
Ingeniería Investigación y Tecnología, volumen XV (número 1), enero-marzo 2014: 93-101

ISSN 1405-7743 FI-UNAM

(artículo arbitrado)

Keywords: 

̋" ctvkhkekcn"pgwtcn"pgvyqtm
̋" vjgtocn"u{uvgo
̋" jgcv"vtcpuhgt
̋" gxcrqtcvkxg"rtqeguugu

Information on the article: received: July 2012, reevaluated: August 2012, accepted: February 2013

Use of Artificial Neural Networks for Prediction of Convective Heat 
Transfer in Evaporative Units

Determinación de coeficientes del proceso de transferencia de calor en  
unidades de evaporación utilizando redes neuronales

Romero-Méndez Ricardo
Faculty of Engineering

Universidad Autónoma de San Luis Potosí
E-mail: rromerom@uaslp.mx

Hidalgo-López Juan Manuel
Faculty of Engineering

Universidad Autónoma de San Luis Potosí
E-mail: juan_manuel_hidalgo@mailcity.com

Durán-García Héctor Martín
Arid Zones Research Institute

Universidad Autónoma de San Luis Potosí
E-mail: hduran@uaslp.mx

Pacheco-Vega Arturo
Department of Mechanical Engineering
California State University-Los Angeles 

E-mail: apacheco@calstatela.edu

Abstract

Convective heat transfer prediction of evaporative processes is more compli-

cated than the heat transfer prediction of single-phase convective processes. 

This is due to the fact that physical phenomena involved in evaporative pro-

cesses are very complex and vary with the vapor quality that increases gradu-

̶œœ½や̶±やß©°ØやS³ıŁやı±やØµ̶¬©°̶²ØŁ╆や1©¹Ø°まœ̶¹やª©°°Øœ̶²ı©-±や³±ØŁやŒ©°や¬°ØŁıª²ı©-や©Œや
Øµ̶¬©°̶²ıµØやª©-µØª²ı©-やæ̶µØや¬°©µØŁやœımœØや̶ ªª³°̶ª½や¹æØ-や³±ØŁやı-や¬°̶ª²ıª̶œやª̶±Ø±╆や
In this investigation, neural-network-based models have been used as a tool for 

prediction of the thermal performance of evaporative units. For this purpose, 

Ø¼¬Ø°ıßØ-²̶œやŁ̶²̶や¹Ø°Øや©Æ²̶ı-ØŁやı-や̶やŒ̶ªıœı²½や²æ̶²やı-ªœ³ŁØ±や̶やª©³-²Ø°まS©¹やª©--

ªØ-²°ıªや¬ı¬Ø±やæØ̶²やØ¼ªæ̶-ºØ°や¹ı²æや3ｱｳｴ̶や°ØŒ°ıºØ°̶-²やS©¹ı-ºやı-±ıŁØや²æØやªı°ª³œ̶°や
section and temperature controlled warm water moving through the annular 

section. This work also included the construction of an inverse Rankine refrig-

eration cycle that was equipped with measurement devices, sensors and a data 

̶ª®³ı±ı²ı©-や±½±²Øßや²©やª©œœØª²や ²æØやØ¼¬Ø°ıßØ-²̶œやßØ̶±³°ØßØ-²±や³-ŁØ°やŁıTØ°Ø-²や
©¬Ø°̶²ı-ºやª©-Łı²ı©-±╆や1̶°²や©Œや²æØやŁ̶²̶や¹Ø°Øや³±ØŁや²©や²°̶ı-や±ØµØ°̶œや-Ø³°̶œま-Ø²¹©°øや
ª©-Rº³°̶²ı©-±╆や5æØやÆØ±²や-Ø³°̶œま-Ø²¹©°øやß©ŁØœや¹̶±や ²æØ-や³±ØŁやŒ©°や¬°ØŁıª²ı©-や
purposes and the results obtained were compared with experimental data not 

used for training purposes. The results obtained in this investigation reveal the 

ª©-µØ-ıØ-ªØや©Œや³±ı-ºや̶°²ıRªı̶œや-Ø³°̶œや-Ø²¹©°ø±や̶±や̶ªª³°̶²Øや¬°ØŁıª²ıµØや²©©œ±やŒ©°や
determining convective heat transfer rates of evaporative processes.
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Introduction

Thermal systems are engineering systems that involve 

²Øß¬Ø°̶²³°ØやŁıTØ°Ø-ªØ±╆や)Ø̶²や²°̶-±ŒØ°やı±やŁØµ©²ØŁや²©や²æØや
analysis, design and control of these systems, and has a 

long history of development in response to the needs of 

a great variety of applications. One of the modern tech-

nologies that has been successful as an analysis tool is 

²æØや²Øªæ-ı®³Øや©Œや̶°²ıRªı̶œや-Ø³°̶œや-Ø²¹©°ø±╆や5æı±や²Øªæ-ı-
®³Øやæ̶±やÆØØ-や̶¬¬œıØŁやŒ©°や¬̶mØ°-や°Øª©º-ı²ı©-╇やŁØªı±ı©-や
making, control systems, information processing, sym-

bolic mathematics, computer vision and robotics. The 

³±Øや©Œや̶°²ıRªı̶œや-Ø³°̶œや-Ø²¹©°ø±やª̶-やÆØやØ¼²Ø-ŁØŁや ²©や̶や
wide variety of disciplines, among which are the ther-

mal sciences, because it allows to study complex ther-

mal systems that otherwise would be impossible to 

characterize with conventional analytical techniques. 

)Ø̶²や²°̶-±ŒØ°やı±や¬̶°²や©ŒやŁ̶ıœ½やœıŒØや©Œやæ³ß̶-やÆØı-º±╉や²æØ°Øや
is a need for buildings and homes that provide comfort 

ßı-ıßı¾ı-ºや Ø-Ø°º½や œ©±±Ø±╆や "°²ıRªı̶œや -Ø³°̶œや -Ø²¹©°ø±や
have been studied over the last decades and are an ex-

cellent option for modeling complex systems. Some of 

the thermal systems that have been studied with this 

²Øªæ-ı®³Øや̶°Øや²æØや¬°ØŁıª²ı©-や©ŒやæØ̶²や²°̶-±ŒØ°やª©ØUªıØ-²±や
(Jambunathan et al., 1996), determination of Nusselt 

number (Thibault and Grandjean, 1991), prediction of 

heat transfer in heat exchangers (Díaz et al╆╇や ｱｹｹｶ╉や1̶-

checo-Vega et al., 2002, 2001a, 2001b), estimation of heat 

transfer in the transition region of a circular tube (Gha-

jar et al., 2004), the thermal performance of cooling 

towers (Islamoglu, 2005), analysis of shell and tube heat 

exchangers (Wang et al.╇やｲｰｰｶ《╇や¬æ̶±Øやªæ̶-ºØやı-やR--ØŁや
tubes (Ermis et al., 2007), friction and heat transfer in 

æØœıª̶œœ½やR--ØŁや²³ÆØ±や〉;Ł̶-ı³øやet al., 2007), the mode-

œı-ºや©ŒやØµ̶¬©°̶²ıµØや̶ı°やª©©œØ°±や〉)©±©¾やet al., 2008), the 

characterization of compact heat exchangers (Ermis, 

2008), the estimation of thermal performance of plate 

̶-Łや²³ÆØやæØ̶²やØ¼ªæ̶-ºØ°±や 〉1Ø-ºや̶-Łや-ı-º╇やｲｰｰｹ《╇やØµ̶-

œ³̶²ı©-や ©Œや R--ØŁや ²³ÆØや ª©-ŁØ-±Ø°±や 〉;æ̶©や ̶-Łや ;æ̶-º╇や
ｲｰｱｰ《╇や¬Ø°Œ©°ß̶-ªØや©ŒやR--ØŁや²³ÆØやØµ̶¬©°̶²©°±や〉;æ̶©やet 

al., 2010) and indirect evaporative cooling (Kiran and 

Rajput, 2011). The ̶°²ıRªı̶œや -Ø³°̶œや -Ø²¹©°ø (ANN) is a 

procedure that permits the modeling of complex sys-

tems that cannot be described with simple mathemati-

cal models. One of the main advantages is that it does 

not require a detailed knowledge of the physical phe-

nomena describing the system under analysis. The 

principle of the ANN is based on the structure and 

functioning of neural systems, where the neuron is the 

Œ³-Ł̶ßØ-²̶œや ØœØßØ-²╆や 5æØ°Øや ̶°Øや -Ø³°©-±や ©Œや ŁıTØ°Ø-²や

Descriptores: 

̋" tgfgu"pgwtqpcngu"ctvkhkekcngu
̋" ukuvgocu"vfitokequ
̋" vtcpuhgtgpekc"fg"ecnqt
̋" rtqeguqu"fg"gxcrqtcek„p

Resumen

-̶や¬°ØŁıªªıŸ-やŁØやœ̶や²°̶-±ŒØ°Ø-ªı̶やŁØやª̶œ©°やØ-や¬°©ªØ±©±やŁØやØµ̶¬©°̶ªıŸ-やØ±や³-̶や²̶°Ø̶や
ª©ß¬œıª̶Ł̶やª©ß¬̶°̶Ł̶やª©-やœ̶やŁØや³-や¬°©ªØ±©や±ı-やª̶ßÆı©やŁØやŒ̶±Ø╇や½̶や®³Øやœ̶やŒç±ıª̶やŁØœや
ŒØ-ŸßØ-©やŁØやØµ̶¬©°̶ªıŸ-やØ±やß³ªæ©やßÀ±やŁıµØ°±̶や½や±Øやß©ŁıRª̶やª©-²ı-³̶ßØ-²Øやª©--

Œ©°ßØや œ̶や ª̶œıŁ̶ŁやŁØœやµ̶¬©°や̶³ßØ-²̶╆や-̶±や ª©°°Øœ̶ªı©-Ø±や ²°̶Łıªı©-̶œØ±やÆ̶±̶Ł̶±や Ø-や
œØ½Ø±やŁØや¬©²Ø-ªı̶や®³Øや±Øや³²ıœı¾̶-や¬̶°̶やœ̶やŁØ²Ø°ßı-̶ªıŸ-やŁØやœ̶や²°̶-±ŒØ°Ø-ªı̶やŁØやª̶œ©°や
Ø-やØµ̶¬©°̶Ł©°Ø±やæ̶-や¬°©Æ̶Ł©や±³やŒ̶œ²̶やŁØやØŒØª²ıµıŁ̶Łやª³̶-Ł©や±Øや°Ø®³ıØ°Øやœ̶や¬°ØŁıª-
ªıŸ-やª©°°Øª²̶やŁØや̶Æ±©°ªıŸ-やŁØやª̶œ©°やŁØœや¬°©ªØ±©やŁØやØµ̶¬©°̶ªıŸ-╆や&-やØ±²Øや²°̶Æ̶ł©や±Øや
³²ıœı¾̶°©-やß©ŁØœ©±やÆ̶±̶Ł©±やØ-や°ØŁØ±や-Ø³°©-̶œØ±や̶°²ıRªı̶œØ±や¬̶°̶や¬°ØŁØªı°やØœやŁØ±-
Øß¬Øü©や²Ô°ßıª©やŁØや³-ıŁ̶ŁØ±やØµ̶¬©°̶Ł©°̶±や½╇や¬̶°̶やØœœ©╇や±Øや©Æ²³µıØ°©-やŁ̶²©±やØ¼¬Ø-
°ıßØ-²̶œØ±や Ø-や ³-や ßŸŁ³œ©や ŁØや ¬°³ØÆ̶±や ª©-±ı±²Ø-²Øや Ø-や ³-や Øµ̶¬©°̶Ł©°や ²ı¬©や
ı-²Ø°ª̶ßÆı̶Ł©°や ŁØや ª̶œ©°や ŁØや Ł©ÆœØや ²³Æ©や ̶や ª©-²°̶S³ł©╇や ¬©°や ª³½̶や ±ØªªıŸ-や ªı°ª³œ̶°や
S³½Øや°ØŒ°ıºØ°̶-²Øや3ｱｳｴ̶や½や¬©°やª³½̶や±ØªªıŸ-や̶-³œ̶°やS³½Øや̶º³̶や̶や³-̶や²Øß¬Ø°̶²³°̶や
ß̶½©°や ª©-²°©œ̶Ł̶╆や 1̶°̶や ŁØ²Ø°ßı-̶°や œ©±や Ł̶²©±や Ø¼¬Ø°ıßØ-²̶œØ±や ±Øや ª©-±²°³½Ÿや ³-や
Æ̶-ª©やŁØや¬°³ØÆ̶±やÆ̶±̶Ł©やØ-やØœやªıªœ©や3̶-øı-Øやı-µØ°±©╇やØœやª³̶œや±ØやØ®³ı¬Ÿやª©-やı-±²°³-

ßØ-²©±やŁØやßØŁıªıŸ-╇や±Ø-±©°Ø±や½や³-̶や²̶°łØ²̶やŁØや̶Ł®³ı±ıªıŸ-やŁØやŁ̶²©±や¬̶°̶やØœやß©-ı-
²©°Ø©やŁØや±Øü̶œØ±╆や6-̶や¬̶°²ØやŁØやœ©±やŁ̶²©±や©Æ²Ø-ıŁ©±やØ-やœ©±やØ¼¬Ø°ıßØ-²©±や±Øや³±̶°©-や
¬̶°̶やØ-²°Ø-̶°や̶やŁı±²ı-²̶±やª©-Rº³°̶ªı©-Ø±やŁØや°ØŁØ±や-Ø³°©-̶œØ±や̶やR-やŁØや©Æ²Ø-Ø°やØœや
ßØł©°やß©ŁØœ©╆や&±²Øやß©ŁØœ©や±Øや³±Ÿや¬̶°̶やØŒØª²©±や¬°ØŁıª²ıµ©±や½やœ©±や°Ø±³œ²̶Ł©±や©Æ²Ø-ı-
Ł©±や ±Øや ª©ß¬̶°̶°©-や ª©-や Ł̶²©±や Ø¼¬Ø°ıßØ-²̶œØ±や ®³Øや -©や Œ³Ø°©-や ³±̶Ł©±や Ł³°̶-²Øや Øœや
Ø-²°Ø-̶ßıØ-²©やŁØやœ̶や°ØŁや-Ø³°©-̶œや̶°²ıRªı̶œ╆や-©±や°Ø±³œ²̶Ł©±や©Æ²Ø-ıŁ©±やØ-やØ±²̶やı--

µØ±²ıº̶ªıŸ-やŁØß³Ø±²°̶-やœ̶やª©-µØ-ıØ-ªı̶やŁØや³±̶°や°ØŁØ±や-Ø³°©-̶œØ±や̶°²ıRªı̶œØ±や¬̶°̶や
œ̶やŁØ²Ø°ßı-̶ªıŸ-やª©°°Øª²̶やŁØやœ̶や²°̶-±ŒØ°Ø-ªı̶やŁØやª̶œ©°やØ-や¬°©ªØ±©±やŁØやØµ̶¬©°̶ªıŸ-や
ŁØや°ØŒ°ıºØ°̶-²Ø±╆
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shapes, sizes and lengths. The biological neuron, as 

shown in Figure 1, is formed by the body of the cell, 

anaxon and dendrites. The axon is a protuberance that 

transports the signal coming from a neuron to other 

neurons at subsequent layers, and the dendrites provi-

de enough surface area to facilitate connection with 

neurons of previous layers. The dendrites divide in 

such a way that they form dense dendritic trees, and the 

axons also divide to some extent, but not so much as the 

ŁØ-Ł°ı²Ø±╆や "°²ıRªı̶œや -Ø³°̶œや -Ø²¹©°ø±や æ̶µØや -©ŁØ±や 〉©°や
neurons), as shown in Figure 2, whose function is to 

make mapping operations between inputs and outputs. 

5æØや̶°²ıRªı̶œや-Ø³°©-やı±や²°Ø̶²ØŁや̶±や̶や-©ŁØやª©--Øª²ØŁや²©や
others through linkages corresponding to connections 

axon-synapsis-dendrite. Each link is associated with a 

¹Øıºæ²╉や̶ ±やı-や²æØやª̶±Øや©Œや̶ や±½-̶¬±ı±╇や²æı±や¹Øıºæ²やŁØ²Ø°ßı-
-Ø±や²æØや-̶²³°Øや̶-Łやı-²Ø-±ı²½や©Œやı-S³Ø-ªØや©Œや©-Øや-©ŁØや©-や
̶-©²æØ°╆や4¬ØªıRª̶œœ½╇や²æØやı-S³Ø-ªØや©Œや̶や-©ŁØや©-や̶-©²æØ°や
is the product of the output of a neuron and the weight 

that connects them. Therefore a positive (or negative) 

weight of large value corresponds to a large excitation, 

while a small weight corresponds to a negligible excita-

²ı©-╆や5æØ°Øや̶°ØやŁıTØ°Ø-²やª©-Rº³°̶²ı©-±や©Œや̶°²ıRªı̶œや-Ø³-

°̶œや-Ø²¹©°ø±╉や²æØやŒ³œœ½やª©--Øª²ØŁやı±や²æØやß©±²やª©ßß©-œ½や
employed in engineering problems. This kind of neural 

network is called multilayered perceptron or feed 

Œ©°¹̶°Łや-Ø²¹©°ø╆や5æı±やª©-Rº³°̶²ı©-やı±や±æ©¹-やı-や'ıº³°Øや
3, and has a series of layers, each formed by a set of 

-©ŁØ±や〉©°や-Ø³°©-±《╆や5æØやR°±²やœ̶½Ø°やı±やª̶œœØŁやı-¬³²やœ̶½Ø°╉や
the last one is called output layer, while the inner layers 

are the hidden layers. A neural network is fully connec-

ted when each node of a layer is connected to all the 

nodes of the adjacent layers. The objective of this inves-

²ıº̶²ı©-や¹̶±や ²©やß̶øØや³±Øや©Œや̶°²ıRªı̶œや-Ø³°̶œや-Ø²¹©°ø±や
for the characterization of a refrigeration system. For 

this purpose an experimental setup was built and a sig-

-ıRª̶-²や ̶ß©³-²や ©Œや æØ̶²や ²°̶-±ŒØ°や Ł̶²̶や ¹̶±や ©Æ²̶ı-ØŁ╆や
8ı²æや²æ̶²やı-Œ©°ß̶²ı©-や±ØµØ°̶œやª©-Rº³°̶²ı©-±や©Œや-Ø³°̶œや
networks were trained and the results obtained were 

reported in terms of the accuracy of the prediction.
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Experimental setup and procedure

An experimental apparatus based on the inverse Ranki-

ne cycle, which includes an expansion thermoelectric 

µ̶œµØ╇や¹̶±やÆ³ıœ²やı-や²æØや²æØ°ß©まS³ıŁ±やœ̶Æや©Œや²æØや'̶ª³œ²½や©Œや
&-ºı-ØØ°ı-ºや©Œや²æØや6-ıµØ°±ıŁ̶Łや"³²Ÿ-©ß̶やŁØや4̶-や-³ı±や
1©²©±ç╆や5æØやØ¼¬Ø°ıßØ-²̶œや±Ø²³¬やı±や¬æ©²©º°̶¬æØŁやı-や'ıº³-

re 4 and shown schematically in Figure 5. The main part 

of it is the test section, in which a refrigerant is evapora-

ted by circulation through a concentric pipes heat ex-

ªæ̶-ºØ°や̶ -Łやæ©²や¹̶²Ø°やS©¹±や²æ°©³ºæや²æØや̶ --³œ̶°や±Øª²ı©-╆や
This apparatus has the following subsystems: conden-

sing unit, experimental evaporator test zone, evaporator 

heating, power supply, measurements and control devi-

ces. These subsystems are described as follows:

̋ Condensing unit, it has an alternative piston com-

¬°Ø±±©°や¹ı²æや̶やｳｵｰｰや8̶m±やª̶¬̶ªı²½╇やŒ©°や3まｱｳｴ̶や°ØŒ°ı-
gerant, a forced air condenser, a receiving tank and 

service valves for refrigerant loading (Figure 6).

̋ Experimental evaporator test zone, which has a con-

centric pipes heat exchanger, as shown in Figure 7, 

ı-や¹æıªæや²æØや°ØŒ°ıºØ°̶-²や3ｱｳｴ̶やS©¹±やı-±ıŁØや²æØやı--Ø°や
²³ÆØや¹æıœØやæ©²や¹̶²Ø°やªı°ª³œ̶²Ø±や̶²やª©³-²Ø°まS©¹やı-±ı-
de the annular section. The heat exchanger is 112 

ßßやœ©-º╉や ²æØや ı--Ø°や ²³ÆØやæ̶±や̶-や©³²Ø°やŁı̶ßØ²Ø°や©Œや
12.7 mm and is 0.89 mm thick, the outer tube has an 

inner diameter of 19.05 mm, both tubes are made of 

copper. In order to minimize heat losses to the exte-

rior, the outer surface of the outer tube is covered 

with an insulating material.

̋ Evaporator heating system, formed by a reservoir 

for storage of water, a section for water heating with 

three heating resistances of 15 Amperes, 127 Volts 

Ø̶ªæ╇や̶やｰ╆ｵや)1や¬³ß¬や̶-Łや̶やS©¹や°Øº³œ̶²ı©-やµ̶œµØ╆

̋や 1©¹Ø°や ±³¬¬œ½や ¹ı²æや ²æ°ØØや ¬æ̶±Ø±╇や ｲｲｰや 7©œ²±や $╆"╆や
each, and formed by 12 derived circuits.

̋ Measurements and control devices, with 12 measu-

rements among which are temperatures, pressures 

̶-Łやß̶±±やS©¹や°̶²Ø±╇やı²や̶œ±©やı-ªœ³ŁØ±やª©-²°©œ±やŒ©°や²æØや
evaporator heating water temperature and the refri-

ºØ°̶-²やS©¹や°̶²Ø╆

The measurements performed during the experiments 

are the following: Refrigerant temperature at the inlet 

and outlet of the test section, refrigerant temperature be-

fore the expansion valve, water temperature at the inlet 

and outlet of the test section, liquid R134a refrigerant 

ß̶±±や S©¹や °̶²Ø╇や¹̶²Ø°や µ©œ³ßØ²°ıªや S©¹や °̶²Ø╇や °ØŒ°ıºØ°̶-²や
pressure at the inlet and outlet of the compressor, subcoo-

led refrigerant pressure before the expansion valve, and 

refrigerant pressure after the test section. The temperatu-

°Øや±Ø-±©°±や̶°Øや̶œœや35%まｱｰｰ15や²½¬Øや¹ı²æや̶や²æı°Łや¹ı°ØやŒ©°や
load compensation and are mounted on the outer surface 

of the pipes. The temperature sensors have capabilities 

such as controllers, allowing outputs to relay, retransmis-

sion of the process output variable or communication to a 

serial port RS-485. With this capability, the temperature 

sensor that measures the water temperature at the inlet of 

²æØや²Ø±²や±Øª²ı©-やı±や²°Ø̶²ØŁや̶±や̶-や©-の©Tやª©-²°©œœØ°や¹ı²æや©³²-
put to relay with the objective of maintaining a constant 

water temperature at the input of the test section. This 

relay controls the heating electric resistances power with 

the purpose of maintaining the water temperature at the 

ŁØ±ı°ØŁやµ̶œ³Ø╆や5æØや°ØŒ°ıºØ°̶-²やµ©œ³ßØ²°ıªやS©¹や°̶²Øやı±やŁØ-

termined when this is liquid at the exit of the condenser. 

5æı±やßØ̶±³°ØßØ-²や ı±やß̶ŁØや¹ı²æや̶や °©²̶ßØ²Ø°や ²½¬ØやS©¹や
²°̶-±ßımØ°や ²æ̶²や °Øºı±²Ø°±や ̶や ±ıº-̶œや °̶-ºı-ºや Œ°©ßやｴや ²©や ｲｰや
mA with a precision of 0.5%. The refrigerant volumetric 

S©¹や°̶²Øや°̶-ºØ±やŒ°©ßやｰや²©やｴ╆ｱｶｳｵやœのßı-╆や5æØや¹̶²Ø°やµ©œ³-
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ßØ²°ıªやS©¹や°̶²Øやı±やßØ̶±³°ØŁや̶ ²や²æØや©³²¬³²や©Œや²æØやØµ̶¬©°̶-

²©°や¹ı²æや̶や ²̶-ºØ-²ı̶œや ²³°Æı-Øや ²½¬ØやS©¹や²°̶-±ßımØ°や ²æ̶²や
registers a signal ranging from 4 to 20 mA with a preci-

sion of 0.5% throughout the range of measurements. The 

¹̶²Ø°やµ©œ³ßØ²°ıªやS©¹や°̶²Øや°̶-ºØ±やŒ°©ßやｰや²©やｶｰやœのßı-╆や5æØや
refrigerant pressure at the inlet and outlet of the compres-

sor are measured with Bourdon type manometers, which 

have reading precision of 1%. The refrigerant pressure at 

the inlet to the condenser is read with a pressure trans-

ductor that has a precision of 0.25% in the range of mea-

±³°ØßØ-²±や ²æ̶²や º©Ø±や Œ°©ßや ｰや ²©や ｳｴｴｸや ø1̶╇や ¹æıªæや ı±や °Øま 
gistered with an output from 4 to 20 mA.

The thermoelectric expansion valve produces the low 

pressure needed for evaporation of the refrigerant. The 

valve used in this investigation is electronically contro-

lled by means of a step motor, a control card, a tempera-

ture sensor, a pressure transductor and a manual pa- 

rameter programmer. With the use of this thermoelec-

tric expansion valve it is possible to guarantee repeata-

Æıœı²½やı-や²æØやØ¼¬Ø°ıßØ-²±╇や±Ømı-ºや²æØや°ØŒ°ıºØ°̶-²やŁØº°ØØや

of superheating at the outlet of the test section, and au-

²©ß̶²ıª̶œœ½や̶Łł³±²ı-ºや²æØや°ØŒ°ıºØ°̶-²やß̶±±やS©¹や°̶²Ø╆や
The objective of the experiments was to obtain 200 

data points in a wide range of variation of the parame-

ters of the refrigerant evaporation process, that when 

used to train the neural network was representative of 

the phenomenon being analyzed. The water tempera-

ture was varied from 5.5°C to 8.8°C and the volume-

²°ıªやS©¹や°̶²Øや©Œや¹̶²Ø°や¹̶±やµ̶°ıØŁや Œ°©ßやｳ╆ｵｶや œのßı-や ²©や
31.68 l/min, while the other parameters adjusted ac-

cording to the conditions of thermal balance through 

the change of position of the thermoelectric expansion 

valve, in a process that may take from 20 minutes to 2 

hours to stabilize. The parameters that adjust to the 

position of the valve took values within the following 

°̶-ºØ±╈や°ØŒ°ıºØ°̶-²やß̶±±やS©¹や°̶²ØやŒ°©ßやｰ╆ｲｵｷやøºのßı-や
to 4.219 kg/min, vapor quality lower than 50% and re-

Œ°ıºØ°̶-²やØµ̶¬©°̶²ı©-や¬°Ø±±³°Øや Œ°©ßやｱｵｱ╆ｷｴやø1̶や 〉̶Æ±《や
²©やｴｴｸ╆ｱｱø1̶や〉̶Æ±《╆や8ı²æや²æØ±ØやŁ̶²̶╇や̶-Łや̶¬¬œ½ı-ºや̶-や
energy balance, the heat absorbed by the refrigerant 

was calculated and compared with the heat released 

by the water. An uncertainty analysis of both calcula-

tions determined that the inaccuracy of the calculation 

of heat transferred due to errors in the measurements 

was 1.4% if calculated from the refrigerant side infor-

mation, and larger if calculated from the water side 

information.

Results and discussion

'°©ßや²æØやŁ̶²̶や©Æ²̶ı-ØŁやı-や²æØやØ¼¬Ø°ıßØ-²±╇やRµØや¬̶°̶-

meters were chosen as relevant input data for characte-

rization of the thermal phenomena of evaporation of 

refrigerant in the concentric pipes heat exchanger des-

cribed before. These parameters are: saturation pressu-

re during the evaporation process (1±̶²《╇やß̶±±やS©¹や°̶²Øや
of the refrigerant ( rß

‚ 《╇や ß̶±±や S©¹や
rate of water ( aß

‚
), temperature of 

water at the inlet of the heat exchan-

ger (Tea) and vapor quality at the in-

let of the heat exchanger (X). The 

output obtained from this input in-

formation is the heat transfer to the 

refrigerant ( e

r
Q
‚

). The Fortran 77 

code used for training and predic-

²ı©-や ²æ°©³ºæや ̶°²ıRªı̶œや -Ø³°̶œや -Ø²-
works was developed by Díaz 

〉ｲｰｰｰ《や ̶-Łや 1̶ªæØª©ま7Øº̶や 〉ｲｰｰｲ《や ı-や
the )½Ł°©-ıª±や-̶Æ of the University 

of Notre Dame. The training pro-

cess was made by adjusting the sy-

naptic weights and biases for the 
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ŁıTØ°Ø-²やµ̶œ³Ø±や©Œやı-¬³²や̶-Łや©³²¬³²やµ̶°ı̶ÆœØ±╆や5æØや-Ø³-

ral network was trained using the technique of back 

propagation, as described by Rumelhart et al. (1986). 

0-ªØや²æØやª©-Rº³°̶²ı©-や©Œや²æØや-Ø³°̶œや-Ø²¹©°øや¹̶±やªæ©-

±Ø-╇や²æØやR°±²や±²Ø¬や©Œや²æØや̶œº©°ı²æßや¹̶±や²æØや̶±±ıº-ßØ-²や
of initial synaptic weights and biases. The second step 

was to feed forward, that starts by feeding data for the 

R°±²やœ̶½Ø°や〉ı-¬³²やœ̶½Ø°《╆や5æ̶²やı-Œ©°ß̶²ı©-やı±や²°̶-±ŒØ°°ØŁや
forward to reach the nodes of the last layer (output la-

yer), and compared with the known output data to ge-

nerate an error. The third step was back propagation, in 

¹æıªæや̶-やØ°°©°やı±や®³̶-²ıRØŁやı-やØ̶ªæやœ̶½Ø°や̶-Łや-©ŁØやÆ½や
means of a sigmoid function, which is used later to 

change the synaptic weights and biases. The training 

process ended when the error in the last cycle decrea-

sed below an established threshold value.

/ı-Ø²ØØ-やŁıTØ°Ø-²や̶°²ıRªı̶œや-Ø³°̶œや-Ø²¹©°øやª©-Rº³-

rations were analyzed and compared to determine 

¹æıªæや¹̶±やÆØmØ°やŒ©°や¬°ØŁıª²ı©-や©Œや²æØ°ß̶œやÆØæ̶µı©°や©Œや
the evaporation process. Table 1 shows all the network 

ª©-Rº³°̶²ı©-±や²Ø±²ØŁ╆や5æØや-³ßÆØ°や©Œやœ̶½Ø°±や³±ØŁや¹̶±やｱ╇や
ｲや©°やｳ╇や¹ı²æや̶やŁıTØ°Ø-²や-³ßÆØ°や©Œや-©ŁØ±や¬Ø°やœ̶½Ø°╆や'©°や
Ø̶ªæや©-Øや©Œや²æØやｱｹやª©-Rº³°̶²ı©-±╇や²æØやßØ̶-やØ°°©°やµ̶œ³Øや
3╇や ²æØやß̶¼ıß³ßや Ø°°©°や ̶-Łや ²æØや ±²̶-Ł̶°Łや ŁØµı̶²ı©-や ゎや
were calculated while the number of training cycles 

was increased. The calculations were made with the fo-

llowing equations:
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Where e

r
Q
‚

 is the heat transfer determined from the expe- 

rimental data and p

r
Q
‚

 is the heat transfer predicted by 

²æØや̶°²ıRªı̶œや-Ø³°̶œや-Ø²¹©°ø╆や"Æ©³²やｷｵゾや©Œや²æØやｲｰｰやØ¼¬Ø-

rimental data were used to train every one of the neural 

-Ø²¹©°øや ª©-Rº³°̶²ı©-±╇や °Ø±Ø°µı-ºや ²æØや ©²æØ°や ｲｵゾや Œ©°や
comparison of the experimental results with the predic-

tion obtained from the neural network (for calculating 3 

̶-Łやゎや©ŒやØ̶ªæやª©-Rº³°̶²ı©-《╆や"±や ı-や1̶ªæØª©ま7Øº̶やet al. 

〉ｲｰｰｱ̶╇やｲｰｰｱÆ《╇や²æØやR-̶œやß©ŁØœや©Œや²æØや̶°²ıRªı̶œや-Ø³°̶œや-Ø²-
work was built with 100% of the available experimental 

data, because this allows for an optimum model in the 

range of the parameters. 

5æØや-³ßÆØ°や©Œや²°̶ı-ı-ºやª½ªœØ±や¹̶±やŁØR-ØŁやı-や²Ø°ß±や
of the minimum value of the maximum error and stan-

dard deviation. An example of the behavior observed is 

shown in Figure 8 for the case of the neural network 

5-11-1. From the observations of this and other cases 

not shown in the paper, it was concluded that after 

120,000 cycles the reduction of the error was negligible, 

and this number of training cycles was taken as the 

standard throughout this investigation.

8æıœØや ̶-̶œ½¾ı-ºや ²æØ±Øや ｱｹや ª©-Rº³°̶²ı©-±や ı²や ¹̶±や
¬©±±ıÆœØや ²©や ©Æ±Ø°µØや ²æ̶²や ²æØや ª©-Rº³°̶²ı©-や ¬°©¬©±ØŁや
Æ½や)Øªæ²や〉ｱｹｸｷ《╇や̶や±ı-ºœØやı-²Ø°ßØŁı̶²Øやœ̶½Ø°や¹ı²æやｲ-や┏や
ｱや-©ŁØ±╇や¹ı²æや-や└やｵや〉ª©-Rº³°̶²ı©-やｵまｱｱまｱ《や¹̶±や²æØやÆØ±²や
choice in terms of the standard deviation,  

3や└やｰ╆ｹｹｹｸや̶-Łやゎや└やｰ╆ｰｰｵｱ╆や)©¹ØµØ°╇や¹æØ-や±Ø̶°ªæı-ºや
Œ©°や ̶やß©°Øや °©Æ³±²やß©ŁØœ╇や ²æØ°Øや ̶°Øや ©²æØ°や ª©-Rº³°̶-

²ı©-±╇や ̶±や ª©-Rº³°̶²ı©-±や ｵまｵまｳまｱ╇や ｵまｶまｴまｱ╇や ｵまｵまｵまｱまｱや ½や
5-5-5-3-1, that are also very compe-

²ı²ıµØ╆や $©-Rº³°̶²ı©-や ｵまｵまｳまｱ╇や 3や └や
ｱ╆ｰｰｰｸや ̶-Łやゎや └や ｰ╆ｰｰｵｱや¹©³œŁや ÆØや ̶や
good second option.

Figure 9 shows the heat transfer 

obtained experimentally, e

r
Q
‚

 versus 

the prediction of the neural network 

5-11-1, p

r
Q
‚

 for each one of the 200 

experimental data. It can be seen 

Œ°©ßや²æØやRº³°Øや²æ̶²や²æØやØ¼¬Ø°ıßØ--

tal and predicted values are very 

close to the ideal straight line that 
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Internal layers $©-Rº³°̶²ı©- R ゎ Maximum error    (%)

1 5-1-1 0.9976 0.0156 7.13

1 5-3-1 0.9981 0.0074 5.44

1 5-5-1 0.9999 0.0052 2.49

1 5-7-1 1.0000 0.0052 2.56

1 5-9-1 1.0003 0.0052 2.50

1 5-11-1 0.9998 0.0051 2.46

1 5-13-1 0.9999 0.0053 2.48

2 5-1-1-1 0.9969 0.0182 7.18

2 5-3-1-1 0.9953 0.0093 2.92

2 5-5-1-1 0.9995 0.0055 2.62

2 5-5-3-1 1.0008 0.0052 2.53

2 5-5-5-1 0.9988 0.0057 2.70

2 5-6-4-1 0.9996 0.0054 2.48

3 5-1-1-1-1 0.9960 0.0206 7.31

3 5-3-1-1-1 1.0076 0.0217 6.69

3 5-5-1-1-1 0.9990 0.0053 2.84

3 5-5-3-1-1 0.9994 0.0053 2.63

3 5-5-5-1-1 0.9996 0.0059 2.58

3 5-5-5-3-1 0.9996 0.0056 2.55
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describes the perfect prediction. It is important to men-

tion that the error in the prediction is less than the 10% 

Ø±²̶Æœı±æØŁや̶±や̶やœıßı²やı-や²æØやRº³°Ø╇や̶-Łやß³ªæやœØ±±や²æ̶-や
the errors encountered in predictions obtained with co-

rrelations that use conventional prediction techniques. 

It is evident that neural networks are an excellent tool 

for prediction of the thermal performance of the evapo-

ration of a refrigerant inside a concentric pipes heat ex-

ªæ̶-ºØ°╆や-ı³や ̶-Łや8ı-²Ø°²©-や 〉ｱｹｹｱ《や¬°Ø±Ø-²ØŁや̶や ª©°°Øま 
lation which is one of the most accepted for prediction 

of heat transfer during evaporation of a refrigerant insi-

ŁØやS̶²や²³ÆØ±╇や̶-Łや²æØやßØ̶-やØ°°©°や°Ø¬©°²ØŁやı-や²æØやª©°°Ø-

lation is 30% when compared with their own data. In 

contrast, the maximum error obtained in the prediction 

of heat transfer in the evaporator with the optimal neu-

°̶œや-Ø²¹©°øやª©-Rº³°̶²ı©-や¹̶±やｲ╆ｶゾ╇や̶-Łや²æØやßØ̶-や®³̶-

Ł°̶²ıªやØ°°©°や¹̶±やｰ╆ｵｲゾ╆や"°²ıRªı̶œや-Ø³°̶œや-Ø²¹©°ø±や̶°Øや̶や
good option for prediction of heat transfer in evapora-

tors with errors of the same order of magnitude as the 

experimental uncertainty.

Conclusions

The physics involved in convective evaporation has in-

creased its complexity since the emergence of enhanced 

surfaces for evaporators and the change of refrigerants 

for others more environmentally friendly. For those 

reasons now it is even harder to have good correlations 

for prediction of the thermal performance of evapora-

tors, based on models that consider forced convection 

̶-ŁやS©©ŁØŁやØµ̶¬©°̶²ı©-や̶±や±Ø¬̶°̶²Øや¬æØ-©ßØ-̶╆
5æØや°Ø±³œ²±や©Æ²̶ı-ØŁやÆ½や³±ı-ºや²æØや²Øªæ-ı®³Øや©Œや̶°²ıR-

cial neural networks, as developed in this investigation, 

are encouraging. The prediction of heat transfer obtai-

ned in this work has a maximum error of 2.46% and a 

mean quadratic error of 0.51%, which is by far lower 

²æ̶-や²æØやｳｰゾや©Æ²̶ı-ØŁやÆ½や©²æØ°や̶³²æ©°±╇や̶±や-ı³や̶-Łや8ı--

terton (1991) that use conventional correlation techni-

®³Ø±╆や 5æØや ²Øªæ-ı®³Øや©Œや ̶°²ıRªı̶œや -Ø³°̶œや -Ø²¹©°ø±や ı±や ̶-や
excellent option for reliable and precise characterization 

of thermal systems where evaporation processes occur, 

such as in refrigeration and air conditioning units.
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