 1.98 | 0930 | 1.86 |0.03 |0.60 |9376 | 8.580
8428 | 851 4968 2526 | 8929 | 7061 | 4 057

22.7 |- 4.27 |- 3.80 [1.45 |- - 17.04
6291 | 4.282 | 4971 | 1.40 | 5544 | 0420 | 1.68 | 29.1 | 2908
0 313 1990 0918 | 4626

e L B oI | I <

7.76 |- - 564 | 248 |- 3.09 |- -
4055 | 3.444 | 2.03 | 9573 | 3022 | 3.81 | 2906 | 74.7 | 5.322
659 | 3348 4861 9395 | 431

7.15
038

(&) I | I

- 50.97 | 7.58 | - - 590 |8.50 |- 27.53
34.7 | 2022 | 1313 | 29.7 |35.7 | 8712|9625 | 1.95 | 1606
8279 7308 | 8734 8109
5 2 7
- - - 475 | 340 |- - 13.7 | 1.705
0.67 |3.927 |4.77 | 7932 | 9580 | 0.06 | 2.51 | 8387 | 456
3616 | 800 | 3357 8103 | 5411 | 5
37.8 |- 102. [44.3 |- 52.5 |- 0.40 |-
3695 | 1.898 | 8969 | 0919 | 15.5 | 6221 | 14.5 | 9443 | 135.6
4 563 |30 0 5109 | 3 3445 6161
4 7 0

- - 19.8 |- - - 104 | 22.8 | 10.62
3.83 | 15.69 4436 | 11.4 | 1.30 |0.69 | 2815 | 1555 | 2572
3702 | 5958 | 6 1563 19614 | 5 7

o Il «

@ Il &N Il <«

O |l <
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J [ 12.7 | 4.422 |6.54 |7.55 247 |- - - -

= | 7559 | 020 |2089 | 1344 | 8481 | 1.55 | 11.5 |2.56 |17.64
2 |4 4819 | 3117 | 4272 | 8972
0 3

J 651 |{6.793 | 785 |113. |36.3 |- - - -

= [ 3514 | 123 | 3065 | 2920 | 6728 | 23.7 | 30.8 | 0.63 | 70.14
2 0 70 2 3457 | 8956 | 3675 | 6623
1 4 3

J |- 0.382 | 0.30 |- - 0.06 | 0.21 |186. |0.329
= [0.09 | 528 |6903 |0.18 |0.24 | 0274 | 3140 | 7789 | 181

2 | 6513 3546 | 8262 30

2

J 14.00 |- 26.1 |- 423 |- 121 | 133 |-

= | 0439 | 4.792 | 2101 | 11.1 | 8710 | 7.02 | 3355 | 0240 | 12.30
2 340 |1 4243 9245 | 7 3321
3 6

J |- - - 246 | 139 |- 174 | - -

= [31.0 | 28.84 |6.45 | 4764 | 1614 | 16.2 | 0923 | 7.64 | 5.491
2 | 2967 | 7499 | 8081 |5 8 4950 | 5 9612 | 770
4 |8 9

J |- 3.244 1 1.98 |- - 3.56 | - - 4.698
= [6.94 |970 |9696 |5.74 |2.18 | 9070 | 2.53 | 82.3 | 536

2 13900 9116 | 4622 0057 | 9643

5 9

Finalmente, se utilizd la ecuacion de

Garzon (1991) para determinar la

importancia de las variables entrada dentro de la red neural artificial, esta

ecuacion esta basada en la particién de las conexiones de los pesos.

Ip

5, ((

(Wl
FalWe,

»l

> X |W(1.K)|>

{zf((

W,

YR | Wer,p|

1) ) X |W(J.K)|>}
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Donde I, es laimportancia relativa de la variable de entrada P sobre la variable
de salida.

Andlisis de sensibilidad

Temp_SupRef
11.44%

mes
19.52%

Temp_SupVid
6.86%

Temp_amb
11.99%
Temp_ent X

14.43%

dia
19.77%

Hora(s)
15.99%

Figura 4 6 Analisis de sensibilidad de variable del modelo con 25 neuronas.

El analisis de sensibilidad de variables sirve para determinar si una variable
tiene cierto peso o es representativa del modelo. Para el sistema analizado,
las variables seleccionadas son representativas, puesto que ninguna tiene un
valor pequefio como para ser despreciada, como se muestra en la Figura 4.6.
También se observo que el dia y el mes fueron las variables mas importantes,
debido a que esta implicita la estacion del afo (verano o invierno). Ademas,
se nota que la variable que sigue en el orden de importancia fue la hora del
dia. Estas tres variables actuan sobre la temperatura de entrada, que ocupa el
cuarto lugar. El resto de las variables siguen teniendo importancia, porque

representan indirectamente la radiacion solar.
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CAPITULO V

CONCLUSIONES GENERALES

Un colector estatico con concentrador de canal parabdlico (CCP) solar de
placa reflejante de lamina de acero inoxidable tipo 316L calibre 16 con
pulimiento espejo del lado interior fue analizado y modelado. Se eligié este
colector solar porque fue el mas viable al tener mejores resultados en su
rendimiento de coleccion (37%) y una mejor energia térmica utilizable (ya
incluye las pérdidas) con 50.5 kW. Se realizaron pruebas experimentales con
un flujo volumétrico de 1 LPM para agua sanitaria de uso comun. Para esto,
se regulaban las llaves de paso y de acuerdo al flujo metro para mantener
dicho flujo constante a lo largo de la duracién de la prueba. Las horas a la que
se iniciaba la prueba y finalizaba fueron variadas, teniéndose la hora mas
temprana del dia a las 5:30 h mientras que la mas tarde fue a las 19:10 h La
hora mas comun de inicio y fin de prueba fue de las 9:00 h a las 17:30 h. El
intervalo entre medicion y medicién fue de 10 segundos. Dichas pruebas se
realizaron en los meses de mayo y junio (en primavera y verano) de 2014 y

enero de 2016 (invierno).

A partir de la base de datos generada se desarroll6 un modelo matematico
basado en redes neuronales artificiales (RNA). Este modelo RNA considerd
como variables de entrada: Temperatura de superficie reflectante,
Temperatura de superficie del vidrio, Temperatura ambiente, Temperatura de
entrada, Mes, Dia y Hora del dia. La salida del modelo de red neuronal artificial
fue la temperatura de la salida del concentrador de canal parabdlico (CCP).
Cabe mencionar que se usaron como funcidén de transferencia en la capa
oculta la funcién tangencial hiperbdlica (tansig) mientras que para la capa de
salida se utilizo la funcion lineal (purelin). En este caso las variables de entrada

fueron normalizadas entre 0.1 y 0.9. Los resultados mostraron que con 25
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neuronas en la capa oculta se puede obtener un modelo con una arquitectura
de 7-25-1 para predecir la temperatura de salida del agua dentro del CCP
satisfactoriamente (R>0.99). Este modelo RNA propuesto puede ser usado

para optimizar el calentamiento de agua de salida en un CCP.

Figura 51 Tren de concentradores trabajando en dia normal.
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ABSTRACT

Owing to fossil fuels’” consumption and environmental pollution, it is necessary to make effi-
cient use of energy based on the different renewable energy sources such as solar energy.
The present research has focused on the design, construction, and assembly of a train of
solar energy collectors consisting of five concentrators, which individually have significant
differences in the arrangements focus tube reflective surface and the greenhouse effect. The
collectors are operated under the same environmental conditions. In the analysis presented
on the train of solar energy collectors, a theoretical-experimental study was performed on
the different reflecting surfaces of each collector, such as the mirrors’ reflecting surface,
reflecting surface of the 316 L stainless-steel mirror polished, reflecting surface of the alumi-
num foil’s reflective surface with an aluminum paint, surface reflective type 304 stainless
steel-mirror polish. The present study was developed to analyze and discuss the increase in
the useful energy (Qu, kW) and efficiency of the collector (1, %). The results of the study
have that the highest average increases in performance and energy experimental tool for
each collector are in the following order: 316 L stainless-steel collector (50.5kW with 37%)
>304 stainless-steel collector (43.1 kW with 31.6%) >aluminum collector (35.2 kW with 25.8%)
=mirror collector (35.5kW with 25.6%) >aluminum paint collector (0.4kW with 0.3%). The
best performance was obtained from the stainless-steel solar collectors, regardless of the type
of stainless-steel quality. Thus, it is advisable to use the experimental model itself as a sup-
porting tool for drawing up the computer design. In fact, the use of 316 L or 304 stainless-
steel low-cost heat water solar collector represents an environmentally friendly alternative.

Keyword: Water solar collectors

1. Introduction energy, whose profitability depends on the research
efforts undertaken, the financial resources available at

From the perspective of human beings, the solar one’s disposal for undertaking its study, and the inter-
power is regarded as an inexhaustible source of est shown towards its development. We live in a soci-
ety which is under constant pursuit of conducting
*Corresponding author. research and development with a crew to producing
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better goods and services, which directly contribute to
energy expenditure [1-7].

The so-called renewable energy can help us toto
solve any energy supply problem that is likely to
inevitable appear. The renewable energy is defined as
“Energy obtained from continuous energy flows and
recurring in the natural world” [6].

1.1. Solar collectors

While water heating is usually brought about with
the use of wood, coal, oil, gas, or any other fuel, it is
also possible to heat water with solar energy, i.e. the
energy emitted by the sun. Nowadays, direct use of
solar radiation that is transformed by the correspond-
ing photo-thermal and photovoltaic devices has
become important. The solar panels are components
which are so designed as to capture sunlight and
transform it into a useful energy. These solar panels
are of two types: photovoltaic modules and solar ther-
mal collectors. These panels are also known as solar
collectors, a special type of heat exchanger, which con-
verts the solar radiation into a usable thermal energy
a variety of applications such as obtaining sanitary
hot water, heating of pools, domestic use heating in
hotels, and in general for all those industrial activities
where the process heat temperature does not exceed
60°C. With this type of energy resource it is possible
to bring down by more than 25% of conventional
energy consumption in homes [7-20].

The present work is based on the search for afford-
able and low-cost materials to build solar equipment.
Therefore, the experimental analysis carried out by
the present work to show which equipment yields
better results into useful energy and efficiency. To
achieve the said objective, we need to design, con-
struct, and install solar concentrators with different
surface characteristics in the solar concentrator con-
nected in parallel.

Two types of solar collectors were used: com-
pound parabolic collectors (CPCs) and parabolic con-
centrating collectors (PCCs) all having in common
greenhouse effect, double-jacketed tube focus, and
matte black receiver; the characteristics of their sur-
faces are as follows:

No. Name Feature

1 PCC Mirrors

2 PCC 316 Stainless steel
3 PCC Aluminum

4 PCC Aluminum paint

5 CpPC 304 stainless steel

2. Materials and methods

As far as the design criteria are concerned, a solar
heater runs on two fundamental principles: the natu-
ral circulation and the greenhouse effect, based on the
previous information, the planning of work leads to
drawing design of equipment installation. The DIA
software is used for the same, which refers to General
purpose computer program for creating diagrams, net-
work diagrams and, diagrams of electrical circuits. A
train of solar concentrators is shown in Fig. 1, which
shows the manner in which these concentrators are
connected using different patterns. It can also be
observed that this design housing a number of con-
centrators illustrates how each solar collector can be
operated individually. Thus, it is even possible to
freely access the daily data to make a comparison of
the performance between all of them.

We performed a cost analysis of the different
materials that could be used to effect the installation
of solar concentrators. The suggestions put forth went
in favour of the materials mentioned below: copper
and CPVC pipe plus. After reviewing the cost esti-
mates which were based on the materials, a decision
was made to install these solar concentrations with
copper material.

2.1. Concentrator description

A solar concentrator is designed on a base consist-
ing of a sheet of steel drum with a 216.5 L capacity,
which is cut vertically into half. Its dimensions are
85cm long with a diameter of 57cm. The solar con-
centrator is mounted on a structural base, which
allows it to be floor mounted. The exterior is painted
matte black and mounted inside the concentrator sur-
face.

o

‘3 :;Fﬁ_yh :Il_ffl\ \dh {;3 . il

Concentrador = §
Concentrador = &
Concantrador=3
Concentrador=2

Concentrador= 1

Fig. 1. A general scheme of a train of solar collectors with
the fittings and tanks.
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2.2. Concentrator surfaces

The concentrator is an optic system, which is
responsible for leading the solar radiation to the
receiver. There are different types of surface concen-
trators, which are important as they enhance the
efficiency of collection devices. Based on these
findings and with a view to bringing about a
comparison between these collectors, the reflecting
surfaces of all the five concentrators were modified
as follows:

(1) Arrangement with mirrors: the mirror surface
consists of 34 pieces of mirrors of 84cm long,
2cm wide, and 3mm thick, fixed on the inside of
the hub as shown in Fig. 2.

(2) Arrangement with a stainless-steel sheet: the
reflective surface comprises a steel sheet 16
gauge 316L stainless, with a mirror polish
inside and rolled a half-round, shown in
Fig. 3.

(3) Aluminum foil arrangement: the reflective surface
consists of an aluminum foil rolled to a half-
round, with the inner side polish, shown in
Fig. 4.

(4) Arrangement with a reflective paint: the mirror
surface is an oil painting with particles for high
temperature aluminum sheet painted on the
inside of the collector, shown in Fig. 5.

Fig. 2. Mirror concentrator.

Fig. 3. 316 stainless steel concentrator.

Fig. 4. Aluminum foil concentrator.

Fig. 5. Aluminum oil painting concentrator.

Fig. 6. 304 Stainless steel sheet concentrator.

(5) Arrangement with a stainless-steel sheet: the
reflective surface comprises a sheet of type 304
stainless steel 16 gauge with a mirror polish
inside, rolled by way of compound parabolic
concentrator, as shown in Fig. 6.

2.3. Receiving surface

The receiver system is an element where the radia-
tion is absorbed and converted into some form of
energy. The receiver used for the concentrators con-
sists of a copper tube half inch diameter by 90cm
length painted matt black to have better sunlight cap-
ture.

The focus tube, jacketing the copper tube, is a tube
bulb which consists of two glass tubes of different
diameters joined together with screw caps on the
ends, to exploit the greenhouse effect better. To make
better use of the greenhouse gases and prevent any
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heat loss in the concentrator, it was decided to employ
a cover glass 85cm in length by 57cm width and
5mm thick with aluminum frame and tabs to allow
free movement.

2.4. Assembly and instrumentation

The train consists of five solar concentrators with
different arrangements, east-west (shown in Fig. 7).

The areas of interest for this research are the con-
centrator and the receiver; it is in the latter, that
exchange of solar energy with heat takes place. Hence
it is very much important to monitor the temperature
at the beginning and at the end of the receiver tube.
The temperature was measured with the help of T-
type thermocouples and software acquisition card and
computer equipment were employed. The thermocou-
ples were designed in such a manner as to be inserted
into a well according to the present work’s needs.
These thermocouples consisted of a male half perfo-
rated brass plug, which was welded to a flexible cop-
per tube, which served as a guide for the
thermocouple (shown in Fig. 8).

Fig. 7. Overview CIICAp rooftop concentrators, power
piping and tank and receiving tank.

Fig. 8. Design of thermocouples well.

2.5. Energy calculations

To understand the phenomena of energy transfer
from a concentrator system to a fluid receiver, estab-
lishing a thermodynamic model where the system
under study is the recipient of the concentrator, Eq.
(1) was used to develop the model [9].

Energy balance, manifold at a given instant of
time, is the difference shown between the energy
absorbed by the absorber plate and the energy lost.

Qu = FRAa |:IS - %ul(Tx - Ta):|

x [IS - ﬁ—zul(n - Ta)] (1)

where Q, is the amount of useful energy extracted
per unit of time, Fg is the heat removal factor, Is is the
useful solar irradiance. A, is the area of opening of
the hub, A, is the area of the absorber. U is the over-
all coefficient of losses of the collector; T, is the ambi-
ent temperature and T; is the average surface
temperature of the collector plate.

The heat transfer coefficient (the overall coefficient
of loss) is defined by convective losses in the follow-
ing manner using Eq. (2) [9]:

Uy, =hw + hr (2)

where hw is the convective coefficient and hr is the
radiative coefficient.

Performance of the concentrator. The instantaneous
performance of a manifold is defined by Eq. (3) [9]:

_
"= AL R G)

where A. is the area of the receiver, Ig is the solar irra-
diance which is useful, and Ry, is the geometric factor.

3. Results and discussion

It is common practice to determine the thermal
performance of the concentrators to obtain instanta-
neous values of the efficiency from values and of inci-
dent radiation on the collector. These are: room
temperature, inlet and outlet temperatures of the
working fluid.

Below are analyzed and presented the theoretical
and experimental results obtained in the present
work. Using the experimental values it is possible to
obtain the useful energy output per day for each of
the concentrators. Based on the same values, Is, the
useful energy concentrator performance in each min-
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ute can be evaluated during the collection of data at
different temperatures. It was observed, experimen-
tally and theoretically, that the concentrators are much
more efficient in a normal working day.

The outlet temperatures are presented in the recei-
ver of each of the PCCs. For day conditions. Fig. 9
shows the outlet water temperatures throughout the
day, and we noted that concentrators # 2 and # 5 are
the best in providing heat to the system. Whereas,
Table 1 shows the useful energy and performance of
the concentrators, being concentrator No. 2 the most
stable in terms of the energy input to the system and
owing to its design features and material properties.

Final temperatures.

Fig. 10 shows the maximal and the minimal tem-
peratures reached during the day at different days for
each of the concentrators. In this figure, it can be
observed that concentrators 2, 3, and 5 are the major
contributors to the temperature system.

The day wise energy efficiency achieved at differ-
ent days for each of the concentrators is shown in
Fig. 11. This figure shows that concentrators 2 and 5
showed the best reported efficiencies. However, this
comparison did not apply to concentrator 4 whose
surface did not get ansy direct light nor was the light
reflected by the atmosphere, being in this case the effi-
ciency near zero or zero.

45
43
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=, 37
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o 35
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E 33
o
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E 31
=
29
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ambiente
——=— CCP arreglo con
25 espejos
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Fig. 9. The water outlet temperatures for the five concentrators, 5 January 2011.

Table 1

Useful energy and performance of the concentrators, 5 January 2011

No. Solar concentrator

1 PCC. Mirrors 40.3
2 PCC. 316 Stainless steel 53.0
3 PCC. Aluminum 36.5
4 PCC. Aluminum paint —43.0
5 CPC. 304 stainless steel 49.2

Useful energy Q. (kW)

Performance of the concentrators (= %)

29
39
27
=31
36
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Fig. 10. Highest and lowest and lowest temperatures at different days for all concentrators.
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Fig. 11. Efficiency reached different days for the five concentrators.

Fig. 12 shows the useful energy that is reached
during the day at different days for each of the con-
centrators. Concentrators 2 and 5 provide more useful
energy in the first 3days of measurement, while the
number 2 maintained practically constant the useful
energy throughout the test period. There are differ-

ences in design between these two concentrators,
being concentrator 2 in accordance with a parabolic
reflective surface of stainless steel 316 L, with a mirror
polish inside. Concentrator 5 under a parabolic reflec-
tor surface made with type 304 stainless steel with a
mirror polish inside.
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Fig. 12. Useful energy achieved at different days for the five concentrator.

Table 2

Cost of each collector

No. Name Feature Cost (US$)
1 PCC Mirrors 123.66

2 PCC 316 Stainless steel 292.00

3 PCC Aluminum 209.28

4 PCC Aluminum paint 133.18

5 CPC 304 stainless steel 157.53

Table 2 shows the unit cost of each collector load
according to the design criteria.

4. Conclusions

The conclusions are presented for each concentra-
tor and in the order they were installed. The first one
(No. 1): PCC arrangement with mirrors, the concentra-
tor for the time period reported in figures and tables
shows a low heat input to the system (underperfor-
mance), for moreover the ability of the mirrors to
reflect light is highly effective. It would be feasible to
consider a sheet of plate glass as a concentrating
plate.

The second concentrator is the PCC (No. 2) in
accordance with type 316 stainless steel. This collector,
based on the results, is the best collector, has brought
useful energy, and has given a better performance to
the system. The properties of the thermal stainless-
steel mirror polish achieved a better efficiency

throughout the day as directly affected by increasing
awareness of the direct and diffuse light.

The third of the solar concentrator arrangement
with aluminum has a stable system temperature, but
it has significantly changed the environmental condi-
tions. Therefore, it is suitable to install both in sunny
regions like partially cloudy. This is mainly due to
properties of thermal conductivity of the aluminum; a
visible disadvantage is that it is very difficult to make
a mirror polish concentrator plate. This considerably
affects the efficiency and useful energy of the system,
also in the light gathering.

The fourth of the solar concentrator array with alu-
minum paint is a concentrator that showed particu-
larly strange behavior as the results have shown that
far from warm water over the receiving tube is was
cold. This is because the paint reflective plate does not
make any visible positive contribution to the system,
which means that it neither captures direct light nor
diffused or reflected light to the environment. There-
fore, the useful energy and efficiency are negative.
While it is apparent that it maintains higher tempera-
tures than the glass concentrator. Probably the paint
containing the aluminum particles in the suspension
causes the greenhouse effect and the temperature
increases in the system.

The fifth and the last of the solar concentrators,
has a different design to others, better known as a
compound parabolic concentrator, or CPC. This solar
concentrator composed of a parable on which the
receiver tube rests, thanks to this design, it is smaller
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but it has the possibility to capture better the diffuse
light reflected by the atmosphere; this benefit is
reflected in the contributions of the useful energy effi-
ciency and heat that is visible in comparison with the
aluminum concentrator and in some cases even better.
This arrangement makes it comparatively and estheti-
cally better, it also has better convective features that
avoid the losses for being smaller.

According to the above results, it can be concluded
that the application of renewable energy must be the
future of national and global research owing to the
perennial problem with fossil fuels.
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ABSTRACT

The parabolic trough collectors (PTC) are able to concentrate the solar radiation and in turn trans-
ferred heat along a tube. In this paper, the PTC uses copper tube to heat water in residential use,
which reduced costs in the system. An artificial neural network (ANN) model was developed to
predict the hot-water outlet temperature of PTC with low-cost components, and its inverse (ANNi)
was used to optimize the system’s performance. The best fitting training data was acquired with
the architecture of 9-9-1 considering a hyperbolic tangent sigmoid transfer-function in the hidden
layer and a linear transfer-function in the output. Comparing the predicted and experimental data it
was observed a satisfactory agreement (R* > 0.9854, RMSE > 0.8055 and MAE ~0.0586). Furthermore,
from this ANN model, a strategy was applied for optimize the feeding tank temperature, in order
to increase the water outlet temperature of the PTC, using inverse artificial neural networks (ANNi)
and solved by the method of genetic algorithms (GAs). These results showed that the highest outlet
temperature reached by the PTC was 49°C. Consequently a good prediction of the ANN model, as
well as the optimized data using ANNi-GAs, makes it possible to control on-line the operation of the
system and improve performance.

Keywords: Parabolic trough collector with low-cost components; Increase of water temperature;
Inverse artificial neural network; Genetic algorithms; Optimal values

1. Introduction

Currently, the exploitation of flat panel solar thermal
collectors has assumed a great importance not only in resi-
dential applications, but also in industrial and commercial
buildings, where low temperaturefhot water is required
and particularly for hot climates [1].

*Corresponding author.

However, in the search at increase efficiency in these
equipment, they have become more expensive, due to the
materials used for its manufacture, making them inacces-
sible to the residential areas of low economic resources, in
where only is required to increase the temperature of the
water to meet their daily needs.

Apart of the flat panel solar collectors, there are also of
type parabolic, which has the capability to absorb the solar

Presented at the EDS conference on Desalination for the Environment: Clean Water and Energy, Rome, Italy, 22-26 May 2016.
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radiation and convert it to heat, transferring it to the work-
ing fluid. The working fluid to be heating can be maybe
air, water, oil or some organic solvents. The heat energy
which is in the form of thermal energy in the working fluid
of the solar collector can directly be utilized for different
applications [2].

The parabolic trough collectors (PTC) are one possible
option for use in residential areas, as they can be made
with inexpensive materials and feasible for installation in
low-income communities. In this work, this type of collec-
tor is elected in specific because the materials used can be
found in any region (copper tube and concentrator of steel),
in order to have a long shelf life by his resistance, in com-
parison with other fragile materials.

In this work, we study the description of experimental
equipment PTC with low-cost components. In addition,
simulate the obtained experimental data with an artifi-
cial neural network (ANN) model. ANN has been widely
used to simulate diver’s solar collectors, as: Kalogirou [3]
used the artificial neural networks for the prediction of
the performance parameters of flat-plate solar collectors.
Sozen et al. [4] studied a new formula based on artificial
neural network technique which was developed to deter-
mine the efficiency of flat plate solar collectors, where the
surface temperature in collector, date, time, solar radia-
tion, declination angle, azimuth angle and tilt angle are
used in the input layer of the network and the efficiency
of flat-plate solar collector was in the output layer. Caner
et al. [5] used an artificial neural network model to esti-
mate thermal performances of solar air collectors for two
types of solar air collectors, calculated values of thermal
performances are compared to predict values and the
results demonstrate effectiveness of the proposed ANN.
Fischer et al. [6] realized a comparison between state-of-
the-art and neural network modeling of solar collectors.
The obtained results showed better agreement between
measured and calculated collector output for the artifi-
cial neural network approach compared with the state-
of-the-art modelling.

Consequently, once simulated the experimental data
using ANN, it is necessary to know the optimal conditions
in the input variables for the PTC in order to deliver bet-
ter results. Inverse artificial neural network (ANNI) is an
essential element to calculate the optimal operation condi-
tions. This model uses the same weights and bias obtained
during training ANN model and has been used in exper-
imental equipment in order to improve performance,
such as: Laidi et al. [7] used this kind of methodology to
determine the optimal solar COP value of a solar-assisted
adsorption refrigeration system working with activated
carbon/methanol as working pairs, where this methodol-
ogy was applied to find optimal input parameter for the
required solar COP. Hattab et al. [8] developed and tested
an inverse artificial neural network model for the predic-
tion of the optimal soil treatment to reduce copper (Cu)
toxicity assessed by a given target concentration of Cu in
dwarf bean leaves (BL) from selected soil inputs. Morales
et al. [9] developed an artificial neural network (ANN)
model to predict the coefficient of performance (COP) of
an absorption heat transformer with a new physical design
consisting of compact components and they applied a
model of inverse artificial neural network to optimize the

value of COP, showing an increase in COP of 0.35-0.40,
finding the optimal conditions in the inlet temperatures
generator and for evaporator.

In this work, the water outlet temperature (T ) of the
PTC is chosen as a required value, as it is considered a
general variable to determine the performance system,
but to know this value, depends on the variables of
system, such as: the feeding tank temperature (Tfec 2.the
storage tank temperature of the water hot (T, ), inlet tem-
perature to the solar collector (T,), month (m), day (d),
total time (), ambient temperature (T ), surface tem-
perature to glass solar collector (T, ) and the tempera-
ture of reflector surface (T ), which some of these input
variables can be optimizedf to increase the performance
of the PTC.

The aim of the present work was to develop a strategy
to optimally control of a parabolic trough collector with
low-cost components. In this case, the input condition to
optimize the system was the feeding tank temperature
(Tﬁ,@ »)- This inlet variable was optimized using the method-
ology of ANNIi and solved by the genetic algorithms (GAs).
It is interesting mention the identification of this parame-
ter, since this was supplied to the equipment and can be
regulated directly, unlike other input variables that depend
on climatic conditions. Determining optimal conditions of
input variables may increase the T, value, in order to know
the maximum water temperature at the outlet of PTC and
determine that domestic activities can be performed with
the temperature interval.

2. Description of experimental equipment

A static collector with solar type-parabolic concentra-
tor of foil reflective plate 316L stainless steel 16 gauge with
mirror polishing the inside was installed as shown in Fig. 1.
This solar collector was chosen because it was the most via-
ble to have better results in collection performance (37%)
and better usable thermal energy (and includes losses) with
50.5 kW [10].

The concentrator consists of a steel sheet drum verti-
cally cut with dimensions of 85 cm long by 57 cm diameter
(see Fig. 1). The receiving surface was constituted of a cop-
per tube of 1.27 cm diameter (Y% inch) by 90 cm long and was
painted black to have a higher absorptivity.

To avoid convective losses and take advantage of the
greenhouse effect, it has a glass cover of 85 cm long by 57
cm wide, with an aluminum frame.

90 cm | 85 cm|

Fig.1. Dimensions with front and side view of the PTC system.
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This PTC was instrumented with thermocouples type T
properly calibrated to measure temperature in the follow-
ing region (see Fig. 2):

1. At the entrance of the copper tube
2. At the output of the copper tube
3. In the reflective surface

4. On the surface of the glass plate
5. One atmospheric

An acquisition card (Agilent Agilent 34970A was used
and by Benchlink Data Logger software was saved and stored
the previously described temperatures with date and time
to create the database.

Fig. 2 shows that the system comprises a feed tank (cold
water) and storage tank of hot water (thermo-tank) of 750
and 450 L, respectively. They are interconnected to have
recirculation and thus raise the temperature of the feed tank
when hot water will not be in use.

2.1. Operating conditions

The type-parabolic trough collector was fixed and the
entire system was located on the facilities of CIICAp-UAEM
in the State of Morelos, in the city of Cuernavaca; with latitude
and longitude coordinates of 18.981655,-99.23418 respectively.
Its orientation was East-West with the face of the reflector plate
pointing(south. It has 19° inclination to better exploit the inci-
dence of solar radiation, according to the latitude.

Experimental tests were performed with a flow rate of
1 LPM sanitary water for common use. For this, the shut-
off valves were regulated and according to the flow meter
to maintain this constant flow throughout the duration of
the test. Table 1{show the operating conditions which were
applied in the PTC experimental.

Cold water tank
(feed tank)

{thermo tank)

Tieed (°C)

Tin (°C)

Fig. 2. Schematic diagram of experimental system PTC with low-cost components.

Collector

Table 1
Interval of experimental operating conditions used to obtain
the T , values

Experimental variables Working range
Inputs

Month 1-12
Day 1-31
Time, s 20267-69085
Temp. input, °C 9-50.01
Temp. ambient, °C 9.07-70.28
Temp. surface, °C 9.53-51.4
Temp. reflectance, °C 9.05-7792
Temp. feed, °C 13.14-30.35
Temp. storage, °C 13.57-54-07
Output

Temp. output, °C 9.73-50.67

The hours, at which the tests were started and ended,
were varied, taking the earliest time of day at 5:30/am while
the later was at 19:10 h. The most common start and end of
test was 9:00 has 17:30 h. The interval between measure-
ments was 10 s. These tests were conducted in the months
of May and June (spring and summer) of 2014 and January
2016 (winter) [11].

3. Development of the neural network model

The artificial neural network model (ANN) was inte-
grated with k inputs, where each input (In,) was assigned
with an appropriate coefficient called weight (W,). The sum

Storage tank hot water

Data acquisition
computer

E=Rs

1Y Flow meter
L

Tsurf (°C)
@ Thermocouple Type T
g Shutoff valve
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of the inputs, weights and biases b generate the argument
(n) [see Eq. (1)] to be applied at a transfer-function which
will generate an output.

ng = Wi(s,l) X Inl + Wi(s,Z) X In2 + + Wi(s,k) X Iﬂk + b(l,s) (1)

The weights (Wi) and biases (b,) are coefficients con-
nected with the input-hidden layers which are grouped into
matrices. For the output-layer, the weighted sum of the sig-
nals provided by the hidden layer, and the associated coeffi-
cients were grouped into matrices Wo and b,. In the hidden
layer, the hyperbolic tangent transfer function (TANSIG)
was applied and in output layer was used the linear transfer
function (PURELIN) to had a better prediction with respect
to the experimental data. All calculations were carried out
with Matlab mathematical software with the ANN toolbox.
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In order to ANN model development, it was carried out
through three general tasks [12] (see Fig. 3):

i) Divide randomly the database experimental (69,047)
into training (50%), testing (25%) and validation
(25%). These data was sufficient to train and test the
ANN model.

ii) Development and evaluation of ANN models, for
the reliable prediction of the outlet temperature of
hot water of PTC.

iii) Comparative statistical analysis between experimen-
tal data and predicted T , (inferred from the applica-
tion of the ANN tools).

It is important to mention that the input parameters
were normalized (x,, ) in the range (0, 0.9) as follows [13]:

,

N=68047

Experimental Database:

25%

0 v
Experimental Data base
for ANN's validating

(m

75%

Experimental Data base for ANN's
training (50%) and testing (25%)

v

Standardization of input and/or
output variable of the ANN model

$=5+1(neurons)

Definition of ANN's
architecture

v

‘ ANN learning process

!

Experimental output (Tout) ‘

Evaluation of ANN

models

Error < 1e-06

'

.

Optimized ANN architecture ‘

¥

‘ Simulated output (Tout) ‘

|

)

Statistical Analysis:

Mean Square Error (MSE)
Correlation coefficient (R)
Mean Absolute Error (MAE)

b

(n

Significance tests:
F Fisher
T Student

End

Fig. 3. Schematic methodology [modified from 12.
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X; Real = Xomi
Xi Norm = 0.8 % (MJ +0.1 @)

X - Xmin

max

ANN was normally trained for leading a particular
input to predict an output target. For minimizing the dif-
ferences between the output target (given by experimental
data) and simulated output (generated by a weight adjust-
ing process), the back-propagation optimization algorithms
using the Levenberg-Marquardt algorithm (see Fig. 4),
was considered by Hagan and Menhaj [14,15] as the most
efficient and it was widely preferred [16]. The root mean
square error (RMSE) was applied as an optimization crite-
rion in training for the adjustment ANN model.

In order to corroborate the adaptability of the ANN
model was compared experimental data and simulated
applying the following statistical test parameters: root
mean square error (RMSE), mean absolute error (MAE) and
the coefficient of determination(R?) [17].

n

2
> (Peinty = Peapr) @)
RMSE = || =L
n
PExp(i) = PSim(i)
MAE = !
Z[ PExp(i) J @

n
Z(PExp(i) = Psim)
a1 ®

z (Peap(i) — Peap )

i=1

n
where P = lZPZ ; Psm@ was the value estimated by ANN;

P, L) Was the experlmental value of the variable (T ).

Finally, the comparison of the simulated database by ANN
and the experimental database was applied the tests of the
relationship Fisher F and Student ¢ for confirm the adequacy
of the model. The aim was to analyze statistically: if the two
databases have the same or similar variances (test Fisher-F); or
if the two databases belong to the same population or similar
populations through its mean (test Student-t) [18].

F_S: (6)

__ |79
S[ (1+1]j @)
nx ny

4. Neural network model

An ANN model with nine neurons in the hidden layer
was found to be efficient in predicting T , values for a par-
abolic trough collector with low-cost components. Differ-
ent numbers of neurons in the hidden layer were tested to
determine the best architecture of the ANN model. Table 2
provides a comparison between the transfer function (TAN-
SIG) and the error for T, predicted by an ANN model.

According to data obtained by the ANN training, the
best values for RMSE, MAE and R? were 0.8055, 0.0586, and
0.9854, respectively. Fig. 5 presents a comparison between
the predicted and experimental data of the T, , values, using
all data (training, testing and validation). Experimental T ,
Exp and simulated T ,Sim data were compared satisfacto-
rily through a linear regression model [T Sim = 0.98542*T ,
Exp + 0.44038].

Table 3 shows the test from the relationship Student ¢
and Fisher F, where the hypothesis null H, is accepted for
both tests showed. The results in the two samples have the
same variance and the means of the samples are equal, indi-
cating that the sample comes from the same population.

2
Cold water tank 1 ;:f:nmmal
"_rff_‘i_'s "H______ Storage tank hot water
e Target Tout exp {(*C)
Tow(°G)
Thead (*C)
Tsto (*C)
Tout (“C) | y 52> Output [Tau expl
Tamb (*G)
Coflactor Tret (°C) g Training Method
@“ Levenverg-Marquardt

Taurt (*C)

Tin (*C)
Pump
> Ontput] Teas sim |
st s Monith (1-12)
@ Thermocouple Type T : Z
e 115 )| = _Day 31 o _
B Hiebirart Tout sim (°C)
3 Target
Total time (s) Tont(°C) 6

Fig. 4. Applied network architecture for T

u ut

values and procedure used for neural network learning.
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Tests with different architectures ANN

Architecture  Number of Epoch  Coefficient of Root mean Mean absolute Root mean Mean absolute
ANN neurons determination =~ square error error square error error
(R?) (RMSE) (MAE) (RMSE) (MAE)
TANSIG Data Training
9-1-1 1 1000 0.9158 1.9373 0.3969 1.3697 0.3975
9-2-1 2 1000 0.9461 1.5492 0.2131 1.0956 0.2140
9-3-1 3 1000 0.9587 1.3560 0.1729 0.9586 0.1728
9-4-1 4 1000 0.9693 1.1695 0.1350 0.8277 0.1353
9-5-1 5 1000 09712 1.1335 0.1296 0.8018 0.1285
9-6-1 6 1000 0.9751 1.0532 0.1041 0.7458 0.1057
9-71 7 1000 0.9786 0.9764 0.1000 0.6905 0.0995
9-8-1 8 1000 0.9808 09244 0.0897 0.6540 0.0909
9-9-1 9 1000 0.9854 0.8055 0.0586 0.5700 0.0603
9-10-1 10 1000 0.9851 0.8140 0.0651 0.5763 0.0673
50 proposed model can be analytically represented by the
R*=00854 following Eq. (8):
45 RMSE=0.8055
MAE=0.0586

Y=0.44038 +0.98542

+ Training
% Test
#  Validation

(°C)

outexp

Fig. 5. Statistical comparison between simulated (ANN) and ex-

perimental T data.

Table 3
Application of significance tests from relationship Fisher F and
Student ¢

Test Fisher F Test Student ¢

F (Inflicted Eq. 6) 1.0146

Fc (Inflicted from statistical

tables 99%) 1.0178
Comparison 1.0146 <
1.0178

The null hypothesis H, is
accepted “ SJZC =~ S; ”

t (Inflicted Eq. 7) 0.1161

tc (Inflicted from statistical
tables 99%) 2.3264

Comparison 0.1161 < 2.3264

The null hypothesis H, is
accepted “x = ¥”

Table 4 presents the adjustable parameters (Wi, Wo, b,
and b,) of the proposed model. Consequently, these coef-
ficients are used in the ANN model to simulate T, ,values.

Basing on the best structure of ANN (9 neurons in
the hidden layer) and a transfer function (TANSIG), the

2 “1||+p2 (8)

K

D (Wil k) In(k) + b1

k=1

TZ o Hexp[_z.[ D

where s is the neurons number in the hidden layer (s = 9), k
is the neurons number in the input layer (k =9), and W and
b are weights and biases, respectively (see Table 4).

This model after being compared and analyzed statisti-
cally, we can be successfully used for simulation and control
on-line of the experimental equipment, as it is shown in Fig.
6, which is compared the T values with respect to the time
of day, where it is observed that the highest values of T ,
reached in the period of 12 to 16 h, due to region and sun-
light. With ANN model, was observed a good agreement
between predicted values and experimental data points.
This confirmed the adequacy of the ANN to carry out the
simulation from the hot water outlet temperature for a par-
abolic trough collector with low-cost components.

5. Development of the inverse neural network model

This methodology was used to calculate optimum
operating conditions at the input variables of experimen-
tal equipment to obtain better results [19]. Starting from Eq.
(8), if output the T was known, it can find an optimal input
variable (k), as shown in the following steps:

First develop the equation of the T , from the ANN
model, with nine neurons, with their weights and bias,

respectively.

Woan Woa,2) Wous) Woa,a)
1+exp(x,) 1+exp(x,) 1+exp(x;) 1+exp(x,)
Tou.‘ =2 W. W. W, W, W, (9)
0(1,5) 0(1,6) 0(1,7) 0(1,8) 0(1,9)

Tlrexp(xs) 1+exp(x,) 1+exp(y,) L+exp(x,) 1+exp(x,)
_(Wﬂ(l,l) + WO(LZ) + WU(1,3) + WO(L“) + WO(I,S) + Wﬂ(l,é) + WU(1,7) + WO(],S) + WU(],Q))+ bz
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Weighting and bias parameters obtained for the ANN model developed

Number Hidden layer weight Wi (k,s)

of Inputs

(k) =1 (=2 (5=3) (s=4) (s=5) (s=6) (5=7) (5=8) (5=9)

1 —747223 4543951  -23.35323  -28.32771 8.04169 6.66546 6.94243 -9.03039  132.64311
2 -4.33701 0.01231 6.69262 -3.32465 0.42654 0.80512 3.23766 1.83490  -0.08478
3 0.19145 0.66056 -0.98259 1.55410 -1.23535  -0.16123 0.45906 0.57498 0.64693
4 -49.39705 11.99704 -5.02621  -36.71076  -19.01847 2.39624  25.20531 27.59983 13.66471
5 13.39573 12.11535 749851  -15.02677 -9.06184  —2.68765 8.22856 2.31844 4.25276
6 -3041051  -37.72298  -50.21982 16.61051 ~7.70863 8.37961  -27.39636  -43.31220  266.32813
7 8.39629 -1.98483 -1.20287 11.43457 590166  -1.24893  -4.12611 -8.70573 -4.95515
8 4.88839  -5.00822 3.21137 8.65863 498912 218178  -3.74167 -7.26927  -12.09112
9 -46.48324 6.28701  -25.30987 10.58262  —20.10860 -0.48387  -9.75767 18.70274  -14.01995
Output layer weights (I = 1) WO (s,])

5,1 1.96232 6.55676 21.17485 3.29298 —298869  -1.59993 3.95455 4.29601 -2.13722
Bia bl(s) 28.05543  -2.35558 -0.75726 3770280  -18.33455  18.67116 -1.07319 0.33432 52.19837
Biab2(I=1) 22.14903

s is the number of neurons in the hidden layer, k is the number of neurons in the input layer, [ is the number of neurons

in output layer (I = 1).
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Fig. 6. Comparison of the hot water outlet temperature of PTC
between experimental and simulated by ANN, with respect to
the time of day a) for May, b) for June.

wherein in (x) you can choose any of the 9 available input
variables (k), to know its optimum value and observe the
results obtained with respect to T

out*

e Wict,1) - K1+ Wit 2) - k2 + Wy 3) - k3 + Weq 4y - k4 + Wy 5) - k5 (10)

=2
+ Wi,6) k6 + Wit 7) - k7...+ Wy g) - k8 + Wiy 9y k9 + D1y

N Wi, 1) - K1+ Wig,2) k2 + Wi(g 3y k3+ Wy 4y - k4 + Wy 5) k5
o +Wig ) k6 + Wig 7) -K7...+ Wi g) - k8 + Wy(q 9 -k9+ bl (g

] (11)

In this work, it was important identify parameters
of operation through ANNIJ, in order to set an optimal
value. In this case, the feeding tank temperature was
elected, since this variable can be regulated directly by
a valve and according with optimization you can vary
the temperature of water, entering warmer or colder at
equipment, as required. The new set temperatures, will
allow efficiently operate the system and may increasing
the value of T .

Applying the methodology ANNI (see Fig. 7), the objec-
tive function can be minimized to zero to set the optimal
input condition which is obtained in Eq. (12), which in this
work was resolved by an optimization method from genetic
algorithms.

Fuun(Treed) = b2 — i W,(D=T e
(12)
2W, ()

+i K
= 1+exp[—2(w, (7,0 1n(T 1)+ > (w (j,k)-In(k)+b1(l.))]

1
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Input Layer Hidden Layer Output Layer

Treed (°C)

- ) L

0 ./'l
e,
UG

Tout (°C)

VXN

<7177

Total time (s)

Fig. 7. Architecture of the ANNIi for determining the optimum
wa ,and find the maximum value of T

out*

5.1. Adequate value estimate by mean of genetic algorithms

In order to solve the Eq. (12), was used a computational
tool called genetic algorithms (GAs). GAs was a stochas-
tic optimization algorithm which employs a population
of chromosomes and each of them represents a possible
solution. By considering genetic operators, each successive
incremental improvement in a chromosome becomes the
basis for the next generation. The process continues until
the desired number of generations has been completed or
the pre-defined fitness value has been reached [20].

This algorithm was programmed to solve and find an
unknown value, its purpose was to find the maximum value
of the objective function minimized to zero, and thus, from
random number the algorithm traces a tendency of behav-
ior between the optimized input values with respect to the
value of T . The efficiency of a GAs was greatly depen-
dent on its tuning parameters; the combinations to control
parameters used for running GAs were shown in Table 5.

ANNi model was applied to three experimental tests
random used to determine optimal conditions of T, , with
respect to a desired value T , as shown in Table 6. ANNi
showed a tendency to which, according to an optimal value
T, a maximum value T , was achieved.

Once resolved the Eq. 12 for the three experimental
tests by (AGs, we shown in Fig. 8 the maximum value of
T ,which was in May, reaching a value to the collector out-
put of 49°C, followed by June with 44.5°C and January with
32.6°C, with entries optimal in the feeding tank of 19°C,
20°C and 13°C, respectively. These conditions predicted by
the model ANNi were logical, since in the month of May
was where most room temperature occurs in the area and
therefore more solar radiation occurs, on the other hand, in
January the temperature was lower by the winter. Conse-
quently, in the hot seasons (spring and summer) the value
of T, will be high, but in the winter seasons (autumn and
winter), the value of T, will be low.

Now, (use low temperatures in the feed tank (less than
20°C) favor the experimental equipment, this demon-
strates the ability of PTC to heat water starting from low
temperatures.

Table 5

Parameters used for running GAs
Algorithms Parameters Value
Gas Population creation Random

Number of generations 100
Scaling function Rank
Selection function Roulette
Reproduction crossover probability 0.2
Mutation function Uniform
Mutation rate 0.2

Crossover function Scattered
Table 6
Experimental tests to apply the model ANNi-GAs

Inputs 1° Test 2° Test 3° Test
Month May June January
Day 28 20 22
Hour 55193 50400 42648
Temp. input 43.66 40.76 34.06
Temp. ambient 63.43 26.04 39.97
Temp. surface 4817 46.70 32.06
Temp. reflectance 75.33 69.27 33.51
Temp. feed Variable to optimize
Temp. storage 24.35 24.32 19.62
Output
Temp. output Find maximum value
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Fig. 8. Optimal conditions from T, , in the PTC with respect to
the T , simulated by ANNj, for the month of a) May, b) June and
¢) January.


ACER
Resaltado
Change AGs to GAs

ACER
Resaltado
Delete these words

ACER
Resaltado
Change use to using

ACER
Resaltado
Change Gas to GAs


Table 7
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Comparison between the PTC with respect to other types of collectors

Reference of Collector type Advantage Disadvantage
experimental
equipment
Kaushika and Parabolic dish High efficiency, with the highest temperature at The tracking system used is expensive,
Reddy [21] a single point. the total cost of the collector is 38000
Conversion efficiency of steam of 70-80% at 450°C ~ Rupees ($ 568.48 USD)
Sobhansarbandi Flat plate (FPC) The outlet fluid temperature of the Flat-Plate Both equipment are modeled on
and Atikol [22]  and collector is between 25-75°C, whereas for CPC ~ mathematical equations to simulate
Compound collector this(range is between 25-95°C. winter weather conditions.
parabolic The simulations suggest that a 2 m? CPC Both models do not provide an
concentrating collector can perform satisfactorily to match the economic analysis of the materials
(CPC) job of 8 m? Flat-Plate collectors. used, which appears to be costly by
implementing the use of a controller.
Hsieh [23] Compound Good efficiency (about 56%). The model does not compare its results
parabolic Exit temperatures of 50 to 140°C obtained with respect to experimental
concentrator Good efficiency (about 56%). equ(iil??\ent, tfets}tling u(r;dler the
(CPO) Exit temperatures of 50 to 140°C. ;.or:hl 1onzol © modet . lvsi
The efficiency curve for the CPC has a far 1 e mode, an economic ana ysis
of the materials is not contemplated,
smaller slope than that of a flat-plate collector, therefore. the equipment could be
which make the CPC particularly suited for . P
- . expensive
high temperature applications
Bansal and Solar collector Efficiencies up to 60% The performance of the porous

Uhlemann [24]

porous for
heating air

Long life, which makes it profitable

Present work Parabolic trough ~ The copper tube turns out to be a very
collector economical material with good conductivity.
(PTC) Total cost is $ 292 USD [10].

The properties of the thermal stainless steel
with the mirror polish achieved a better
efficiency throughout the day, as it directly
affects the increase awareness of the direct and
diffuse light.

ANNi model was used to optimize input
variables according to experimental data of
PTC, in order to achieve control the variables
of equipment and in turn improve the outlet
temperature

collectors is considerably reduced

if the pore size is not properly
optimized.

Back insulation, if not enough, lowers
the thermal performance significantly.
By using alternative materials, the
outlet temperature was low (with a
maximum value of 50°C).

The collector efficiency was low (with
collection performance of 37% and
better usable thermal energy of 50.5
kW).

The ANN model and ANNi are
limited to predict and optimize
others variables of PTC studied, it

is necessary to acquire data from
other types of solar collectors to get a
general methodology

Finally, in Table 7 provides a comparison between
advantages and disadvantages of PTC studied and his sim-
ulation-optimization methodology with respect to other
types of collectors.

7. Conclusions

A parabolic trough collector with low-cost components
was presented as a possible option for use in residential
areas, with a good stability during operation and a good
characteristic in the materials that allow you to last several
years, with a minimum of maintenance.

The PTC was modeled to predict the T , by an ANN
model, with a structure of 9 neurons in the input layer, 9

neurons in the hidden layer, and 1 neuron in the output
layer. This model was trained with a wide(range of experi-
mental data, using as input variables: the feeding tank tem-
perature (T, ),the storage tank temperature of the water hot
(T,,), the water inlet temperature to the solar collector (T, ),
month (1), day (d), total time (t), ambient temperature (T ),
surface temperature to glass solar collector (T, yf) and the
temperature of reflector surface (T ). The results of ANN
model showed a good relationship with the experimental
data satisfactorily passing significance tests (relationship
Fisher F and Student t) and a lower value of RMSE of 0.8055
and 0.57 during training.

Consequently, using the weights and bias from ANN
model, a strategy was developed to optimize input variables
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for increase the value of T . Once raised the ANNi model,
the objective function resulting is resolved by genetic algo-
rithms, showing an increase in T , of 49°C for May, finding
the optimal conditions in the feeding tank temperature of
19°C, condition suitable for regions where a high ambient
temperature was reached.

With this optimized parameter, allow the PTC operates
efficiently. To adjust the feed temperature of the tank was
necessary to regulate the valve that recirculates water from
the storage tank (hot-water)and the feed tank (cold-water).

Finally, this maximum temperature reached by the PTC,
using the methodology of ANNi, can satisfy basic needs
of residential areas, as with this output temperature of hot
water, could be made activities as: take a shower, preheat
food, heating tanks with water or for pools.

The combinations of computational methods described
in this paper were an alternative that allows us to control
the process on-line (ANN), and also optimize any of the
input variables (ANNi). The GAs application was useful
for the search of an unknown value starting from a random
population and in turn finds a maximum value.

List of Symbols

In — Input variables

b1 — Bia in the input layer

b2 — Bia in the output layer

n, — Output argument of network

W, — Weights in the input layer

W, — Weights in the output layer

— Normalized input parameter

— Experimental input variable

— Input variable with the experimental minimum
value

— Input variable with the experimental maximum
value

RMSE — Root Mean Square Error

MAE — Mean Absolute Error

R? — Coefficient of determination

b — Simulated data of variable T ,

— Experimental data of variable T ,

Mean experimental data of variable T ,

— Test(F Fisher

Student’s t test

— Variance of the experimental data of variable T,

— Variance of the simulated data of variable T ,

— Mean experimental data of variable T ,

Mean simulated data of variable T,

— Combined standard deviation of the two samples

— Number of experimental data

— Number of simulated data

— Number of neurons in the input layer

— Number of neurons in the hidden layer
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obtener el titulo de DOCTORADO EN INGENIERIA Y CIENCIAS APLICADAS con opcion terminal
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Se les recuerda que por reglamento se tiene un plazo de 20 dias habiles (a partir de la fecha
de recepcién del documento) para la revision del manuscrito, por lo que le solicitamos no
exceder el plazo sefalado.

Sin otro particular aprovecho la ocasion para enviarles un cordial saludo.
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EN INGENIERIA Y CIENCIAS APLICADAS
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experimental y modelado empirico del colector solar parabélico de bajo costo” que presenta
el alumno EDGAR CARDOSO HERRERA, para obtener el tituo de DOCTORADO EN
INGENIERIA Y CIENCIAS APLICADAS con opcién terminal en TECNOLOGIA QUIMICA.
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