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Abstract

Due to the alarming climatic situation experienced by all
nations, we are in the need to urgently develop and
improve sustainable technologies for power generation in
order to supply the growing demand for power generation
in power systems worldwide. This project aims to design
and build a prototype vertical axis wind turbine Savonius
analyzed by reverse engineering process by adapting the
structure of a tank and taking advantage of its shape and
dimensions, with the intention of building a wind turbine
with the lowest possible budget, In addition, data from the
psychrometric chart of the state of Puebla (winter-spring)
will be used so that by means of numerical simulations of
fluid flow using CFD software we can obtain the
parameters of linear velocity, angular velocity, drag
coefficient and projected power that the wind rotor will be
able to develop.

Savonius, Wind Energy, CFD

Resumen

Debido a la alarmante situacion climéatica que
experimentan todas las naciones, nos vemos en la
necesidad de desarrollar y mejorar con urgencia las
tecnologias sustentables para la generacién de energia
eléctrica con el fin de abastecer la creciente demanda de
generacion en los sistemas eléctricos de potencia a nivel
mundial. Este proyecto tiene como objetivo disefiar y
construir un prototipo de aerogenerador de eje vertical
Savonius analizado mediante el proceso de ingenieria
inversa adaptando la estructura de un tanque y
aprovechando su forma y dimensiones, con la intencion de
construir un aerogenerador con el menor presupuesto
posible, ademés se utilizardn los datos de la carta
psicrométrica del estado de Puebla (invierno-primavera)
con el fin de que por medio de simulaciones numéricas de
flujo de fluidos utilizando un software CFD logremos
obtener los parametros de velocidad lineal, velocidad
angular, coeficiente de arrastre y potencia proyectada que
sea capaz de desarrollar el rotor edlico.

Savonius, Energia edlica, CFD
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1. Introduction

Due to the alarming climate situation that all
nations are experiencing, we urgently need to
study, develop and improve sustainable
technologies for electric generation to meet the
growing demand for power generation in the
world's electric power systems. The main reason
why it is of interest to study vertical axis turbines
is the fact that they do not need to be guided in
the direction of the wind flow, these models
handle turbulence better than horizontal axis
turbines, therefore, vertical axis turbines are
excellent to be implemented in an urban scenario
developing their full potential. Institulo
tecnoldgico y de Estudios Superiores de
Monterey. (2020).

The objective of this research is to
generate a Savonius vertical axis turbine by
adapting a tank, taking advantage of its shape
and dimensions. From the turbine generated by
the reverse engineering process, we sought to
obtain the operating parameters of this wind
rotor. We seek to provide data on angular
velocity, intercepted force, and projected power
of Savonius designs which are similar to the one
built.

We transferred the geometry of the
Savonius wind rotor to a CAD program, and
from this model, boundary conditions of the state
of Puebla were declared by consulting the
psychometric chart and using the measurements
obtained by an anemometer. The results
obtained are the product of a CFD numerical
simulation, declaring a constant wind flow of
8.03 m/s in a direction perpendicular to the axis
of the Savonius turbine; in addition, control
volume was imposed according to the
dimensions of the wind rotor. Benemerita
Universidad Autonoma de Puebla [BUAP].
(2020) y Takeshi I. et al. (2020).

Due to the turbine radius of 0.4425 m, we
expect to obtain an angular velocity of 18.1468
rad/s, estimating a unit drag coefficient.

2. Methodology

This research was done under a mixed
methodology using both quantitative and
qualitative approaches. For the quantitative
approach, we used data from the psychrometric
chart of the state of Puebla, measurements with
an anemometer, and the design dimensions of a
200 L tank.

ISSN 2523-6822
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The quantitative data obtained will be
declared in CFD software in order to synthesize
and process the information, and thus provide a
reference point in future designs of Savonius
vertical axis turbines, in addition to recognizing
their generation potential. The objective is to
build a Savonius vertical axis turbine from the
adaptation of a container tank and low-cost
elements, capable of operating under the
geophysical conditions of the state of Puebla. It
was decided to adapt a barrel tank due to its
potential to modify the strategic positions of its
parts and its geometric characteristics.

The study was conducted with an average
linear wind speed of 8.03 m/s during the winter-
spring period. From these data, the turbine was
modeled in a CAD program, followed by the
quantitative data as boundary conditions,
simulating a constant flow perpendicular to the
axis of the Savonius turbine and obtaining the
behavior of the wind rotor under these
conditions. From the qualitative data, it was
decided to perform the study declaring a
constant wind flow, a control volume was
declared in the CFD simulation to simplify the
numerical solutions.

With these studies, the aim is to present
the behavior of the wind flow and the turbine
itself for common Savonius vertical axis
designs..

3. Design and materialization of vertical axis
turbine Savonius

The idea of adapting a tank to build the wind
turbine was given due to the incredible potential
and excellent performance offered by a
standardized 200 L tank because with a few
modifications both in the parts and in its strategic
positioning we managed to make a fully
functional Savonius turbine model in all
conditions. Since it is an adaptation to the full
extent of the word, the calculations were carried
out using the reverse engineering method.

Given the dimensions of the 200 L barrel,
it was decided to grind the upper and lower faces
as well as the barrel cylinder to obtain five
blades, thus obtaining a total of seven pieces, all
this was modeled in the CAD tool SolidWorks
2018 free license as shown in Figure 1.

MORALES-PALOMARES, David, CRUZ-GOMEZ, Marco Antonio,
JUAREZ-ZERON, Tomés Aarén and FLOREZ-MARTINEZ, Guillermo.
Adaptation of a container tank to a savonius vertical axis turbine analyzed by
reverse engineering. Journal of Technologies in Industrial Processes. 2021
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Figure 1 Parts that integrate the assembly
Source: Tribology and transport group Faculty of
Engineering BUAP; Solidworks 2018. (2021)

Now, an inclination of 35° was proposed
for the blades by rotating them for a point located
at 24° from the axis to keep a portion of the blade
within the circumference of the faces at the base
of the assembly strategically to increase the
contact area with the base and consequently the
strength of the assembly as shown in figure 2.

580.00

Figure 2 Positioning of the Savonius turbine blades
Source: Tribology and transport group Faculty of
Engineering BUAP; Solidworks 2018. (2020)

After relocating the positions of the parts
we obtained the preliminary design of the
Savonius turbine as shown in Figure 3. At this
point, we proposed the manufacturing processes
necessary to materialize the design.

ISSN 2523-6822
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Figure 3 Preliminary design of the Savonius turbine
Source: Tribology and transport group Faculty of
Engineering BUAP; Solidworks 2018. (2020).

Using as a reference the design drawings
of the Savonius vertical axis turbine previously
made, both the faces and the tank cylinder were
modified and the parts were relocated, obtaining
as a final result a fully functional Savonius
turbine as shown in Figure 4.

Figure 4 Savonius vertical shaft turbine
Source: Tribology and transport group. Faculty of
Engineering. BUAP. (2020)

4. Operating conditions

Through the data collected in the psychrometric
chart, as shows in table 1 it was calculated that
the winds in the city of Puebla have an average
linear speed of 8.03 m/s, the other operating
conditions are dictated by the geometry of the
turbine parts and their arrangement in the
assembly. Benemérita Universidad Autonoma
de Puebla [BUAP]. (2020).

MORALES-PALOMARES, David, CRUZ-GOMEZ, Marco Antonio,
JUAREZ-ZERON, Tomés Aarén and FLOREZ-MARTINEZ, Guillermo.
Adaptation of a container tank to a savonius vertical axis turbine analyzed by
reverse engineering. Journal of Technologies in Industrial Processes. 2021
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Boundary Conditions | Value | Where:
Dry bulb temperature 21 °c
Wet bulb temperature 14 °c AR A | Ti Rati
Absolute humidity | 0.0014 Kg H20/Kg Air r: Actual Tip Speed Ratio
Relative humidity 65 % ] .,
Enthalpy 47.5 KcallKg Sustituyendo los datos en la ecuacion 3.
Dew temperature 10.6 °c

Table 1 Parameters from psychrometric chart

Source: Arellano F. (2003). Ahorro de energia del sistema
de aire acondicionado del edificio administrativo del IMP,
México, D.F. Instituto Politécnico Nacional p.p. 43

4.1 TSR rate identification

The Tip Speed Ratio (TSR) was calculated using
equation 1, which relates the linear speed of the
turbine to the linear speed perpendicular to the
wind flow.

v _wr
=7 (1)

A=
Where:

A: Tip Speed Ratio

V: Linear wind speed (m/s)

v: Turbine linear speed (m/s)

w: Turbine angular velocity (rad/s)
r: Turbine radius (m)

Where the linear velocity of the wind rotor will
be described by equation 2.

v =wr = 2nfr (2)
Where:
f: Frecuencia (Hz)

Substituting the data in equation 1.

__ 2m(60 Hz)(0.4425 m)
- 8.03 M/

A

Therefore.
A =20.7744

However, given the design and
adaptation of the vertical axis Savonius turbine
built, and that it has five blades equidistant to its
axis and have the same contact area, the TSR
coefficient is divided by five, as shown in
equation 3.

A
Ap=1

©)

ISSN 2523-6822
ECORFAN® All rights reserved
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Ap = 227 = 41548

4.2 Drag coefficient

The TSR helps us to measure the behavior of a
body that rotates on its axis and is governed by
aerodynamic drag, given the shape of the blades
to capture the wind are perpendicular to the wind
flows and has a large contact area; a unit drag
coefficient will be estimated.

4.3 Force and power of the wind flow
captured by the turbine

Based on the geometric characteristics of the
wind rotor, the psychrometric chart of the State
of Puebla (2135 meters above sea level) and the
delimitation of the wind constant at 8.03 m/s, the
equations of the force captured by the turbine,
and the projected power with the rotor
assembled directly to the shaft were developed.

Contact area = A = 0.31911 m?
Dragging constant=Ca =1
Wind speed = v =8.03 m/s
Air density = p = 1.225 kg/m?
Turbine radius = r =0.4425 m

The force exerted by the air flows acting
on the turbine blades is defined by equation 4.

Fy = Ca~ pAv? (4)
Substituting the data in equation 4.

= (%)(1.225 kg/m3)(o.31911 m?)(8.03 M/)?

Therefore.
F, =12.6031 N

The power per part of the wind speed is
described in equation 5.

1
Py = Cy EPAUS (5)

Substituting the data in equation 5.

MORALES-PALOMARES, David, CRUZ-GOMEZ, Marco Antonio,
JUAREZ-ZERON, Tomés Aarén and FLOREZ-MARTINEZ, Guillermo.
Adaptation of a container tank to a savonius vertical axis turbine analyzed by
reverse engineering. Journal of Technologies in Industrial Processes. 2021
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= (%)(1.225 kg/mg)(0.31911 m?)(8.03 M/s)3

Therefore.

P, = 101.2029 W

5. CFD analysis of the Savonius wind turbine

To observe the behavior of the wind flows as
they rotated the wind turbine, the CAD model
was imported into the ANSIS 2020 R2 CFD
program. As shown in Figure 5, a control volume
was implemented to define the domain through
which the wind flow would pass through the
wind rotor. Likewise, a rotation domain was also
declared to allow the model to rotate.

Figure 5 Implementation of control and rotation domains
Source: Grupo de tribologia y transporte. Facultad de
ingenieria. BUAP; ANSYS R2 2020. Licencia estudiantil.
(2021)

The  K-Epsilon  viscosity = model
achievable with a near-wall treatment scalable to
the wall was declared. In addition to
programming the boundary parameters given in
Table 1.

Parameters Coefficients and Features

Aire

Fluid Dgnsity = 1225 kg/md
Viscosity = 1.784e-05
kg/m-s

Inlet 8.03 m/s hacia to -Z

Relative pressure in
control  volume  openings | 1.00863 atm
(except Inlet)
Direction of rotation
of the rotation domain
Maximum speed

of rotation of the rotation | 18.1468 rad/s

Y=1

domain
Prandt TDR number 1.2
Prandt TKE number 1

Tabla 2 CFD analysis boundary parameters
Source: Grupo de tribologia y transporte. Facultad de
Ingenieria. BUAP. (2021).
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From these data, the simulation was run
in the CFX tool of ANSYS R2 2020, obtaining
the results of pressure, angular and linear
velocity of the air currents in the turbine, shown
in Figures 6, 7, and 8 respectively.

o wA A
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|
-4
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Figura 6 Absolute pressure CFD results of the Savonius
vertical axis turbine

Sourse: Grupo de tribologia y transporte. Facultad de
Ingenieria. BUAP; ANSYS R2 2020. CFX. Licencia
estudiantil. (2021)

Figure 6 shows how the absolute pressure
is concentrated in the center of the rotor and is
distributed uniformly across the blades, focusing
on the contact areas of the turbine, allowing a
constant rotation in the desired direction.
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Figura 7 Angular velocity CFD results of the Savonius
vertical axis turbine

Sourse: Grupo de tribologia y transporte. Facultad de
ingenieria. BUAP; ANSYS R2 2020. CFX. Licencia
estudiantil. (2021)

Since the analysis starts from the steady-
state of the turbine, it can be seen in Figure 7
how the angular velocity of the air reaches its
maximum point near the blade transverse to the
wind direction and since the inertia of the
prototype has not yet been broken; this velocity
dissipates as the turbine rotates. However; after
a few seconds the angular velocity of the flow
near the turbine will be almost symmetrical, still
centering on the wing transverse to the wind.

MORALES-PALOMARES, David, CRUZ-GOMEZ, Marco Antonio,
JUAREZ-ZERON, Tomés Aarén and FLOREZ-MARTINEZ, Guillermo.
Adaptation of a container tank to a savonius vertical axis turbine analyzed by
reverse engineering. Journal of Technologies in Industrial Processes. 2021
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o B . fid

Figura 8 CFD linear velocity results of the Savonius
vertical axis turbine

Source: Grupo de tribologia y transporte. Facultad de
Ingenieria. BUAP. ANSYS R2 2020. Licencia estudiantil.
(2021)

In general, a linear flow velocity analysis
on a vertical axis turbine tends to be unimportant
because the wind speed vectors do not usually
alter linearly, even after breaking the inertia of
the prototype. Anyway, it will be considered
because it is one of the main parameters
contributing to turbine performance and blade
degradation.

Figure 8 shows how the prototype, in
steady-state, impedes the wind flow and
gradually reduces its speed (it can be observed
how the speed decreases in the control volume;
comparing the before and after contacting the
turbine). However, being analogous to the
angular velocity analysis in Figure 7, the linear
velocity of the flow begins to excite the rotor
from the contact of the fluid with the transverse
blade to the wind, behaving uniformly over
almost the entire area of the blade.

6. Results
Table 3 contains the data obtained from the

Savonius  turbine  geometry and the
corresponding psychrometric data.

Description Calculated
value

Top speed rate 4.1548

Intercepted flow force 12.6031 N
Projected power
(With shaft assembled directly to 101.2029 W

the rotor)

Table 3 Calculated results
Source: Tribology and Transport Group. Faculty of
Engineering. BUAP. (2021)
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As far as the CFD analysis is concerned,
it can be interpreted that the wind flow
intercepted by the turbine blades starts to form
air eddies that excite the rotor motion and these
dissipate up to 135° with respect to the XZ axis
after capture.

7. Results discussion

In the area of sustainability, the wind turbine
design proposed in this research will benefit
society by providing an alternative in the
capacity to generate electricity in an
environmentally friendly and economically
viable way, in the same way, anyone who has
access to a tank has the possibility of making a
similar assembly. On the sustainable side, the
Savonius model in the urban environment adapts
perfectly to environmental conditions and does
not have to be directed in the direction of air
currents. Therefore, these wind rotor designs are
the most suitable for closed cities, fostering a
culture of awareness that cares for the
environment and the integration of innovative
clean energy generation systems in urban
environments.

8. Annexes

Arellano F. (2003). Ahorro de energia del
sistema de aire acondicionado del edificio
administrativo del IMP, México, D.F. Instituto
Politécnico Nacional p.p. 4

9. Conclussions

In this study, the adaptation of a Savonius
vertical axis turbine from a 200 L tank has been
proposed for implementation in large cities.
However, the results obtained in this analysis
demonstrate the limited generation potential and
the great challenge of generating large amounts
of kilowatts sustainably, not to mention the large
intermittencies that are typical of wind
technologies. Even so, the Savonius rotor
represents a great advantage in sustainably
producing energy in urban environments, as it
does not need to be directed into the airflow, and
by having an outstanding performance in
handling turbulence as many vertical axis
turbine designs such as the Darrieus.
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Abstract

The objective of this research consists of the design,
construction and automation of the electrospinning
mechatronic system to obtain nanofibers. As a first stage, the
structure of the electrospinning mechatronic system and the
distribution, injection and manifold system were designed
and built. In the second stage, the open-loop control system
was outlined and implemented. It is made up of: control,
isolation stage, and the plant. In the first element, the
LabView interface and ATMega2560 microcontroller were
used to manipulate the variables of the injection speed and
distribution of the solution, the speed of the nanofiber
collector and the height between the capillary tube and the
collector, the magnitude of the temperature and humidity
from the environment, also, the graphic interface was
developed, the second element consists of isolating the
control and power stage in addition to amplifying the
command signals and enabling the correction elements, the
third element receiving the signals from the power stage to
perform the action and produce a change in the controlled
variables in the process. With this prototype, it is intended to
obtain nanofibers from different polymer solutions for use in
the area of catalysis and biomaterials.

Open loop control system, Electrospinning, Control

Resumen

El objetivo de esta investigacion consiste en el disefio,
construccion y automatizacion del sistema Mecatrénico de
electrohilado para la obtencién de nanofibras. Como primera
etapa se disefi0 y construyd la estructura del sistema
mecatronico de electrohilado y el sistema de distribucion,
inyeccion y el colector. En la segunda etapa se esbozo e
implementé el sistema de control a lazo abierto esta
constituido: control, etapa de aislamiento y la planta. En el
primer elemento se utiliz6 la interfaz de LabView y
microcontrolador ATMega2560 para manipular las variables
de la velocidad de inyecci6n y distribucion de la solucion,
rapidez del colector de las nanofibras y la altura entre tubo
capilar y el colector, la magnitud de la temperatura y
humedad del medio ambiente, también, se elaboro6 la interfaz
grafica, el segundo elemento consiste en aislar la etapa de
control y potencia ademas amplificar las sefiales de mando y
habilitar a los elementos de correccion, el tercer elemento
reciben las sefiales de la etapa de potencia para realizar la
accion y producir un cambio en las variables controladas en
el proceso. Con este prototipo, se pretende obtener nanofibras
a partir de diferentes soluciones poliméricas para usarlas en
el area de catélisis y biomateriales.

Sistema de control a lazo abierto, Electrohilado, Control
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Introduction

The electrospinning technique, is the simple and
low cost method to obtain polymeric fibers or
nanofibers from any polymer that can be
dissolved or melted (Garcia, 2013, Moghe &
Gupta, 2008). In addition, due to the variety of
applications; such as in biomedicine and
filtration  technologies  (Garcia, 2013),
automotive industry, Aerospace,
Nanotechnology, textile (Cano, Tornero, &
Naik, 2010), Nano and electromechanical and
electromagnetic microsystems, advanced optical
components, drug delivery system
(Ramakrishna, Fujihara, Teo, Lim, & Ma, 2005,
Yu, et al., 2008), Electronic and optoelectronic
nanodevices, energy conversion, environmental
protection, sensors (Li & Xia, Direct Fabrication
of Composite and Ceramic Hollow Nanofibers
by Electrospinning, 2004), agriculture and food
industry (Morgalev, et al., 2010); Therefore, it
has driven the interest of scientists and engineers
to produce nanostructures that optimize
processes and increase production (Moghe &
Gupta, 2008).

The electrospinning process allows
obtaining fibers by coaxial stretching of a
viscoelastic solution (Teo & Ramakrishna,
2006) or is used for the production of polymeric
fibers with a diameter between 3nm and 5um
(Pham, Sharma, & Mikos, 2006).

It consists of an electromechanical
system that can manipulate different variables,
these are divided into: solution, properties,
controlled  variables and  environmental
parameters, i.e., it consists of three main
components: a pump for the syringe, a needle
attached to the syringe, a grounded collector
plate and a high voltage source connected
between the capillary and the collector.

The high voltage applied across the
needle creates an electric field, when the surface
tension of the droplet formed at the end of the
needle is overcome by the electric field the
droplet is distorted forming a thermodynamic
stability on the surface of the solution generating
a "Taylor cone™ electrospray, which is directed
to the collector plate, on the way the solvent
evaporates and the polymeric fiber is deposited
on the collector, figure 1 (Duque, Rodriguez, &
Lopez, 2013, Moghe & Gupta, 2008), by
controlling the parameters unique characteristics
of the fibers obtained by electrospinning are
achieved.
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Considering that each polymer and
solvent will be different their dissolution
parameters, i.e. the concentration of the
polymeric solution: the size and morphology of
the fibers are related to the polymer
concentration. If the concentration is very
diluted, the fibers break before reaching the
collector plate due to surface tension, otherwise,
if it is very concentrated, the fibers will not form
due to its high viscosity, causing the solution to
pass through the capillary.

Conductivity of the solution: when salts
are added to the solution, the conductivity
increases and therefore the electrical force for
stretching the fiber, this depends on the diameter
of the fiber; voltage: this must be higher than the
threshold that will generate the Taylor cone that
will be expelled towards the collector, a greater
stretching will be obtained promoting the
reduction of the diameter of the nanofibers;
output flow: when the outflow is of larger
diameter it will increase the size of the fiber
generating defects in this, on the contrary, it
decreases the outflow, therefore, it keeps the
Taylor cone stable giving time necessary for the
evaporation of the solvent before reaching the
collector; distance between the needle tip and the
plate may or may not have an effect on the
thickness and shape of the fiber, causing
appearances of lumps or wet fibers. A small
distance will prevent the solvent from
evaporating and the polymer from coming out in
the form of thread, at a greater distance the fiber
could break under its weight. (Li & Xia, 2004).

} Disolucién de polimero ;Jeringa}

ii:uente de alto volmjei }Colectorf

Figure 1 Schematic diagram of the basic equipment in the
electrospinning process
Source (Dekker, 1959)
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The electrospinning techniques can be
horizontal or vertical (Figure 2 and 3). The
disadvantage of the vertical position is the
possible exit of drops of solution from the
capillary to the collector which can fall on the
deposited fibers making the surface of the same
defective and interrupting the process. To propel
the solution through the capillary an infusion
pump can be used if working horizontally with
cone as capillary, the outflow of the solution can
be determined by the force of gravity linked to
the viscosity of the solution (Dekker, 1959).

The physical variables that are
manipulated in the process are: voltage that
applying a voltage between the capillary and the
collector in the order of Kilovolts results in
larger diameter fibers, (Huang, Zhang, Kotaki, &
Ramakrishna, 2003), it was also determined that
it reduces the diameter of the nanofibers when a
high voltage is applied to it (Sencadas, et al.,
2012) and there is the probability of obtaining
defective nanofibers (Deitzel, Kleinmeyer,
Harris, & Beck Tan, 2001 and Demir, Yilgor ,
Yilgor, & Erman, 2002), and finally when a high
voltage is applied, a higher stretching of the
solution is obtained due to the presence of higher
coulumb force in the jet and a strong electric
field, therefore, the reduction in the diameter of
the fibers is obtained (Lee, et al., 2004 and Haghi
& Akbari, 2007); The outflow, if the outflow is
lower, the deformation of fiber defects will be
avoided (Yuan, Zhang, Dong, & Sheng, 2004),
and when the outflow is increased the diameter
of the fibers increases and possibly the size of
the defects (Zong, et al., 2002) and a minimum
value of the solution volume at the capillary
outlet must be maintained to obtain a stable
Taylor cone (Teo & Ramakrishna, 2006); and
the distance between the capillary and the
collector depending on the properties of the
solution the effect on the variation of the
distance may or may not have an effect on the
shape of the fibers, if the distance is large the
fibers will not form under their own weight,
especially if they are of small diameter (Li,
Wang, & Xia, 2003), a minimum distance is to
give the fibers enough time for the solvent to
evaporate before reaching the collector, with a
distance too large or too small defective fibers
are formed (Ki, et al., 2005), and finally the
presence of moisture in the fibers obtained small
pores were obtained on the surface of the fibers
by the increased moisture (Casper, Stephens,
Tassi, Chase, & Rabolt, 2004).
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Plato colector

i

Figure 2 Schematic diagram of the horizontal
electrospinning system
Source (Dekker, 1959)

|Bomba infusora]

[Fuente de alto voltaje]

Bomba infusora

[Fuente de alto voltaje]

Figure 3 Schematic diagram of vertical electrospinning
system
Source (Dekker, 1959)

Therefore, in this work the design of the
packaging of the mechatronic system, the
distribution, height, injection and collector
systems, in addition, the open loop control
system was implemented to manipulate the
parameters (voltage, output flow and distance
between the needle tip and the collector) and
keep constant the physical variables in the
electrospinning process and the human-machine
interface (HMI), for obtaining polymeric
nanofibers which could be used as biomaterials
and in catalysis.

Description of the method

The mechatronic system for the eletrothreading
process was designed and implemented,
consisting of: electromechanical systems such as
distribution, height, injection and collector; the
bench, where the dimensions of the cabin where
the nanofibers will be produced and the drive
system were considered.

ROSALES-DAVALOS, Jaime, ENRIQUEZ-PEREZ, Ma. de los Angeles,
LOPEZ-RAMIREZ, Roberto and MASTACHE-MASTACHE, Jorge
Edmundo. Design and Automation of a vertical electrospinning system for
manufacturing nanofibers. Journal of Technologies in Industrial Processes.
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And finally the control system, to
manipulate the speed of distribution and
injection of the polymer solution, distance
between the capillary and the collector and speed
of uptake of the nanofibers, implemented the
open loop control system and finally the tests.

Results

The coaxial electrospinning technique is used to
obtain continuous nanofibers with diameters in
the order of submicrons to nanometers (Doshi &
Reneker, 1995), the vertical electrospinning
technique was selected (Dekker, 1959); the
mechatronic system for obtaining the nanofibers
is formed by:

a) Electromechanical displacement
system, shown in Figure 4, on the
chrome bars the height system slides to
generate the movement from left to right
in conjunction with the electric actuator
and the spindle, likewise moving the
electromechanical injection system and
horizontally distributing the polymeric
solution on the surface of the colletor.

Motor & TR e R |
pasos Rodamiento
Soporte "L" |
Cople jaCic
: para sujecion
Flexible | de motor,
rodamiento y
Husillo w—
Lol cromadas
Barra
cromada S

Figure 4 Isometric view of the horizontal displacement
electromechanical system
Source: Own Authorship

b) Height system, manipulates the
separation  between the capillary
(needle) and the collector (roller), the
height is controlled by the stepper motor
that transmits the movement to the
spindle  generating  the  vertical
displacement; the separation between
the capillary and the collector is
controlled. Figure 5 shows the front
view and Figure 6 the rear view, i.e. the
linear bearings that are the guide for the
horizontal sliding on the distribution
system and the trapezoidal nut that
translates to the height system with the
movement of the spindle.
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Motor a |
pasos |
| Placa |
superior
Cople |
Flexible |
Barra
Cromada
Husillo
Soporte en
Placa ‘ - "C" para
inferior | Rodamiento sujecion de
motor y barras
| cromadas

Figure 5 Front isometric view of the height system
Source: Own Authorship

Rodamiento
Lineal

Base para
tuerca
trapezoidal

‘ Tuerca |
trapezoidal

Figure 6 Rear isometric view of the height system.
Source: Own Authorship

c) Electromechanical injection system,
controls the amount of polymeric
solution supplied to the collector (see
figure 7); the amount of solution depends
on the speed of the stepper motor;
therefore, it generates the vertical
movement to the syringe support, this
system is coupled to the height system.

d) Electromechanical collector system, it is
the one that stores the nanofibers in
circular form, they are rolled up in the
roller, this is driven by a direct current
motor, that is to say, the revolutions per
minute are controlled, see figure 8.

ROSALES-DAVALOS, Jaime, ENRIQUEZ-PEREZ, Ma. de los Angeles,
LOPEZ-RAMIREZ, Roberto and MASTACHE-MASTACHE, Jorge
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e) Design of the baseplated, to isolate the
temperature and humidity of the internal
process and the environment, because
they alter the formation of the nanofibers
and support the weight of the
mechatronic system for obtaining the
nanofibers, see figure 9.

Motor a
Buje | pasos
Nylamid XL | ‘ .
3 - Soporte para)
Placa de sujecion de
_aluminio motor y
barras
Barra comadas
cromada . |
. | Rodamiento
Soporte de | Lineal
_lesinga |
Terminal Husillo
para alto —
voitaje
Figure 7 Electromechanical injection system
Source: Own Authorship
Placa {B@jqi’f |
|Flecha |

Figure 8 Electromechanical system of the collector
Source: Own Authorship

Figure 9 Mechatronic system baseplate
Source: Own Authorship
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Finally, Figure 10 shows the front view
of the assembly of the electromechanical
systems of the machine to obtain nanofibers.

Sistema
mecanico de
altura

Sistema
mecanico do |
distribucidn |

Sistema
| macanico de
inyeccion

Sistema de |
coleccion de
nanofibras

Estructura de
perfil estructural
de aluminio de
4545

Figure 10 Front view of the mechatronic system.
Source: Own Authorship

Control system

The open-loop control system was implemented,
because the reference variable(s) is not
compared with the controlled variable(s), the
accuracy of the system depends on the
calibration. Figure 11 shows the block diagram
for the control of the electromechanical system
of the vertical electrospinning process.

Vadabes de el
1 -Disteaciin de
nanofaem
3 -Dustancis stn
¥ b0 caphar
o caecx

1 Wenosa o
ey

LN
‘

nn
3 Tereneman y ‘
el

Cortrol

Stwrs ca costrm

S UM e 4

R ] Freems
..q.:. a“.‘:.;‘u« ’ - Q - ‘ '
L

Figure 11 Block diagram of the open loop control system
of the electrospinning machine.
Source: Own Authorship

The variables controlled in the
mechatronic system are: speed of distribution
and injection of the polymeric solution, distance
between the capillary tube and the collector and
the storage speed of the nanofibers in the
collector.

For the control of the variables of
distribution and injection speed of the polymeric
solution, height between the capillary and the
collector of each one of the systems, a stepper
motor was used for each one and it is controlled
by an ATMega 2560 microcontroller.

ROSALES-DAVALOS, Jaime, ENRIQUEZ-PEREZ, Ma. de los Angeles,
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manufacturing nanofibers. Journal of Technologies in Industrial Processes.
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The stepper motors have a step angle of
1.80 means that it has 200 steps per revolution
and the frequency range is from 0 to 625 Hz.
Figure 12 shows the control system software, to
manipulate the variables of the mechatronic
system, in the void loop 1, control the speed of
the collector, to adjust the separation between
the capillary and the collector, the speed of
distribution of the solution to obtain the
nanofibers is established; in void loop 2, the
initial position of the aluminum plate of the
injection system is manipulated, the speed of the
polymeric solution supply is set and the
mechatronic system is enabled or disabled, and
in void loop 3 the magnitudes of the temperature
and humidity inside the bench are obtained.

Figure 13 shows the graphical man-
machine interface for the control of the physical
variables of the electrospinning process; In the
distribution stage, it is manually adjusted to the
left or right, and its initial state must be in the
central part of the horizontal axis and the "start"
button performs the automatic distribution; in
the height stage, the separation between the
capillary and the collector is manually adjusted,
In the injection stage, by assigning an event to
the "return™ button to release the syringe plunger
and the "injection” button to activate the
automatic option, and finally the temperature
reading start button to monitor the temperature
and humidity inside the mechatronic system
bench.
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Figure 12 Software of the control system of the
mechatronic system for obtaining nanofibers
Source: Own Authorship
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Figure 13 Man-machine interface
Source: Own Authorship

To evaluate the operation of the
equipment, a polyacetate solution was used, the
operating conditions were: distribution speed at
30 rpm (revolutions per minute), injection speed
of 15mm/min, distance of 10 cm between the
capillary tube to the collector, with an applied
voltage of 20KV, in Figure 14 and 15, the
micrographs of the nanofibers of this polymeric
solution are presented.

Figure 14 Micrograph of nanofibers with polyacetate
Source: Own Authorship
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Figure 15 Micrograph of nanofibers with polyacetate
Source: Own Authorship

Conclusions

The electromechanical systems of distribution,
height, injection, collector and control were
designed and implemented for the manipulation
of the physical variables of distribution and
injection speed of the polymeric solution,
separation between the capillary and the
collector and speed of the collector, and their
operation was verified with the obtaining of
polyacetate  nanofibers.  However, each
polymeric solution has its own electrospinnig
operating conditions for obtaining nanofibers.
With the implemented equipment, we will begin
to search for the feasibility conditions of
polymeric solutions to obtain nanofibers.
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Abstract

The present study presents the relationship of temperature
and deformation as well as the analysis of heat transfer and
deformation produced during welding of a steel plate. The
method consists of strategically welding a base metal plate
(A-36) with a high-hardness filler material to obtain an
overall increment in wear resistance. However, the
thermal cycles generated during welding produced
deformation, thus changing the flatness of the plate.
Different sequences of welding were applied to obtain a
relationship between the heat transfer and deformation. A
filler material was applied to 100 holes (1/2” diameter and
8 mm depth) in a 4” steel plate. The temperature and
deformation were measured for 3 different welding
sequences. Plate 1 reached a final mean temperature of 467
°C and deformation of 0.016”, plate 2 reached 472.9 °C
and -0.008”, and plate 3 reached 354.2 °C and 0.020”. The
results indicate that the deformation is not function of the
final temperature, instead the deformation is function of
the slope of the curve temperature vs deformation. The
behavior of the curve temperature vs deformation is linear
for all cases studied, confirming the findings of the lowest
deformation for plate 2 which exhibited the lowest slope.

Temperatura, Deformation, Linear equation

Resumen

El presente estudio consiste en establecer la
proporcionalidad de temperatura con la deformacion que
se produce en un proceso de soldadura para desarrollar una
ecuacion que establezca la relacién que existe entre los
ciclos térmicos y la deformacion generada. El desarrollo
consiste en utilizar un metal base resistente
mecénicamente como el acero A36, y aplicarle en puntos
estratégicos soldadura; sin embargo, los ciclos térmicos
generados producen deformacion que afecta la planeza, la
placa de acero A-36 es de %2 de espesor, que se disefia con
100 taladros de %" de diametro por 8 mm de profundidad,
Las deformaciones obtenidas fueron de comportamiento
lineal para las tres probetas, obteniendo temperaturas
promedio, para probeta 1 de 467.6°C y deformacién de
0.016”, probeta 2 de 472.9°C y deformaciéon de -0.008” y
probeta 3 de 354.2°C y deformacion de 0.020”, lo que nos
indica que la deformacién no estd en funcion de la
temperatura final, sino en la proporcionalidad del
calentamiento con la deformacion, de acuerdo con la
ecuacion y=a+bx; dando como resultado que la probeta 2
es la que se deforma menos, coincidiendo con la menor
pendiente de la grafica lineal y el coeficiente de relacion
lineal méas cercana a la unidad absoluta.

Temperatura, Deformacion, Ecuacion lineal
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Introduction

A weld, according to the definition of the
American Welding Society (American Welding
Society, 2010), is a process of joining metals by
the action of heat, with or without the addition of
new metallic material, giving continuity to the
joined elements (American Welding Society
2010). The filler material and heat supply
applied in the welding process can affect the
properties of the part, generating imperfections
such as porosities, cracks and deformations. To
avoid these effects it is necessary to establish
parameters to minimize them.

Steels are materials that have many
advantages in terms of mechanical properties,
corrosion resistance and weldability. However,
when steels are welded, the thermal cycle of
welding causes alterations in the composition,
distribution, size and volume fraction of the
materials through dissolution, growth and
precipitation of the materials. (Marconi et al.
2015 and Lopez et al. 2013), state that in welding
processes, the heat input is a relative measure of
the energy transferred to the components to be
welded, in general the final microstructure is a
function of the chemical composition and
thermal cycle, and in turn the latter, is a function
of the heat input and the geometric component
(amount of material to be welded). This leads to
the welding zone generating a thermal
affectation in the material where it generates a
field of residual stresses, as well as a difference
in  mechanical properties, tenacity and
mechanical resistance.

One of the main sectors that generate a
great source of employment in Mexico is the
mining, steel and cement industries, where the
use of hard wear-resistant materials is an
important part of the raw material transportation
process. Currently, the anti-wear steels
developed are highly expensive, so the
development of hard coatings applied by a
welding process is a possible solution. For this
reason, it is necessary to analyze the significant
variables on which the final quality of this
material depends.

When applying heat generated in a
welding process, deformation occurs due to heat
and temperature changes; when the distribution
of heat generated is controlled, deformation
should be minimal and the steel plate should
keep its flatness.
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The ratio of the amount of heat input in a
welding process is highly related to the
deformation that can possibly be obtained as a
final result. Deformation in a weld is due to non-
uniform expansion and contraction of both the
adjacent base metal and the filler metal during
the heating/cooling cycle. During the
heating/cooling cycle, many factors are
involved, making it difficult to make accurate
predictions of deformation. The physical and
mechanical properties of the metal on which the
calculations are based. For example, as the
welding temperature increases, the yield
strength, modulus of elasticity, and thermal
conductivity of the material decrease, and the
coefficient of thermal expansion and specific
heat increase.

These changes, in turn, affect heat flow
and uniformity of distribution, so these variables
make an accurate calculation of what happens
during heating and cooling complicated.
(Electric L. Weld Distortion 2018), specifies that
even if the calculation is simple, in the design
phase and in the shop, a practical understanding
of the causes of deformations, the effects of
shrinkage on various types of welded joints,
methods to control shrinkage, and the
advantageous use of shrinkage is important.

In a welded joint, the same forces of
expansion and contraction act on the weld metal
and the base metal. When the welded metal
solidifies and melts with the base metal, it is in
its maximum state of expansion, occupying the
maximum possible volume as a solid. On
cooling, it tries to contract to reach the volume it
normally occupies at low temperatures, but is
restrained by the adjacent base metal. The
stresses developed in the weld have finally
reached the creep of the base metal. At this point,
the weld stretches, or flows, conforming to the
volume requirements at the lower temperature.
But only those stresses that exceed the yield
strength of the weld metal are relieved by this
accommodation.

(Flores et al. 2006), states that when the
weld reaches room temperature, assuming full
restraint of the base metal, it exhibits internal
tensile stresses approximately equal to the yield
strength of the metal. If the restraints (clamps
holding the workpiece, or an opposing shrinkage
force) are removed, the internal stresses are
partially relieved, causing movement of the base
metal, i.e., deformation.

BARRERA-MORENO, Mario Alberto, SERVIN-CASTANEDA, Rumualdo,
CALDERON-RAMOS, Ismael and PEREZ-ALVARADO Alejandro.
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(Radaj et Al. 1992 and Guangming et Al.
2015), specify that the welding sequence is one
of the most significant variables in the
deformation suffered, since the same residual
stress of the welding process the smaller the
welding process the greater its deformation, and
the greater the stress the smaller its deformation.

(Bullon W, et al. 2010) indicates that in
the welding process different physical
phenomena occur as a consequence of the
interaction in the thermal fields that generate
mechanical deformations and alterations to the
microstructural state. The temperature field is a
function of many welding parameters, such as:
arc power (116-118 Amperes), welding speed
(40 cm/min), welding sequence (flat) and
environmental conditions (30°C). The residual
stress deformation and distortions in welding
depend on interrelated factors such as: thermal
field, material properties, edge conditions, weld
type and welding conditions.

Research Methodology

In order to analyze the heat transfer and
determine the deformation in the welding
application on the specimens, a methodology is
proposed to determine the heat distribution in the
specimen and the existing deformation once the
welding application is finished. The proposed
method provides an insight to take into account
which sequence is ideal to minimize the
deformation effects.

Experimental
Design

Sample
preparation Welding

¢ application

Evaluation of

Planarity Results

inspection

Thermographic
acquisition

Figure 1 Diagram of the proposed method for deformation
analysis in the application of welding on specimens
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Figure 2 Sample preparation, physical representation of
the experimental design

To identify the points where the flatness
is measured, the following relationship is used,;
the plate is divided into columns and rows, in
sections consisting of nine columns named with
the letters A, B, C, D, E, F, G, H, I. and nine rows
consisting of 1, 2, 3, 4, 5, 6, 7, 8, 9, forming
eighty-one intersections, as shown in Figure 3;
For example, the intersections D8, E2 and 17 are
identified in red circle.

Figure 3 Identification of intersections

Applying the dimensional inspection
method, in the flatness inspection stage,
measurements are taken at the 81 intersections
before and after applying the weld, in order to
monitor the deformation produced throughout
the process. With the help of a caratula indicator,
by running it along all the lines of the grid drawn
on each of the three plates.

In order to measure the flatness
considering different heating parameters, due to
the large amount of heat generated in the
welding process, sequences were established for
the application of welding on the plate.

BARRERA-MORENO, Mario Alberto, SERVIN-CASTANEDA, Rumualdo,
CALDERON-RAMOS, Ismael and PEREZ-ALVARADO Alejandro.
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In order to determine which of them
allow to obtain the least deformation, for this 5
different sequences are established for the
application of the filler metal, which are
established as follows:

1) Sequence 1 consists of 36 drill holes.
2) consists of 20 holes

3) Sequence 3 consists of 4 holes

4) Sequence 4 consists of 28 holes

5) Sequence 5 consists of 12 holes

The experimental designs of the 5
different sequences randomly established for the
3 plates are shown in Figure 4, Figure 5 and
Figure 6.

Figure 4 Sequences established for plate

Figure 5 Sequences established for plate 2
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Figure 6 Sequences established for plate 3

For the welding application on the three
plates, the same SMAW electric arc welding
process is used, with a MILLER welding
machine and an AWS AbL.1 class E6013
electrode. An amperage of 116-118 A, direct
current with positive electrode is applied. The
filler metal used in this process is the 1/8 E6013
coated electrode, whose characteristics are
60000 Ib/plg? of minimum tensile strength.

A Fluke thermographic camera was used
to take thermographies, taking images after each
welding sequence applied to each of the plates.
Finally, the analysis and evaluation of the results
are discussed in the conclusions stage.

Results

Using a caratula indicator, the flatness of the 3
plates was measured before and after the
welding process, the average of the deformation
data generated is expressed in Table 1 and the
linear equation obtained in each of the graphs
shown in Figure 7, Figure 8 and Figure 9, which
indicate the behavior of the deformation vs.
temperature in the sequence applied in each
plate.

Plate flatness, base metal average (inches)

Probe Before After
Plate 1 0.00096 -0.01515
Plate 2 -0.00001 0.00880
Plate 3 0.00490 -0.01588

Table 1 Deformation results of the three plates

BARRERA-MORENO, Mario Alberto, SERVIN-CASTANEDA, Rumualdo,
CALDERON-RAMOS, Ismael and PEREZ-ALVARADO Alejandro.
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v

Figure 7 Graph showing the linear behavior of strain vs.
temperature, Plate 1

\"

Figure 8 Graph showing the linear behavior of
deformation vs. temperature Plate 2

Figure 9 Graph showing linear behavior of strain vs.
temperature Plate 3

With the use of the Fluke thermal graphic
camera and the support of the Smart View
software, the thermographic images of each of
the five sequences for the three plates were
obtained, however, in Figure 10, only the
thermographies of sequence 5 for the three plates
are shown and described, since the thermal
response is a function of the applied sequence
and really for the final evaluation sequence five
is the one that concentrates the heat generated
during the first four sequences.
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i ~620.0

Plate 1
Temperature
maximum 620°C, minimum 344°C, average 467.6°C

Plate 2

Temperature

maximum 575.6°C, minimum 350.5°C, average
472.9°C

—-10.0

Plate 3

Temperature
maximum 354.2°C, minimum 231.9°C, average
293.7°C

Figure 10 Thermographic image of plate 1,2,3
corresponding to sequence 5. The maximum and
minimum temperatures reached by solder application
concentration are shown

The scatter diagrams used allow
obtaining a pattern of points that assumes the
shape of a straight line with a slope that
represents the deformation-temperature
behavior. This means that the lower the slope,
the lower the deformation generated.
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This provides a parameter that indicates
that the trajectory established in the welding
sequence generates a smaller angle in the slope
to obtain smaller deformations. Likewise, this
application allows obtaining the linear
relationship coefficient, providing a measure of
the  relationship  between  deformation-
temperature; the closer this coefficient is to the
absolute unit, the better the behavior of the
straight line will be. In Figure 11, the linear
regression graphs are shown, where the
relationship coefficients obtained are: 0.9518,
0.9887 and 0.9552 for plates 1, 2 and 3
respectively.

Placa 3

Placa 2
Placa 1

Figure 11 Linear relationship coefficient for plates 1,2 and
3

Conclusions

It is confirmed that there is a relationship
between deformation and temperature increase,
due to the heat concentration generated by the
welding application, which is a function of the
established sequence.

The linear graphs show the deformation-
temperature behavior, where the lower slope
indicates lower temperature changes and
therefore lower deformation, which coincides
with the values closer to the absolute unit of the
linear coefficient.

The lower the deformation, the better the
coefficient of linear relationship of the scatter
diagram and the steepness of the slope is also
lower.

At higher deformation the slope
increases its inclination and the linear
relationship coefficient is farther away from the
absolute unit.
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From the above we can determine that
specimen 2 is the one that showed less
deformation, which we can see in the linear
relationship coefficient and we also observe that
the slope is less pronounced than in plate 1 and
plate 3.
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Abstract

In celery, leaves, roots, and fruit contain a high value in
medicinal properties and are used to prepare syrups, tinctures,
infusions, or oils; however, its leaves are commonly
discarded, wasting their nutritional and medicinal content.
The dehydration of these leaves is a conservation option,
increasing their shelf life. This study analyzes direct and
mixed solar drying (SD and SM) kinetics and their effect on
celery leaves. The moisture contents, drying rate, water
activity, and colorimetry were obtained. Moreover, the fitting
of experimental data to the mathematical models proposed in
the literature. The moisture content stabilized at 150 min in
the SM at the shortest time with a maximum drying rate of
0.1179 g-water/g- dm'min. The initial and final water activity
was 0.98 and 0.412 in the SM and 0.403 in the SD. The SD
better conserved the leaf color, with a total color change (AE)
of 2.56, while the value obtained with the SM was 5.42. The
experimental results of both technologies were better adjusted
to the model Two exponential terms with an R2 of 0.999. The
results show that the solar drying of the celery leaves is
feasible, and a quality product is obtained sustainably.

Celery, Drying models, Direct solar dryer, Mixed solar
dryer, Colorimetry, Drying kinetics

Resumen

En el apio, tanto sus hojas, raices y el fruto, contienen un alto
valor en propiedades medicinales que son aprovechadas para
la elaboracion de jarabes, tinturas, infusiones o aceites; sin
embargo, sus hojas, son comunmente desechadas,
desaprovechando su contenido nutrimental y medicinal. El
deshidratado de estas hojas es una opcion de conservacion,
aumentando su tiempo de vida en anaquel. En este estudio se
analizan las cinéticas en un secador directo y mixto (SD y SM)
y su efecto en las hojas de apio. Se obtuvieron los contenidos
de humedad, velocidad de secado, actividad del agua y
colorimetria, asi como los ajustes de los datos experimentales
a los modelos matematicos propuestos en literatura. El
contenido de humedad se estabilizé a los 150 min en el SM,
siendo este el menor tiempo con velocidad de secado maxima
de 0.1179 gragua/g-ss'min. La actividad del agua inicial fue
0.98 y final de 0.412 en el SM y 0.403 en el SD. El SD
conservd mejor el color de la hoja, con un cambio de color
total (AE) de 2.56, mientras que el valor obtenido con el SM
fue de 5.42. Los resultados experimentales de ambas
tecnologias se ajustaron de mejor manera al modelo Dos
términos exponenciales con un R2 de 0.999. Los resultados
muestran que el secado solar de las hojas de apio es factible y
se obtiene un producto de calidad, de manera sustentable.

Apio, Modelos de secado, Secador solar directo, Secador
solar mixto, Colorimetria, Cinéticas de secado
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Introduction

The fruits and stems of the celery type Apium
graveolens L. are a resource used for their high
essential oils, linoleic acids, etc. Consumers
mostly discard celery leaves. However, these
leaves contain alkaloids, flavonoids, tannins,
steroids, triterpenoids, and lactones, which can
be used in snacks, seasonings, and medicinal
uses. (Dasilveira, 2002).

Currently, methods of celery
preservation include minimally processed
vacuum impregnation for vitamin E preservation
(Castaiio et al., 2011), using matrix engineering
allowing the extraction of extracellular gases and
liquids allowing the entry of dispersions,
solutions, or emulsions of food (Fito et al.,
2001). The traditional method of preserving
celery is cooling temperatures around 0° to 3° C,
with a humidity of 95 to 98 %, avoiding
dehydration and obtaining four months in
conservation (Reina G. et al., 1996). Studies and
dehydration of celery leaves are very little or no.
Food dehydration uses equipment that usually
works on gas, electrical energy, and in a few
cases by solar panels (Romero et al., 2016),
generating an environmental footprint.

An alternative is solar dryers: indirect,
mixed and direct. Indirect dryers prevent the
crystallization of sugars and exposure damage,
because the product is placed inside darker
chambers, increasing the temperature of the air
circulating through solar heaters. This method
preserves the vitamin content and color of the
product. The direct method is done by placing
the product inside a shelf, with a transparent top
cover taking advantage of the filtration of solar
rays, extracting the humidity of the product and
the relative humidity of the air through holes.
The SM is a combination of indirect and direct
dryers (Isaac Pilatowsky, 2013) commonly the
hot air is made by means of a solar collector,
heating the air, towards the cabinet with a
transparent top cover, the hot air circulates
through the cabinet and escaping through a
chimney.

Very few studies dried of celery leaves
are found in literature, such as that carried out in
stove by convection with hot air, at three
temperatures ( 35°, 45° y 55° C) (Vicencio
Pérez, 2016). Other research conducted on
conventional dryers 35° C, where the drying of
one kg of celery leaf is reported producing 170
grams of dry leaf (Najda et al., 2015).
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A quality parameter in food drying is
color, occupying the first place among other
sensory aspects such as smell, texture, taste, and
finally, the sound when chewed (Hernandez,
2005). In this work, the drying of celery leaves
type Apium graveolens L. was performed using
an SD cabinet type with a time of 3 hours and a
mixed solar dryer with a time of 150 minutes. In
addition, drying kinetics, adjustment to
mathematical models, and a colorimetric study
are presented to determine the most appropriate
solar technology.

Materials and Methods
Raw material

The celery leaves were acquired in Xochitepec,
Morelos, Mexico, located in the northwestern
part of the State. The study was carried out in
September 2020 in the facilities of Modulo
Solar, located in the Science and Technology
Park of Morelos. The leaves were selected to
obtain homogeneous samples based on size,
color, and similar weight. The experiment was
carried out in triplicate, and the present results
are its average.

Solar equipment used

The 35 X 64 X 26 cm cabinet-type dryer, made
of transparent polycarbonate with an area of .30
m?, shown in Figure 1, has perforations on the
sides, bottom, and back for air circulation. The
top cover has a slope of 20 ° for the use of solar
radiation. This type of dryer is easily accessible
and low cost for its materials. In addition, the
dryer requires minimal maintenance and protects
food from dust, rain, and rodents or insects.

Figure 1 Direct solar dryer
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The SM is observed in Figure 2. It is
equipped with a solar air collector with an
inclination of 26°, incorporated into a drying
chamber with a transparent polycarbonate top
cover of 27 °, employing an air duct. The air
extraction is carried out by a chimney coupled to
the drying chamber in the upper-rear part,
allowing the extraction of moist and hot air. The
chamber’s back has a hinged door for the
sample’s introduction; inside the room, there are
six drying trays, two at the top, two in the center,
and two at the bottom of the chamber.

Figure 2 Mixed solar dryer

The 20 g samples were placed in the
direct cabinet dryers and in the SM. These
samples were placed in a dispersed way in
meshes of 20 X 10 cm. Studies were conducted
before and after drying of: colorimetry, water
activity and moisture content and subsequently
the weight loss of the samples was followed up
every 15 minutes. All experiments were
conducted in triplicate. The measuring
equipment used is shown in the Table 1.

Instrumentation

Instrument Quantity | Brand/Type Characteristics

Moisture 1 Boeco model | Accuracy of
analyzer BMA 150. +0.01 % mg.
Hygrometer 1 Rotronic Accuracy 0,005

HygroPalm AW1 | a, + 1,5% de
lecture. Range 0

- 1.000 ay.
Colorimeter 1 3NH NR145 Errors between
Brand: each media: <

JIAWANSHUN. | 0,80 de*ab.
Rhino BABOL- | Capacity of

Digital scale 1

100G 100g a 0.01g
Temperature 2 Inkbird/IBS- +2%RHy=*05
and humidity TH1. °C.

sensor

Table 1 Instrumentation for measurement
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Thin layer models

Table 2 shows the mathematical models to
which the kinetics of the drying of the Quelite
were adjusted. The function for calculating the
humidity ratio (MR) is shown in equation 1
(Togrul & Pehlivan, 2004a). The MR humidity
radius is a function of the drying time and is
calculated as in (Togrul & Pehlivan, 2004b):

_ MM,
T Mo—M,

MR (1)

Mc is the moisture content, M. is the

equilibrium humidity, and M, is the initial
humidity.
Statistical methods of regression and correlation
were used for modeling. These statistical
analyses were calculated using the DataFit 9.1
software.

Coefficient of determination was used
(R?) as the primary criterion for selecting the
improvement model to fit the experimental data.
Additionally, the reduced chi-square was
calculated, x> and the analysis of the mean
squared error, RMSE. Thus, the best fit of the
data is the one with the most R? and the minor x?
and RMSE.

Model Name Model Reference
Newton MR = exp(—kt) (Liu & Bakker-
Arkema, 1997)
Page MR = exp(—kt™) (Page, 1949)
Modified MR = exp(—(kt)™) (White et al,
Page 1981)
Henderson MR = a exp(—kt) (Henderson &
and Pabis Pabis, 1961)
Logarithmic MR = a exp(—kt) + | (Togrul, 2005)
c
Two-term MR = a exp(—kot) + | (Henderson,
b exp(—kqt) 1974)
Two-term MR (Y. 1. Sharaf-
exponential =aexp(—kt)+ (1 | Eldeen et al,
— a) exp(—kat) 1980)
Wang and | MR =1+at+bt? | (Wang & Singh,
Singh 1978)
Weibull MR = exp(— t/ﬁ)a (Tzempelikos et
al., 2015)

Table 2 Thin layer models based on moisture radius
applied to drying kinetics

Colorimetry

The color parameter was determined by
reflectance and was expressed in terms of the
parameters L* (whiteness-dark), a* (redness-
greenness), b* (yellow-bluish), H* (tone angle)
property of color, and saturation or intensity C*
(Chroma). Additionally, the total color change
AE was calculated.
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Results and Discussion

Figure 3 shows the climatological data of
irradiation and ambient temperature on a typical
day of experimentation. The maximum
irradiance reached 940 W/m? and the maximum
temperatures 30 °C.

30 1050

29 950

28 850
G 27 a
& 750 ég
L 26 =
= 650 @
g = | ¥ 550 z
2 £

23 |o 450

o
22 350
21 250
10:48 12:00 13:12 14:24 15:36 16:48
Time

Ambient temperature e Irradiance

Figura 3 Evolution of climatological parameters

In Figure 4, the maximum temperatures
and humidity reached by the dryers were 75.6
°C, 59.36 RH (%) for the SM and 46.1 °C, 77.25
RH (%) for the SD dryer.

Mixed Temperature Direct Temperature

= == = Mixed Humidity Direct Humidity

80 80

70 70

60 60
50
50
40

Humedad (%)

40

Temperature (°C)

30
30

20

20 10
10:33 11:16 12:00 12:43 13:26 14:09

Time

Figure 4 Humidity and temperatures in solar dryers

Figure 4 compares the temperatures and
humidity of the two types of dryers. A higher
temperature and lower humidity are seen in the
SM compared to the SD dryer.

The drying time to reach the food’s
equilibrium moisture decreases when the
temperature increases and when the humidity
decreases, which can be seen in Figure 5. In the
SM, which reached much higher temperatures
and lower humidity inside the chamber, the
drying was completed in 150 minutes.
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On the contrary, in the SD, 180 minutes
were needed. However, it can be observed that,
with the SD, the final moisture content has a
higher value than that achieved with the mixed.

w A~ O

0 50 100 150
Time (min)

Moisture content (g H20/g ss)

Direct solar dryer Mixed solar dryer

Figure 5 Moisture content loss during drying

The final drying rates in both dryers are
shown in Figure 7. The drying rate is higher in
the mixed solar dryer due to the higher
temperature, 0.12 g H20/g ss min, with a
moisture content of 6.69 g H>O/g ss.

0.14
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Figure 6 Drying rate in both technologies

Table 3 shows the water activity and
moisture content in both samples; it is
guaranteed that the product has the conditions to
prevent the spread of agents that deteriorate the
product in the short term.

Technology Water activity (Aw) Humidity (%)

used Initial Final Initial Final
Direct solar 0.98 0.403 87 9.6
SM 0.98 0.412 87 5.7

Table 1 Water activity (Aw) y humidity (%) initials and
endings

Short drying times are desirable because
a greater volume of product can dry in less time.
However, very high temperatures usually
decrease the quality of the food, deteriorating the
color of the leaves, which indicates the loss of
some nutrients.
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Table 4, showing the final color
differences concerning the dryers, had as a final
result the sum of squares of 2,561 for the SD
dryer and 5,423 for the SM. Thus, although
temperatures were very high in the SM and
direct radiation affected the color of the leaf, the
color change is acceptable, compared to results
reported in (Ali etal., 2014; Castillo Téllez et al.,
2018). In the literature, it has been reported that
there is a notable difference in color when the
values are between 2 to 12 units (Hii et al.,
2006). The International Commission on
[llumination states that values between 0 and 2
in color difference are unrecognizable to the
human eye, but any observer can easily identify
values above five. (Zielinska & Markowski,
2012).

Color space | Initial | Final-Cabinet | Final-Mixed |

L 32.65 32.37 37.43
a 6.5 4 5.03
b 13.2 13.68 15.3
c 14.72 14.32 16.33
h 63.8 74.23 72.02

Table 2 Color change in both experiments
Mathematical Models

Tables 5 and 6 show the mathematical models
that best fit the SD and SM dryers. As you can
see, the behavior of the data of the celery sheets
during drying, is largely adjusted (R>0.95) to all
the models analyzed. The model with the best fit
for both dryers is the Weibull, so this model can
be used for future predictions or dryer design.

Model ' Parameter | Value

Logarithmic a 0.59459
c 0.41308
k 2.20472
R?2 0.99253
RMSE 0.01727
X2 0.000426
Model | Parameter | Value
Modified Page | k 0.383166
n 0.484135
R? 0.954051
RMSE 0.042893
X2 0.002299
Model | Parameter | Value
Weibull a 0.41445
b -0.59233
Kk 2.24372
n 1.01576
R? 0.99255
RMSE 0.01725
X2 0.00049

Table 5 Direct solar dryer data adjustment to thin-film
mathematical models
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Model Parameter Value
Page k 0.825436
n 0.35766
R? 0.954331
RMSE 0.043773
X2 0.002395
Model Parameter Value
Modified Page | k 0.58486
n 0.35766
R? 0.954331
RMSE 0.043773
X2 0.002395
Model Parameter Value
Weibull a 0.12265
b 0.88029
k 1.03748
n 0.39546
R? 0.95453
RMSE 0.04367
X2 0.00317

Tabla 6 Ajuste de datos del secador solar mixto a los
modelos matematicos de capa delgada

Conclusions

The dryer that best preserved the color of the
sheet was the SD dryer because the temperature
it reached was very high. The SM maintains a
higher temperature and humidity inside the
lower drying chamber than the cabinet type
dryer; consequently, the drying rate is higher in
this dryer. The best mathematical model that fits
both experimental results (mixed and direct) is
the Weibull.
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