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Abstract

There are many different methodologies for calculating
the enthalpy thermodynamic property in the ammonia-
water mixture, which is mainly used in the analysis of
absorption refrigeration systems and power, so its
prediction becomes essential not only for theoretical
evaluations, also for the design of industrial equipment.
In this work an alternative methodology, an artificial
neural network (ARN) is approached. Two neural
networks were designed: ARN A and ARN B. ARN A
has three main input variables: Pressure (P), Temperature
(T) and Ammonia Concentration in the mixture (x), to
obtain the output variable: enthalpy. ARN B has as a
particular case that the variable Temperature (T) is
replaced by the phase in which the mixture is found (q);
both networks were compared with experimental data
reported in open literature and with the EES™ software.
The two networks are capable of predicting the enthalpy
of the Ammonia-Water mixture, ARN A with an
acceptable prediction range between 100 kPa and 11,000
kPa, and ARN B from 5,000 kPa to 10,000 kPa.

Ammonia-water, Artificial neural network, Enthalpy

Resumen

Existen diferentes metodologias para el calculo de la
propiedad termodindmica Entalpia en la mezcla
amoniaco-agua, la cual es principalmente empleada en el
anélisis de sistemas de refrigeracién por absorcion y de
potencia, por lo que su prediccibn se vuelve
indispensable no solo para las evaluaciones tedricas sino
también para el disefio de equipos industriales. En este
trabajo se aborda una metodologia alternativa, una red
neuronal artificial (RNA). Se disefiaron dos redes
neuronales: Red A y Red B. La Red A cuenta con tres
variables principales de entrada: Presion (P),
Temperatura (T) y Concentracién de Amoniaco en la
mezcla (x), para obtener la variable de salida: Entalpia.
La Red B, tiene como caso particular que se sustituye la
variable Temperatura (T) por la fase en la que se
encuentra la mezcla (q); ambas redes fueron comparadas
con datos experimentales reportados en literatura abierta
y con el software EES™. Las dos redes son capaces de
predecir la entalpia de la mezcla Amoniaco-Agua, la Red
A con un rango de prediccion aceptable entre 100 kPa y
11,000 kPa, y la Red B de 5,000 kPa a 10,000 kPa.

Amoniaco-agua, Red neuronal artificial, Entalpia
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Introduction

The thermodynamic properties of the ammonia-
water mixture are widely used in the design and
simulation ~ of  absorption  refrigeration
equipment, flow extraction, power equipment,
among others (Kalina, 1983; Stecco & Desideri,
1989). Mainly, the enthalpy property is used to
perform energy balances (Tillner-Roth &
Friend, 1998D), it is for this reason that having
a reliable methodology is of utmost importance
for obtaining this property (Thorin, 2001,
Thorin et al., 1998).

There are different solution
methodologies  for the calculation  of
thermodynamic properties for the ammonia-
water mixture (Tillner-Roth & Friend, 1998a),
which can be mainly divided into 7 groups,
which are (Thorin, 2000): cubic equation of
state, Gibbs energy of Excess, law of
corresponding  states, group contribution
method, polynomial functions and viral
equation of state, therefore the possibility of an
eighth  methodology is detected which
corresponds to that of constructing an artificial
neural network (ANN) and which so far has not
been widely explored as a prediction possibility
(Vera-Romero & Heard-Wade, 2017b).

Some mathematical models have been
programmed in software such as the
Engineering Equation Solver (EES™) and the
REFPROP™ of the National Institute of
Standards and Technology (NIST) because of
their certainty and range of application;
however, these softwares are commercial. The
latter work with different methodologies, EES
uses the methodology of (Ibrahim, 1993), while
REFPROP NIST uses the methodology
developed by (Tillner-Roth & Friend, 1998a).

Artificial neural networks (ANNS) are a
branch of artificial intelligence, based on brain
behavior, more explicitly on biological neurons
(Diez et al., 2001). Currently they are widely
used in different fields of knowledge, ANNs are
also defined as well-specified mathematical
systems designed to capture the highest class of
intelligence found in the brain, i.e. to capture
the functional capacity of the system (Takeyas,
2007).

ISSN 2414-4924
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Therefore, in this work, we intend to
apply a methodology based on an ANN for
obtaining the thermodynamic property enthalpy
of the ammonia-water mixture, in order to
evaluate energy balances in industrial processes
(Vera-Romero & Heard-Wade, 2017a, 2018).

Methodology

For this work, we used the BackPropagation
Network type (Maximiliano, 2019), which
consists of learning a predefined set of input-
output pairs given as an example (Bowen et al.;
Dolling & Varas, 2002). First an input pattern is
applied as a stimulus for the first layer of
neurons in the network, it is propagated through
all the upper layers until an output is generated,
the result in the output neurons is compared
with the desired output and an error value is
calculated for each output neuron and to reduce
this error it is validated through other
methodologies. Two multilayer neural networks
will be trained, Network A and Network B,
which will have three input variables, Network
A will have as input variables: Pressure (P),
Temperature (T) and Ammonia Concentration
(x), Network B will have as input variables:
Pressure (P), mixture phase (q) and Ammonia
Concentration (x), the networks will have two
hidden layers for the connection of these
variables and an output variable which is
Enthalpy (h) as can be seen in Figure 1,
showing the general network proposed for this
work.

Hidden Layer
Input 7 ARNs
Variables -

'\ Output
Ry Layer
lrr) o " g I\'.I
{ ! ¥ Enthalpy |
\ N /
— “
\-.__
L
r"’
[
\
N~

Figure 1 Proposed overall artificial neural network
Source: Own elaboration

The process for the realization of
Network A and Network B can be basically
divided into 5 main stages which are: data
collection, data normalization, network
programming, network training and validation
of the results (fig 2).

VERA-ROMERO, Ivan, PEREZ-AVINA, L. Fernando, MENDEZ-
ABREGO, V. Manuel and MARTINEZ-REYES, José. Development
of an artificial neural network for the prediction of the thermodynamic
property enthalpy in the NH3-H20 mixture. ECORFAN Journal-
Democratic Republic of Congo. 2022
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METHODOLOGY
DATA
COLLECTION
v
DATA
NORMALIZATION
A\
ANNs PROGRAMING
IN OCTAVE

\
DATA
TRAINING

NO

VALIDATION
OF RESULTS

Figure 2 Diagram of the methodology used
Source: Own elaboration

Stage 1, data collection

Experimental data reported in literature
(Gillespie et al., 1985; Macriss, 1964; Park &
Sonntag, 1990) were obtained to train the
networks. The two ANNs have three input
variables and one output variable, the networks
share two input variables which are Pressure (P)
and Ammonia concentration in the mixture (x),
and have a different input variable, Network A
has the variable Temperature (T) and Network
B has the mixture phase variable (q).

The networks have the following characteristics

Each ANN has three sets of data for training
and each set has two characteristics: each set
has an isobar Pressure (P) and an ammonia
Concentration (x) from 0 to 0.9999 where the
only thing that varies is the Temperature (T) for
Network A and the phase of the mixture (q) for
Network B; and in each set of data the
Concentration cycles again, this because the
first part of the Concentration corresponds to
the liquid state of the mixture and the second
part corresponds to the gaseous state of the
mixture.

For the two ANNSs the Pressure (P) is
isobar and in each network there are three
different Pressures, i.e. a Pressure is set to find
the results corresponding to each of the other
two variables.

ISSN 2414-4924
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Subsequently, when the Pressure is
fixed, the Concentration (x) is fixed and it is the
third variable, either the Temperature (T) or the
phase of the mixture (q), which ends up varying
as well as the corresponding response variable
(enthalpy). For the ammonia concentration (X)
is taken from 0 to 0.9999 with intervals of 0.1.
For the third set of data there is less data so the
range of the concentration varies by 0.2.

For Network A, the Temperature
corresponds to the Pressure and Ammonia
Concentration of the experimental data used.
The training pressures used were; 100 kPa, 200
kPa, 300 kPa, 5,000 kPa, 10,000 kPa and
11,000 kPa. For Network B, the third input
variable used was the phase of the mixture (q),
where it is defined as 1 if it is in liquid phase
and 1 if it is in vapor phase, and the variable
responds to the Pressure (P) and Concentration
of the mixture (x). The training pressures used
were; 5,000 kPa, 10,000 kPa and 11,000 kPa.

Stage 2, Data normalization

It is convenient to normalize the data before
training a neural network. The normalization
procedure consists of transforming the data so
that they have a mean of 0 and a variance of 1
(eg. 1). Once the training is finished,
denormalization should be used to return to the
original domain of the data.

y — (X_Xmin)(dz_dl) + d1 (1)

Xmax—Xmin

Where:
X is the value to be normalized
(Xonax — Xmin) 1S the range of the value X
(d, — d,) is the range to which the value of X
y is the normalized value
Stage 3, programming of the RNA

The programming of the ANN was carried out
through GNU Octave™, which is a free
software and programming language for
mathematical development, which can replace
Matlab™  for free; and therefore the
programming of the neural networks could be
carried out in it.

VERA-ROMERO, Ivan, PEREZ-AVINA, L. Fernando, MENDEZ-
ABREGO, V. Manuel and MARTINEZ-REYES, José. Development
of an artificial neural network for the prediction of the thermodynamic
property enthalpy in the NH3-H20 mixture. ECORFAN Journal-
Democratic Republic of Congo. 2022
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At this stage, two programmings were
made, one for the training and calculation of the
weights and the other for the prediction of the
enthalpy variable (h) for both networks.

Stage 4, ANN training

The training was handled in two parts: Weights
and Error. The weights make the network learn
which variable affects the result the most and
what percentage of that variable will be used to
arrive at the result.

A result variable is fed to compare with
the result of the network, when comparing these
results, an error is calculated and if the error is
high, the weights are recalculated and
rearranged, this process is repeated until a
minimum error of 0.009 is obtained.

When the result of the network is the
same or almost identical to that of the test
variable, the network is considered to be trained
(eq. 2-4).

EA

E% = —* 100 (2)

EA=VR-VP (3)
_ YEA

Y EPP = Sk 100 4)
Where:

E% = Percentage error

EA = Absolute error

DE = Exact data

No.VR = Number of actual values

VR = Actual value

VP = Predicted value

Y EPP = Average percentage error

Stage 5, ANN Validation

Once the ANNSs are trained, the enthalpy
variable (h) is predicted for each network where
the results must be validated for accuracy.

Validation of the results is carried out against
the EES software.

ISSN 2414-4924
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If there is no large discrepancy between
results the ANNs will be taken as successfully
trained and otherwise the networks must be
retrained.

Results and discussion

Two artificial neural networks were created,
Network A and Network B, both were
multilayer Back Propagation type networks,
each network has three independent input
variables and a dependent output variable,
which is the thermodynamic property of interest
known as enthalpy (h). The results obtained
from the training and their comparisons with
the results obtained by the methodology of
(Ilbrahim, 1993) programmed in the EES are
shown for each of the trained networks, as well
as the prediction error for both networks.

NETWORK A

The first network corresponds to a Back
Propagation network of multilayer architecture
as shown in Figure 3, the network is composed
of three independent input variables: Pressure
(P), Temperature (T) and Ammonia
concentration (x) and a dependent output
variable which is the enthalpy (h).

Hidden Layer
Input 7 ARNs
Variables ~

.

-

!
'\ KPa Output
S Layer
— .
4 \ N
'( Ammaonia | Enthal i
:'. Concentration W nthalpy !l
\ oW/ /
M “ /
N~
Fi - \\\
[ Tem perature 3
[=c) i
/
\ /
\\. s 4

Figura 3 Red A Back multilayer propagation
Source: Own elaboration

For the training of this first network, the
data were divided into three different groups,
each with the corresponding values according
to the output variable enthalpy (h), for each
group corresponds a saturation pressure to
which for each pressure corresponds a value of
temperature (T) and a fraction of ammonia (x).
The pressures used were 5,000 kPa, 10,000 kPa
and 11,000 kPa.

VERA-ROMERO, Ivan, PEREZ-AVINA, L. Fernando, MENDEZ-
ABREGO, V. Manuel and MARTINEZ-REYES, José. Development
of an artificial neural network for the prediction of the thermodynamic
property enthalpy in the NH3-H20 mixture. ECORFAN Journal-
Democratic Republic of Congo. 2022
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The input variable data including the
output variable enthalpy (h) were obtained from
experimental data (Park and Sonntag, 1991).

The network was trained until an
acceptable error was found between the result
of the output variable and the data entered for
training. The percentage error for this case is
acceptable, which means that network A was
adequately trained. To reach this acceptable
error, the network was trained four times
changing the epochs and the number of values
to be compared with those of the training, the
minimum error was obtained by training the
network A 200 epochs and 60% of checking
results. The epochs are the times that the neural
network repeats the training process of the
network. After this, the prediction of the
enthalpy property (h) was performed, where
three sets of data were predicted, that is to say,
in the same way as for the training, for each set
of data there is a Pressure (P) to which
corresponds a value of Ammonia Concentration
(x) and Temperature (T). Four predictions were
made corresponding to 3,000 kPa, 5,000 kPa,
10,000 kPa and 15,000 kPa, for each group of
predictions a Pressure in kPa is taken, the
Temperature entered varies from 120 °C to 320
°C using intervals of 20 °C, for the Ammonia
Concentration (x) data was used from 0 to
0.9999 with intervals of 0.1.

The validation of these results was
carried out with the EES software, entering the
same values of the input variables to the
network, where the results yielded by the EES
and those yielded by the neural network, in this
first training, were incongruent. It was possible
to verify that the temperatures used by the EES
software are very far from those entered in the
ANN, another aspect that was detected and that
influenced the neural network to vyield
erroneous results was that the input data base
for the training was too poor to obtain
acceptable results.

As mentioned in the fifth step of the
methodology, in case the prediction results had
a large discrepancy with the results of the EES
software, the ANN would be retrained until
having a congruence of results with those of the
EES. Therefore, enthalpy was calculated in
EES at low pressures; 100 kPa, 200 kPa and
300 kPa added to the above to increase the
range of data for training and prediction.

ISSN 2414-4924
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In order to lower the discrepancy in the
results and increase the training values, the two
neural networks created, Network A and
Network B, were merged, since they shared 3
input variables; Pressure (P), Temperature (T)
and Ammonia Concentration (x) and the
variable that each network had a difference was
added, resulting in 4 input variables; Pressure
(P), Ammonia Concentration (x), Temperature
(T), and phase of the mixture (q) in order to
increase the database and have better training
and prediction results, resulting in the
multilayer network architecture as shown in
Figure 4.

Input
Variables Hidden Layer
7 ARNs
P w1
Output
wz Layer
=
w3
Enthalpy

W

WS

W6

bias

Figure 4 Modified multilayer network (Network A)
Source: Own elaboration

Network A was retrained with the new
input variable called mixture phase (q) and by
adding pressures of 100 kPa, 200 kPa, and 300
kPa to the training database. Network A
prediction was again made using pressures of
150 kPa, 250 kPa, 350 kPa, 3,000 kPa, 7,000
kPa, and 8,000 kPa, for which corresponds a
value of Saturation Temperature (T), an
ammonia concentration (x) from 0 to 1 with
intervals of 0. 1, and a value of the enthalpy
phase variable of -1 (saturated liquid) and 1
(saturated wvapor), to validate again this
Network A, the enthalpy results were compared
with those of the EES software. Figures 5 to 10
show the comparison of the results for each
pressure in a Concentration (x) vs Enthalpy (h)
graph.
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The percentage error was plotted

(Figure 11), where it is observed that the
highest percentage of values are between the 0
error and the average percentage error resulting
in 2.28%, which validates the ANN as trained
and ready to make predictions that are between
the range of 100 kPa and 10,000 kPa, the range
may be higher or lower but within these values
is where the highest prediction certainty is
found.

= .
g _ 4
b q, _,w i w,‘ \-ur h ’M
E ‘. o
o . b
2 »
Values

Figure 11 Percentage error of results Network A vs. EES
Source: Own elaboration
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After completing stage 5 of this work,
which consisted of validating the ANN
prediction with another methodology, in this
case that of (lbrahim, 1993), which is
incorporated in the EES software, the general
and specific objectives of this work were met,
which consisted of creating an artificial neural
network  capable  of  predicting the
thermodynamic property enthalpy in the binary
mixture Ammonia-Water.

Discussion Red A

La Red A se entreno a 100 kPa, 200 kPa, 300
kPa, 5,000 kPa, 10,000 kPa and 11,000 kPa and
for each pressure corresponded a value of
Temperature and Ammonia Concentration in
the mixture, enthalpy property predictions were
made at pressures of 150 kPa, 250 kPa, 350
kPa, 3,000 kPa, 7,000 kPa, and 8,000 kPa with
their corresponding values of Temperature and
Ammonia Concentration in the mixture. A total
of 132 values corresponding to each input
variable were predicted, these data were
validated with the EES software with an
average percentage error of 2.28%, where the
highest percentage error value was 28.77 %.
This is because the calculated enthalpy was at
low pressures, e.g., at a pressure of 150 kPa, a
temperature of 312.8 °C and an Ammonia
concentration of 0.3, Network A predicted
enthalpy of -23.91 kJ/kg while for EES it
resulted in -19.06 kJ/kg, with an absolute error
of the results of 4.85 kJ/kg and can be
considered an acceptable variation for energy
balances. However, the percentage error is
25.48 %, which is high, but justified by its
equation which depends on the absolute error
and the actual value, the lowest value of
percentage error was 0.01425 %. The Red A is
able to predict the enthalpy with results with a
low range of acceptable error between 100 kPa
and 10,000 kPa.

RED B

The second network corresponds to a Back
Propagation network of multilayer architecture
as shown in Figure 12, the network is made up
of three independent variables and one
dependent variable, the independent input
variables are: pressure, enthalpy phase and
ammonia concentration and the dependent
output variable is the enthalpy.
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Unlike Network A, in this network the
independent variable Temperature is changed
by the independent variable enthalpy phase (q);
this variable is given two values which will
depend on the phase in which the mixture is
found, i.e. -1 for liquid phase and 1 for vapor
phase.

Hidden Layer

Input 7 ARNs
Variables e
. L
Pressure .
{kFal _m Output
- Layer
w2 S
.'.- Ammonia | A ., bk A Enthalpy |
iiConcentration ¥ 1 [
~ " ws
Phase i
(-1, 1}

Figure 12 Network architecture B
Source: Own elaboration

In the same way that Network A was
trained, in Network B the data were divided
into three different groups, each set of data has
the corresponding values according to the
output variable enthalpy (h). For the first group
of data the lowest pressure established in the
literature of the experimental data of (Park &
Sonntag, 1990) was taken, each group of data
corresponds to a training pressure which are
5,000 kPa, 10,000 kPa and 11,000 kPa to each
of them corresponded a value of ammonia
concentration from 0 to 0.9 with intervals of 0.1
and a phase value of the mixture which is -1 if
it is saturated liquid and 1 if it is saturated
vapor.

Once the training of the network was
finished, the resulting data were denormalized
in order to have a better appreciation of them.
With the denormalized data and once passed to
a matrix in Excel™, the data entered for
training were plotted against the training results
of the network as shown in Figure 13; in which
you can see the coincidence of the points and
that they have the same behavior, which makes
it clear that it was an acceptable training.
Having the denormalized data, the percentage
error was calculated as shown in Figure 14.
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Figure 13 Experimental data (Park & Sonntag, 1990) vs
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Figure 14 Percentage error of training Red B
Source: Own elaboration

Once verified that the training error is as
close to zero as possible, the enthalpy
prediction was made at two different pressures.
The first prediction was made at a pressure of
6,000 kPa, the range of the ammonia
concentration variable was from 0 to 0.9999
and for the mixture phase variable (q) it was in
liquid and vapor phase (-1, 1).

The second prediction was made at a
pressure of 7,000 kPa, the range for the variable
ammonia concentration was from 0 to 0.9999
and for the variable mixture phase was liquid
and vapor phase (-1, 1). The results of the
prediction were plotted to see its behavior in a
diagram Ammonia Concentration vs Enthalpy
compared against the values obtained by the
EES (Figures 15 and 16), which corresponds to
a Pressure of 6,000 kPa and 7,000 kPa, where it
can be observed that they have the same
behavior shown in the Network A literature, so
it can be concluded that the network performed
a satisfactory prediction.
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Figure 16 Results vs. EES at 7,000 kPa, Network B
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Figure 17 shows the percentage error
where it can be seen that most of the values are
close to zero and the two most decentralized
values were given when the ammonia
concentration was one, this is because the EES
takes the enthalpy of ammonia directly and the
ANN takes the value calculated from the
Network B training.

Porcentage Error (3]
.

Values

Figure 17 Percentage error in the validation between
results vs. EES, Network B
Source: Own elaboration

VERA-ROMERO, Ivan, PEREZ-AVINA, L. Fernando, MENDEZ-
ABREGO, V. Manuel and MARTINEZ-REYES, José. Development
of an artificial neural network for the prediction of the thermodynamic
property enthalpy in the NH3-H20 mixture. ECORFAN Journal-
Democratic Republic of Congo. 2022



9

Article ECORFAN Journal Democratic Republic of Congo

Discussion Red B

As with Network A, the results were validated
with the EES software (lbrahim, 1993);
detecting that the objective is met, which is to
create an artificial neural network capable of
predicting the thermodynamic  property
enthalpy in the binary mixture Ammonia-
Water, for the realization of energy balances in
various thermodynamic processes.

Network B was trained at 5,000 kPa,
10,000 kPa and 11,000 kPa and for each
pressure corresponded a phase value of
enthalpy (gq) and Ammonia concentration in the
mixture (X), enthalpy property predictions were
made at pressures of 6,000 kPa and 7,000 kPa,
with a total of 44 prediction values and an
average percentage error of 2. 30 %, where the
highest error value was 13.13 %, this is due to
the fact that the values given when the
concentration of Ammonia is 1 the Network B
continues calculating according to its training,
while the EES gives the direct value of the
Ammonia property and not of the mixture.
While the lowest percentage error value was
0.0204 %. Red B is able to predict the enthalpy
with results with a low range of acceptable
error between 5,000 kPa and 10,000 kPa.

Conclusions

Both Network A and Network B are capable of
predicting the enthalpy property of the binary
mixture Ammonia-Water, for the predictions of
each network there was a low margin of
acceptable error when validating the results
with the EES software, however, for these
predictions to be under an acceptable range of
percentage error (0.01425% and 0.0204 %) they
have to be predicted within a training pressure
range for each network. That is, for Network A
between 100 kPa and 11,000 kPa and for
Network B between 5,000 and 10,000 kPa
should be used. Although the networks can
predict with an indefinite range, they only
predict effectively if the range of the input
variables is within the training values,
therefore, the prediction of the neural networks
will depend on the range of training values; the
more robust the neural network is, the more
accurate values it can predict and the more
variables it can predict.
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The network can be trained with three
variables and it could predict, not only the
enthalpy, but also: entropy, phase of the
mixture, ammonia concentration in the mixture,
water concentration in the mixture, temperature
and pressure. This shows that ANNs are an
alternative that is still little explored, but with a
great potential for applications, not only to
predict thermodynamic properties of this
mixture, but of any type of binary or
multicomponent mixture, the only limitation is
to have sufficient data in wide intervals, since
the networks are limited to the extrapolation of
their training values.
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Abstract

The objective of this article is to evaluate the change in
the moment of inertia of a rotor with chordal diagonal
triangular crack, in all cross sections from the beginning
to the end of it. The triangle used to generate the crack is
isosceles and its inclination with respect to the
transversal will be constant and equal to one sixth of .
The quotient of the width between the depth of the crack,
from its birth and during its growth, is invariant and
equal to 0.2. The ratio of the depth of the crack between
the radius will vary from 0.4 to 0.6. The moment of
inertia of the resulting cross-sectional area is calculated
from the moments of inertia of component areas. Since in
the antecedents there is information about cracks:
transverse chordal rectangular, diagonal chordal
rectangular, transverse chordal triangular; the present
work expands the knowledge of the moment of inertia of
the cracks to those that are triangular diagonal chordal;
increasing the evidence for the subsequent early detection
of cracks in rotors.

Rotor, Cracks, Moment of inertia

Resumen

El objetivo del presente articulo es evaluar el cambio en
el momento de inercia de un rotor con fisura triangular
diagonal cordal, en todas las secciones transversales
desde el inicio hasta el fin de ésta. El triangulo usado
para generar la fisura es isosceles y su inclinacién con
respecto a la transversal sera constante e igual a un sexto
de m. El cociente del ancho entre la profundidad de la
fisura, desde su nacimiento y durante su crecimiento, es
invariante e igual a 0.2. El cociente de la profundidad de
la fisura entre el radio serd variable de 0.4 a 0.6. El
momento de inercia del area transversal resultante se
calcula a partir de los momentos de inercia de areas
componentes. Puesto que en los antecedentes se
encuentra informaciéon sobre fisuras: rectangulares
transversales cordales, rectangulares diagonales cordales,
triangulares transversales cordales; el presente trabajo
expande el conocimiento del momento de inercia de las
fisuras a aquellas que son triangulares diagonales
cordales; incrementando los elementos de juicio para la
ulterior deteccion temprana de fisuras en rotores.

Rotores, Fisuras, Momento de inercia
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Introduction

The evaluation of the moment of inertia of
rotors in the cross sections corresponding to
their cracking is important as it allows the early
detection of cracking. The interest of the
scientific community in the subject is noted by
the publication of articles related to the topic,
some of which are described below: A. Lazarus,
et al (2008), applying eigenvalues and
eigenvectors, as well as Floquet's theory and
Mathieu's equation, studied rotating systems
and their asymmetric rigidity. Ramezanpour, et
al (2012), investigated the behavior of a Jeffcott
rotor with diagonal crack in arbitrary
orientation, using fracture mechanics concepts
they determined the stiffness and flexibility
matrices of the system. Ghozlane, M. (2015),
proposed a simplified approach to model an
open crack in a rotor based on the change of its
flexibility. Gou, G. & Liu, C. (2016),
determined the stiffness variation of a rotor
containing a transverse crack. Fellah, A.,
Jadjoui, A. & Bakhaled, B. (2017), studied the
effect of a transverse crack in a rotor taking into
account the stiffness variation. Bakhaled, B.,
Jadjoui, A. & Fellah, A. (2018), proposed a
new method, based on the theory of local
stiffness decrease in a cracked rotor, to predict
the presence of a crack. Jameel, A. & Thijeel, J.
(2019), estimated the effect of a crack on the
critical rotor speed using two methods:
analytical and fast Fourier transform. Joseph, S.
Helen, W. & Richard, Y. (2020), applied non-
symmetric bending principles in rotor crack
modeling without assuming horizontality of the
neutral plane. Peter, K. & Robert, G. (2021),
presented two simple methods to measure the
moment of inertia of rotors without disassembly
and without special laboratory equipment.
Mohammad, A. & Fatima, K. (2021). They
introduce an effective stiffness measure to
analyze the effect of crack and unbalance force
vector orientation on the negative potential
intensity. Mo, Y. Hao, X, & Wei, X. (2022),
Established an improved stiffness model of
composite shaft crack based on layer theory,
which considered the influence of orientation
angle and stacking sequence of cracked layers.

The present work has added value in
that, to date, no exact expressions have been
published to determine the moment of inertia in
the chordal diagonal triangular crack of a rotor.
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The moment of inertia of the rotor cross
sections, in its cracked zone, is obtained
considering the rotor static and with the center
of gravity of the crack on the axis with respect
to which the moment of inertia is evaluated.

The exact evaluation of the moment of
inertia in the cracked area will subsequently
allow to know the global stiffness of the rotor
and to predict more accurately its useful life.
The following premise is assumed: Every
geometry, however complex it may be, is
composed of basic geometries.

Units and nomenclature are defined in
the first section. Geometric calculations are
described in the second section. The component
areas are described in the third section. The
moment of inertia of the component areas is
determined in the fourth section. In the fifth
section the moment of inertia for the area of
interest is obtained. The results and conclusions
are expressed in the sixth and seventh sections,
respectively.

Units and nomenclature
Lengths in millimeters and angles in radians

Figure 1 shows the invariant input parameters.
L = rotor length between supports, r = rotor
radius. The origin of the inertial reference
frame is at the center of the rotor at its initial
cross section. The crack center is 0.5L from the
origin of coordinates.

y

0
z L

Figure 1 Cracked rotor
Source: Own elaboration
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In Figure 2 the shear plane is obtained
by rotating the xz-plane an angle around an axis
0.5L from the z-axis. Figure 3 shows the linear
variable input parameters: a = crack width, p =
crack depth. A, B, C and D are material points
of the tool (isosceles triangle) used to generate
the crack. E and F are material points on the
crack edges, their distances to the rotor center
are equal tor.

b N

Figure 2 Diagonal cut
Source: Own elaboration

Figure 3 Detail of Figure 2
Source: Own elaboration

Geometric calculations

In Figure 4 the shear plane is obtained by
moving the xy plane a distance equal to r-p in
the positive direction of the z-axis. Figure 5
shows the ith point A, where i will vary from 0
to 500, at the bottom of the crack, and from it
the following equations are inferred:

Ymax = 2rp — pz (1)

c= Ymang(a) (2)

X4, = 0.5L — ¢ (3)
. 2C

xAi =xA0 +l; (4)
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X4, = 0.5L + ¢ ®)
_ X4;7%Ag

T Tg() (6)

Va;, = d — Ymax (7)

ZAi =71 — p (8)

= = %
| FE | =8

Figure 4 Crack front view
Source: Own elaboration

Ya

7 7 i Ymax

d

Xao |

1

or Xa)

Figure 5 Detail of Figure 4
Source: Own elaboration

Figure 6 shows the tool in its path to
generate the crack, from which the following
equation can be inferred:

GH = — 9)

sen(a)
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Figure 6 Tool and crack
Source: Own elaboration

Figures 7 and 8 show both the
panoramic and detail view of a cross section of
the rotor. Point Q is the intersection of the x-
axis with the extension of the line segment MA4;.
Point S is the intersection of the x-axis with the
extension of the line segment NA4;. If we denote
with y half of the angle GA;H as shown in
Figure 8, the following equations are obtained
from the afore mentioned Figures:

= Tg(y) = 5 (10)
ZNA; 14

YNa; = ZNAiTg(V) (11)
n)? + (zy)? =12 (12)

[J’A,- + ZNA,-TQ(V)]Z + (ZAi + ZNAi)Z =r? (13)

(13) becomes (14), (15), (16) and (17);
with the solution given by (18).

Azya)" +Bzya, +C =0 (14)
A=1+[Tg] (15)
B = zyALTg(y) + ZZAi (16)
2 2 )
¢= (yAi) + (ZAi) -r (17)
~-B+VBZ-4AC
ZNa; = +T (18)

Simultaneously the equation of the
straight line through N and A;with the equation
of the z-axis yields.
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_ Tg()za;—ya;

S TS (19)
A similar procedure is used to obtain:

Yma; = —2Zua,T9(W) (20)

D =1+[Tg]* (21)

E= ZZAi - ZyAng(y) (22)

2 2 )

F= (yAi) + (ZAi) -r (23)
—E+VE2—4DF

Zma; = +T (24)

T9(V)za;+ya;

% = Tg(y) (25)
Using the above equations we obtain:

0, =ArcTg (&) (26)

i Z4;
Zy = Zp, T Zyng; (27)
YN = Ya; T Yna; (28)
_ YN

Oy =ArcTg (;) (29)

Zy = Za; T Zyg, (30)

Ym = Ya; T Yma (31)

_ ym
Oy = ArcTg (E) (32)
Q P S

- AR—

Figure 7 Cross section i=100
Source: Own elaboration
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Figure 8 Detail of Figure 7
Source: Own elaboration

Component areas

Based on the two previous Figures and the three
subsequent Figures, it is possible to define basic
component areas of the complex area whose
moment of inertia is of interest.

The area defined by the arc MN and by
the line segments PN y PM is subtracted from
the area of the circle defined by the
circumference of radius r. Subsequently the
areas PA;N and PA;M are added or subtracted.

For i varying from zero to 250 there are
two possibilities:

The angle 6,, < 6,,_M, the area PA;N is

to be added and the area PA;M is to be
subtracted.

- Angle 6, > 6y, area PA;N must be
added and area PA; M must be added.

For i ranging from 251 to 500 there are
two possibilities:

- The angle 6,, < 0y, the area PA;N must

be summed and the area PA;M must be
summed.

- The angle 6,, > 6y, the area PA;N must

be subtracted and the area PA; M must be
added.

The above component areas, in turn, are
composite areas:
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N\ G
Q
Ai
S

m H

Figure 9 Cross section i=250
Source: Own elaboration

S P Q

o>

Figure 10 Cross section i=400
Source: Own elaboration

Figure 11 Detail of Figure 10
Source: Own elaboration

Moments of inertia of component areas

The moments of inertia of the component areas
are as follows.

lp =16 = 6y +SC(Ow) = SCON]  (33)

SC(08)) = sen(6y)cos(6y) (34)

SC(By) = sen(By)cos(By) (35)
|ZS|‘:VAL-|3

IPAiS = T (36)

I _lzsllynl? 37

PNS = 5 (37)
zollyml?
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lzol|ya,|”

zol||ya.:

IPAiQ = % (39)
IPAiN = |IPAiS - IPNSl (40)
IPAiM = |IPMQ - IPAin (41)

Where I is the moment of inertia of the
circular sector bounded by the arc MN and by
the line segments PM, PN.

Moment of Inertia of the Area of Interest

The area whose moment of inertia is to be
determined is shown in Figure 12.

r'S

oz

Figure 12 Area of interest
Source: Own elaboration

For i varying from zero to 250 and 6,, <

O

I'=1I—1Ip+ IPAiN - IPAiM (42)
For i varying from zero to 250 and 6, >

0y

I'=1I.—1Ip+Ipgn+ Ipam (43)
For i varying from 251 to 500 and 6,, <

Oy

I'=1I—1Ip+ IPAiN + IPAiM (44)
For i varying from 251 to 500 and 6,, >

Oy

I'=1.—1p—Ipan t+ Ipam (45)
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Where the subscript ¢ refers to the
complete circle.

Results

For a rotor of a specific machine whose
operating regime does not change in years; the
linear input parameters L and r, can be
considered invariant; for similar reason such a
rotor will be subjected to both torsion and
bending and the ratio of the tangential stresses
among the normal ones, being invariant, will
imply a constant angle a.

The depth and width will increase
steadily from birth and throughout the crack
growth.

The previous two paragraphs justified
the treatment to each of the input parameters.

For all x4, the following were determined:
The coordinates (z, y) of 4;, N and M.
The angles 6,,, Oy Y Oy

Basic component areas (circle, circular
sector and triangles).

- The moments of inertia of the areas of

interest are shown in Figure 13 and
complemented with Table 1.

$I

490.8738521234

'-I

i=250

Figure 13 Moments of inertia
Source: Own elaboration
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Series
Black 100 5| 0.4 2| 1/6
Red 100 5| 05| 25| 1/6

Blue 100 5] 0.6 3] 1/6

Table 1 Input parameters
Source: Own elaboration

Important relationships between the
three series shown in Figure 13 can be seen in
Figures 14 and 15.

Figure 14 Detail Figure 13 i=250
Source: Own elaboration

In the center of the crack the moment of
inertia decreases as we increase the depth,
maintaining zero slope in the center of the
crack.

Figure 15 Detail Figure 13 lag
Source: Own elaboration

The vertical descending from the first
minimum of the first series (black) passes
slightly to the right of the first minimum of the
third series (blue).
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According to Figures 13, 14 and 15;
Table 2 shows transcendent values of the
presented series.

Series  I,ax Lyin I
1] 490.87 | 488.67 | 490.85
2 | 490.87 | 486.66 | 490.82
3 1490.87 | 483.74 | 490.77

Table 2 Output parameters
Source: Own elaboration

Conclusions

The functional relationships presented allow to
evaluate with accuracy and precision the
moment of inertia of a rotor in all cross sections
of its diagonal diagonal triangular chordal
crack. Such relationships are applicable from
the crack birth and during its growth; they
constitute important elements of judgment in
the early detection of cracks.

The results presented constitute an
advance in the knowledge of the effect of a
chordal diagonal triangular crack on the
moment of inertia of a rotor. In this article the
orientation of the crack was limited to the
positive direction of the z-axis, in a later article
it is convenient to evaluate the moment of
inertia when the rotor is such and constantly
modifies the orientation of the crack.

Acknowledgment

The authors are grateful for the institutional
support of the Universidad Auténoma
Metropolitana and the Unidad Azcapotzalco; in
particular the logistic support of the Division of
Basic Sciences and Engineering and the
Department of Energy.

Funding

The present work has been funded by the
Department of Energy [project ENO001-22
EVALUATION OF THE EFFECT OF A
CRACK IN THE ELASTIC BEHAVIOR OF A
ROTOR].

JIMENEZ-RABIELA, Homero, VAZQUEZ-GONZALEZ,
Benjamin, RAMIREZ-CRUZ, José Luis and ILIZALITURRI-
BADILLO, Joshua Suraj. Rotor crack moment of inertia.
ECORFAN Journal-Democratic Republic of Congo. 2022



18

Article ECORFAN Journal-Democratic Republic of Congo

References

Lazarus, A. (2008). Influence des dédauts sur le
comportement vibratoire linéaire des systemes
tournants (Tesis doctoral. Ecole doctorale de
I'Ecole Polytechnique, Francia). Recuperado de
http://www-

cast3m.cea.fr/html/Theses_Cast3M/Lazarus.pdf

Ramezanpour, R., Ghayour, M. & Ziaei-Rad, S.
(2012). Dynamic behavior of Jeffcott rotors
with an arbitrary slant crack orientation on the
shaft. Applied and Conmputational Mechanics,
6. Recuperado de
https://pdfs.semanticscholar.org/21c3/0ebb2884
6d7dc29b2a5908c67a0e38d4d3ab.pdf?_ga=2.7
5022544.394348335.1584401537-
1321827918.1583891375

Ghozlane, M. (2015). Dynamic Response of
Cracked Shaft in Rotor Bearing-Disk System.
Recuperado de:
https://www.researchgate.net/publication/28189
0905_Dynamic_Response_of Cracked_Shaft_i
n_Rotor_Bearing-Disk_System

Guo, G. & Liu, C. (2016). Stiffness Variation
of a Cracked Rotor with a Semi-Elliptical
Front. En School of Mechanical and Power
Engineering, East China University of Science
and Technology, Shanghai, China en
International  Conference on  Sustainable
Energy, Environment and Information
Engineering. Bangkok, Tailandia.

Fellah, A., Hadjoui, A. & Bakhaled, B. (2017).
Numerical Study of an Open Cracked Rotor. En
IS2M  Laboratory,Faculty of technology,
University of Tlemcen, Algeria de Ila
International Conference on Mechanical,
Aeronautical and Industrial Egineering. Paris,
Francia.

Bakhaled, B., Hadjoui, A. & Fellah, A. (2018).
AN ALTERNATIVE WAY TO PREDICT
THE PRESENCE OF CRACKS IN A ROTOR
BY STUDYING ITS VIBRATIONAL
BEHAVIOUR. U.P.B. Scientific Bulletin, 80.
Recuperado de:
https://www.scientificbulletin.upb.ro/rev_docs_
arhiva/fullf72_29903.pdf

ISSN 2414-4924
ECORFAN® All rights reserved

December 2022, VVol.8 No.15 11-18

Jameel, A. & Thijeel, J. (2019). Analytical
Investigation of the Dynamics of Cracked
Rotors (Tesis doctoral. Baghdad University,
Iraq). Recuperado de:
https://www.researchgate.net/publication/33099
9316_Analytical_Investigation_of _the Dynami
cs_of Cracked_Rotors

Joseph, S. Helen, W. & Richard, Y. (2020).
Application of Non-Symmetric  Bending
Principles on Modelling Fatigue Crack
Behaviour and Vibration of a Cracked Rotor.
Recuperado de:
https://www.researchgate.net/publication/33873
1385_Application_of Non-
Symmetric_Bending_Principles_on_Modelling
_Fatigue_Crack _Behaviour_and_Vibration_of
a_Cracked_Rotor

Peter, K. & Robert, G. (2021). Measuring Mass
Moment of Inertia of a Rotor-Two Simple
Methods Using no Special Equipment.
Recuperado de:
https://www.researchgate.net/publication/33799
0159 Measuring_Mass_Moment_of Inertia_of
_a Rotor-
Two_Simple_Methods_Using_no_Special_Equ
ipment

Mohammad, A. & Fatima, K. (2021). Negative
potential energy content analysis in cracked
rotors whirl response. Recuperado de:
https://www.ncbi.nlm.nih.gov/pmc/articles/PM
C8316492/

Mo, Y. Hao, X, & Wei, X. (2022). Analytical
bending stiffness model of composite shaft with
breathing fatigue crack. Recuperado de:
https://www.researchgate.net/publication/36163
8451 Analytical_bending_stiffness_model_of
composite_shaft_with_breathing_fatigue _crack

JIMENEZ-RABIELA, Homero, VAZQUEZ-GONZALEZ,
Benjamin, RAMIREZ-CRUZ, José Luis and ILIZALITURRI-
BADILLO, Joshua Suraj. Rotor crack moment of inertia.
ECORFAN Journal-Democratic Republic of Congo. 2022


http://www-cast3m.cea.fr/html/Theses_Cast3M/Lazarus.pdf
http://www-cast3m.cea.fr/html/Theses_Cast3M/Lazarus.pdf
https://www.researchgate.net/publication/338731385_Application_of_Non-Symmetric_Bending_Principles_on_Modelling_Fatigue_Crack_Behaviour_and_Vibration_of_a_Cracked_Rotor
https://www.researchgate.net/publication/338731385_Application_of_Non-Symmetric_Bending_Principles_on_Modelling_Fatigue_Crack_Behaviour_and_Vibration_of_a_Cracked_Rotor
https://www.researchgate.net/publication/338731385_Application_of_Non-Symmetric_Bending_Principles_on_Modelling_Fatigue_Crack_Behaviour_and_Vibration_of_a_Cracked_Rotor
https://www.researchgate.net/publication/338731385_Application_of_Non-Symmetric_Bending_Principles_on_Modelling_Fatigue_Crack_Behaviour_and_Vibration_of_a_Cracked_Rotor
https://www.researchgate.net/publication/338731385_Application_of_Non-Symmetric_Bending_Principles_on_Modelling_Fatigue_Crack_Behaviour_and_Vibration_of_a_Cracked_Rotor
https://www.researchgate.net/publication/337990159_Measuring_Mass_Moment_of_Inertia_of_a_Rotor-Two_Simple_Methods_Using_no_Special_Equipment
https://www.researchgate.net/publication/337990159_Measuring_Mass_Moment_of_Inertia_of_a_Rotor-Two_Simple_Methods_Using_no_Special_Equipment
https://www.researchgate.net/publication/337990159_Measuring_Mass_Moment_of_Inertia_of_a_Rotor-Two_Simple_Methods_Using_no_Special_Equipment
https://www.researchgate.net/publication/337990159_Measuring_Mass_Moment_of_Inertia_of_a_Rotor-Two_Simple_Methods_Using_no_Special_Equipment
https://www.researchgate.net/publication/337990159_Measuring_Mass_Moment_of_Inertia_of_a_Rotor-Two_Simple_Methods_Using_no_Special_Equipment
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8316492/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8316492/
https://www.researchgate.net/publication/361638451_Analytical_bending_stiffness_model_of_composite_shaft_with_breathing_fatigue_crack
https://www.researchgate.net/publication/361638451_Analytical_bending_stiffness_model_of_composite_shaft_with_breathing_fatigue_crack
https://www.researchgate.net/publication/361638451_Analytical_bending_stiffness_model_of_composite_shaft_with_breathing_fatigue_crack

19
Article ECORFAN Journal-Democratic Republic of Congo
December 2022, Vol.8 No.15 19-24

Analysis of the use of aerogel as a thermal insulator in refrigerated containers for
storing blood using a photovoltaic system
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Abstract

At the beginning of the present, a comparative analysis
was carried out between polyurethane as a traditional
thermal insulator and aerogel as an insulating material
that has excellent thermal properties; the analysis is
carried out through a container for storing blood, in
which calculations of thermal loads were performed. In
addition, a photovoltaic system is proposed to supply
energy to the container. As a result, the energy
consumption of the system is obtained, using the
proposed insulators, resulting in lower consumption
when aerogel is used.

Blood, Aerogel, Insulating

Resumen

Al inicio del presente, se realizd un analisis comparativo
entre el poliuretano como aislante térmico tradicional y el
aerogel como material aislante que posee excelentes
propiedades térmicas; el analisis se realiza a través de un
contenedor para almacenar sangre, en el cual se
realizaron calculos de cargas térmicas. Ademas, se
propone un sistema fotovoltaico para suministrar energia
al contenedor. Como resultado, se obtiene el consumo
energético del sistema, utilizando los aislantes
propuestos, resultando menor el consumo cuando se
utiliza aerogel.

Sangre, Aerogel, Aislante
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Introduction

Blood allows nutrition, communication,
protection and repair of the various tissues of
the organism, being of vital importance in
operations and medical treatments. This leads to
the need for blood banks, where its correct
storage and transport must cover special
characteristics, being the temperature one of the
most important parameters that must be
maintained from the moment it is donated until
its conservation at 4°C.

An important problem in the storage
processes is to choose the appropriate insulators
to consume the least amount of energy to
ensure the safety of the product to be preserved,;
that is why the objective of this work is to
develop an analysis of the use of aerogel as
thermal insulation in refrigerated containers to
store blood and compare it with a traditionally
used insulator, such as polyurethane; analyzing
its implementation in a blood container in a
theoretical way; such that allows to determine
the greatest energy savings.

Methodology

The methodology to achieve the objective of
this work consisted of seven steps.

In the first step, the geographic location
of the blood storage enclosure is proposed; with
this, the solar radiation and the maximum
temperature at which the system will operate
are determined. Step two consists of proposing
the design of the container; geometry,
measurements, materials, etc. Subsequently, in
step three, the characteristics of the insulators
for the case studies are specified. In step four,
an energy analysis is performed to calculate the
thermal loads, taking into account the amount
of blood, the thermal insulation, the type of
container material and air infiltration. In the
fifth step the cooling source is chosen from the
conditions obtained in the previous step. Step
six consists of calculating the energy consumed
by the chosen cooling system. Finally, in step
seven, the photovoltaic system that provides the
energy is selected.

ISSN 2414-4924
ECORFAN® All rights reserved.

December 2022, Vol.8 No.15 19-24
Development
Climatic operating conditions

In order to establish the operating conditions, it
IS necessary to define a geographical location
for the analysis. Although this work proposes
the central region of the state of Hidalgo, where
there is an average maximum ambient
temperature of 21°C and a solar resource of 6.3
hours, the methodology presented can be
extrapolated to any location.

Container design

The size of the container was determined
according to the amount of blood to be stored,
which was 21 liters. Likewise, polypropylene
was proposed as the material for its
construction and for the insulating coating.

Table 1 shows the dimensions
established for the container.

| Dimension Value

Height 04 m
Width 035m
Long 0.27m
Volume 0.04 m®
Area 0.685 m?
| Material  Thickness
Polypropylene 0.254

Table 1 Container dimensions
Source: Own elaboration

Figure 1 shows the proposed design of
the blood storage container.

0.4m

Figure 1 Design and dimensions of the blood storage
container
Source: Own elaboration

The container material was
polypropylene for universal use, since it has
excellent chemical resistance, high purity, low
water absorption and good electrical insulation
properties.

VALLE-HERNANDEZ, Julio, MANZANO-MURNOZ, Meily Yoselin,
ROMAN-AGUILAR, Radl and DELGADILLO-AVILA, Wendy
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Insulation characteristics

One of the main disadvantages when
refrigerating products is the heat transmission
losses through the walls. One of the ways to
reduce this heat loss is to select materials with
low thermal conductivity, allowing the
difference between internal and external
temperatures to be maximized (Incropera,
1999).

Rigid expanded polyurethane foam is a
lightweight, strongly cross-linked, closed-cell
synthetic material with good mechanical
strength relative to its density. This is one of the
most widely used insulating materials because
it reduces the energy consumption of the
premises it protects, due to its good thermal
insulation capacity (Acevedo, 2016).

On the other hand, aerogel is considered
as the perfect thermal insulator. The main
reason is that it is practically made of gases
and, therefore, it is a material with low heat
conductivity. It is able to cancel or drastically
minimize the three existing heat transmission
methods: conduction, convection and radiation
(Gonzales, 2022).

Table 2 shows some characteristics of
the insulators analyzed.

Insulation Thermal Specific Density
conductivity heat Kg/m?3
W/mK KJ/Kg*K
Polyurethane 0.028 1900 35
foam
Silica 0.015 1.574 0.0004
aerogel

Table 2 Insulation characteristics
Source: Own elaboration

Energy analysis
Thermal loads

The heat load is defined as the amount of heat
that must be removed from the site to be cooled
to reduce or maintain the desired temperature.

The total heat load results from the sum
of the heat loads involved (HVACR, 2012).
Based on the proposed design the thermal loads
considered in this analysis are: by product,
transmission through walls, and infiltration by
outside air.
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The temperature of the container must
be maintained at 4°C, considering a maximum
temperature of 21°C, corresponding to the case
study.

Heat load per product
To calculate how much heat must be extracted

from the device, the overall thermal load of the
product is obtained as follows:

m*Cp*AT)

Qprod = ( "
Where:

Qproq= Heat extracted per product [W].

m = Product mass [kg].

Cp= Specific heat above freezing point
[ K]/kgK].

AT= Temperature difference [K].
t =Time [s].

Table 3 shows the parameters used to
determine the thermal load per product.

| Parameter | Value | Units

m 19.81 | Kg

t 10800 | S

Cp 3.8 | klkgK
AT 17 | K

Table 3 Parameters to obtain the thermal load per blood
product
Source: Own elaboration

Heat load generated by wall transfer

The thermal load generated by heat transfer
through the walls of the container is calculated
by the following equation:

Qwalls =AxU=x*AT
Where:

Quwans = Total heat transmission through walls
[W1].

A = Heat transfer area [m?].

AT = Temperature differential between indoor
and outdoor temperature [K].
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U = Overall heat transfer coefficient [[W/m)"2
K], calculated as:

1

U=—F—
l.exr,e2 1
hi+k1+k2+he

Where:
h = Convection coefficient [W/m?K].
e, = Thickness [m].
k,, = Thermal conductivity [W/mK].

Table 4 shows the parameters used to
determine the overall heat transfer coefficient.

Parameter  Value | Units |
Rincide 10 | W/m?K
houtside 15 W/mZK
e 0.025 m
e, 0.04 m

klpolypropylene 0.2 | W/mK
k2polypropylene 0.028 | W/mK
k2aerogel 0.015 | W/imK

Table 4 Parameters to determine U
Source: Own elaboration

Thermal load generated by air changes
The thermal load generated by air changes in
the device is calculated by the following
equation:
Qchanges = Q2 = Q21 + Q22

Where:

Q, 1 = Heat load due to technical air renewal,
[W] per day.

m ,= air mass [Kg/day].
V= Enclosure volume [m3].

p= Average air density between indoor and
outdoor conditions [Kg/m?3].

n = Number of technical
renewals/day

renewals,
Ah= Enthalpy difference between outside and

inside air [W/kg]
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Q,, =my * Ah
Being:
my,=Vx*xp=x0

m,= Infiltrated air mass, [Kg] per day.
V= Volume of infiltrated air [m3].

p= Average air density between indoor and
outdoor conditions [Kg/m?3].

6= Door open time per day in seconds.

The volume of infiltrated air is a
function of temperature and door dimensions:

axH
V =
4

V0.072 * H * AT

V = Air volume [m3/s].
a = Door width [m].
H = Door height [m].

AT= Indoor/outdoor air temperature difference

[K].
Total thermal load

The total thermal load is determined by the sum
of the thermal loads considered, i.e. es:

Qtotal = Qproduct + Qwalls + Qchanges
Choice of cooling source

Once the total load that the system must remove
to maintain operating temperatures has been
calculated, a thermoelectric cooling system is
chosen. This is because there is a small
container and the volume can be cooled with a
system of this type, which is environmentally
friendly.

Table 5 shows the specifications of the
Peltier cell chosen for the thermoelectric
cooling system.
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Specifications

| max. 10 A
V max. 154V
AT max. 150 °C
Q max. 89 W
Dimensions | 40 x 40mm

Table 5 Specifications of a TEC-12710 Peltier cell
Source: Godoy, 2016

Energy consumed by the cooling system

With the universal performance graph it is
possible to determine the current intensity at
which the Peltier cell must operate in order to
remove the heat from the system, and thus
calculate the electrical power required to be
supplied.

Qo0
1.0 N— . : ey 0.0 Qmax
AT
ATmax 09 + — 0.1

08+ 4 4 - e 4 p— 0.2
0.3 - R W S 103

' T ™ T p—
0.6 : 04
0.5 - . : < {05
04 ‘ <————r106
03 A | S | 4 T d—— 0.
0.2 A 08
0.1 |-/ v . VAR N AR 3 F o ; — 0.9
0.0 4 i /| A ¥ 1 hoe

00 01 02 03 04 05 06 07 08 09 10 1

Imax

Figure 2 Universal yield curves
Source: Meerstetter Engineering, 2016

The Electrical Power required by the
refrigeration system is calculated by the
following equation:

P=V=x*I
Where:
P= Electrical power [W].
V= Maximum voltage [V].
I= Current intensity [A].
Choice of the photovoltaic panel
A light and flexible photovoltaic panel is
proposed for quick installation and to provide
the necessary energy for the operation of the

system. Table 6 shows the specifications of the
photovoltaic panel.
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Parameter  Value | Units

Electrical power 250 | W
Current 10| A
Voltage 12|V
Weight 0.862 | Kg
Area 0.4 | m?

Table 6 Technical data sheet of the photovoltaic panel
Source: Own elaboration

To calculate the daily energy generated
by the photovoltaic panel we have:

Energy = Panel power * Solar resource
Results
Table 7 shows the results of the thermal loads

obtained for the container insulated with the
two materials.

Parameter Value | Units

Qtotal P 140.4
Qtotal A 136.89

Qproduct 119 W
QwalLP 8.40 W
QwallfA 4.89 w

Qchanges 13 W

W
W

Table 7 Total thermal load
Source: Own elaboration

Where:

Qwan p = Heat transmission through walls,
using polyurethane as a thermal insulator.

Qwan a4 = Heat transmission through walls,
using aerogel as thermal insulation.

Figure 3 shows the comparison between
thermal loads by wall transmission for both
insulating materials. It can be seen that in the
case of aerogel the heat transmission is lower,
being almost half that of polyurethane.

Heat load generated by wall
transfer

Difference in thermal load
results measured in W

Aerogel Polyurethane

Thermal loads | Aerogel | Polyurethane | Unit
Bywalls | 489 8.40 W

Figure 3 Graph of thermal load generated by wall
transmission
Source: Own elaboration
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With the total thermal load and
considering five thermoelectrics, as specified in
Table 5, the operating current of each one of
them is obtained from the values shown in
Table 8.

Parameter Value | Units |

ATan 150 | K
AT 17 | K
Qmax 89 | W
Qo 136.9/5 | W
[ 10| A
[ 9[A

Table 8 Parameters to find the value of current intensity
Source: Own elaboration

With the value of the current intensity
and the potential difference supplied by the
photovoltaic panel we have a consumption of
108 W per thermoelectric. This gives a total of
540 W for the refrigeration system.

To cool the product from 21°C to 4°C,
storage temperature, 1620 Wh are required.
While to maintain the temperature of 4°C, 1134
Wh of energy is needed, giving a total of 2754
Wh per day.

The energy generated by two 250W
photovoltaic panels, such as the one specified in
Table 6, is 3150 Wh, which more than satisfies
the 24-hour supply.

Conclusions

From the results obtained, it can be considered
that the performance of the container is
acceptable for the two cases of study; with
polyurethane and aerogel as insulators. The
difference between total thermal loads does not
change significantly; however, aerogel, due to
its low thermal conductivity, shows a notable
difference in the thermal load through walls,
since it is the only calculated load that has a
direct relationship with the insulation.

In conclusion, we could observe that the
use of aerogel as an insulator is not very
important in small capacity containers, such as
the one analyzed in this work, but it could be
adequate for large containers, where the thermal
loads through walls are significant. In this case
study, the best option is to opt for polyurethane
as insulation because of its lower cost.
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Abstract

This work presents the complete manufacturing of an
articulated robot of 6 degrees of freedom, with
educational applications. With the purpose of increasing
the motivation of the students in the significant learning
of the subject of robotics. The methodology was
developed from the design of each link of the robot in
Solid Word, to later print it in 3D, followed by the
mechanical and electrical/electronic implementation. In
accordance with this, we worked with the mathematical
modeling through the RoboAnalyzer software based on
the Denavit Hartenberg parameters. To control the robot,
so that the student has options to be able to control the
robot, a control card was developed which is compatible
with: Raspberry, Arduino and PIC microcontroller. In
addition to the above possibilities of programming,
another programming option is provided to only
manipulate the robot with an application on a laptop,
tablet or cell phone, these applications are free; it refers
to Universal Gcode Sender and Bluetooth Electronics
that simulate a teach pendant. With the development of
this robotic equipment, it is intended to form integral
students in their technological assets.

RoboAnalyzer, Raspberry, Arduino, PIC
Microcontroller, Universal Gcode Sender, Bluetooth
Electronics

Resumen

Este trabajo presenta la manufactura completa de un
robot articulado de 6 grados de libertad, con aplicaciones
educativas. Con la finalidad de incrementar la motivacion
de los estudiantes en el aprendizaje significativo de la
asignatura de robotica. La metodologia se desarrollé
desde el disefio de cada eslabon del robot en Solid Word,
para posteriormente imprimirlo en 3D, a continuacién, se
realizé la implementacién mecanica y
eléctrica/electrénica. En concordancia con esto se trabajo
con el modelado matemético a través del software
RoboAnalyzer basandonos en los parametros de Denavit
Hartenberg. Para controlar el robot, de manera que el
estudiante tenga opciones de poder controlar el robot, se
desarrolld una tarjeta de control la cual es compatible
con: Raspberry, Arduino y microcontrolador PIC.
Ademads, de las anteriores posibilidades de programar, se
brinda otra opcién en programacién de s6lo manipular el
robot con una aplicacion en laptop, Tablet o teléfono
celular, estas aplicaciones son libres; se refiere a
Universal Gcode Sender y Bluetooth Electronics que
simulan una teach pendant. Con el desarrollo de este
equipo robotico se pretende formar estudiantes integrales
en su haber tecnoldgico.

RoboAnalyzer, Raspberry, Arduino,
Microcontrolador PIC, Universal Gcode sender,
Bluetooth Electronics
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Introduction

The education in some institutions that do not
have equipped laboratories, practical subjects
are offered, only with theory or simulations,
this affects the student in their academic and
work performance. The subject of robotics is
very necessary in the Curriculum Vitae (CV) of
engineers, as it is very required in the industry
[1]. Because all industrial processes are being
automated by robots, which have the tendency
to replace man in heavy, monotonous or
dangerous tasks.

Great scientists, engineers, athletes etc.
have always said that practice makes the
difference [2]. This leads us to understand that
our educational institutions must teach the
subjects in a practical way, with industrial
equipment as close to reality as possible. For
some institutions this equipment is complicated
because they are very expensive or very
difficult to install and a mistake could cause
material or physical damage. We questioned
how to innovate the way in which the subject of
robotics is taught and learned, simulations are
used and correct for the teaching of direct and
inverse kinematics, however, the physical
equipment is always required, so we
implemented the articulated robot of 6 degrees
of freedom to provide great support to the
subject of robotics, and that students can
program and manipulate a robot professionally
and/or remotely as they would with an
industrial robot, as well as provide options to
program it through controller cards and increase
student creativity so they can create projects
that have an impact on their communities.

Objective

To design, implement and control an industrial
scale robot for educational and training
purposes.

Methodology

Robot design and printing

We developed a robot with our own design
inspired by the BCN 3D ROBOT robot [3] with

some improvements adapted to our needs,
Figure 1.
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For the 3D modeling of the robot we
used free software such as BLENDER (Figure
2) and also Solidworks software since they are
suitable for our design needs of each
mechanical component.

Figure 1 3D model of the robot (planetary gearing
system)

-3

Figure 2 3D modeling of the gripper and the BCN 3D
robot

Having the robot design to scale with
the correct dimensions and tolerances of each
part, its mechanical implementation was
simulated to corroborate that the assembly will
be correct, Figure 3.
=0

— A

Figure 3 Mechanical implementation of the BCN 3D
robot

Once it is corroborated that all the pieces match
perfectly, the printing of each one of the pieces
in 3D printers begins, with an approximate
printing time of 5 days (figure 4).
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Figure 4 3D printing of the rotating column

Mechanical System

The 6 degrees of freedom articulated robot is
composed of high performance motors with
excellent flexibility and reliability. It is a
unique slim design that reduces the space it
occupies, allowing it to work in very narrow
spaces. The robot is kept in balance on its base,
thanks to a mechanical differential. The
components of the ROBOT are as follows:

- Type: Articulated

- Number of axles: 6

- Degrees of freedom

- Maximum load: 20 Kg

Minimum load: 5 Kg
Electrical/Electronic System

Each joint of the robot is controlled by stepper
motors that allow them to have independent
movements with a gearing system that increases
the torque and creates a natural motion [4,5,6].
Table 1 shows the stepper motors that control
the Robot's movements:

Stepper Features Source:
motor (STEPPERONLINE
2022).

Nema 23 Bipolar 1.8 grados
2.4Nm (3400z.in) 1.8A

4,95V 57x57x104mm

4 Hilos. \
Nema 14 Bipolar L = 33 mm N\
with gear ratio 51: 1 . -
Planetary gearboxes. 4 §
M4
Nema 17 Bipolar L = 33 mm /
with gear ratio 27: 1 .
Planetary gearboxes. <55
2

Table 1 Motor characteristics
The controllers or drivers used in the control of
the motors are shown in Figures 5, 6 and 7:
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Driver TB6560
o Operating Voltage: 10 — 35
Vced

o Current setting control

o Max Current: 3 A

o Pitch adjustment: 1, 1/2, 1/8
y 1/16

- *Compatible con  shield
match3 y Arduino (GRBL)

Driver A4988

« Input Voltage 3.3vy 5v

* Maximum Current 2A
(Heatsink and ventilation).
» Maximum Voltage: 35v

* With heatsink

» Step resolution: 1, 1/2,
1/4,1/8 y 1/16.

* Size 20 x 15 mm.

Driver 8825

-Logic voltage: 3.3V - 5V DC

-Power Voltage: 8.2V - 45V DC
-Current: 1.5A per coil (max. 2.2A)
-STEP and DIRECTION control
interface

-6 resolutions: full step, half step, 1/4,
1/8, 1/16, 1/32, 1/16, 1/32
-Potentiometer allows you to limit the
maximum current, so you can use
higher voltages and achieve better
resolution.

-Regulator included

Figure 7 Driver 8825 montado en la seccién de control.

Control System

For the control of the robot, a control mother
board was designed that is compatible with
Arduino, PIC Microcontroller, Raspberry, in
order to expand the options to control the
actuators. Therefore, the following
characteristics of this board are shown below:

Controls up to 8 stepper motors
simultaneously.

- Connection of up to 8 limit switches for
homing motors.

- 1 PWM output signal for tool control.
- 12V auxiliary pin.
- 5V auxiliary pins.

This board is an Arduino shield and is
connected to the Arduino through the digital
pins. The complete electrical schematic is
shown in Figure 8.
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Figure 8 Control board electrical schematic diagram

In addition, for the control system, the
cards were adapted to provide 2 robot
manipulation options: the UGS program
(Universal Gcode Sender) [7], the operator can
manipulate the robot by means of commands
programmed in G code (humerical control),
shown in Figure 9.

Figure 9 UGS software

It also provides the function of being
able to manipulate the robot with a smartphone
or tablet through the Bluetooth HC-05 module
installed on the board, this is controlled through
the free access application Bluetooth
Electronics, see figure 10.

Motors

Figure 10 Aplicacion Bluetooth electronics
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Mechanical and Electrical/Electronic
Implementation

Once we have each of the robot parts printed,
we start with the mechanical assembly and
electronic wiring, as shown in Figures 11 and
12.

Figure 11 3D printed parts (oscillator arm and neutral

arm)
i _&

Figure 12 Stepper motor wiring

Results and tests

At the conclusion of the mechanical and
electrical/electronic  implementation  stage,
Figure 13 shows the Robot that is fully
assembled and ready for programming.

Figure 13 Implemented robot

The installation in the robotic trainer
cell was carried out with the purpose of
checking that each of the robot joints
correspond to the dynamic movements
according to the requested programming [8],
this is shown in Figure 14.
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Figure 14 Trainer robotic cell

Simulation of the mathematical modeling

For the mathematical modeling, RoboAnalyzer
was used, which is a free software to simulate
the mathematical modeling of the robot, shown
in Figure 15.

fil

Playback deck o -e e

Mass-inertia
properties of
links

Robot
selection/ DH Visualization,
Joint trajectory

selection, etc.

creation DH Parameter
panel Table

Figure 15 Main screen of the software, image from the
cited article
Source: [9]

The mathematical modeling and
simulation presented allow predicting the
motion of each of the links without having to
go to the physical system to obtain their final
matrices [10], the calculation is based on the
Denavit Hartenberg (DH) parameters. In
addition, robot kinematics requires matrix
algebra, coordinate transformations and
multivariate equations [9]. Figure 16.

Link Config  EE Config  Joint Trajectary
Select Joint Speed

Joirt - Slow Fast

Joint Offset Joint Angle Link Length Twist Angle Together None

Base Frame to End-Effector
Figure 16 Parameters based on Denavit Hartenberg

When DH parameters are described
mathematically, they are associated with
coordinate transformations; the next thing is to
understand their effect on the physical
configuration of the robot, Figure 17, i.e., how
a change in DH parameters can affect the robot
architecture and vice versa. [9].
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Figure 17 Visualization of DH parameters in
RoboAnalyzer of the robot BCN-3D

To visualize the shapes of the robot's
motion, the motion matrices to be moved by
each joint and link are calculated. Otherwise,
kinematically and dynamically, they are the
same. Then the link parameters can be varied
by changing the DH parameters to see the
effects on the Kkinematic and dynamic
performance.

This provides students with a way to
explore variations on the given architecture of
an industrial robot. [9].

Biim) | 8 | alm) | al® | by | 6 | a,{m)| @) |

i i

1 0 0 0.1 0 1] 01 [i] 0.1 90

2 0 0 0.125 0 2| 01 0 0125 | 90 |
ERI 0 0.1 0 3| 01 0 0.1 20

Table 2 Variations in the BCN-3D robot articulations

As in this case the BCN 3D robot is a 6
degrees of freedom robot, we select the 6
degrees of freedom and the similar robot type.
The chosen one is Aristo, and we verify that it
is the required model (figure 18), therefore, we
click on the green button, figure 19. The values
are added in DH table (figure 15) of each of the
links. Figure 19.
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Then, the BCN 3D robot displayed on
the screen will execute the calculated strokes of
each joint according to the data entered in the
DH table. Figure 21.

A

Figure 18 Aristo model, similar to the robot BCN 3D

D-H Parameters
Default Robots

& ~ | DOF
Select Robot

ARISTE ~ | |@

Custom Robots
EREIRE

Virtual Robots

Figure 19 Selection of robot characteristics

Joint Jaint Ty Joint Cffset Joint Angle Link Length Twist Angle Initial Value Final Value
Ng Jairt Type &) m ttheta) deg @ m ldpha) deg (V) degorm (V) degorm

Revolute 0322 Variable 0 %0 ] 60
Revolute 0 Variable 03 0 S0 60
Revolute 0 Variable 0 90 180 150
Revolute 0.375 Varizble 0 90 -180 -200
Revolute 0 Variable 0 %0 50 60
0 0 0 60

@[ e w[n]=

Revolute 0.063 Variable

Table 2 Table to insert DH values for each joint and
linkage

Once the required parameters have been
configured, select the FKin button to update the
program memory. Then we select the play
button to execute the required robot motion
program. Figure 20.

Browser n
30 Model  Graph

QU Qo v e

[l o |
Analyses
Time {s) Mo of Steps
1.00 z 100 £
I
1Kin

Figure 20 Buttons for executing robot movements
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Figure 21 Movement of each joint of the robot

Subsequently, to analyze the resulting
matrix, select the Link Config. option and
choose the joint to be analyzed to display its
DH matrix. Figura 22.

Visualize DH EE Config  Joint Trajectory

[ T|LinkE v |]|F‘revi0us Link Frame w Update

1]

0
0115

L= == =
o o = o
L2 = @

Figure 22 Display of the selected link matrix

The numerical values of the 4 x 4
homogeneous transformation matrices (HTMs)
are necessary for kinematic and dynamic
analyses, as they describe the position and
orientation of the robot links. The
RoboAnalyzer software and the HTMs for
different links are available to the user in the
GUI. This would allow them to validate their
results, especially in the classroom and during
practical exercises. [9,11]. Figure 23.

Update
1 0 0 0.9
0 1 0 0
0 ] -1 0.335
0 0 0 1

Figure 23 Homogeneous transformation matrix
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The physical robot will match the
movements, as the traces observed in the
simulation, because the degrees that were
entered in the DH table of the RoboAnalyzer
software for each joint are the same degrees
that were entered in the Universal Gcode
Sender (UGS) software.

The trajectory of the cycloidal traces of
the position of a joint and its corresponding
velocity and acceleration are shown plotted in
the Graph option. Figure 24.

[
Time (s)

Figure 24 Plotted values of the final matrix of the BCN
3D robot

In this sense, when interpreting data and
information, the mathematical modeling of a
physical system refers to the process of
obtaining a set of equations of this. From the
point of view of the scope of what is required to
simulate the system, this is how the trajectories
of each link are obtained by means of
mathematical equations. [9,11,12].

Conclusion

In this project the proposed objectives were
satisfactorily achieved, with the purpose that
the student interacts with equipment that they
will find in the industry once they graduate, so
that they will already know them physically
during their academic preparation. So, the
Robot was designed and implemented, the
mathematical modeling was also obtained,
using the RoboAnalyzer software, thus
validating results that were normally obtained
from the homogeneous transformation matrices
of the kinematics and dynamics of the robot
movements, to something tangible, such as
programming with cards like the PIC
microcontroller, Arduino and Raspberry Pi Pico
and also manipulate the robot, even with
applications with the cell phone,
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