
 

 

Volume 8, Issue 21 e2024821 – January – December – 2024 
 

Journal of 
Technological 

Operations 

ISSN 2523-6806 



ECORFAN-Taiwan  
 

Editor in Chief 

Barrero-Rosales, José Luis. PhD 

 

Executive Director 

Ramos-Escamilla, María. PhD 

 

Editorial Director 

Peralta-Castro, Enrique. MsC 

 

Web Designer 

Escamilla-Bouchan, Imelda. PhD 

 

Web Designer 

luna-soto, Vladimir. PhD 

 

Editorial Assistant 

Rosales-Borbor, Eleana. BsC  

 

Philologist 

Ramos-Arancibia, Alejandra. BsC 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Journal of Technological Operations, 

Volume 8, Issue 21: e20241018 January - 

December 2024, is a Continuous publication – 

ECORFAN-Taiwan. Taiwan,Taipei. YongHe 

district, ZhongXin, Street 69. Postcode: 23445. 

WEB: www.ecorfan.org/taiwan, 

revista@ecorfan.org. Editor in Chief: Barrero-

Rosales, José Luis. PhD. ISSN: 2523-6806. 

Responsible for the last update of this issue of 

the ECORFAN Informatics Unit. Escamilla-

Bouchán Imelda, Luna-Soto, Vladimir, updated 

December 30, 2024. 

 

The views expressed by the authors do not 

necessarily reflect the views of the publisher. 

 

The total or partial reproduction of the contents 

and images of the publication without the 

permission of the National Institute for the 

Defense of Competition and Protection of 

Intellectual Property is strictly prohibited. 



 

 

Journal of Technological Operations 

 
Definition of Journal 

 

Scientific Objectives 

 

Support the international scientific community in its written production Science, Technology and 

Innovation in the Field of Engineering and Technology, in Subdisciplines production systems, 

mechanical properties, data transmission, process standardization, industrial engineering, composite 

materials, kinematic analysis, kinetic study, power generator, industrial and technological processes.. 

 

ECORFAN-Mexico SC is a Scientific and Technological Company in contribution to the Human 

Resource training focused on the continuity in the critical analysis of International Research and is 

attached to CONACYT-RENIECYT number 1702902, its commitment is to disseminate research and 

contributions of the International Scientific Community, academic institutions, agencies and entities of 

the public and private sectors and contribute to the linking of researchers who carry out scientific 

activities, technological developments and training of specialized human resources with governments, 

companies and social organizations. 

 

Encourage the interlocution of the International Scientific Community with other Study Centers in 

Mexico and abroad and promote a wide incorporation of academics, specialists and researchers to the 

publication in Science Structures of Autonomous Universities - State Public Universities - Federal IES - 

Polytechnic Universities - Technological Universities - Federal Technological Institutes - Normal 

Schools - Decentralized Technological Institutes - Intercultural Universities - S & T Councils - 

CONACYT Research Centers. 

 

Scope, Coverage and Audience 

 

Journal of Technological Operations is a Research Journal edited by ECORFAN-Mexico S.C in its 

Holding with repository in Taiwan, is a scientific publication arbitrated and indexed with semester 

periods. It supports a wide range of contents that are evaluated by academic peers by the Double-Blind 

method, around subjects related to the theory and practice of production systems, mechanical properties, 

data transmission, process standardization, industrial engineering, composite materials, kinematic 

analysis, kinetic study, power generator, industrial and technological processes with diverse approaches 

and perspectives, That contribute to the diffusion of the development of Science Technology and 

Innovation that allow the arguments related to the decision making and influence in the formulation of 

international policies in the Field of Engineering and Technology. The editorial horizon of ECORFAN-

Mexico® extends beyond the academy and integrates other segments of research and analysis outside 

the scope, as long as they meet the requirements of rigorous argumentative and scientific, as well as 

addressing issues of general and current interest of the International Scientific Society. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Editorial Board 
 

Mayorga - Ortiz, Pedro. PhD  

Institut National Polytechnique de Grenoble  

 

Dector - Espinoza, Andrés. PhD  

Centro de Microelectrónica de Barcelona 

 

Castillo - López, Oscar. PhD  

Academia de Ciencias de Polonia 

 

Hernandez - Escobedo, Quetzalcoatl Cruz. PhD 

Universidad Central del Ecuador 

 

Fernandez - Zayas, José Luis. PhD   

University of Bristol   

 

Herrera - Diaz, Israel Enrique. PhD  

Center of Research in Mathematics  

 

Nazario - Bautista, Elivar. PhD 

Centro de Investigacion en óptica y nanofisica 

 

Cercado - Quezada, Bibiana. PhD  

Intitut National Polytechnique Toulouse 

 

Carbajal - De La Torre, Georgina. PhD 

Université des Sciencies et Technologies de Lille  

 

Ayala - García, Ivo Neftalí. PhD 

University of Southampton 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Arbitration Committee 
 

Cortez - González, Joaquín. PhD  

Centro de Investigación y Estudios Avanzados 

 

Cruz - Barragán, Aidee. PhD 

Universidad de la Sierra Sur 

 

Castillo - Topete, Víctor Hugo. PhD 

Centro de Investigación Científica y de Educación Superior de Ensenada 

 

González - López, Samuel. PhD 

Instituto Nacional de Astrofísica, Óptica y Electrónica 

 

Castañón - Puga, Manuel. PhD 

Universidad Autónoma de Baja California  

 

Arroyo - Figueroa, Gabriela. PhD 

Universidad de Guadalajara 

 

González - Reyna, Sheila Esmeralda. PhD 

Instituto Tecnológico Superior de Irapuato  

 

Barron, Juan. PhD 

Universidad Tecnológica de Jalisco 

 

Arredondo - Soto, Karina Cecilia. PhD  

Instituto Tecnológico de Ciudad Juárez 

 

Baeza - Serrato, Roberto. PhD 

Universidad de Guanajuato  

 

Bautista - Santos, Horacio. PhD 

Universidad Popular Autónoma del Estado de Puebla 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Assignment of Rights 

 

The sending of an Article to Journal of Technological Operations emanates the commitment of the author 

not to submit it simultaneously to the consideration of other series publications for it must complement 

the Originality Format for its Article. 

 

The authors sign the Authorization Format for their Article to be disseminated by means that ECORFAN-

Mexico, S.C. In its Holding Taiwan considers pertinent for disclosure and diffusion of its Article its 

Rights of Work. 

 

Declaration of Authorship 

 

Indicate the Name of Author and Coauthors at most in the participation of the Article and indicate in 

extensive the Institutional Affiliation indicating the Department. 

 

Identify the Name of Author and Coauthors at most with the CVU Scholarship Number-PNPC or SNI-

CONACYT- Indicating the Researcher Level and their Google Scholar Profile to verify their Citation 

Level and H index. 

 

Identify the Name of Author and Coauthors at most in the Science and Technology Profiles widely 

accepted by the International Scientific Community ORC ID - Researcher ID Thomson - arXiv Author 

ID - PubMed Author ID - Open ID respectively. 

 

Indicate the contact for correspondence to the Author (Mail and Telephone) and indicate the Researcher 

who contributes as the first Author of the Article. 

 

Plagiarism Detection 

 

All Articles will be tested by plagiarism software PLAGSCAN if a plagiarism level is detected Positive 

will not be sent to arbitration and will be rescinded of the reception of the Article notifying the Authors 

responsible, claiming that academic plagiarism is criminalized in the Penal Code. 

 

Arbitration Process 

 

All Articles will be evaluated by academic peers by the Double Blind method, the Arbitration Approval 

is a requirement for the Editorial Board to make a final decision that will be final in all cases. MARVID® 

is a derivative brand of ECORFAN® specialized in providing the expert evaluators all of them with 

Doctorate degree and distinction of International Researchers in the respective Councils of Science and 

Technology the counterpart of CONACYT for the chapters of America-Europe-Asia- Africa and Oceania. 

The identification of the authorship should only appear on a first removable page, in order to ensure that 

the Arbitration process is anonymous and covers the following stages: Identification of the Research 

Journal with its author occupation rate - Identification of Authors and Coauthors - Detection of plagiarism 

PLAGSCAN - Review of Formats of Authorization and Originality-Allocation to the Editorial Board- 

Allocation of the pair of Expert Arbitrators-Notification of Arbitration -Declaration of observations to 

the Author-Verification of Article Modified for Editing-Publication. 

 

Instructions for Scientific, Technological and Innovation Publication 

 

Knowledge Area 

 

The works must be unpublished and refer to topics of production systems, mechanical properties, data 

transmission, process standardization, industrial engineering, composite materials, kinematic analysis, 

kinetic study, power generator, industrial and technological processes and other topics related to 

Engineering and Technology. 

 

  

http://www.ecorfan.org/pdf/Originality%20Format-Formato%20de%20Originalidad_2.pdf
http://www.ecorfan.org/pdf/Authorization%20Form-Formato%20de%20Autorizacion_2.pdf
http://www.marvid.org/


 

 

Content of Presentation 
 

In the first article we present Change phase materials: Wax Paraffin encapsulated in SiO2 and SiO2-

Fe3O4, by Salazar-Hernández, Carmen, Salazar-Hernández, Mercedes, Villegas-Alcaraz, José Francisco 

and Mendoza-Miranda, Juan Manuel, with adscription in the Instituto Politécnico Nacional, UPIIG and 

Universidad de Guanajuato, as second article we present Optical fiber encoder based on phase shifting 

interferometry, by López-Álvarez, Yadira Fabiola, Peña-Lecona, Francisco Gerardo, Muñoz-Maciel, 

Jesús and Rodríguez-Franco, Martín Eduardo, with secondment at Universidad de Guadalajara, 

CULagos(EPM) and Universidad Tecnológica del Norte de Aguascalientes, as third article we present 

Design and simulation of a suspension system for a four-wheeled HPV, by Contreras-Chávez, Axel A., 

Pérez-Cruz, Melissa Y., Villagómez-Moreno, José and Manríquez-Padilla, Carlos G, from Universidad 

Autónoma de Querétaro, as fourth article we present Theoretical comparison of two shell-and-tube heat 

exchangers by applying different correlations, by Huerta-Gamez, Hector, Hortelano-Capetillo, J. 

Gregorio, Zuñiga-Cerroblanco, J. Luis and Aguilar-Moreno, A. Alberto with assignment at the 

Universidad Politécnica de Juventino Rosas as last article we present Grid-interconnected photovoltaic 

system as an alternative to achieve climate neutrality through the energy transition, by Marroquín de 

Jesús Ángel, Castillo-Martínez, Luz Carmen, Soto-Álvarez, Sandra and Olivares-Ramírez, Juan Manuel 

with assignment at the Universidad Politécnica de Juventino Rosas.  



 

 

Content 
 

Article 
 

Page 

 

Change phase materials: Wax Paraffin encapsulated in SiO2 and SiO2-Fe3O4  

Salazar-Hernández, Carmen, Salazar-Hernández, Mercedes, Villegas-Alcaraz, José 

Francisco and Mendoza-Miranda, Juan Manuel 

Instituto Politécnico Nacional, UPIIG 

Universidad de Guanajuato  

 

 

1-7 

Optical fiber encoder based on phase shifting interferometry 

López-Álvarez, Yadira Fabiola, Peña-Lecona, Francisco Gerardo, Muñoz-Maciel, Jesús 

and Rodríguez-Franco, Martín Eduardo 

Universidad de Guadalajara, CULagos(EPM) 

Universidad Tecnológica del Norte de Aguascalientes 

1-8 

  

Design and simulation of a suspension system for a four-wheeled HPV 

Contreras-Chávez, Axel A., Pérez-Cruz, Melissa Y., Villagómez-Moreno, José and 

Manríquez-Padilla, Carlos G 

Universidad Autónoma de Querétaro 

1-8 

 

Theoretical comparison of two shell-and-tube heat exchangers by applying different 

correlations 

Huerta-Gamez, Hector, Hortelano-Capetillo, J. Gregorio, Zuñiga-Cerroblanco, J. Luis and 

Aguilar-Moreno, A. Alberto 

Universidad Politécnica de Juventino Rosas 

 

1-11 

 

Grid-interconnected photovoltaic system as an alternative to achieve climate 

neutrality through the energy transition 

Marroquín de Jesús Ángel, Castillo-Martínez, Luz Carmen, Soto-Álvarez, Sandra and 

Olivares-Ramírez, Juan Manuel 

Universidad Politécnica de Juventino Rosas 

 

1-12 

 

 

 
  



1 

Journal of Technological Operations                                                                8[21]1-7: e1821107 

Article 
 

 

Change phase materials: Wax Paraffin encapsulated in SiO2 and SiO2-Fe3O4 

 

Materiales de cambio de fase: Parafina encapsulada en SiO2 y SiO2-Fe3O4 
 

Salazar-Hernández, Carmena, Salazar-Hernández, Mercedesb, Villegas-Alcaraz, José Franciscoc and 

Mendoza-Miranda, Juan Manuel*d  
 
a  Instituto Politécnico Nacional, UPIIG •  D-4418-2019 •  0000-0002-6901-2937  
b  Universidad de Guanajuato, Departamento de Ingeniería en Minas, Metalurgia y Geología •  LTF-1226-2024,  

0000-0001-8039-8124 •  446271 
c  Instituto Politécnico Nacional. ESIME-Culhuacán •  ADK-2213-2022 •  0000-0002-6353-6094 •  289065 
d  Instituto Politécnico Nacional, UPIIG •  LTF-7054-2024 •  0000-0003-4777-767X •  295057 

 

 

CONAHCYT classification:  

 
Area: Engineering 

Field: Engineering 

Discipline: Mechanical Engineering 

Subdiscipline: Materials engineering 

 https://doi.org/10.35429/JTO.2024.8.21.1.7 
History of the article: 

Received: September 19, 2024 

Accepted: December 30, 2024 
 

*  [jmendozami@ipn.mx]

 

Abstract  

 
Energy storage has become an essential aspect of modern energy 

processes, with a particular focus on enhancing the performance of 

thermal devices such as lithium batteries, which are widely regarded as a 

key technology in the transition to electric vehicles. In instances where 

the placement of heat removal systems is necessary to prevent the device 

from heating up, this paper study the storage capacity of a bioorganic 

phase-change material (PCM) encapsulated in silica nanoparticles. This 

PCM is obtained from sodium silicate (MS) and its modification with 

magnetite (MS-Fe3O4). The PCM was integrated into the silica matrix 

through impregnation, and infrared spectroscopy demonstrated the 

presence of its primary functional groups. Furthermore, thermal 

characterization curves were obtained, indicating a significant impact on 

the temperature holding time when the PCM was absorbed into the silica 

matrix modified with magnetite. 

 

 
 
PCM; SiO2; SiO2/Fe3O4; energy 

 

Resumen  
 

El almacenamiento de energía es vital para mejorar diferentes procesos 

energéticos entre los cuales se encuentran la mejora de dispositivos 

térmicos como son las pilas de litio empleadas en los autos eléctricos. 

Donde se requiere colocar sistemas removedores de calor para evitar el 

calentamiento del dispositivo, es por ello que en este proyecto se propone 

estudiar la capacidad de almacenamiento de un PCM bio-orgánico 

encapsulado en nanopartículas de sílice, obtenidas a partir de silicato de 

sodio (MS) y su modificación con magnetita (MS–Fe3O4). El PCM se 

integró a la sílice por impregnación y la espectroscopia de infrarrojo 

indicó la presencia de los principales grupos funcionales de éste; por otra 

parte, se obtuvieron las curvas de caracterización térmica observando un 

efecto en el tiempo de sostenimiento de temperatura cuando se absorbe 

el PCM en la sílice modificada con la magnetita. 
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Introduction 

 

Lithium batteries have transformed numerous 

industries, including consumer electronics and 

electric vehicles, due to their high energy density 

and rechargeability. However, they are subject to 

several challenges, with temperature rise being 

one of the most significant. When a lithium 

battery is overheated, it may experience several 

adverse effects that compromise its performance 

and safety. One of the most serious 

consequences is the accelerated deterioration of 

internal components, including electrolytes and 

electrodes. This can result in a reduction in 

storage capacity and an overall decrease in 

battery lifespan, Oró (2012), Villasmil (2019), 

Mohammadian (2017), Rao (2011), Jeon (2011). 

 

As illustrated in Figure 1, the lithium-ion 

battery (LIB) is constructed according to the 

configuration of an electrochemical cell, 

comprising a cathode and anode separated to 

prevent a short circuit. The cathode (positive 

charge) is composed of lithium oxide (Li2O) and 

varying quantities of transition metals 

(specifically, nickel, Ni; magnesium, Mg; and 

cobalt, Co). In contrast, the anode (negative 

charge) is formed of graphite. The transfer of 

electrons occurs from the anode to the cathode.  

 

The anode is connected to the cathode via 

an electrolyte medium, which facilitates the 

transfer of charge carriers, namely Li+ ions, 

dissolved in an aprotic medium, such as diethyl 

carbonate or conductive polymers, including 

polyvinylidene fluoride (PVDF) and polyvinyl 

fluoride (PVP). 

 

Box 1 
 

 
 

Figure 1 

Operation of a lithium-ion battery (LIB) 
 

The flow of electrons from the anode to 

the cathode is responsible for producing the 

battery voltage. The movement of Li+ ions 

through the electrodes maintains equilibrium 

between the external current and the system, 

ensuring that the positive charge of the Li+ ions 

does not neutralize the external charge 

(Mohammadian 2017). 

 

One of the limitations of this energy 

storage system is the generation of heat during 

the charging and discharging cycle of the LIB, 

which, if not adequately managed, can cause 

damage to some components within a relatively 

short time frame. Furthermore, if the 

temperature rises to the point of melting the 

lithium (180°C), the metal will be subject to an 

exothermic reaction and will explode. Such 

temperatures can be reached in high-voltage 

storage systems. This requires the 

implementation of temperature regulation 

systems (60-85°C) (Rao 2011), such as phase 

change materials (PCM), which possess a high 

latent heat (melting or boiling) or sensible heat 

and are used as thermal energy storage (Jeon 

2011). 

 

Therefore, these materials have been 

using as prospective new energy storage systems, 

specifically in the context of thermal energy 

storage (TES). Figure 2 shows the storage 

principle, which involves the absorption of 

energy by the material, followed by its release 

upon a change in temperature. 

 

 This release may occur as latent or 

sensible heat. The storage of energy using 

sensible heat (Q=Cp∆T) requires that the 

material possess a high Cp value. The quantity 

of energy that can be stored is dependent upon 

the temperature differential (∆T) to which the 

PCM is subjected.  

 

Therefore, the temperature of both the 

storage and the energy release are not constant. 

However, storage through latent heat (phase 

change) occurs at the temperature at which the 

phase change of matter (solid-liquid; solid-gas; 

liquid-gas; liquid-gas) is generated, which 

occurs at a constant temperature or in a very 

limited temperature range for all materials (Jeon 

2011, Hussain 2016). 
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Box 2 
 

 
 

Figure 2 

Operation of PCM as an energy storage device 

[5,6] 

 
Consequently, the aim of this project is to 

investigate the potential of kerosene wax as a 

temperature controller for a LIB (Figure 3). The aim 
is to determine the ability to control the temperature 

of the system at 60°C. To improve the stability of the 

PCM, it is encapsulated in three different systems. 
The materials under consideration are magnetite (a 

thermal conductor), mesoporous silica (a thermal 

insulator), and silica modified with magnetite (a 
hybrid material). 
 

Box 3 
 

 
Figure 3 

Plan for obtaining a temperature controller for 

lithium-ion batteries (LIB) 
 

Experiments 

 

To implement the analysis, a series of steps were 

undertaken to identify an appropriate material 

for the temperature controller function. Figure 4 

shows the general methodology developed for 

this project. Stage 1 involved encapsulating the 

PCM in SiO₂, Fe₃O₄, and SiO₂/Fe₃O₄ systems. 

Stage 2 required adapting the equipment to 

obtain data. Stage 3 focused on thermal 

characterization of the materials, with results 

presented in graphical form for comparison. 

Box 4 
 

 
 

Figure 4 

General project methodology 

 

Magnetite synthesis and characterization 

 

The synthesis of magnetite was conducted via 

precipitation techniques, in accordance with the 

conditions set forth in Equation 1, with a 

2Fe³⁺:Fe²⁺ ratio. In a 250-ml flask, 5.27 g of 

FeSO4 and 2.7 g of FeCl3 were dissolved in 200 

ml of water under constant stirring. The pH was 

then adjusted to 10–11 with NH4OH, and the 

system was placed at reflux for 24 hours. At the 

conclusion of the specified period, the magnetite 

was retrieved through filtration and subjected to 

a 12-h drying process at 75°C. The magnetite 

was subjected to powder XRD analysis, which 

was conducted on a Rigaku Ultima IV X-ray 

diffractometer. 

2FeCl3 +  FeSO4  +  8NH4OH → Fe3O4  +
 (NH4)2SO4 + 6NH4Cl + 4 H2O (1) 

 

Magnetite MS synthesis and modification 

 

The synthesis of mesoporous silica materials 

was conducted using sodium silicate and P–123 

as a molecular sieve, according to the 

methodology proposed by Salazar et al. 

(Salazar-Hernández 2020). Silicic acid is 

obtained and aged for 24 h, then used as a 

precursor in the formation of the inorganic 

network. The magnetite is anchored in the silica 

by modifying it with amino groups. Finally, 

0.167 moles of the mesoporous silica are 

suspended in 100 mL of ethanol. A solution of 

0.0416 moles of the modifying agent 3–

aminopropyltrimethoxysilane (90%, Aldrich) 

was prepared, and 1 mL of NH₄OH was added.  
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The system was then subjected to reflux 

for 24 h. At the conclusion of this period, the 

solid was recovered and washed with two 

portions of 10 mL of ethanol and 10 mL of 

acetone. It is then subjected to a 12 h drying 

process at 75°C in an oven. The anchoring of the 

magnetite in the modified silicas was conducted 

by placing 1 g of the synthesized Fe₃O₄ under 

reflux with 10 g of MS-NH₂ for 12 h. Then, the 

material was recovered by filtration and dried at 

70°C for 12 h. 

 

Wax paraffin encapsulation 

 

The PCM used was wax paraffin (99%; Aldrich) 

with a melting point between 58 and 60 °C. The 

encapsulation process was conducted via 

impregnation (Figure 5), employing the 

quantities specified in Table 1. The PW was 

placed in a boiling flask and heated until 

complete melting occurred. Then, the 

encapsulant was added and mixed 

homogeneously, and the mixture was allowed to 

cool to room temperature. 

 

Box 5 
 

 
 

Figure 5 

Impregnation method of PCM in 

encapsulation systems 

 

Box 6 
Table 1 

Aggregate of PCM added to each encapsulator 

 

PCM (g) 0.05 0.1 0.2 

% weight 10 20 40 

 

 

Thermal characterization 

 

To obtain the data from the various samples, an 

experimental setup will be designed in 

accordance with the specifications depicted in 

Figure 6. This setup is intended to facilitate 

temperature measurements, which will be 

conducted on the different PCM encapsulations.  

 

 

The measurements will be conducted 

with the use of a PID thermometer. To ensure 

accurate temperature control, a REX-100 

thermostat will be employed as the heat source.  

 

The thermostat will enable the regulation 

of the temperature supplied via a resistor 

connected to the thermometer. This 

experimental approach will provide the 

controlled conditions necessary for the accurate 

and systematic measurement of the thermal 

behavior of the encapsulated PCMs. 

 

Box 7 
 

 
 

Figure 6 

Apparatus for thermal characterization. 

 

 

Results 

 

PCM impregnation in encapsulators 

 

The encapsulation method used was simple 

impregnation. Figure 7a shows the infrared 

spectra for the wax paraffin, which presents 

signals corresponding to a C–H hydrocarbon at 

2900 cm–1,  and 1400 cm–1, . Additionally, the 

spectra identify a C=C at 680 cm–1. While the 

MS shown signals corresponding to the 

inorganic network, specifically Si–O–Si at 1100 

and 780 cm–1, as well as a shoulder at 980 cm–1, 

which is associated with Si–OH. Magnetite is 

not active in the infrared, therefore, in the MS 

modification with magnetite, only a broadening 

of the Si–O–Si band (1100 cm–1) is observed. 

Figure 7b shows the diffractogram for magnetite, 

in which the characteristic planes were identified. 

These are 2 at 30.1, 35.4, 43.1, 54.5, 57.6, and 

62°, which correspond to magnetite according to 

Mohammadi et al. (Mohammadi [2021]). 
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Box 8 
 

(a) 

 
(b) 

 
 

Figure 7 

Base materials (a) Infrared spectra for 

encapsulators and PCM (b) XRD for 

magnetite 

 

Figure 8a shows the magnetite modified 

with PCM, wherein all the corresponding signals 

for the hydrocarbon (PW) and a broad band of 

700–1100 cm–1, indicative of the interaction of 

Fe3O4 with paraffin, are observed. Furthermore, 

the solid formed with low (1:0.2) and high (1:2) 

concentrations of PCM solid pastes were 

obtained. In contrast, mesoporous silica (Figure 

8b) forms powder-type solids at low PCM 

concentrations (1:0.5), granulated solids at 1:1 

concentration, and pastes at 1:2 concentrations.  

 

The intensity of the PW signals increases 

with increasing PW content in the material, 

reaching a maximum at the 1:2 concentration 

(Figure 8c). For MS-magnetite, the PW forms a 

granular solid at a concentration of 1:0.5, while 

a paste was observed at the other two 

concentrations, 1:1 and 1:2, respectively. In the 

spectra for the 1:0.5 concentration, the intensity 

of the silica and PW signals is relatively similar.  

 

However, at a concentration of 1:1, the 

PW signals show a clear predominance in 

intensity. 

 

 

 

 

Box 9  
 

(a) 

 
(b) 

 
(c) 

 
Figure 8 

Encapsulation of PCM. (a) Paraffin Wax (b) 

Magnetite (c) Mesoporous Silica (MS) 

 

Thermal characterization 

 

Once the PW has been successfully melted, it 

forms a cover on the vessel and is unable to 

recover its initial volume (Figure 9a). This 

behavior has also been observed with magnetite 

as an encapsulator. However, in the case of MS 

and MS-magnetite, the volumes remain constant.  

 

As shown in Figure 9b, the wax paraffin 

is heated to reach 60°C. This temperature was 

reached in 761 seconds (12.68 minutes) in the 

PW and in 792 seconds (13.2 minutes) in the 

magnetite with 20% PW (1:0.2). After this point, 

the temperature begins to increase, rising by 1°C. 

This is due to the conductive capacity of 

magnetite (Fe₃O₄). The 1:2 mixture exhibited a 

higher heat adsorption rate, reaching 60°C at 418 

seconds (6.97 minutes).  
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Following this, the temperature was 

maintained at a range of 1–2°C above 60°C, with 

minor fluctuations. 

 

Box 10 
 

(a) 

 
(b) 

 
(c) 

 
(d) 

 
 

Figure 9 

Thermal behavior (a) PCM volume change by the 
heating-cooling cycle (b) Thermal load curve of 

PCM encapsulated in Fe3O4 (c) Thermal load 

curve of PCM encapsulated in MS (d) Thermal 
load curve of PCM encapsulated in MS-Fe3O4. 

 

Mesoporous silica behaves as a thermal 

insulator (characterized by low thermal 

conductivity), preventing the temperature from 

reaching 60°C. Consequently, at a ratio of 1:0.5 

(Figure 9c), the temperature difference was 

observed to be 1.39–5 °C. At a ratio of 1:1, the 

temperature difference was 2–5°C, while at a 

ratio of 1:2, the temperature difference was 1–2 

°C. The behavior of silica encapsulated with 

magnetite exhibited a hybrid character between 

that of a conductor and a thermal insulator, with 

a ΔT of less than ±0.5°C (Figure 9d). 

Conclusions 

 

The results of the infrared spectroscopy 

characterization indicate that the modification of 

silica with magnetite enhances the adsorption of 

PCM on the solid surface, as evidenced by the 

observed hybrid behavior between the insulator 

(SiO₂) and conductor properties of the magnetite. 
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Abstract  
 
In an automated industrial system monitoring and controlling the position 

of moving objects represents a crucial element in processes that have 

rotating systems.This is regularly in robots that use internal sensors to 

monitor the position of their joints. In this work we present the study of 

an optical encoder based on a Mach Zehnder interferometer. To 

determine the phase, the Phase Shift Interferometry algorithm was use, 

using five steps. The optical fiber encoder used the rotation matrix, and 

the results were correlated with those obtained by the optical technique, 

the reported behavior shows a wide similarity between the optical 

encoder and the simulated. The experimental design showed a 

differential distance of 0.0452 rad between the initial and that obtained 

after deformation. We report an encoder capable of recovering the initial 

phase, showing a difference in the correlation of 0.0000925 u.a. 

 
Optical fiber encoder based on phase shifting interferometry.  

 

Objective 

Demonstrate 

the 

interferometri

c encoder 

capability. 

Check the 

sensor 

behavior 

demonstrated 

by simulation. 

Methods 

Optical technique: Phase 

shifting interferometry. 

Use of optical fiber 

interferometer as transducer. 

Experimental design 

Mach-Zehnder interferometer 

 
 

Results 

The encoder is highly 

robust, capable of 

recovering its initial phase, 

with a differential distance 

of 0.0452 rad. 

 

 

Optical encoder, optical fiber, Mach Zehnder 

interferometer 

 

 

Resumen 

 
En un sistema industrial automatizado el monitoreo y control de la 

posición de objetos en movimiento representa un elemento importante en 

los procesos que cuentan con sistemas giratorios. Esto se presenta con 

regularidad en los robots que utilizan sensores internos para monitorear 

la posición de sus articulaciones. En este trabajo presentamos el estudio 

de un encoder óptico a base de un interferómetro Mach Zehnder. Los 

resultados se analizaron utilizando la técnica de interferometría por 

desplazamiento de fase de cinco pasos. El encoder de fibra óptica se 

simuló a través de la matriz de rotación y los resultados se 

correlacionaron con los obtenidos por la técnica óptica de cinco pasos, 

mostrando un comportamiento en la fase óptica similar. El diseño 

experimental mostro una distancia diferencial de 0.0452 rad entre la fase 

inicial y la obtenida después de la deformación, el encoder mostrado fue 

capaz de recuperar la fase inicial, mostrando una diferencia en la 

correlación de 0.0000925 u.a. 

 
Optical fiber encoder based on phase shifting interferometry.  

 

Objetivo  

Demostrar la 

capacidad de 

encoder 

interferométrico. 

Comprobar el 

comportamiento 

del sensor 

mostrado 

mediante 

simulación. 

 

 

Metodología 

Técnica óptica: Phase shifting 

interferometry. 

Uso de interferómetro de fibra 

óptica como transductor. 

Diseño experimental   

Interferómetro Mach-Zehnder 

 

 

 
 

Resultados  

Se muestra encoder 

con alta robustez, es 

capaz de recuperar su 

fase inicial, con una 

distancia diferencial 

de 0.0452 rad 

 

 

     

 

Encoder óptico, fibra óptica, Interferómetro Mach 

Zehnder
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Introduction 

 

The development of systems for measuring 

physical variables, such as rotation, has 

applications in the automotive, marine and 

aerospace industries [1,2]. The first mechanical 

devices to record the angular changes of an 

object are reported as gyroscopes [3]; later, 

electromechanical devices such as the encoder 

emerged. However, technological advances 

force such devices to present greater advantages 

over everyday mechanical and 

electromechanical instruments, so the 

implementation and development of optical 

sensors has been increasingly accepted [4]. 

 

 An encoder can be linear or angular, 

depending on the application; they base their 

operation on changing codes depending on the 

angle of rotation of the object and can provide a 

measurement with nanometric resolution, they 

are used in a wide range of control systems, 

manufacturing, robots, among many others [5-9]. 

Among the techniques for the use of optical 

encoders, the phase recovery of two wavefronts 

through cross-correlation techniques, diffraction 

and polarisation, these techniques have been 

able to recover the phase and correlate with 

angles of 0.031 degrees, other studies have 

proposed the measurement in a range of 18 

degrees, even measurements have been made 

with 100 degrees, obtaining an accuracy of 0.2 

degrees [10-16]. 

 

On the other hand, the advances in the 

field of interferometric encoders based on 

optical fibre compared to optical encoders is 

their high resolution, a construction focused 

directly on the robustness of the transducer, 

electromagnetic immunity, high sensitivity and 

its measurement is non-destructive, allowing its 

incorporation in systems where space is reduced, 

Its operating principle is based on the 

modulation of light by means of the length of the 

optical fibre and considering the output response 

of the sensor, monitoring the disturbance at a 

single point of the fibre and obtaining a 

correlation with the phase, amplitude, frequency 

and polarisation. However, to obtain an 

interferometric signal it is necessary to use 

optical arrays called interferometers, among 

these are Sagnac, Fabry-Perot and Mach-

Zehnder, their difference lies in the ranges of 

measurement of the displacements caused by the 

induced deformation.  

If, in addition to using interferometric 

systems, the use of fibre optics is incorporated, 

what would be obtained is a device that is not 

dependent on environmental changes and 

external vibrations [20-27]. 

 

Despite the advances that have been 

made so far, having a robotic system that works 

and is monitored 360 degrees can be a 

complicated task, due to the type of sensors that 

are being used, even the mechanical design itself 

can mean a limitation in the working range of the 

robot, this fact makes it necessary to add links to 

the robotic system, as well as specialised sensors, 

involving a high monetary cost. 

 

Another problem presented in the 

navigation of robotic systems is their localisation, 

both in the uncertainty of estimating the position 

of a robot, as well as in the accumulated error in 

its movement [28 ,8], due to this, the use of an 

encoder capable of monitoring the complete 

rotation of a robotic joint functioning directly as 

a transducer, that can provide fast and reliable 

localisation of the system, that works in hostile 

environments, with high precision, repeatability 

in measurement, with a reduced size and that 

also helps new designs of reliable instruments, 

are the reasons for the study of the behaviour of 

a fibre optic encoder based on interferometry. 

 

The main contribution of this work lies in 

showing an interferometric encoder capable of 

measuring full angular movements without 

restrictions, recovering its initial position, as 

well as verifying the behaviour of the sensor 

shown by simulation. The interferometer 

encoder shows high measurement stability, high 

repeatability, low differential distance 

(hysteresis) and low cost; it is conditioned 

according to the ranges of rotation, due to the 

characteristics of the rotating mechanical 

element. It can be used in robotic systems, as its 

design characteristics allow it to monitor 360 

degrees of joint rotation. 

 

Methodology 

 

Model development 

 

When light propagates through an optical fibre, 

it is required that the wave equation and 

Maxwell's equations are satisfied, obtaining an 

electromagnetic field pattern transverse to the 

direction of propagation [29,30].  
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If the intensity at the output of the optical 

fibre is directly linked to the field distribution, it 

can be expressed by equation 1. 

 

𝐼𝑖(𝑥, 𝑦) = 𝐴(𝑥, 𝑦) + 𝐵(𝑥, 𝑦) cos(𝜑(𝑥, 𝑦)  [1] 

 

Where A, B and 𝜑, are the background 

intensity, intensity modulation and phase, 

respectively. If the intensity detected by a sensor 

shows disturbances, Equation 1 shall be 

modified in the cosine argument by the term 𝛼𝑓, 

equation 2. 

 

𝐼𝑓(𝑥, 𝑦) = 𝐴(𝑥, 𝑦) + 𝐵(𝑥, 𝑦) cos(𝜑(𝑥, 𝑦) + 𝛼𝑓)  [2] 

 

The difference between the two intensity 

states 𝐼𝑖 and 𝐼𝑓, the initial and final, respectively, 

result in a geometrical arrangement known as 

interference fringes, with spatial coordinates (x, 

y), these stripes are reciprocal to the two states 

of deformation, as the deformation of the object 

changes, so does the distribution of these stripes. 

The absolute value of the difference between 𝐼𝑖 

and 𝐼𝑓, can be written as follows: 

 

|𝐼𝑓 − 𝐼𝑖| = 𝐼𝑀|cos 𝜑𝑓 − cos 𝜑𝑖|   [3] 

 

To monitor the system disturbances, it is 

necessary to perform an analysis of the 

geometrical distribution of the interference 

fringes, as well as the extraction of the phase 

resulting from these two deformation states. 

 

The demodulation of these interference 

fringes results in the characteristic parameters of 

the measurement; filtering and phase 

unwrapping are necessary [31]. 

 

One of the most widely used techniques 

that shows great acceptability is Phase shifting 

interferometry, in which a series of 

interferograms with phase differences is 

recorded, as shown in equation 2. To perform the 

phase reconstruction process, in general, 

algorithms are applied with a combination of the 

interferograms; the analysis can be done with 

interferograms [32] 

 

                       𝑡𝑎𝑛𝜑 =
∑ 𝑏𝑛𝐼𝑛

𝑀
𝑛=1

∑ 𝑎𝑛𝐼𝑛
𝑀
𝑛=1

                     [4] 

 

With 𝑎𝑛 and 𝑏𝑛, as real coefficients. 

 

 

To obtain the pase 𝜑, con the phase shift 

technique, it was considered that the optical path 

shift is determined by equation 5 where θ is 

given in intervals of 
𝜋

2
. 

 

𝑅(𝑧̂, 𝜃) = (
𝑥̂ cos 𝜃 − 𝑦̂ sin 𝜃
𝑥̂ sin 𝜃 + 𝑦̂ cos 𝜃

𝑧̂

)  [5] 

 

Taking five interferograms with [33,34]: 

 

𝛼𝑓1 = 𝑥̂ cos 𝜃 − 𝑦̂ sin 𝜃    [6] 

𝛼𝑓2 = 𝑥̂ sin 𝜃 + 𝑦̂ cos 𝜃    [7] 

  

Using trigonometric identities we arrive 

at the wrapped phase equation with five 

interferograms given by [35]: 

 

𝜑𝑤 = tan−1 (
2(𝐼3(𝑥,𝑦)−𝐼1(𝑥,𝑦))

𝐼4(𝑥,𝑦)+𝐼0(𝑥,𝑦)−2𝐼2(𝑥,𝑦)
)   [8] 

 

Finally, the method for unwrapping the 

phase consists of modifying ±2π to the pixel 

being unwrapped. 

 

Development of experiments 

 

For the development of the encoder, a 

Mach Zehnder interferometer based on single 

mode fibre optics was built, Figure 1. A Helium-

Neon laser light source at 632.8 nm and a 

microscope objective at 20X was used. 

 

Box 1 
 

 
Figure 1 

Mach-Zehnder interferometer for interferometric 

encoder (a) Source, (b) Beamsplitter, Fibre optics: (c) 

Reference, (d) External disturbance and (e) CCD 

Own elaboration 

 

Experimental results 

  

A set of interferograms with a phase difference 

of π/2 were obtained, Figure 2 shows the 

interferograms obtained with the arrangement in 

Figure 1. 
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Figure 2 shows for (a) 0, (b) 90, (c) 180, 

(d) 270 and (c) 360 degrees of rotation in one of 

the interferometer arms, showing an increase in 

the number of fringes.. 

 

Box 2 
 

 

 
Figure 2 

Encoder interference fringes using Mach-Zehnder 

interferometer, with θ: (a) 0, (b) 90, (c) 180, (d) 270 and 

(c) 360 degrees.  

 

Box 3 
 

 

 
Figure 3 

Encoder phases using Mach Zehnder 

interferometer, from 0 to 360 degrees      
 Own elaboration 

 

Figure 3, shows the phase distribution 

resulting from the demodulation of each 

interferogram, the behaviour suggested by these 

phases is ascending, in the centre of the phase 

maps an intersection point is observed, to later 

show a descending behaviour. 

 

 

Figure 4 illustrates the behaviour of the 

phase map unwrapped from the resulting values 

with , and using the algorithm represented by 

equation 8. 

 

To check the robustness of the encoder, 

as well as its behaviour, rotation angles were 

chosen randomly, as indicated in equations 6 and 

7, the behaviour of the unwrapped phase map is 

shown in Figure 5, which shows a sigmoid 

function, around 50% of the phase distribution.  

 

Box 4 
 

 
Figure 4 

Experimental encoder phase map, using Mach Zehnder 

interferometer, I_n,n=5  

 

 

Box 5 
 

 
Figure 5 

Title Phase map using Mach Zehnder interferometer 

with I_n,n=5. 

 

To check the results the system was 

simulated equations 2, 6 and 7, the phase profile 

of the rotation is shown in Figure 6, (a) indicates 

the behaviour for , while (b) shows the phase 

behaviour for , both using five interferograms. 
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Box 6 
 

 

 
Figure 6 

Phase map profile, interferometric encoder 

simulation with: (a) equation [6] and (b) equation 
[7]  

 

To verify that the encoder is able to 

recover its initial position, in addition to 

comparing the experimental and simulated 

results, the differential distance of the initial 

phase, zero degrees, as well as the Pearson 

correlation coefficients were calculated for 

equations 5 and 6. 

 

Figure 7 shows the behaviour of the 

Pearson correlation coefficients, the behaviour 

of the encoder shows for the case of the initial 

position a coefficient of 0.99990, as the fibre 

optic encoder is rotated the behaviour of the 

coefficients show an upward trend, where the 

maximum correlation is obtained in the phase 

map obtained at 320 degrees.  

 

The sensitivity of the encoder is 

dependent on the rotation of the fibre. 

 

Box 
 

 
Figure 7 

Correlation coefficients between turns with hysteresis  

Own elaboration 
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Conclusions 

 

This work shows the results obtained in the study 

of the behaviour of an interferometric encoder, a 

comparison was made between the experimental 

and simulated development using the concepts 

of rotation matrix that govern the behaviour of a 

rotating robotic system. 

 

For the analysis of the phase maps the 

PSI technique was used, the interferometric 

model for the phase wrapped with . 

 

The encoder shown, in addition to its 

robust design, is capable of recovering its initial 

phase, with a very small differential distance, 

where the behaviour of the correlation 

coefficients is dependent on the rotation. 

 

The interferometric encoder shown is 

capable of being conditioned to measurements of 

very small degrees, as it is able to adjust to the 

rotating system being used. These results 

provide a guideline for analysing its use in the 

navigation and localisation of robotic systems. 
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Abstract 
 

This work presents the design and simulation of a suspension system for 

a four-wheel, single-rider human-powered vehicle (HPV) to enhance 

stability and maneuverability on uneven terrain. The system, designed 

with lightweight components such as springs and shock absorbers 

available on the market, avoids the use of complete commercial 

suspensions. Static structural analyses using finite element methods were 

conducted to evaluate materials and geometries, along with dynamic 

simulations in MSC ADAMSDD. A comparison of the vertical and 

lateral displacement of the center of mass between the proposed system 

and a similar commercial model showed a 50% reduction in vertical 

displacement. This system improves impact absorption and HPV stability 

while meeting functional requirements and using accessible materials, 

making it an effective and cost-efficient solution for this type of vehicle. 
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Introduction 

 

The suspension system is one of the most 

important when talking about vehicles, as it has 

a direct impact on passenger comfort. This 

system not only keeps the passenger 

comfortable, but also has a mechanical function, 

which isolates the body from the irregularities of 

the terrain, damping the disturbances that occur 

through the tyres. Explicitly, it is determined that 

the suspension of a vehicle is the set of organs 

and parts that are responsible for absorbing and 

damping the irregularities that occur when 

driving, which prevents the oscillations that 

originate in the wheels (due to the driving 

conditions) from being transmitted to the 

occupants of the vehicle; in such a way that the 

adherence of the wheels to the ground and the 

stability of the vehicle is favoured (Cebolla, 

2017). 

 

Suspension systems are classified 

according to the behaviour of their components 

during movement and disturbances. Dependent 

suspensions connect the wheels via a rigid axle, 

transmitting the movement from one wheel to 

the other. In contrast, independent suspensions 

(see Figure 1) allow each wheel to oscillate 

vertically without affecting the other, adapting 

better to pavement conditions (Vázquez, 2011). 

 

Box 1 

 
Figure 1 

Independent suspension system 
Source: Onion, 2017 

       

Recent studies have focused on 

optimising both the structural stiffness and 

dynamic behaviour of vehicles, using advanced 

techniques such as Finite Element Analysis 

(FEA) and dynamic simulations. For example, 

Pulido (2014) performed a ¼ and ½ vibrational 

analysis of the Formula Student vehicle, 

determining the natural frequencies of the 

suspension to optimise shock absorption and 

improve the system's rebound and pitch 

response.  

 

Additionally, their study on mass transfer 

during acceleration and braking demonstrated a 

significant improvement in vehicle stability, 

increasing the vehicle's handling under 

demanding conditions. In the field of lighter 

vehicles, such as go-karts, Gonza (2023) 

highlights that, although they lack a suspension 

system, the structural design of the chassis 

withstands torsional and bending stresses, 

providing the necessary rigidity to handle loads 

during acceleration and cornering, improving 

overall stability. Similarly, in the design of the 

Formula SAE electric single-seater, Auquilla & 

Torres (2016) performed a dynamic analysis 

with ADAMS/Car software, where they 

simulated constant radius curves and straight-

line obstacles, validating the suspension design. 

Their results showed improvements in camber 

variation and spring movement, which 

contributed to better handling and stability, 

highlighting a low centre of gravity for optimal 

track performance. 

 

Unlike previous studies, this work 

focuses on the design and simulation of an 

independent suspension applied to a four-wheel 

human-powered vehicle (HPV). While other 

studies have focused on optimising the 

suspension of vehicles with engines or on 

unsprung structures, this work uses an 

innovative approach in the implementation of 

lightweight and commercially available 

materials, such as AISI 4130, together with 

extensive finite element analysis (FEA) and 

dynamic simulations in MSC ADAMS®. 

 

 The main objective is to demonstrate a 

significant reduction of the vertical and lateral 

displacement of the centre of mass of the HPV, 

validating the improvement in stability and 

manoeuvrability compared to commercial 

models without suspension, making this study a 

contribution in the field of vehicles. 

 

Design criteria 

 

The design of the suspension system for the 

human-powered vehicle (HPV), incorporated in 

all four wheels, must meet several essential 

criteria. The system should be as light as 

possible, selecting commercially available 

springs and dampers, avoiding the use of full 

commercial suspensions. In addition, it is 

required to design a coupling system to the 

vehicle chassis that ensures optimal integration.  
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It is essential to demonstrate a significant 

reduction in the vertical displacement of the 

vehicle's centre of mass in the event of road 

irregularities, compared to a commercial vehicle 

(see Figure 2) that does not have a suspension 

system. 

 

Box 2 
 

 
Figure 2 

Go-Kart type commercial vehicle from Kart Leon 

products with similar characteristics to the proposed 
design 

 

Methodology 

 

Structural static analysis of the proposed 

chassis 

 

To determine the material from which to propose 

the vehicle chassis, it is necessary to perform a 

finite element analysis. Srivastava et al. (2021) 

propose to subject the chassis to a frontal impact 

to assess its strength and ensure that both the 

material and the chassis structure will be able to 

withstand extreme conditions, such as severe 

external shocks or forces. Equation 1 is used to 

calculate the magnitude of the impact force, 

which considers that the force applied is four 

times the weight of the loaded vehicle, because 

in situations such as collisions or sudden 

accelerations, the forces acting on the chassis 

can be greater than its static weight. 

 

𝐹 = 𝑚 ∙ 𝑎 = 4 ∙ 40 ∙ 9.81 = 1570 𝑁             [1] 
 

The boundary conditions applied are the 

previously calculated force, which is applied at 

the front of the chassis, and a fixed support at the 

rear axle. 

 

The same model was analysed with 

different materials, considering factors such as 

strength, ductility, light weight, ease of welding, 

ease of machining, material cost and market 

availability.  

The three materials to be considered are 

AISI 1018, AISI 1020 and AISI 4130, which are 

most commonly used in SAE competitions; the 

mechanical properties of each are shown in 

Table 1 in green. Relevant information such as 

total deformation, static safety factor and Von-

Mises stresses were obtained from each 

experiment. The values obtained are shown in 

Table 1 in blue. 

 

Box 3 
 

 MATERIAL 

 AISI 1018 AISI 1020 AISI 4130 

Density 

(g/cc) 
7.87 7.87 7.87 

Yield stress 

(MPa) 
370 294.74 460 

Ultimate Effort 

(N/mm2) 
440 394.72 560 

Young's modulus 

(GPa) 
205 210 210 

Total Deformation 

(mm) 
1.7751 1.8195 1.7328 

Effort to 

Von-Mises Effort 

(MPa) 

313.98 313.98 313.98 

Safety factor 1.1784 0.93972 1.4651 

 

Table 1 

Mechanical properties of AISI 1018, 1020 and 4130 

and simulation results for chassis design 

 

Figure 3a and 3b show the total 

deformation in two tests, as an example, so that 

the change in deformations across the chassis as 

the load is applied can be seen. In both cases, the 

maximum deformation occurs at the front of the 

chassis, which is where the force is applied. With 

the data obtained in Table 1, it is determined that 

the appropriate material to use in the analysis 

model is AISI 4130, as it has the highest safety 

factor and the lowest total deformation. 

 

Box 4 
 

Figure 3 

a) Total deflection of the proposed chassis with material 

AISI 1018; b) Total deflection of the proposed chassis 

with material AISI 4130. 



4 

Journal of Technological Operations                                                                  8[21]1-8: e3821108 

Article 
 

 

ISSN: 2523-6806. 

RENIECYT-CONAHCYT: 1702902 

ECORFAN® All rights reserved. 

 

Contreras-Chávez, Axel A., Pérez-Cruz, Melissa Y., Villagómez-

Moreno, José and Manríquez-Padilla, Carlos G. [2024].  Design and 

simulation of a suspension system for a four-wheeled HPV. Journal of 

Technological Operations. 8[21]1-8: e3821108. 

https://doi.org/10.35429/JTO.2024.8.21.3.8 

 

Description of the proposed suspension 

system 

 

Figure 4 shows the proposed design of the 

suspension system. 

 

Box 5 
 

 
 

Figure 4 

3D model of the proposed HPV vehicle chassis. 

 

Figure 5a shows a more detailed picture 

of the suspension system, which is replicated on 

each wheel. The suspension system is 

independent and consists of two rotation joints 

(enclosed in red) which help to generate the 

longitudinal and transverse displacements; and 

two support mechanisms to guide the individual 

movement (blue), which serve as forks and join 

the hub carrier to the chassis, thus providing 

better support for the wheels. 

 

Box 6 
 

 
Figure 5 

a) Detailed view of the suspension system; 

b) Measured distance for shock absorber selection. 

 

Shock absorber selection 

To make the selection of the shock absorber, 

composed of the spring-shock absorber system, 

the distance between centres of the places 

destined to have the suspension, which measure 

135 mm between centres, was considered, as 

shown in Figure 5b. 

 

With the previous information 

considered, a bicycle shock absorber from the 

Taiwanese group, model DV-22AR marketed at 

DHgate, was selected (see Figure 6). 

 

The main challenge for the designer is to 

find commercially available components that 

adequately fit the geometry of the design. In this 

case, the bicycle suspension measures 150 mm 

end-to-end, with a centre-to-centre distance of 

approximately 135 mm, making the shock 

compatible with the proposed design 

 

Box 7 
 

 
 

Figure 6 

Selected shock absorber, model DV-22AR 
 

Dynamic analysis in MSC ADAMS 

To perform the motion analysis in ADAMS, it is 

important to consider the appropriate 

mechanical properties in each body. In this case, 

in addition to considering the mechanical 

properties of AISI 4130 steel shown in Table 1, 

the mechanical properties of natural rubber were 

also used. According to Connor (2021), the 

density of rubber is 110 kg/m3, Young's 

modulus is 0.05 GPa and Poisson's coefficient is 

0.2. 

 

Figure 7 shows the road or track where 

the test for the suspension system will be carried 

out. This road consists of a flat surface and a 

series of irregular bumps, which were created to 

observe the behaviour of the vehicle's centre of 

mass under a perturbation such as the one 

generated when passing over bumps. 
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Box 8 
 

 
 

Figure 7 

Road to travel. 

In addition, the static and dynamic coefficient of 

friction of the springs is considered to be μ=0.5 
(Arosemena, 2024). 

 

Description of torque and speed in the model 

 

For the analysis of the suspension of the vehicle, 

a torque with a magnitude of 1 𝑁/𝑚, in a time 

of 𝑡 = 0.5 𝑠, Afterwards, the torque is released, 

and at about 𝑡 = 3  se now apply a negative 

torque with a value of −1 𝑁/𝑚 , which is 

maintained for a short period of time, until it is 

permanently removed. The first torque that is 

added to the system is to accommodate the 

vehicle on the track; the second torque is to give 

it a movement in the direction of passing the 

stops shown in Figure 7). 

 

Box 9 
 

 
 

Figure 8 

Torque and Speed Graph of the proposed model 

 

On the other hand, the speed at which the 

vehicle moves is of utmost importance. That is 

why, in Figure 8, the chassis speed graph is 

shown (blue dotted line). In this graph it can be 

seen that in the first two seconds, the vehicle 

acquires a negative speed, this means that the 

vehicle is moving backwards to accommodate 

itself and later, it passes from the negative to the 

positive frame, reaching a maximum of 1.3 m/s 

and its speed is maintained until it encounters 

obstacles in its path; this is why, from the sixth 

second, a distortion and decrease in the 

magnitude of the speed can be seen in the image, 

this is because the vehicle passes over the stops, 

decreasing its speed. 

Results 

 

To verify the proper functioning of the 

suspension system, the proposed model was 

compared with a commercial model with similar 

characteristics without any suspension system. 

Vertical and lateral displacement plots of the 

centre of mass of the commercial model were 

obtained, corresponding to the y-axis and z-axis, 

respectively. These plots are shown in Figure 9a 

and 9b, respectively. 

 

Box 10 
 

 
 

Figure 9 

Vehicle displacement graph of vehicle with 

similar characteristics: a) on the axis y, b) on 

the axis z 

 

Figure 9a shows the vertical 

displacement of the centre of mass, where the 

centre of mass remains in the same position until 

the vehicle suffers a disturbance (t= 6 s). These 

lobes refer to when the front tyres pass over the 

stops that were placed on the track, after a few 

seconds, the centre of mass suffers another 

alteration, due to when the rear tyres pass over 

the same stop. If the same figure is observed, it 

can be seen that the largest displacement is 

suffered when the front tyres manage to pass the 

stops, generating a displacement of the centre of 

mass of approximately 25 mm. 

 

On the other hand, Figure 9b shows the 

lateral displacement of the centre of mass, which 

is equivalent to observing how the vehicle 

moves when facing forward. As mentioned 

before, at a time (t= 6 s), is when the vehicle 

starts to pass the bumpers; remember that this 

commercial vehicle does not have a shock 

absorber, so when faced with a perturbation such 

as the bumpers, every time the front or rear tyres 

come into contact with the bumpers, the 

movement of the tyres is transmitted directly to 

the chassis.  
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From the graph, it is determined that the 

largest displacement of the centre of mass at  axis 

z, is +3.25 mm, approximately; and corresponds 

to the instant of time when the first tyre comes 

into contact with the road bumps. 

 

To observe the behaviour of the vehicle 

with the proposed suspension system, the results 

of the displacement of the vehicle's centre of 

mass were also obtained, both for the y-axis and 

for the z-axis. This information can be seen in 

Figure 10a and 10b, respectively.. 

 

Box 11 
 

 
 

Figure 10 

Displacement plot of the proposed vehicle: a) 

on the y-axis, b) on the z-axis 

 

In the case of the y-axis displacement, the 

centre of mass is not displaced until a time t= 5.5 

s, which is when the front tyres start to pass the 

stop, and when the rear tyres meet the stones, 

displacement occurs again. However, the largest 

displacement occurs when the rear tyres pass the 

series of stops, thus presenting a displacement of 

approximately 12 mm. 

 

The z-axis graph has a peculiar but very 

interesting behaviour, as it shows the effect of a 

shock absorber in generating a harmonic 

movement. If Figure 10b is observed carefully, 

the magnitude of the displacement graph is 

relatively close to zero; in addition, the damping 

effect (damping coefficient) has a direct effect 

on the shape of this signal, as this coefficient 

indicates the amount of energy that can be 

absorbed by the system in motion. 

 

Table 4, which contains the most relevant 

information from each analysis, shows the 

maximum displacements obtained in each 

experiment. 

 

 

Box 12 
 

 Maximum displacement 

 
Vertical 

(mm) 

Lateral 

(mm) 

Vehicle Go 

Kart-León 
25 3.25 

Proposed 

vehicle 
12 2.50E-04 

 

Table 2 

Maximum displacements in both vehicles 

 

The most noticeable difference in the two 

models is the lack of a shock absorber on the 

commercial vehicle; therefore, when the vehicle 

traversed the same track as the proposed vehicle, 

the centre of mass shifted noticeably vertically. 

Numerically speaking, the displacement was 

almost halved with the addition of the 

suspension. 

 

Conclusions 

 

The implementation of the chassis is capable of 

supporting the load applied to it and the highest 

safety factor has a value of 1.17, under the 

mentioned conditions and with AISI 4130 

material; which means that under a frontal 

impact of 4 times the magnitude of the vehicle 

weight, it still presents low stress magnitudes 

and deformations around its structure; that is 

why this material was chosen for the simulation 

of the vehicle in MSC ADAMS®. 

 

Through the motion analysis in MSC 

ADAMS® it was possible to verify numerically 

the advantage of the created model over a 

commercial model, obtaining that thanks to the 

suspension system that the model has, the 

displacement of the centre of mass in the , can be 

reduced from 25 mm to 12 mm, which is 

equivalent to 52%, and in the case of the lateral 

displacement (), the displacement is reduced 

almost entirely, because the shock absorber 

performs the function of absorbing the energy 

due to the movement. 

 

There are several opportunities to 

improve the design of the suspension and chassis 

system. One of the main areas of optimisation is 

the implementation of more detailed topology 

analysis to further reduce weight without 

compromising structural rigidity. In addition, the 

incorporation of advanced materials, such as 

fibre composites, could improve the strength-to-

weight ratio, offering greater efficiency.  
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Experimental tests to complement the 

simulations would also be beneficial to validate 

the performance of the system in real conditions 

and adjust the design based on the data obtained. 

Finally, optimisation of the damper design and 

its interaction with the suspension elements 

could lead to greater vibration absorption, 

further improving vehicle comfort and stability. 
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Abstract                   
 

This paper presents the theoretical analysis of heat transfer of two 

different shell and tube exchangers. The theoretical study was carried out 

with the creation of software in the EES programming the ɛ-NTU 

method, considering different correlations for the calculations of the 

external and internal convective coefficients as well as their geometry for 

each exchanger, finally performing a mass and energy balance. The 

theoretical results obtained in this analysis were: operating conditions at 

the exit of the casing and tubes, efficiencies and total heat transferred in 

both exchangers, the results obtained were validated with results from 

other researchers. 

 

 
 

Correlations, global transfer coefficient, internal and 

external convective coefficients, ɛ-NTU method 

Resumen 

 

En este trabajo se presenta el análisis teórico de la transferencia de calor 

de dos diferentes intercambiadores de tipo carcasa y tubos. El estudio 

teórico fue realizado con la creación de un software en el EES 

programando el método ɛ-NTU, considerando diferentes correlaciones 

para los cálculos de los coeficientes convectivos externos e interno, así 

como su geometría para cada intercambiador, por último, realizando un 

balance de masa y energía. Los resultados teóricos obtenidos en este 

análisis fueron: condiciones de operación a la salida de la carcasa y los 

tubos, eficacias y calor total transferido en ambos intercambiadores, los 

resultados obtenidos fueron validados con resultados de otros 

investigadores. 
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Citation: Huerta-Gamez, Hector, Hortelano-Capetillo, J. Gregorio, Zuñiga-Cerroblanco, J. Luis and Aguilar-Moreno, A. 

Alberto. [2024].  Theoretical comparison of two shell-and-tube heat exchangers by applying different correlations. Journal of 

Technological Operations. 8[21]1-11: e4821111. 
 
 

 

 

 

 

 

 

 
 

 

 

ISSN: 2523-6806/ © 2009 The Author[s]. Published by ECORFAN-Mexico, S.C. for its 

Holding Taiwan on behalf of Journal of Technological Operations. This is an open access 

article under the CC BY-NC-ND license [http://creativecommons.org/licenses/by-nc-

nd/4.0/] 
 

Peer review under the responsibility of the Scientific Committee MARVID
®

- in the 

contribution to the scientific, technological and innovation Peer Review Process through 

the training of Human Resources for continuity in the Critical Analysis of International 

Research. 

 

 

https://ror.org/037vkq915
https://www.webofscience.com/wos/author/record/LUY-7745-2024
https://orcid.org/0000-0002-5088-310X
https://ror.org/037vkq915
https://www.webofscience.com/wos/author/record/LVA-2240-2024
https://orcid.org/my-orcid?orcid=0000-0002-3702-4853
https://ror.org/037vkq915
https://www.webofscience.com/wos/author/record/LUY-2709-2024
https://orcid.org/0000-0003-0493-8197
https://ror.org/037vkq915
https://www.webofscience.com/wos/author/record/LVA-2356-2024
https://orcid.org/0000-0002-7652-5925
https://doi.org/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://www.marvid.org/
https://crossmark.crossref.org/dialog/?doi=10.35429/JTO.2024.8.21.1.11&domain=pdf&date_stamp=2024-12-30


2 

Journal of Technological Operations                                                                  8[21]1-11: e4821111 

Article 
 

 

ISSN: 2523-6806. 

RENIECYT-CONAHCYT: 1702902 

ECORFAN® All rights reserved. 

 

Huerta-Gamez, Hector, Hortelano-Capetillo, J. Gregorio, Zuñiga-

Cerroblanco, J. Luis and Aguilar-Moreno, A. Alberto. [2024].  

Theoretical comparison of two shell-and-tube heat exchangers by 

applying different correlations. Journal of Technological Operations. 

8[21]1-11: e4821111. 

https://doi.org/10.35429/JTO.2024.8.21.1.11 

 

Introduction 

 

A shell-and-tube heat exchanger is equipment 

used to cool a fluid that is hotter than desired or 

vice versa. Its design is of great importance since 

optimal energy transfer, size and weight are 

often fundamental factors that affect the 

economy of the process.  

 

To design or predict the performance of 

a heat exchanger, it is essential to relate the total 

heat transfer to quantities such as the overall heat 

transfer coefficient, which is important as it 

provides the total amount of heat and depends on 

the external and internal convective coefficients. 

 

Yonghua You et al., [1] carried out 

experimental and numerical studies applying 

CFD to a shell-and-tube heat exchanger with 

flower-shaped Baffles, within their results they 

obtain velocity and temperature profiles, as well 

as the distribution of convective coefficients as a 

function of the Reynolds and the global calus 

transfer coefficients using the k-ε turbulence 

model.  

 

The error percentages between the 

experimental and numerical data were: 8% for 

the external convective coefficient and 14% for 

the pressure drop at a velocity in the casing of 

1.2 m/s. Gh. S. Jahanmir et al., [2] performed a 

numerical CFD simulation for a shell-and-tube 

heat exchanger type by varying the inclination 

angles of the tubes using hot and cold water as 

fluids, employing the RNG-k turbulence model 

for the analysis of pressure drops, heat transfer, 

global transfer coefficient and effectiveness.  

 

The inclination angles of the tubes that 

present the highest performance in the exchanger 

are 55° and 65°, increasing heat transfer to 69% 

but increasing pressure drop to 23%.  

 

Shui Ji et al., [3] show hydrodynamic and 

thermal simulations performed in ANSYS CFX 

12.0 for 3 types of heat exchangers with the same 

transfer area: the first is two passes through the 

shell with continuous helical baffles with one 

passage through the tubes; the second is with a 

passage through the housing with a passage 

through the tubes and the third is with a passage 

through the housing with a passage through the 

tubes with conventional loudspeakers.  

 

 

They use the k-ε turbulence model and 

the equations of quantity of movement and 

energy, showing that the first exchanger has 

greater heat transfer with 25%, the second 

exchanger has a lower pressure drop on the shell 

side with respect to the others. M.M. El-Fawal et 

al., [4] design an economic model to minimize 

the area of a shell-and-tube heat exchanger using 

correlations to calculate the convective 

coefficients for shell side and tube side, and use 

equations for the calculation of heat exchanger 

geometric parameters and pressure drops. Jian-

Fei Zhang et al., [5] present a numerical study in 

CFD and experimental of a shell-and-tube heat 

exchanger with helical baffles under an angle of 

40°, using the k-ε turbulence model with 13.5 

million cells in the mesh, at the same time that 

the difference between the numerical and 

theoretical results were 25% for the pressure 

drop and 15% for the Nusselt number.  

 

Quiwang Wang et al., [6] perform a 

numerical CFD study of a shell-and-tube heat 

exchanger with helical and segmented baffles, 

where the working fluids are hot and cold water. 

Under the same mass flow, the pressure drop for 

the exchanger with helical baffles is 13% lower 

and the heat transfer is 5.6% higher than the 

exchanger with segmented baffles. Su Thet Mon 

Than et al., [7] designed a software in Mathlab 

and Autocad for the design of a shell and tube 

heat exchanger, introducing the input data which 

are the operating conditions of the fluids on both 

the shell and tube sides.  

 

They use correlations to calculate the 

convective coefficients for external and internal 

flow, applying equations for the heat exchanger's 

geometric calculations and pressure drops. 
André L. H. Costa et al., [8] presents the 

minimization of the surface area of a shell and 

tube heat exchanger using genetic algorithms 

and the LMTD method, the input data are the 

operating conditions of the fluids and geometric 

data of the heat exchanger to obtain the 

minimum area for said process; In addition, they 

do not use correlations for the calculation of the 

global transfer coefficient.  

 

Uday C. Kapale et al., [9] propose a 

model to calculate the pressure drop on the side 

of the casing as a function of the cut of the baffle 

and the arrangement of the tubes that are 

subsequently compared with experimental 

results.  
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The fluids used for the model were water 

and oil with a Reynolds of 1x103 to 1x105 

obtaining an error percentage of 2.4 to 4% with 

oil and 2.8 to 7.4% with water. K.C. Leong et al., 

[10] designed software in Delphis Programming 

Languaje for the design of a shell and tube heat 

exchanger, the input data is the operating 

conditions of the inlet and outlet fluids; for the 

calculation of the convective coefficient and the 

pressure drop on the shell side, they used the Bell 

Delaware method but do not present correlations 

for the convective coefficients on the tube side. 

 

Methodology 

 

For the model generated in the EES, the input 

parameters are: geometric data of the heat 

exchanger, mass flows, temperatures and inlet 

pressures of the casing and tubes. In the 

simulation model, the thermal properties of the 

fluids are determined and a calculation algorithm 

is applied to determine the output operating 

conditions of the shell and tube heat exchanger.  

 

Four correlations were used for the 

analysis of internal and external flow, for 

internal flow are: Colburn, Petukov-Kirillov, 

Dittus Boelter and Gnielinski; for external flow 

are: Zukauskas, Kern, Hilpert and Taborek for 

turbulent flow conditions without phase change. 

 

Internal Flow 

 

The convective coefficient of heat transfer can 

be determined with a correlation for Nusselt's 

number, Colburn [11] with a Re>10000: 

 

3
1

5
4

i n t PrRe023.0 D
i

D
k

Dh
Nu ==  [1]

 

The Dittus-Boelter [12] correlation is a 

slightly different version than that of Colburn 

with a Re>10000: 

 

4.05
4

i n t PrRe023.0 D
i

D
k

Dh
Nu ==  [2]

 

The following expression is proposed by 

Gnielinski [13], where all properties are 

evaluated at the mean temperature with a 

Reynolds interval between 3000<Re<5x106: 
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The expression proposed by Petukov-

Kirillov [14], shows a more complex form for 

this analysis, involving a friction factor but 

which in turn has a lower error compared to that 

of Dittus Boelter and Colburn, with a D>2100: 
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[4]

 

 

The Reynolds number is defined as: 

 



 in tRe
Du

D


=  

[5]

 

And Prandtl's number is: 

External Flow 

 

The correlation of Zukauskas [15] is determined 

by the following expression: 

4
1

6.0

Pr

Pr
PrRe 






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s

m

D
exto

D C
k

Dh
Nu  

[7]

 

Where the coefficients "C" and "m" can 

be estimated according to the Reynolds number: 

6 5.0,3 5.01 02Re1 0 0 0

4 6 6.0,6 8 3.01 0 0 0Re1 0 0

4.0,9.01 0 0Re1 0

5 ==→

==→

==→

mCx

mC

mC

 

 

The estimation of the Reynolds number 

comes from the previous knowledge of the flow 

velocity, this in turn of a passage area involving 

the geometric characteristics of the exchanger, is 

expressed by the following equation: 

k

Cp
=


Pr  [6]
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Another methodology of analysis for the 

external convective coefficient on an array of 

tubes is proposed by Kern [16], based on an 

equivalent diameter, applying the following 

correlation: 
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Where, Gs, is the mass velocity of the 

fluid on the casing side and the properties are 

evaluated at medium temperature; The 

equivalent diameter for a triangular array is 

obtained as follows: 
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The magnitude of the mass velocity, Gs, 

can be defined over an area of cross-flow 

arrangement, represented by an area for 

maximum flow. It is obtained by the following 

expression: 

s
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A
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Another method for the convective 

coefficient is proposed by Taborek [17], where 

the Reynolds number is based on the diameter of 

the tubes and the velocity of the fluid over the 

cross-flow area of the carcass diameter. 

 

s

extca rc
s

s
exto

D

A

Dm

k

Dh
Nu

=

==

Re

PrRe2.0 4.06.0

 

[13]

 

Hilpert's correlation [18]: 

𝑁𝑢𝐷 = 𝐶𝑅𝑒𝐷
𝑚𝑃𝑟0.33                                                 [14] 

 

 
 

Representing the global coefficient with 

the internal and external convection 

phenomena, the following equation [19] is 

obtained: 

omat
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The total heat transfer area can also be 

formulated in terms of the length of the tubes, 

number of tubes and the inner diameter of the 

tubes. 

t ubostt ot al NLDA i nt=  
[16]

 

The thermal analysis is based on the ε-

NTU method, the efficacy and NTU is estimated 

as follows, 

minC

UA
NTU total=  

[17]

 

Effectiveness is determined by 

considering countercurrent flow: 

 
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max

min

)1(exp1

)1(exp1

C

C
Cr

CrNTUCr

CrNTU

=

−−−

−−−
=

 

[18]

 

To calculate the total heat of the heat 

exchanger is determined as a function of 

efficiency, minimum capacitance and fluid inlet 

temperatures, as expressed in the following 

equation: 

( )etec TTCQ −= minmax   
[19]

 

Once the total heat is determined, the 

outlet temperatures of the casing-side and tube-

side fluids can be estimated using an energy 

balance as shown in the following equation: 
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[20]

 

The pressure drop on the side of the tubes 

is calculated with the following equation [20]: 

∆𝑃𝑡 = (
4𝑓𝐿𝑁𝑝

𝐷𝑖𝑡𝑢𝑏
+ 4𝑁𝑝) (

𝜌𝑣2

2
)                          [21] 

 

𝑓 = (0.79𝐿𝑛𝑅𝑒𝐷 − 1.64)−2 

 

For the Shell side, the following equation 

is used [20]: 

∆𝑃𝑠 =
𝑓𝐺𝑠

2(𝑁𝑏+1)𝐷𝑠

2𝜌𝐷𝑒(
𝜇

𝜇𝑤
)

0.14                                               [22] 

𝑓 = exp (0.576 − 0.19𝐿𝑛𝑅𝑒𝑠) 

 

To validate the model proposed in this 

work, a simulation was carried out in the EES 

software, varying the mass flows at different 

inlet temperatures, while the mass flow and the 

temperature of the mixture remain constant 

Table 1 shows the geometric parameters 

that are required to obtain the results of the 

internal and external convective coefficients, the 

total heat transfer area and the pressure drops of 

both the shell or shell side and the tube side. 

Box 1 
Table 1 

Geometric data of the heat exchanger 
 

Internal diameter of the tubes. 

Extenal diameter of the tubes. 

Number of bafles 

Number of tubes. 

Length of tubes 

Radio Pitch 

Number of tube steps 

Material conductivity 

Source Own. 

The shell-and-tube type heat exchangers 

shown in Figure 1 are designed to heat water 

with a simple and flexible installation. Heat 

exchangers can be connected to a boiler, heat 

pump, solar panel systems, or other heat source.           

The working fluids are cold water at the inlet on 

the tube side and hot water on the shell side. 

Box 2 
 

 
 

Figure 1 

Shell and Tube Heat Exchangers 
      Source Own. 

 

Table 2 shows the geometric data of 

model 1 with a transfer area of 2.65 m2 proposed 

to carry out the present study and model 2 with 

a transfer area of 2.96 m2. 

Box 3 
Table 2 

Geometric data of the exchanger, shell and tubes, 

design 1 and 2 

 

  Design1 Design 2 

Length of the tubes (m) 1.2 1.6 

Outer diameter of tubes (m) 0.02 0,031 

Inner diameter of the tubes (m) 0.019 0.03 

Number of Shell Steps 1 1 

Number of baffles 6 8 

Number of tube passes 1 1 

Number of tubes 37 19 

Distance between tube centers (m) 0.05 0.045 

 

Figures 2 and 3 show a window of the 

program where the geometric parameters of the 

equipment, volumetric flow, the inlet 

temperatures of both fluids, and the geometric 

data of the heat exchanger are entered. 

 

 The simulation model determines the 

thermal properties of the fluids and applies a 

calculation algorithm to determine the output 

operating conditions of the shell-and-tube heat 

exchanger.  
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Box 4 
 

 
 

Figure 2 

Shell and Tube Heat Exchangers 1 
      Source Own. 

 

Box 5 
 

 
 

Figure 3 

Shell and Tube Heat Exchangers 2     
Source Own 

 

Table 3 shows the volumetric flows and 

inlet temperatures of both fluids from the 3 

simulations, then make comparisons of the 

results. It is observed that the flow on the side of 

the tubes is 25 L/min and on the side of the shell 

is 200 L/min, the 3 simulations show the 

different inlet temperatures. 

 

The numerical study of the flow 

developed over a shell and tube heat exchanger 

requires a mathematical presentation of the 

turbulent motion of the fluid, which in turn can 

be transformed into an algorithm for its solution. 

This mathematical representation is summarized 

in a set of equations for the conservation of mass, 

momentum and energy; as well as the k-ε 

turbulence model [21]. 

 

 

 

Box 6 
Table 3 

Input data of volumetric flows and temperatures 
from the 3 simulations with the EES software 

 

Shell side (L/min) 200 

Tubes side (L/min) 25 
 

Simulation    Simulation          Simulation    

1  2  3  

Tet oC 10 Tet oC 20 Tet oC 10 

Tec oC 60 Tec oC 70 Tec oC 45 

 

The CFD preprocessor is used to create 

the geometry and meshing of the heat exchanger. 

Figures 4 and 5 show the geometries of the 

exchangers whose meshes are composed of 4 

million nodes with tetrahedral elements to 

represent the computational domain. The 

computational process is carried out by applying 

boundary conditions such as temperature and 

inlet mass flows for both fluids to solve the 3D 

model with double precision. 

 

Box 7 
 

 
Figure 4 

Shell and Tube Heat Exchangers 1 

 

Box 8 
 

 
Figure 5 
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Results 

 

Simulation 1 

 

Table 4 shows the results of simulation 1, 

showing the results comparisons of the outlet 

temperatures with the different combinations of 

correlations. 
 

Box 9 
Table 4 

Results of simulation 1 of model 1 in EES software 
 

  Simulation 1  
    Design 1   

hi (W/m-K) ho(W/m-K) ∆P Tubes (Pa) 

Petukov 535.4 Zukauskas 548.1 64.19 

Colburn 409 Hilpert 576 ∆P Shell (Pa) 

Gnielinski 72.83 Taborek 1881 103.4 

Dittus Boelter 479.3 Kern 1097  
     

  U (W/m-K) Q(W)  Efficiency (E) 

Dittus Boelter-Zukauskas 246.6 26722 0.3 

Gnielinski-Kern 64.94 8146 0.1 

Petukov-Taborek 395 35247 0.43 

Gnielinski-Zukauskas 61.31 7713 0.08 

Colburn-Hilpert 230.2 25265 0.29 

  Tst Tsc  

Dittus Boelter-Zukauskas 25.32 58.08  

Gnielinski-Kern 14.67 59.41  

Petukov-Taborek 31.92 57.21  

Gnielinski-Zukauskas 14.62 59.44  

Colburn-Hilpert 24.48 58.16   

 

Figure 6 and Table 5 shows the 

temperature results and heat transfer contours of 

model 1 as a result of simulation 1. The 

temperature changes are observed on the shell 

side where the change is smaller, the hot fluid 

enters at 60 oC (333 K) and exits at 57.29 oC 

(330.29 K); on the other hand, the cold fluid 

enters at 10 oC (283 K) and exits at 31.64 oC 

(304.64 K) observing that the temperature 

change was greater inside the tubes. 
 

Box 10 
 

Cv 

 
Figure 6 

 

Figure 7 shows the flow path on the shell 

side as it passes through the exchanger where it 

can be seen that there is no stagnation near the 

baffles, which is very important for more 

effective heat transfer. 

Box 11 
 

 
Figure 7 

Shell and Tube Heat Exchangers 1. Flow 

trayectories 

      Source Own. 

 

Box 12 
Table 5 

Results of simulation 1 for the model 1 in CFD. 
 

  CFD 

Tst oC 31.64 

Tsc oC 57.29 

 

The numerical and theoretical results of 

simulation 1 for the model 1, where the inlet 

temperature on the tube side is 10 °C and on the 

shell side 60 °C, are shown. It is observed that 

the theoretical results obtained with the 

combinations of the Petukov-Taborek 

coefficients are close to the numerical results in 

CFD. 

 

Table 6 shows the results of simulation 1, 

showing the results comparisons of the outlet 

temperatures with the different combinations of 

correlations. 

 

Box 13 
Table 6 

Results of simulation 1 of model 2 with the EES 

software 

  Simulation 1  
    Design 2   

hi (W/m2-K) ho(W/m2-K) ∆P Tubes (Pa) 

Petukov 397.7 Zukauskas 1737 32.16 

Colburn 306.6 Hilpert 1862 ∆P Shell (Pa) 

Gnielinski 120.2 Taborek 2313 528 

Dittus Boelter 359.9 Kern 1958  
     

  U (W/m2-K) Q (W)  Efficiency (E) 

Dittus Boelter-Zukauskas 286.7 32795 0.376 

Gnielinski-Kern 109.4 14625 0.166 

Petukov-Taborek 326.4 36108 0.41 

Gnielinski-Zukauskas 107.8 14532 0.166 

Colburn-Hilpert 253.6 29832 0.34 

  Tst Tsc  
Dittus Boelter-Zukauskas 28.8 57.61  

Gnielinski-Kern 18.38 58.93  
Petukov-Taborek 30.7 57.3  

Gnielinski-Zukauskas 18.33 58.94  
Colburn-Hilpert 27.1 57.82   
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Figure 8 shows the temperature contours 

and velocity profiles of the fluid in model 2 as a 

result of simulation 1. It can be seen that the 

temperature of the hot fluid decreases slightly to 

57.26 oC (330.26 K), but the cold fluid exits at 

29.31 oC (302.31 K). Making a numerical 

comparison between the two exchangers, the 

outlet temperature of the cold fluid is higher than 

in model 2. It can also be seen that the mass flow 

path from the shell side flows without any 

problem along the exchanger as shown in Figure 

9. Making a comparison between theoretical and 

numerical results, it is observed that the 

combinations of Petukov-Taborek, Dittus 

Boelter-Zukauskas and Colburn-Hilpert 

correlations approximate the CFD results in the 

Table 7. 

 

Box 14 
 

 
 

Figure 8 

Shell and Tube Heat Exchangers 2. Temperature 

contours in K. 
      Source Own. 

 

 

Box 15 
 

 
Figure 9 

Shell and Tube Heat Exchangers 2.Flow 
trayectorie 

.       Source Own 

 

 

 

 

 

 

Box 16 
Table 7 

Results of simulation 1 for the model 2 in CFD 

 

  CFD 

Tst oC 29.31 

Tsc oC 57.26 
 

Simulation 2 

 

Table 8 shows the results of simulation 2 on 

design 1 using the different correlations; Table 9 

shows the CFD results. The CFD results are 39.5 
oC for the tube side and 67.5 oC for the shell side.  

 

The outlet temperatures obtained with 

the combination of Dittus Boelter-Zukauskas 

correlations were 36.84 oC for the tube side and 

67.5 oC for the shell side, these results are close 

to those of the CFD results. 

 

Box 17 
Table 8 

Results of simulation 2 of model 1 with the EES 

software 

 

  Simulation 2  

    Design 1   

hi(W/m2-K) ho(W/m2-K) 

∆P Tubes 

(Pa) 

Petukov 611.2 Zukauskas 611.7 59 

Colburn 472.7 Hilpert 604 ∆P Shell (Pa) 

Gnielinski 208.3 Taborek 1945 99.54 

Dittus Boelter 542.5 Kern 1146  

     

  U(W/m2-K) Q(W)  Efficiency (E) 

Dittus Boelter-Zukauskas 277.1 29303 0.33 

Gnielinski-Kern 167.8 19344 0.22 

Petukov-Taborek 440.5 41217 0.47 

Gnielinski-Zukauskas 148.8 17415 0.2 

Colburn-Hilpert 255.3 27460 0.31 

  Tst oC TscoC  

Dittus Boelter-Zukauskas 36.84 67.85  

Gnielinski-Kern 31.12 68.58  

Petukov-Taborek 43.7 67  

Gnielinski-Zukauskas 30 68.7  

Colburn-Hilpert 35.78 68   

 

 

Box 18 
Table 9 

Results of simulation 2 for the model 1 in CFD 
 

  CFD 

Tst oC 39.5 

Tsc oC  67.5 
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Tables 10 and 11 show the results of 

simulation 2 on design 2. The CFD results 

obtained for the outlet temperatures were 41 on 

the tube side and 67 on the shell side.  

 

The results obtained with the 

combination of correlations of the outlet 

temperatures and approximated the numerical 

ones were Dittus Boelter-Zukauskas (40.6 on the 

tube side and 67.37 oC on the shell side) and 

Petukov-Taborek (42.53 oC on the tube side and 

67.13 oC on the shell side). 

 

Box 19 
Table 10 

Results of simulation 2 of model 2 with the EES 
software. 

 

  Simulation 2  

    Design 2   

hi (W2/m-K) ho(W/2m-K) ∆P Tubes (Pa) 

Petukov 454.1 Zukauskas 1939 29.81 

Colburn 354.1 Hilpert 1951 ∆P Shell (Pa) 

Gnielinski 213.1 Taborek 2393 508.3 

Dittus Boelter 406.3 Kern 2045  

     

  U (W/m2-K) Q (W)  Efficiency ( E ) 

Dittus Boelter-Zukauskas 323.4 35837 0.41 

Gnielinski-Kern 186.2 23214 0.26 

Petukov-Taborek 366.7 39205 0.45 

Gnielinski-Zukauskas 185.2 23117 0.26 

Colburn-Hilpert 288.6 32936 0.378 

  Tst oC Tsc oC  

Dittus Boelter-Zukauskas 40.6 67.37  

Gnielinski-Kern 33.34 68.3  

Petukov-Taborek 42.53 67.13  

Gnielinski-Zukauskas 33.29 68.31  

Colburn-Hilpert 39 67.59   

 

 

Box 20 
Table 11 

Results of simulation 2 for the model 2 in CFD 
 

  CFD 

Tst oC 41 

Tsc oC 67 

 

Simulation 3 

 

Tables 12 and 13 show the results obtained in 

simulation 3 with design 1. The results obtained 

in CFD are close to the results obtained with the 

Petukov-Taborek correlations. 

 

 

 

Box 
Table 12 

Results of simulation 3 of model 1 with the EES 

software. 

 

  Simulation 3  

    Design 1   

hi (W/m2-K) ho(W/m2-K) ∆P Tubes (Pa) 

Petukov 535.4 Zukauskas 473.9 64.19 

Colburn 409 Hilpert 529.7 ∆P Shell (Pa) 

Gnielinski 72.83 Taborek 1770 107.6 

Dittus Boelter 479.3 Kern 1038  
     

  U(W/m2-K) Q(W)  Efficiency (E) 

Dittus Boelter-Zukauskas 230.4 17699 0.29 

Gnielinski-Kern 64.72 5684 0.1 

Petukov-Taborek 389.9 26531 0.43 

Gnielinski-Zukauskas 60.25 5311 0.09 

Colburn-Hilpert 222.4 17195 0.28 

  Tst oC TscoC  
Dittus Boelter-Zukauskas 20.15 43.72  

Gnielinski-Kern 13.26 44.59  
Petukov-Taborek 25.21 43  

Gnielinski-Zukauskas 13 44.62  
Colburn-Hilpert 19.86 43.75   

 

Box 
Table 13 

Results of simulation 3 for the model 1 in CFD. 

 

  CFD 

Tst oC  26.7 

Tsc oC 42.3 

 

Tables 14 and 15 show the results 

obtained in simulation 3 with design 2. The 

results obtained in CFD are close to the results 

obtained with the Petukov-Taborek and Dittus 

Boelter-Zukauskas correlations. 

 

Box 
Table 14 

Results of simulation 3 of model 2 with the EES 

software. 
 

  Simulation 3  
    Design 2   

hi (W/m2-K) ho(W/m2-K) ∆P Tubes (Pa) 

Petukov 397.7 Zukauskas 1502 32.16 

Colburn 306.3 Hilpert 1712 ∆P Shell (Pa) 

Gnielinski 120.2 Taborek 2177 549.6 

Dittus Boelter 359 Kern 1852  
     

  U (W/m2-K) Q (W)  Efficiency (E) 

Dittus Boelter-Zukauskas 279.5 22520 0.37 

Gnielinski-Kern 109.1 10209 0.16 

Petukov-Taborek 323.5 25119 0.41 

Gnielinski-Zukauskas 107.6 10084 0.16 

Colburn-Hilpert 250.6 20693 0.33 

  Tst oC Tsc oC  
Dittus Boelter-Zukauskas 22.91 43.37  

Gnielinski-Kern 15.85 44.26  
Petukov-Taborek 24.4 43.18  

Gnielinski-Zukauskas 15.78 44.27  
Colburn-Hilpert 21.86 43.5   
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Box 
Table 15 

Results of simulation 3 for the model 2 in CFD 
 

  CFD 

Tst oC 25.64 

Tsc oC 43.06 

 

Conclusions 

 

The results of the outlet temperatures of both 

fluids obtained with the Petukov-Taborek 

correlation combinations fit well with the 

numerical results in CFD for the proposed heat 

exchanger models. However, with the other 

combinations of correlations good results were 

not obtained because the internal Gnielinski and 

Colburn convective coefficients turned out to 

have very small values which did not fit any 

combination with the external coefficients.  

 

The causes that affected these results 

were Reynolds number and the thermal 

properties evaluated at the operating 

temperatures of the exchanger, which shows that 

not all correlations are adjustable to the heat 

exchanger models. Numerical simulation was 

very important, since it helped to obtain reliable 

results from the heat exchangers and to validate 

the theoretical results using different 

correlations.  

 

Meshing was essential, the finer the mesh, 

the more reliable the results, but a computing 

resource with a large capacity is also required to 

perform the modeling. Both heat exchanger 

models proposed to heat the water in a 

swimming pool are adequate; However, model 1 

is more effective than model 2. When cold water 

enters both exchangers at the same temperature, 

in model 1 it comes out hotter than in model 2, 

with a difference of approximately 2 degrees. 
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Abstract 

 
 
This work is based on the methodology proposed by the 
International Renewable Energy Agency (IRENA) as the 
methodology to be followed by a certified designer of 
photovoltaic systems. It shows the calculations to select the 
electrical protections, the calibers of the phase and ground 
conductors, channeling and distribution board, the photovoltaic 

system has been in operation for about four years, using the 
inverter manufacturer's platform, it is possible to obtain 
information related to the number of tons of CO2 that has been 
stopped emitting to the atmosphere as well as the total energy 
generated.  
 

 
 

Renewable energies, Solar energy, Photovoltaic 

systems, Photovoltaic power plants, Distributed 

generation 

Resumen 
 
El presente trabajo está basado en la metodología propuesta por 
la Agencia Internacional de Energías Renovables (IRENA) como 
metodología a seguir por un diseñador certificado de sistemas 
fotovoltaicos. Muestra los cálculos para seleccionar las 
protecciones eléctricas, los calibres de los conductores de fase y 
de tierra, canalizaciones y tablero de distribución, el sistema 

fotovoltaico ha estado en operación por alrededor de cuatro años, 
utilizando la plataforma del fabricante de los inversores, es 
posible obtener información relacionada con el número de 
toneladas de CO2 que se ha dejado de emitir a la atmósfera de 
igual manera el total de energía generada.. 
 

 
 

Energías renovables, Energía solar, Sistemas 

fotovoltaicos, Plantas fotovoltaicas, Generación 

distribuida
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Introduction 
 

The main components of a photovoltaic system 

connected to the grid are: the photovoltaic array, 

which is the element in charge of transforming 

the sun's radiation into electricity; and a power 

conditioning element, a direct current to 

alternating current inverter, whose function is to 

adapt the energy generated by the array to the 

electrical characteristics of the grid to which it 

will be connected.  
 

A PV array is made up of a number of 

arrays or PV power sources. The number of units 

will depend on the nominal power required in the 

array and the peak power of the selected 

modules. The output voltage of the array, which 

corresponds to the operating voltage of the 

inverter, is obtained by connecting a number of 

arrays or PV power sources in series, and the 

power is obtained by connecting them in 

parallel. Currently, the nominal power of solar 

photovoltaic modules or panels is 570 Wp. The 

typical efficiency of these modules under 

standard irradiance and temperature conditions 

(i.e., 1,000W/m2) is between 14 and 22% for 

monocrystalline polycrystalline silicon (25°C, 

AM 1.5) and between 5 and 7% for amorphous 

silicon. 
 

The most important potential benefits 

are: 
 

- Modulation of peak demand when there 

is some degree of coincidence between 

the PV generation profile and the 

consumption profile of the building or 

feeder. 

- Thermal relief to distribution equipment, 

which also implies the possibility of 

postponing capital investments to 

increase capacity or replacement. 

- Reduction of transmission and 

distribution losses. 

- Voltage support in distribution feeders. 

- Reactive power compensation on the 

feeder. 
 

In relation to the safety and quality 

aspects of the energy produced, the electricity 

service supply companies require manufacturers 

and users of this equipment to comply with 

article 690 of NOM 001 SEDE 2012 and 

applicable provisions that guarantee that the 

installation and operation of the inverter, as well 

as the photovoltaic system as a whole, is safe and 

does not adversely affect the quality of the 

energy. 

Theoretical Framework 

 

Climate change is the greatest environmental 

challenge facing humanity.  

 

The 2015 Paris Agreement was decisive 

for action, with 195 countries agreeing to limit 

the global temperature increase of planet Earth 

to 2 °C by the end of the century compared to the 

pre-industrial era and to continue efforts to 

reduce it to 1.5 °C. 

 

Decarbonisation is the process of 

reducing carbon emissions, especially carbon 

dioxide (CO2), into the atmosphere.  

 

The overarching goal is to achieve a low 

carbon global economy that achieves climate 

neutrality through the energy transition.  

 

To achieve decarbonisation, it is 

necessary to decarbonise energy production. By 

taking advantage of alternative energies it will 

be possible to supply electricity and mitigate the 

generation of polluting gases. 

 

At the Universidad Tecnológica de San 

Juan del Río it is very clear that the use of 

renewable energies is very profitable to reduce 

electricity costs and contribute to the care of the 

environment. Renewable energies have been 

promoted at the university for several years. 

 

 The annual energy consumption is 422.5 

MWh, the 79.2 kWp photovoltaic system 

installed on the roof of the ‘K’ building provides 

30 percent of the energy demanded by the loads 

installed in the university's teaching and 

laboratory buildings, and produces an economic 

saving of 20 percent on the electricity bill paid 

monthly to the Federal Electricity Commission 

(Comisión Federal de Electricidad).  

 

The photovoltaic plant interconnected to 

the grid at the Universidad Tecnológica de San 

Juan del Río is a clear example of how it is 

possible to gradually move towards the use of 

renewable energies, which strengthens the 

renewable energy career currently offered and 

places our university in the select group of 

higher education institutions that implement 

concrete actions for the care of the environment. 
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Research question 

 

In higher education institutions in the state of 

Querétaro, does the cogeneration of electrical 

energy by means of a photovoltaic system 

interconnected to the grid allow for the saving of 

electrical energy, contribute to a reduction in the 

payment of the electricity bill, and avoid the 

emission of tons of CO2 into the atmosphere in 

comparison with higher education institutions 

without interconnected photovoltaic systems? 

 

Overall objective 

 

To dimension and install a photovoltaic system 

interconnected to the grid, using the rooftop area 

of building ‘K’, which produces 30% of the 

electrical energy consumed by the electrical 

equipment installed in the Technological 

University of San Juan del Río, and which also 

generates an estimated saving of 20% in the 

payment of the current bill, based on the current 

regulations. 

 

Specific objectives 

 

1. To dimension a photovoltaic system 

interconnected to the grid, which 

produces 30% of the energy consumed 

by the electrical equipment installed in 

the teaching buildings and laboratories of 

the Universidad Tecnológica de San Juan 

del Río.  
 

2. To install the photovoltaic panels on the 

roof of building ‘k’. 
 

3. Install the photovoltaic inverters 
 

4. Interconnect the energy produced to the 

main low voltage board of the 225 kVA, 

13.2 kV- 220 V/127 V transformer. 
 

5. Evaluate the energy production using the 

on-line monitoring system of the 

photovoltaic system. 
 

Hypothesis 

 

Electrical energy will be generated with a 

photovoltaic system interconnected to the 

national electrical system with resources coming 

from the federation, considering the local solar 

radiation levels with the objective of being able 

to increase the operative capacity represented by 

the electrical energy consumption registered 

during the year 2017.  

In 30% of the energy consumed in the 

facilities of the university impacting on the costs 

of electrical energy maintaining at most a 

monthly payment equivalent to the records of 

billable demand of the electrical equipment used 

in the charging period by the ComisiónFederal 

de Electrticidad (Federal Commission of 

Electricity).  

 

Methodology 

 

Evaluation of the installation site 

 

The high insolation values present in 

most of the territory of our country are the basis 

for the generation of solar photovoltaic and 

thermal energy. Some factors such as altitude, 

slope and orientation of the terrain, as well as the 

shadows produced by the surrounding 

topography, influence the radiation received 

(Sánchez, 2023). 

 

 In addition to the above, it must also be 

taken into account that it also depends on the 

time of day and the time of year. 

 (Edding, 2023). 

 

Box 1 

Table 1 

Summary of geographical, climatic and 

meteorological conditions for the project 

design and implementation site study. 
 

Geographical data (Vdocumento, 2023)  
Location of the installation 

site 

Vista Hermosa, Municipality of 

San Juan del Río. Querétaro. 

Latitude 20.369° 

Longitude -100.010° 

Altitude 1978 metres above sea level 

Climate and weather data 

Peak solar hours time (in 

hours) of a hypothetical 

constant solar irradiance of 

1000 W/m2 (Widiatmika, 

2023) 

6.19 kWh/m2/día 

Irradiancia 5.6 kW/m2 

Warmest month average 

temperature (Vdocument, 

2023) 

25.6°C 

Average temperature of the 

coldest month 

7.45°C 

Average annual temperature 19°C (10 m from the surface) 

(Rodriguez, 2023) 

Annual precipitation regime 586 mm 

 

There are three types of solar radiation, 

diffuse, direct and reflected, global radiation is 

the sum of all three. At the earth's surface it is at 

best 1000 W/m2. In sizing calculations of solar 

photovoltaic systems, it is often appropriate to 

consider the amount of solar radiation reflected 
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by the surfaces adjacent to the PV modules.  

The position of the sun varies during the 

day and over the seasons, so the angle at which 

the sun's rays strike a surface also varies. Energy 

generation depends on the orientation and 

inclination of the PV modules. 

 

Development of the calculation 

 

The solar radiation values at the site are obtained 

from National Aeronautics and Space 

Administration (NASA) data for latitude and 

longitude at a specific tilt, the recommended 

optimum tilt will be the latitude of the site with 

a tolerance of +/- 5°; at a tilt of 20°, the available 

annual irradiation is 6.19 HSP, but the roof of 

building ‘K’ was used, which has a tilt of 15°, a 

reduction factor of 2.5° annual average needs to 

be applied, leaving 6.04 HSP.  

 

The photovoltaic power source used is of 

the Jinko solar brand, model JKM330PP-72 

4BB, polycrystalline type, with a linear 

performance guarantee of 12 years at 90% and 

25 years at 80.7% 0 to +3%. Assuming a 

nominal power tolerance of 0 %, on a 330 W 

module the power reduction due to dust is 

considered to be 5 %, so 330 W x 0.95; the 

output power of the PV power source is reduced 

above 25°C or increased below 25°C assuming 

an ambient temperature of 30°C, the effective 

cell temperature is 30°C + 25°C = 55°C, 30°C 

above the standard temperature a 313.5 W 

polycrystalline module with a coefficient of -

0.3% per °C, temperature loss = 30°C x 0.3% x 

°C = 9% the 313.5 W module would lose 9% per 

temperature to 313.5 x 0.91 = 285.28 W. The 

system consists of 240 photovoltaic power 

sources, placed on the roof of the building ‘K’.  

 

Calculation report  

 

Characteristics of the photovoltaic energy 

source: 

 

Box 2 
Table 2 

Technical data of the photovoltaic module 
 

Rated power STC 330W 

Voltage at maximum peak power Vmp 37.80 V 

Current at maximum peak power Imp 8.74 A 

Open circuit voltage VOC 46.90 V 

Short circuit current Isc 9.14 A 

Temperature coefficient for open circuit 

voltage TCvoc 

-0.30 %/°C 

Total number of modules: 240 pcs. ; 79,200 W 

 

 

Photovoltaic power source parameters 

adjusted for temperature. 

 

For the temperature coefficient of the 

module, we have that: 

 

𝑽𝒕 = 𝑽𝒐𝒄 + (TC ∙Δ𝑻𝒆𝒎𝒑 ∙ 𝑽𝒐𝒄).    (1) 

 

Where: 

𝑽𝒕 = Output voltage at temperature different 

from 25°C.  

𝑻𝑪 = Temperature coefficient Δ𝑻𝒆𝒎𝒑 = 

Temperature differential 

 

𝑽𝒕=46.90𝑽+(-0.0030/°𝑪∙(0-25°𝑪) ∙46.9𝑽 (2) 

𝑽𝒕 = 46.90𝑽 + 3.5175𝑽 (3) 

𝑽𝒕 =50.4175 ~ 50𝑽 

 

Minimum temperature recorded at the 

site = 0°C (Col. Vista Hermosa, Municipality of 

San Juan del Río, Qro.) Inverter: Brand: Fronius, 

Series: Symo 15.0-3 208/220, inverter power: 

15.000 W. (Fronius, 2023) 
 

Box 3 
Table 3 

Summary of modules and strings by inverter 
 

Maximum MPPT 

voltage 

850 V; 850 V / 50 V= 17 modules 

Number of modules 

per selected chain 

= 16 

Number of chains 15,000W/330W = 45.45/16 = 2.84 

~ 3 chains 
 

 

It was decided to place 3 strings of 16 PV 

power sources each: Open circuit voltage (Voc) 

of the string adjusted by temperature = 50 V x 16 

= 800V (Vdocument, 2023), short-circuit current 

of each string: 9.14 Amperes. In the photovoltaic 

source and output circuits the ampacity or 

conduction capacity of the conductors must be 

selected with a value of 1.56 times the short-

circuit current of the photovoltaic energy source 

(NOM-001 SEDE 2012, Art.690-8) 

(Government, 2023) (Idoc, 2023). 

 

Box 4 
Table 4 

Calculation of conductors and protections according to 

the short-circuit current of the photovoltaic module 

 
Calculation of 

conductors (Isc x 1.56) 

(NOM-001-SEDE- 2012,

 690-8 (a)(1), (b) (1)) 

Calculation of 

protections 

(Isc x 1.25) 

(NOM-001-SEDE- 2012, 690-8 (b) 

(1)) 
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Correction factors for ambient temperature 

(Idoc, 2023) 

 

In accordance with Table No. 310-15(b)(2)(a) of 

NOM-001-SEDE 2012, for ambient 

temperatures above 30°C, the current rating shall 

be corrected by reducing its value, ambient 

temperatures different from those shown in the 

ampacity tables shall be corrected following 

table 310-15(b)(2)(a) or Table 310-15(b)(2)(b) 

of NOM-001-SEDE-2012. Conductor 

calculation (Short circuit current x 1.56) = 14.26 

A, in accordance with NOM-001-SEDE-2012, 

690-8(a)(1), (b)(1)). 

 

 Cable temperature range = 75°C. 

Maximum ambient temperature: 25.6°C + 22°C 

= 47.6°C (22°C are added from table 310-

15(b)(3)(c) of NOM- 001-SEDE-2012 for 

conductors exposed to sunlight). (Vdocumento, 

2023). 
 

Temperature adjustments for sun-exposed 

ducts on rooftops 

 

Ducts housing conductors are exposed to direct 

sunlight on rooftops, the values provided in 

Table 310-15(b)(3)(c) should be added to the 

outdoor temperature to determine the 

corresponding ambient temperature for the 

application of the correction factors in Tables 

310-15(b)(2)(a) or 310-15(b)(2)(b). Correction 

factor: Ampacity /0.75 (for adjusted ambient 

temperature of 47.6°C) Table No. 310-

15(b)(2)(a) of (NOM-001-SEDE 2012). 14.26A 

/ 0.75 = 19.01 A. A total ampacity to be 

considered for D.C. conductor calculation. 

 

Adjustment of ampacity by number of 

conductors in a duct 

 

When the number of current-carrying 

conductors in a duct exceeds three. Where 

individual conductors or multicore cables are 

installed without maintaining their spacing over 

a continuous length in excess of 0.6 m and are 

not installed in raceways, the allowable 

ampacity of each conductor shall be reduced as 

illustrated in Table 310-15(b)(3)(a).  

 

Each current-carrying conductor in a 

group of conductors in parallel shall be counted 

as one current-carrying conductor.  

 

 

 

This configuration does not apply since 

there are a maximum of three current-carrying 

conductors in the same conduit. Ampacity of 

conductors adjusted to temperature by a) to d) = 

19 A. 

 

Summary for conductor selection 

 

Conductor ampacity = 156% of the maximum 

circuit current, calculated according to NOM-

001-SEDE-2012, article 690-8. Conductor 

ampacity = 9.14 Amperes x 1.56 = 14.26 

Amperes. Conductor ampacity adjusted for 

temperature = 14.26 Amperes/0.75 = 19.01 

Amperes (Table No. 310-15(b)(2)(b) of NOM-

001-SEDE 2012); therefore, the number of 

strings per inverter = 3. 

 

Current conductor ampacity in parallel 

current amperes of 1 string set = 19.01 Amperes; 

~ 19 Amperes. Conductor voltage = 

Temperature adjusted VT module voltage = 50 

VDC Temperature adjusted 16-module string 

voltage = 800 VDC. 

 

Calculation of conductors and protections for 

direct current 

 

For the calculation of the PV power supply 

junction box conductor and protections on the 

DC side. Length of the string conductor furthest 

from the junction boxes and fuse boxes = 45 

metres. 

 

Box 5 
Table 5 

Voltage drop and DC power loss calculator 
 

 
 

Conductor size: 10 AWG (6 mm2 ) shall 

be used; the conductors of the three strings to 

junction boxes and shields on the DC side from 

1 to 5 are 10 AWG wire, 10 AWG solar cable in 

thick-walled metal conduit.  
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In all branches or strings to the junction 

box and protections on the direct current side, the 

conductor size of the circuit from the 

photovoltaic source to the junction box must be 

selected to avoid a voltage drop of no more than 

1% (Vdocument, 2023), as indicated in ANCE-

ESP-02.  

 

The maximum current to be conducted is 

within the permissible range according to table 

310- 15(b)(16) of NOM-001-SEDE-2012 

(Bedolla, 2023). 

 

Calculation of conductors of junction 

boxes and protections in direct current to 

inverters. 

 

Length of conductors from junction box 

to inverters 1 to 5 = 15 meters (Vdocumento, 

2023). 
 

Box 6 
Table 6 

Voltage drop and DC power loss calculator 
 

 
 

10 AWG wire (6 mm2), 10 AWG solar 

wire in thick-walled metal conduit . Source: 

http://photovoltaicsoftware.com/DC_AC_drop

_voltage_energy_losses_calculator.php 

 

Selection of the junction boxes at the output 

of the PV generator 

 

To connect the photovoltaic power sources to 

the junction boxes, the largest gauge conductor 

compatible with MC4 type connectors that 

come from the factory in the photovoltaic 

power sources was considered; 10 AWG gauge 

and due to the fact that the selection of 

conductors between the junction boxes and the 

inverter yields 10 AWG gauge, fuse holders 

will be used to protect the positive pole as a 

means of protection and for the negative 

conductor the direct passage of the photovoltaic 

power sources to the input to the inverters.  

The IP 65 metal box or enclosure will be 

used with 15 single-pole fuse holders with 

sufficient space to house the positive, negative 

and earthing conductors, as well as the 

incoming and outgoing conduits. 
 

Conduits and protections at the direct 

current input to inverters 
 

A 4-inch x 4-inch square metal conduit is used 

to house the direct current wiring before 

entering each inverter without mixing with the 

alternating current wiring as specified in 310-

3(c)(2). The disconnect devices included with 

each inverter and the fuse holders built into the 

inverter body itself are used for protection.  
 

Alternating current 
 

Calculation of the cable cross-section between 

the inverter output and the load centre 

concentrator. For the calculation of the cable 

cross-section between the inverter output and 

the load concentrator, a maximum conductor 

length from the inverters to the AC load centre 

of 3 metres is considered.  

 

The total number of conductors in the 

ducting to the AC load centre or AC inverter 

output concentration point, upper level in the 

inverter room (inverter numbers 1 to 3); 3+3+3, 

a total of 9 current-carrying conductors, 

consider a factor of 80 % (Table 310-

15(b)(3)(a), when selecting the conductor 

ampacity because the conductors of inverter 

number 1 do not exceed 0.60 m of travel next 

to the following two inverters: 50 Amperes/0.8 

= 62.5 Amperes, by reference to table 310-

15(b)(16), the 4 AWG gauge covers the 

maximum ampacity to be used; calculation 

result: 4 AWG gauge (21.2 mm2) covers the 

setting range for ambient temperature. 

 

 Lower level in inverter room (inverter 

numbers 4 and 5); 3+3, a total of 6 current-

carrying conductors, a factor of 80 % is 

considered (Table 310-15(b)(3)(a), when 

selecting the ampacity of the conductor: 50 

Amperes/0.8 = 62.5 A, from Table 310-15(b) 

(16), 4 AWG gauge covers the maximum 

amperage to be used, considering a 

consumption of less than 100 A, the column 

corresponding to the temperature of 60°C is 

used for the calculation. 110-14(c)(1)(a). 

http://photovoltaicsoftware.com/DC_AC_drop_voltage_energy_losses_calculator.php
http://photovoltaicsoftware.com/DC_AC_drop_voltage_energy_losses_calculator.php
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Resulting in the calculation: 4 AWG gauge wire 

(13.3 mm2) (Ecorfan, 2023) . 

Box 7 
 

 
Figure 1 

Inverter room  
 

Calculation of cable cross-section from 

concentrator load centre to output thermal 

magnetic breaker (TMCB) 

 

It is considered that the length of the conductor 

from the AC load centre to the output of the main 

inverter (Bedolla, 2023) TMCB is equal to 1 

meter, the maximum ampacity when connecting 

the five three-phase inverters = 50 Amperes x 5 

= 250 Amperes, a maximum current of 250 

Amperes will circulate through the bus bars of 

the connection board, so the board was selected 

for 400 A, being below the capacity when 

generating the maximum amperage at maximum 

irradiation of the PV system. (Vdocument, 2023) 

 

Calculation of the cable cross-section at 

the output of the inverter and the point of 

interconnection to the national electricity 

system, common coupling point. 

 

In the output circuit of the inverter, the 

conductors must be selected to have a 

conductive capacity of 1.25 times the current at 

the rated power of the inverter, the maximum 

current must be the permanent output current of 

the inverter 690-8 (a)(3). (Vdocumento, 2023) 

 

Box 8 
Table 7 
Maximum continuous current output of the inverters 
 

Alternating current voltage 220 Volts 

Phases 3; L1, L2, L3, no neutral required 

for the selected inverter model 

and configuration. 

Maximum continuous 

current output for each 

inverter 

39. 4 A 

Driver ampacity adjusted 39.4 x 1.25=49.25 A ~ 50 A 

Number of investors 5 

Maximum AC current 

output of the PV system 250 A 
 

 

Taking as a reference table 310-

15(b)(16) for the type of cable used THHW 

90°C, considering consumption greater than 100 

A, a column corresponding to a temperature of 

75°C is used for the calculation, as indicated in 

Art. 110-14 (1)(a)(1). The classification 

according to table 310-15(b)(16) results in the 

conductor 250 kcmil, applying the temperature 

correction factor of table 310-15(b)(2)(a) for an 

ambient temperature of 21-25°C = Amperes x 

1.05= 250 A x 1.05 = 262.5 A, so finally the 

classification of 300 kcmil is selected for this 

circuit. Review the maximum admissible voltage 

drop criteria for photovoltaic systems in the AC 

circuit that does not exceed 2% and considering 

the distance from the inverter output panel to the 

switch at the common coupling point = 45 

metres. 

 

Selection of the grounding conductor 

 

According to ANCE-ESP-02 ‘In direct current 

circuits, the size of the grounding conductor 

must not be smaller than the size of the 

conductor with the greatest conduction capacity 

(thickest wire) as established in Art. 250-93 of 

NOM 001 SEDE 2012. In no case less than 8.37 

mm2 cross section (8 AWG gauge) for copper 

conductors.  

 

In the case of equipment, the nominal 

size of copper or aluminium equipment 

grounding conductors shall not be less than that 

specified in the following Table (Table 250- 95 

of NOM 001 SEDE 2012)’. Since the calculation 

based on Table 250-122 (NOM-001-SEDE-

2012) results in a 14 AWG gauge, the 8 AWG 

gauge conductor was selected for the entire PV 

array installed up to the inverter input and from 

these to the AC concentrator board. 

 

Calculation of protections (Short circuit current 

Isc x 1.25) 9.14 Amperes x 1.25= 11.43 A 

(NOM-001-SEDE-2012, 690-8(b) (1)). Direct 

current protection fuse rating = 15 A, 1000 volts.  

 

From table 250-122 results in 14 AWG 

gauge and considering that in no case less than 8 

AWG gauge; size selected: 8 AWG (16 mm2 ) 

green coated copper 7 wires from the PV 

generator chassis to the paralleling grounding 

bus at the inverter and from these to the 

paralleling bus on the AC circuit breaker 
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concentrator plate.  

 

 

For the grounding conductor on the AC 

circuit from the AC circuit breaker panel to the 

common coupling point (250 A AC) and 

following the indications in table 250-122, the 

result is a size smaller than 4 AWG and larger 

than 6 AWG, therefore: the size selected for the 

grounding conductor in this arrangement will be 

2 AWG from the AC load centre to the common 

coupling point to have the best possible 

grounding protection. 

 

Protective devices on the DC side. 

 

PV Generator Switching Point: As DC side 

protection devices were selected for each of the 

three strings of each of the 5 PV circuits. In 

accordance with 690-8 (b)(1) where necessary, 

overcurrent devices shall be selected as required 

in (a) through (d) below: a. Conduct not less than 

125 percent of the maximum current calculated 

in 690-8 (a) . Short-circuit current Isc of 9.14 A 

x 1.25 = 11.43 A. Closest upper commercial fuse 

= 15 A. String voltage set = 800 volts direct 

current; fuse to be selected for 1000 volts direct 

current. 

 

Surge protection in sub-array: Fuse 

holder with safe disconnection plus integrated 

disconnector at DC inverter input. 

 

Surge or lightning protection (surge 

suppressor). As DC surge protection device 

already included in the Fronius Symo 15.0-3 

208/220 inverter. 
 

Protective devices on the AC side 
 

The selected inverter complies with NOM-001-

SEDE-2012, article 690-61 and 705-14. 
 

AC disconnection point at the output of 

the inverters in parallel; for each of the 5 

inverters, the 3-pole x 50 A Square DÒ 

thermomagnetic circuit breaker was selected, 

and these are contained in a three-phase Square 

DÒ panel for 400 A and 30 poles. Since this is a 

three-phase electrical system, load balancing is 

not necessary. 
 

At the outlet of the load centre which has 

the individual output circuit breakers for each 

inverter, a Square DÒ 3 x 250A LAL type 

thermomagnetic circuit breaker will be placed to 

lead to another at the point of interconnection to 

the local electrical system, an existing I-Line 

type panel at the outlet of the 300 kVA 

substation, installed in front of building ‘K’. 

A Square DÒ Model SDSA50 three-

pole, 240 VAC 50 kA, also called secondary 

lightning arrester, will be connected to the AC 

main circuit breaker input of the AC voltage 

concentrator. 

 

In accordance with the CFE-G0100-04 

specification, the location of the protections that 

a photovoltaic generator interconnected to the 

CFE must have must be described. 

(Vdocumento, 2023) 
 

Box 9 
 

 
Figure 2 

Location of mains disconnect switches, user 

responsibility  
 

Schematic switch 1; Calculation: 

Maximum inverter output current x 1.25 x 39.4 

A x 1.25 = 49.25 Amps x 4 = 246.25 Amps. 

Number of phases at the output of the inverter 

load centre = 3. Selected thermal magnetic 

circuit breaker = 250 A (Square D, type LAL 3 

x 250 Amperes).  

 

Circuit breaker 2 in the diagram refers to 

the main circuit breaker in the room before the 

point of common coupling, type I-Line 250 

Amps. 

 

Selection of the piping 

 

For the channelling of the DC wiring from the 

PV source to the inverters, thick-walled metal 

conduit with the following dimensions was 

selected: (The conductors in 10 AWG solar 

cable have a nominal outer sheath diameter of 

6.93 mm2, which is their equivalent in THW 

nominal outer diameter is 8 AWG cable, so this 

diameter is considered for the conduit 

calculation). 
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Photovoltaic output circuit 
 

From the photovoltaic array, strings 1 to 2, there 

are conductors in positive and negative 10 AWG 

solar cable plus the 8 AWG earth conductor, 

giving a total of three conductors (equivalent to 

8 AWG); table C-8 of NOM-001-SEDE-2012 

gives a diameter of 3/4‘ (21mm), the following 

diameter is selected, 1’ (27mm) to reduce the 

effect of temperature due to conduits exposed to 

sunlight.  

 

From string 2 to string 3, there are two 

conductors from string 1 plus two conductors 

from string 2 in a 10 AWG positive and negative 

solar cable plus the 8 AWG earth ground 

conductor, a total of five conductors (8 AWG 

equivalent); from table C-8 results in 1’ (27mm) 

diameter.  
 

From string 3 to the junction box; 3 

strings, three positive conductors, three negative 

conductors plus the grounding wire, a total of 7 

conductors 8 AWG in the same conduit. From 

table C-8 results in a diameter of 1 1⁄4’ (35 mm). 

The same for the five three-string circuits to the 

protective enclosure. (Vdocumento, 2023) 
 

Box 10 
 

 
Figure 3 

Piping on the roof of the building k  

 

Incoming circuit to inverter 
 

From protection box to collector duct before 

inverters; 3 strings, positive/negative plus 

grounding wire, 7 conductors total; 8 AWG 

(equivalent), for each of the five PV circuits: The 

same separate conduit layout continues for each 

PV circuit which has 1 1⁄4’ (35 mm) of metal.  
 

Inside the inverter room a 100 mm x 100 

mm square duct is used to receive the conductors 

of the 5 PV circuits, in total 15 solar positive 

conductors, 15 solar negative conductors and 

five grounding conductors in 8 AWG wire, 

giving a total of 35 8 AWG (equivalent) 

conductors, from this duct is sent to each inverter 

as shown in the following figure. 

Box 11 
 

 
Figure 4 

Inverter hut, showing the square duct that 

houses the DC and AC cables  

 

Inverter output circuit to the AC 

concentrator panel 

 

From the inverter output to the concentrator 

panel, a 100 x 100 mm square conduit is used for 

the 4 AWG AC conductors from inverters 1 to 5. 

This conduit is independent of the DC circuits. 

 

From the concentrator panel to the 

interconnection point measuring point 

 

From the concentrator panel to the 

interconnection point panel, prefabricated and 

interconnected manholes with 103 mm 

polyethylene conduit are used to house the three 

300 kcmil gauge conductors plus the 2 AWG 

gauge grounding conductor resulting from the 

calculation of recommended conductors in table 

C-8 with a diameter of 2.5‘ (63mm), a 4’ 

(103mm) conduit will be placed for possible 

expansion of the photovoltaic system. 

 

Operation of the PV system 

 

The installation of the photovoltaic system was 

completed in November 2017, at the time of 

writing this document 354.5 tonnes of CO2 have 

been saved from being emitted into the 

atmosphere, which is equivalent to the amount 

of CO2 emitted by a vehicle, travelling a 

distance of 1,422,557 km, considering that the 

perimeter of the planet Earth is 40. In economic 

terms, the savings have been $1,364,495.43, the 

system provides 30% of the energy consumed by 

the equipment installed in the university's 
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buildings and laboratories; the economic saving 

is 20% in the payment of the electricity bill paid 

to the basic services provider. 

The photovoltaic system interconnected 

to the grid has produced a total of 860.45 MWh, 

in the year 2018 the energy production was 

104.34 MWh, this is because the system was 

interconnected to the grid since March 2018, 

from 2019 to 2020 the energy production is very 

similar being approximately 125 MWh, the 

energy production in the year 2021, decreased by 

4.92% compared to 2020. For the years 2022 and 

2023 the system produced 131.50, so far in the 

year 2024, the system has produced 98.84 MWh 

see figure 5. 

 

Box 12 
 

 
Figure 5 

Energy production of the grid-connected PV 

system  

 

Figure 6 shows the screenshot of the 

online monitoring system of the electricity 

production of the 79.2 kWp photovoltaic plant 

installed on the rooftop of the "K" building of 

the Technological University of San Juan del 

Río.. (Vdocumento, 2023) 

 

Box 13 
 

 
Figure 6 

Overview of online monitoring of electricity 

production for Wednesday 18 September 2024 at 11:56 

a.m. CET 

Source: https://www.solarweb.com/PvSystems/ 

PvSystem?pvSystemId=4ba513d4-5bf0- 40c9-beed-

2c46583274ae  
 

The grid-connected photovoltaic system 

(Sánchez Tello, 2023), places the university in 

the select group of higher education institutions 

(Valparaiso, 2023) that produce a percentage of 

the energy that is consumed, which generates 

awareness among students, society in general, 

and takes advantage of renewable energies, 

which brings environmental benefits.  
 

The Universidad Tecnológica de San 

Juan del Río is an evaluating and certifying 

entity (Consejo Nacional de Normalización y 

Certificación de Competencias Laborales) 

(CONOCER) and offers training and 

certification courses in standard EC0586.01 

(UTSJR, 2023), entitled installation of 

photovoltaic systems in residence, commerce 

and industry. This system has been used as part 

of the training services currently being offered 

by the technological services area of the 

university's department of linkage and 

complements the training of future engineers in 

renewable energies at our university. 

 

Box 14 
 

 
Figure 7 

Maintenance activities on the roof of 

photovoltaic power sources system  
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Conclusions 

 

The methodology for the design criteria and 

performance calculation of the PV system is 

based on what is proposed by the International 

Renewable Energy Agency (IRENA) (Irena, 

2023), which a certified designer must put into 

practice. The system complies with the 

regulations in force in our country, to date it has 

produced 668.87 MWh of energy, which is 

equivalent to the average consumption of 458 

homes of 4 members during a year; it produces 

30% of the energy consumed in the laboratories 

and teaching buildings; there is a saving of 20% 

in the payment of the bill to the utility company.  

  

 According to a quote provided by a 

company, the maintenance (Rodriguez, 2023) of 

the 240 photovoltaic power sources costs 

$2,045.96, and it was suggested to the 

management that this activity be carried out by 

students of the renewable energy programme.  

  

 The system has been operating without 

problems; maintenance activities have been 

carried out on the panels' cover by the students 

of the ES01SM-20 group, practices that are 

developed in the renewable energy and 

photovoltaic systems subjects of the renewable 

energy engineering curriculum, which 

contributes to their training.  

  

 The use of personal protective equipment 

for working at heights allows the knowledge 

acquired (Ortiz, 2023) in the industrial safety 

subject, which is also part of the renewable 

energy engineering curriculum, to be put into 

practice. 

  

  The useful life of the equipment is 

approximately 25 years; it is important to 

perform maintenance activities on the system, 

checking all components. This system places the 

university among the select group of universities 

that generate a percentage of their energy and 

contribute to the care of the environment. 
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