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Abstract. - This paper presents an algorithm for constructing fuzzy models in linear state subspaces from the nonlinear
MIMO dynamic model of plants whose operating points are not defined within the permissible physical range for the
system. It is based on the fuzzy Takagi-Sugeno-Kang model and Kawamoto's ideas of non-linearity sectors. The
relevant functions in the antecedent are modeled with linear functions, while functions model the consequent in
Discrete State Space. The application of the algorithm to the model of a thermoelectric plant widely studied in the
specialized literature is discussed.

Keywords: Fuzzy modeling algorithm, undefined points of operation, Kawamoto non-linearity sectors, nonlinear MIMO
systems, Takagi-Sugeno-Kang.

Algoritmo para el modelado TSK difuso de SNL MIMO con puntos de operaciéon indefinidos

Resumen: En este articulo se presenta un algoritmo para la construccién de modelos difusos en subespacios de estado
lineales a partir del modelo dindmico MIMO no lineal de plantas cuyos puntos de operacién — dentro del rango fisico
permisible para el sistema — no se encuentran definidos. Se toma como base el modelo difuso Takagi-Sugeno-Kang y
las ideas de sectores de no linealidad de Kawamoto. Las funciones de pertinencia en el antecedente se modelan con
funciones lineales, en tanto que el consecuente se modela mediante funciones en Espacio de Estado Discreto. Se
discute la aplicaciéon del algoritmo al modelo de una planta termoeléctrica ampliamente estudiada en la literatura
especializada.

Palabras clave: Algoritmo modelado difuso, puntos de operacion indefinidos, sectores de no-linealidad Kawamoto,
sistemas MIMO no-lineales, Takagi-Sugeno-Kang.
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I. INTRODUCTION

To control means to exert the actions necessary to produce a desired result, but to do so, the system to be
commanded must exhibit "reasonably predictable” behavior. In the specialized literature [1], it is proposed that the
systems to be controlled can be classified into two large groups: deterministic and non-deterministic. Classical control
algorithms are based on the hypothesis that the system to be controlled is deterministic, for which a series of restrictions
are applied to guarantee the functionality of the algorithm, ranging from restricting the work area to a small region
around a point of operation, to "disregarding” the probabilistic nature of the present and future state of the system.
There is also a presumption that the mathematical model of the system is time-invariant. However, these classical
control techniques work very well for various physical systems and have been successfully employed for over a century,
as stated in [2]: "Most physical systems contain complex non-linear relationships, which are difficult to model with
conventional techniques.” That is why, in advanced process control, non-linear control techniques are used.

One of the ways to mathematically model the non-linear nature of systems is by using models based on fuzzy logic
systems. This theory is supported by fuzzy logic systems being universal approximators [2]. In particular, the fuzzy
system model developed by Takagi and Sugeno [3] and Sugeno and Kang [4], called the TSK fuzzy model in the
literature, is suitable for a broad class of non-linear systems because the consequent is a linear function or even a state-
space system. Interestingly, the TSK model allows the use of equations in State Spaces in the consequent, thus being
able to obtain a fuzzy model for a Non-linear System (SNL) of multiple inputs and outputs (MIMO), which allows the
application of modern control algorithms based on models in State Space such as Optimal Control, Heo, Genetic
Algorithms, Predictive Control.

The fuzzy model of an SNL MIMO is robust in applications where the plant has more than one operating point.
However, following conventional techniques, as the number of operation points increases, the fuzzy model increases
significantly in complexity since, in general, a linear subspace is generated for each operation point, that is, a rule in the
consequent. It has also been sufficiently studied that as the number of rules in the consequent increases, the fuzzy TSK
model exhibits a behavior closer and closer to the non-linear model of the system. Thus, there is a dilemma between
keeping the complexity of the fuzzy model low — few rules — and, at the same time, ensuring that it represents the
dynamics of the SNL as accurately as possible.

Now, imagine for a moment that a TSK model is required for an SNL MIMO whose operating points — within the
permissible physical range for the system — are not defined, as might be the case with the design of a fuzzy servo
controller for such a system. Undoubtedly, this last proposition introduces an additional level of complexity to the
previously posed dilemma between keeping the number of rules of the fuzzy model to a minimum and, at the same
time, representing the system as accurately as possible, the complexity of not having defined the points of operation.
Next, an algorithm is presented to solve the problem: synthesize the fuzzy TSK model of a MIMO SNL with undefined
operation points.

Il. DEVELOPMENT

In the first instance, a synthesis of the theoretical foundations of the developed algorithm is presented, and then a
detailed description is given.
A. Takagi-Sugeno-Kang Fuzzy Model (TSK)

Takagi and Sugeno [3], and later Sugeno and Kang [4], developed the structure of a Fuzzy Model that has been
widely studied. They denoted the relevance function of a fuzzy set A as A(x), with x € X, and defined that all fuzzy sets
are associated with linear relevance functions, such that a relevance function is characterized by having two limit values:
1 for the highest degree of relevance and 0 for the lowest degree of significance. Thus, the Truth Value of a linguistic
proposition of the type "(x is A) Y (y is B)" is expressed as:

|"(xis A) and (y is B)" | = A(x) AB(y) @)
In addition, these researchers defined the format of a fuzzy R implication as:

R:If f(x1isAq,...,xx is Ax), Theny = g(xq,...,xx) (2)

Gonzalez L. Algorithm for Diffuse TSK Modeling of SNL MIMO with Undefined 9
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Where:
y : avariable of the consequent whose value is inferred.
X7 — Xk . premise variables that also appear in the consequent.
A1 - Ak . fuzzy sets with linear relevance functions representing a subspace in which the implication R can be
applied by reasoning.
f . logical function that relates the propositions in the antecedent.
G . a function that involves the value of "y” in the consequent when x; — xi satisfies the antecedent.

If only logical functions are used in the antecedent, and a linear function is adopted in the consequent, implication

(2) is written as:

R:If f(xqis Ay and ... and xy is Ag)
Theny =pg + p1xi+... +pex (3)

In addition, if i have implications R; (i =1, -, n) according to the format indicated in (3). When given:
(X =X, % = Xyq) )
where x10 - Xko are singletons, the value of y is inferred using the following algorithm:
1)  For each implication Ri, y is computed by the function g; of the consequent:
i i i,0 i 0
Y = Po+ PuX +F DX )

2)  The Truth Value of the proposition y = y is calculated by the equation:

‘YZyi‘Z(A{(Xm)/\---/\Ai(xko)) ©)

Where | * | denotes the Truth Value of the proposition, represents the minimum operation, and A A(xo) is the degree

of pertinence of xo to the fuzzy set A.

3)  Finally, the value of y is inferred from the n implications as its weighted average such that:

iZ:,Uy= y'|xy']

y=Y|

y= 7)

B. Kawamoto's Non-Linearity Sectors

According to Mehran [5], the idea of using Non-Linearity Sectors in the construction of fuzzy models was first

proposed by Kawamoto [6]. Consider an SNL such that:

x=f (x(t)) ®)
Where f (0) = 0. The aim is to define the global sector in such a way that:
x=1f(x(t))e[a,a,]x(t) ©)

Figure 1 illustrates the nonlinearity sector approach.

Gonzalez L. Algorithm for Diffuse TSK Modeling of SNL MIMO with Undefined 10
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Figure 1. Non-Linearity Sectors.

Algorithm for Constructing the TSK Model of a MIMO SNL with Undefined Points of Operation.

Mehran [5] argues that, although the consequent variables can be continuous or discrete in theory, they must be
discrete because virtually all fuzzy systems are implemented and modeled using digital systems. Based on the ideas of
Takagi, Sugeno, Kawamoto, and Mehran, the following algorithm was designed for the TSK modeling of a MIMO SNL
whose operation points are undefined.

Algorithm:

1)

3)

6)

From the differential equations of the MIMO SNL, algebraically determine the state-space model for the SNL by
considering a generic operation point (Xo, Ue). Such that:

X(n+1) = A(Xy, Up)X(n) + B(Xy, Up) T (1)

_ - 0/ 10
Y(n) = C(Xo, Up)X(n) + D(Xo, Up)U(n) (10)

Analyze the Jacobian matrices A, B, C, and D to determine which variables they depend on. These will be the k
premise variables of the TSK model.

Analyze the maximum and minimum allowable physical values for the premise variables according to the
characteristics of the SNL, or what the maximum and minimum values are for which the SNL model in differential
equations is valid. From these, some steady-state pseudo-points of operation of the SNL MIMO are defined and
used to obtain the relevance functions of the antecedent and the Jacobian matrices of the consequent. For
pseudo-points of operation, the following must be met:

0=A(X,,Uy) X +B(X,,U, )U W)
Define the linear relevance functions based on the previous step's results.

Define the n=2¢implications of the TSK model according to the following structure:

Then {

Infer the value of the output vector from (6) and (7).

Ri:if (z, is A, and -+ and zisAy)
X(n+ 1) = A(Xo, U)X (n) + B(Xo, Up) T (n)
Y(n) = C(Xo, U)X (n) + D(X,, Up)U(n)
(12)

I1l. ALGORITHM AND APPLICATION STUDY

To illustrate the application of the presented algorithm and to verify its effectiveness, the comparison of the results

obtained in the modeling of a Thermoelectric Plant widely worked in the specialized literature [7], [8], [9], [10], [11],
using both the traditional algorithm based on operating points and the algorithm developed in the research carried
out will be presented as a case study.

Gonzalez L. Algorithm for Diffuse TSK Modeling of SNL MIMO with Undefined
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A. SNL MIMO: Thermoelectric Plant

The model is based on the P16/G16 Thermoelectric Plant at the Sydvenska Kraft AB Plant in Malmo, Switzerland.
The power of the Plant is 160 MW, with a Boiler-Turbine-Alternator structure. The 3rd-order model of this SNL MIMO
was developed by Bell and Astrom [12]. The differential equations that define the dynamics of this MIMO SNL are
presented in (13), (14) and (15):

p =-0,0018u,p?® +0,9u, —0,15u, (13)

B, = (0,073u, — 0,016)p%/® — 0,1P, (14)
141u, —(1,du, - 0,19

b, = (2420, - ( 852 )p) (15)

Where p is the Pressure in the boiler [kg/cm?], P, is the electrical power generated [MW], px is the density of the
fluid [kg/m?3], u; is the position of the fuel flow valve, u; is the position of the steam control valve, and us is the position
of the water flow valve. All u; inputs are normalized in the range [0,1]. Without losing generality, the system outputs are
considered the state variables for this study case.

Dimeo and Lee [7] presented the seven points of operation of the Thermoelectric Plant under study, reproduced
in Table 1.

Table 1. Thermoelectric Plant Operation Points.

1 2 3 4 5 6 7

po 75,60 | 8640 | 97,20 | 108,0 | 1188 | 1296 | 1404
Poo 15,27 | 36,65 | 50,52 | 66,65 | 8506 | 1058 | 1289
£ro 2996 | 3424 | 3852 | 4280 | 470,8 | 513,6 | 5564
U 0,156 | 0,209 | 0,271 | 0,340 | 0,418 | 0,505 | 0,600
Uzo 0483 | 0,552 | 0,621 | 0,690 | 0,759 | 0,828 | 0,897
Uso 0,183 | 0,256 | 0,340 | 0435 | 0,543 | 0,663 | 0,793

B. Discrete TSK Model Based on Points of Operation

To construct the Discrete TSK model Based on the Operating Points of the thermoelectric plant, in the first instance,
seven linear subspaces are defined — one for each point of operation indicated in Table 1, then the triangular relevance
functions for each of the state variables are described in the antecedent as shown in Figures 2, 3 and 4. Thus, for a
given linear subspace, the Truth Value of the proposition, according to (6), is provided by the expression:

‘X:X“z(ﬁ{(xlo)/\A;(xzo)/\A;(x%)) (16)

In the case of the consequent, we work with discrete state space models around each point of operation presented
in Table 1. Linearized models are obtained from the truncated Taylor series expansion of the SNL represented by the
equations(13), (14) and (15). To do this, it is necessary to calculate the following Jacobian matrices:

Al OF (7)
oX

(XoUo)

_JSF
8U

B (18)

(Xo.Uo)

So, the linear approximation of the system will be:

X = AX +BU (19)
where:
)?:X—X",X:[pPo,of]T:[x1 X, %] (20)
U=U-U%U=[uyu,u] (21)

Gonzalez L. Algorithm for Diffuse TSK Modeling of SNL MIMO with Undefined 12
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Truth value

Pertinence functions for the state variable: pressure in the boiler

09
08

07

05
04
03
02

01

0
B0 65 60 65 70 75 80 8 90 ©5 100 105 110 115 120 125 130 135 140 146 150 165 180

Pressure in the boiler
—(C) | w—D02 PO3 PO4 === POE mmmmm PO ====P 07 |

Figure 2. Relevance Functions of the Traditional Discrete TSK Model for Boiler Pressure.

Relevance functions for the state variable: electrical power generated.

Truth value

260 270 200 310 330 360 3N 300 410 430 450 470 490 510 530 B50 670 530
Electrical power generated
—0) P02 P03 PO m—p0h e—0f m— P07 |

Figure 3. Relevance Functions of the Traditional Discrete TSK Model for Generated Electrical Power.

Relevance functions for the state variable: fluid density

Truth value

o
280 270 200 310 330 350 370 M0 410 430 450 470 490 510 530 550 50 590

Fluid density

| —tr] FO3 PO P O)f; b0 w07

Figure 4. Relevance Functions of the Traditional Discrete TSK Model for Fluid Density.

It was subsequently, using a zero-order retainer-type conversion algorithm, with a sampling time of 60 seconds,

the seven pairs of matrices presented from (22) to (28).

Gonzalez L. Algorithm for Diffuse TSK Modeling of SNL MIMO with Undefined
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0

0

—12,1894 |

0,9355 73,1364 14,6469 (22)
A'=| 01416 0,0025 0 |,B;'=| 9,1908 100,2430 -1,5318

-0,1172 0  1,0000 | —4,4779 —64,3485 140,0875 |

0,9237 0 0 73,6787 -18,8617 -12,1131] (23)
A’=| 0,2121 0,0025 0 |,B,>=|13,8405 1286948 -2,3067

-01549 0  1,0000] -5,9344 -80,6090 140,3303 |

[ 0,8895 0 0 71,3414 21,5197 -11,8902] (24)
A’=|0,4317 0,0025 0 |,B°=| 28,6071 1451289 -4,7678

|-0,2779 01,0000 -10,7098 —90,6696 141,1262 |

[ 0,8749 0 0 70,7640 24,3791 -11,7940] (25)
A‘=| 05217 00025 0 |,B*=| 34,8055 1636185 -5,8009

|-0,3258 01,0000 | -12,5898 —101,3357 141,4395 |

[ 0,8603 0 0 [ 701853 27,2193 -11,6975] (26)
A°=| 06108 00025 0 |,B°=| 41,0290 181,7735 -6,8382

|-0,3729 0  1,0000| | -14,4483 -111,7990 141,7493 |

[ 0,8457 0 0 69,6057 30,0499 -11,6009] (27)
A’ =] 06988 0,005 0 B,°=| 47,2645 199,6554 -7,8774

|-0,4191 01,0000 | | -16,2853 —122,1120 142,0554 |

[ 0,8313 0 0 69,0260 32,8642 -11,5043] (28)
A7=| 07854 10,0025 O |[,B=| 534991 217,2193 -8,9165

|-0,4646 0  1,0000 | -18,1007 -132,2649 142,3580 |

Finally, the defusification is performed using the equations (6) and (7).

C. TSK Discrete Model for Undefined Points of Operation

The following is the development of the proposed algorithm to obtain the TSK Discrete model of the thermoelectric

plant.

1) The differential equations of the SNL MIMO presented in (13), (14) and (15), are linearized using (17) and (18)

around a generic point of operation (Xo, Uo), yielding:

X = A(Xg,Uy ) X +B(X,,Ug)T

~0,002025u, (x, ) 0 o

A(X,U, )= (0,082125u2u—0,018)(x10)1/8 010
~0,01294118u, +0,002235294 0 0

09 -0.0018(x ) 015 |

B(X,Up)=| 0 0073(x)" 0
0 -0,01294118x, 1658824

(29)

€]

2) Analyzing (30) and (31), it is concluded that the Jacobian matrices of the linearized system only depend on the
variables x; and U, so these become the premise variables of the TSK model (k=2).

3) By analyzing the maximum and minimum physical values of the premise variables x1 and U, and considering
that the condition is met (11), the pseudo-points of operation presented in Table 2 are obtained.

Gonzalez L. Algorithm for Diffuse TSK Modeling of SNL MIMO with Undefined
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Table 2. Pseudo-Operation Points of the Thermoelectric plant.
To B C d

X0 | 60,02 | 60,02 | 16500 | 165,00
Xz20 | 8,03 51,32 | 2502 | 159,90
x30 | 275,00 | 165,80 | 462,30 | 474,20
up | 0,0780 | 0,2427 | 0,2388 | 0,7358
uz | 03287 | 09208 | 0,3287 | 0,9208
uz | 0,0730 | 0,3502 | 0,2008 | 0,9630

From Table 2, note that for x; (Pressure), 60.02 [kgf/cm?] and 165.00 [kgf/cm?] have been defined as the minimum
and maximum values, respectively, for this premise variable, while for the position of the steam control valve, U; 0.3287
and 0.9208 have been defined as their maximum and minimum values; from these and from (11), (13), (14) and (15), the
rest of the data contained in Table 2 were obtained.

4) Based on the results presented in Table 2, the relevance functions shown in Figures 5 and 6 are defined.

Truth value

Pertinence functions for the state variable: pressure in the boiler

o
08
07
0s
05
0a
03
02

01

0
S0 55 60 B5 70 75 80 85 S0 95 100 105 110 115 120 125 130 135 140 145 150 155 160 165 170
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Figure 5. Relevance Functions of the Proposed Discrete TSK Model for Boiler Pressure.

Figure 6.

Pertinence functions for the state variable: steam flow control valve position
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Figure 6. Relevance Functions of the Proposed Discrete TSK Model for Steam Control Valve Position.

5) The n=22 implications of the Discrete TSK model is defined:

Ry:if (xq is "low" A u, is "closed")
Then:)?l(n + 1) = Ale (Tl) + Blﬁl(n) (32)

Where:
0,9355 0 0 73,1364 -14,6469 -12,1894 (33)
A =| 0,1416 0,0025 0 ,B,=| 9,1908 100,2430 -1,5318
-0,1172 0 1,0000 —4,4779 —64,3485 140,0875
Ry:if (xqis "low" Au, is "opened")
Then:)?z(n + 1) = Az)?z(n) + BZUZ (n) (34)
Where:
0,8297 0 0 68,9638 —13,8113 -11,4940 (35)
A, =| 0,8208 0,0025 0 ,B,=| 55,9540 90,8778 —9,3257
—-0,5299 0 1,0000 —20,6518 —61,1094 142,7832
Rs:if (x1is "high" Au, is "closed")
Then:)?g(n + 1) = A3X3(n) + B3U3 (n) (36)
Where:
0,9272 0 0 72,8127 45,4890 -12,1355 (37)
A, =| 0,1595 0,0025 0 ,B,=[10,3892 311,9603 -1,7315
-0,1166 0 1,0000 —4,4647 -176,5755 140,0853
Ry:if (x1is "high" Au, is "opened" )
Then:X,(n + 1) = A,X,(n) + B,U,(n) (38)
Where:
0,8091 0 0 68,1305 42,5638 —11,3551 (39)
A, =| 0,9121 0,0025 0 ,B,=| 62,8271 279,2003 -10,4712
-0,5235 0 1,0000 —20,4850 -166,5670 142,7554
In general:
Xi(n)=X(n)—Xio ,Ui(n)=U(n)—UiO (40)

7) The value of the output is inferred from (6) and (7).

IV. RESULTS

Two comparative studies were conducted to show the performance of the Discrete TSK model developed with the
proposed algorithm. The first study consisted of subjecting the three models (the non-linear, the Fuzzy model with
seven rules, and the Fuzzy model formulated with the proposed algorithm) to a sequence of ascending and descending
inputs according to the seven points of operation presented in Table 1. The second comparative study involved
subjecting the three models to a pseudo-random sequence of the three input variables, respecting the established
limits (minimum and maximum values) for each input in Table 1.

For both comparative studies, Variation Accounting (VAF) and Mean Square Error (RMSE) were considered as
performance indices, indices used by Castillo, Sarmiento, and Sanz [13] when performing the comparative evaluation
of a similar discrete TSK model. Recall that as two signals in a time series are almost identical, the RMSE tends to zero,
while the VAF tends to 100%.

Figures 7 to 10 present the most relevant results of the first comparative study, while Figures 11 to 14 present the results
of the second study.
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Figure 7. Comparison of the estimation of the Pressure in the Boiler of the Thermoelectric Plant for case 1.
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Figure 14. Comparison of the Truth Value of the TSK Models for Case 2.

Table 3 shows the results of the measurement of performance indices for each study.

Table 3. TSK Model Performance Indices.

TSK Model — 7 Rules TSK Model - 4 Rules
Case 1 Case 2 Case 1 Case 2
VAF% RMSE VAF RMSE VAF% RMSE VAF% RMSE
X1 Nan Nan Nan Nan 99,96 0,51 99,93 5,08
X2 Nan Nan Nan Nan 99,05 3,63 97,58 7,19
X3 | Nan Nan Nan Nan 99,94 1,40 (1)00'0 2,80

Table 4 presents the percentage error of the 4-rule TSK model implemented with the proposed algorithm with

respect to the nonlinear model, both for case study 1 and case 2.
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Table 4. TSK Model Error — 4 Rules Regarding the Non-linear Model.

TSK Model — 4 Rules
Case 1 Case 2
Y%Error Y%Error
X1 0.04% 0.07%
x2 | 0.95% 2.42%
x3 | 0.06% 0.00%

A. Discussion of the Results

For case study 1 (sequence of ascending and descending inputs), in Figures 7, 8, and 9, it is evident that the Discrete
TSK model obtained from the points of operation (7 Rules) is not able to follow the sequence of inputs continuously,
this is corroborated when analyzing Figure 10, where it is shown that the Global Truth Value of the model becomes
zero at multiple points in the trajectory. This cancels the output of the TSK model at those intervals; as a consequence
of this discontinuity, it is impossible to calculate the VAF and RMSE performance indices for this TSK Model in case
study 1, as shown in Table 3. In contrast, the Discrete TSK Model obtained from the proposed algorithm, if it was able
to follow the trajectory imposed by the sequence of inputs, is corroborated in Figures 7, 8, and 9 (red line) and even in
Figure 10, in which the Global Truth Value of the model is never canceled. This makes it possible to calculate the VAF
and RMSE performance indices, which were above 99.00% and below 3.7 respectively, values that are very close to the
ideal case (VAF=100% and RMSE=0).

For case study 2 (sequence of pseudo-random inputs), in Figures 11, 12, and 13, it is again evident that the Discrete
TSK model obtained from the points of operation is not able to follow the sequence of inputs, even the performance is
still lower than case 1, which is corroborated when analyzing Figure 14 and comparing it with Figure 11; again as a
consequence of such discontinuity, it is not possible to calculate the VAF and RMSE performance indices for this TSK
Model in case study 2, as shown in Table 3. In contrast, the Discrete TSK Model obtained from the proposed algorithm
was once again able to follow the trajectory imposed by the sequence of inputs, which are even more demanding
(because they are random), which is corroborated in Figures 11, 12 and 13 (red line), and even in Figure 14, in which
the Global Truth Value for this model is clearly never cancelled; As for the VAF and RMSE performance indices, which
were above 97.50% and below 7.20 respectively, results that, although they show lower performance than that obtained
in case 1, turn out to be extremely interesting given the rigorous sequences of inputs to which the model was subjected.

For both cases, the discrete TSK model obtained from the proposed algorithm was able to follow the SNL
satisfactorily.

CONCLUSIONS

In this paper, we have presented an algorithm to synthesize the fuzzy discrete TSK model in linear state subspaces
for a MIMO SNL, from the dynamical model in differential equations, without the SNL operating points having been
previously defined. The relevance functions in the antecedent are modeled with linear functions. The application of the
algorithm to the model of a Thermoelectric Power Plant has been discussed, widely studied in the specialized literature,
obtaining satisfactory values in the chosen performance indices (VAF and RMSE). It is expected that this methodology
will serve to promote the application of modern trajectory tracking control algorithms based on models in State Space
such as: Optimal Control, Hoo, Genetic Algorithms, Predictive Control.
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Abstract. - This article presents the fundamental bases to generate knowledge in forming fayalite-type
adhesions. Likewise, to determine the conditions that favor the change of viscosity and consequent
conditions of the plasticity of the studied system. The analysis focuses on temperatures between 723K and
1023K and pressures above 5 bar. As a result, the formation of adhesions observed in the production
process that contain the materials involved and commonly associated with the collision between the
particles are estimated, as well as the effect of the different associated energies that arise from this
phenomenon. This mechanism may apply to the study of the adhesions of other ceramic materials under
thermoplastic conditions with behavior in similar conditions to the studied ceramic system, using the
equation modified to that proposed by Mc Lean for thermoelasticity of metals.

Keywords: Thermo-plasticity, relative viscosity, wustite, particle collision, sticking, creep, fayalite.

Enfoque del mecanismo de termoviscosidad en la formacion de acumulaciones cerdmicas de tipo
fayalita en separadores de particulas en reactores CFD

Resumen: Este articulo presenta las bases fundamentales para generar conocimientos en la formacion de
las adherencias de tipo fayalita. Asi mismo, para determinar las condiciones que favorecen el cambio de
viscosidad y condiciones consecuentes de la plasticidad del sistema estudiado. El analisis se enfoca en los
rangos de temperaturas entre 723Ky 1023 Ky presiones superiores a 5 bar. Como resultado, se estiman las
formaciones de las adherencias observadas en proceso productivos que, contienen los materiales
involucrados, y asociadas cominmente al choque entre las particulas, asi como el efecto de las diferentes
energias asociadas que se desprenden de este fendmeno. Este mecanismo puede ser aplicable al estudio
de las adherencias de otros materiales ceramicos en condiciones termoplasticas con comportamiento
similar en condiciones al sistema cerdmico estudiado, utilizando la ecuacion modificada a la propuesta por
Mc Lean para termoelasticidad de metales.

Palabras clave: Termo plasticidad, viscosidad relativa, wustita, choque de particulas, pegado, fluencia,
fayalita.
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I. INTRODUCTION

These processes tend to operate intermittently during the different iron ore manufacturing processes in
which the Prada [1] fluidized bed technology is used for processing. In these processes, de-fluidization is
generated, which is caused by the adhesion of partially reduced iron in the fluidized bed D. Fuller [2]. This
defluidization is also associated with the formation of accretions on the internal metallic surfaces of
cyclones, caused by the collision between the particles at temperatures below the melting point of iron,
causing intermittent operation. In this work, the concept of interaction between particles is associated with
the apparent viscosity phenomenon. Zhang et al. [3] proposed quantitatively expressing iron-containing
particles to resist creep movement in plasticity. It has also been cited that this concept includes the resulting
combination of external friction interactions. These cohesive forces include the Van der Waals force,
interfacial attraction, and liquid-solid bridges, which are not yet considered to describe particle
agglomerations in fluidized bed processes.

That said, the thermo-viscosity approach to the mechanism of formation of adhesions of silicates in a
particle separator offers the possibility of explaining the model in terms of the condition that favors a
change in viscosity, the consequent condition of plasticity and flow of the resulting materials to form the
observed adhesions that contain the involved materials and that are generated. This is based on the release
of energy from the particle collision and impact on the interior surface of the particle separator, as well as
the resulting temperature that favors the conditions described above. At this point, it is worth an approach
to rheology, as the branch of physics deals with the deformation and flow of solid and liquid materials but
also applies to complex microstructures, such as silicates.

To study the materials above, those whose viscosity changes with the deformation rate in a specific
temperature range are considered and are called non-Newtonian fluids. Therefore, to deal with this
apparent discrepancy, it has been accepted that rheology, in general, might be the answer because it
accounts for the study of liquids with viscosity dependent on the deformation rate. Its theoretical aspects
are the relationship of the flow behavior for the deformation of the material and its internal structure, such
as silicates, and the behavior of this type of material that cannot be described by classical fluid mechanics
or elasticity.

II. THE PROPOSED MECHANISM

The phenomenon studied is located inside a particle separator inside fluidized bed reactors during the
reaction of ferrous oxide to metallic iron, in the range of 500 °C to 800 °C and pressures higher than 5 bar.
The adhesions that the reacting materials contain are involved, mainly FeO and SiO2, and are generated as
a product of the impact of the particles and the associated energies released at temperatures under the
operating conditions described above.

The proposed mechanism aims to consider the condition of the rotating particles within the particle
separator. Therefore, the mechanism is based on mathematical formulations to express the phenomena
considered in terms of apparent viscosity and consequent plasticity observed in samples of the adhesions
of materials with a high presence of ferrous oxide collected from industrial processes. These adhesions were
analyzed using Bauman print-type macro etch techniques to observe distribution lines of non-metallic
materials and particle flow lines. This provided vital information to understand the proposed mechanism
explaining adhesion formation within the particle separator. The formation of adhesions is based on the
condition that favors a change in the apparent viscosity and, consequently, the appearance of the condition
of plasticity and fluidity of the resulting materials to form the observed samples. The proposed mechanism
is schematically described in Fig. 1.
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(a) (b)

Fig 1. (a) Represents the pattern of impact of a particle against a metal wall (b) Indicates how the layers of the crust
are formed by thermo adherence.

In this mechanism, the solid particles heat up during the reaction conversion of ferrous iron to metallic
iron. When they impact the surface of the steel and its roughness, they become viscous as a consequence
of the impact, it releases enough energy Fig. 1a, and it becomes a material viscous (1), which crawls impelled
with the gas flow superimposing the previous imperfections (2) and creating pores (3) and generating the
silicates of Fayalite Fig. 1b. Port analogy is a process similar to that of surface thermoactivity.

A. Energy balance
The energy balance was calculated and presented in a previous document by Echegaray [4] and is
summarized in Table 1.

Table 1. Energy balance within the particle separator.

Symbol Energy (KJ/mol) (Kcal/mol)
Ec Impact on cyclone wall | 103 30

Ev FeO vacancies energy | 474 113

Ep Particle’s impact 13 3

Ei Inelastic collision 70 17

Total Total 660 163

The calculation of the total energy agrees with the reported energies of Gaskell [5] for the Fayalite
formation reaction, as well as with the softening point of silica in the range of 2000 ° C of approximately
599 KJ reported by Ringdalen [6] With the total energy calculated of 660 KJ/mol, which exceeds the
softening of silica, it is possible to conclude that the formation of Fayalite in the temperature range studied
is thermodynamically possible during an intermediate viscous condition.

B. Effect of temperature on apparent viscosity

According to the previous calculations, the total energy balance is 61 KJ/mol over the 599 KJ/mol for the
softening of the SiO2 particle formation of the Fayalite silicate, notably coinciding with the range of 61 to
65 KJ/mol considered as compensated activation energy for the deformation-creep of the silicate particles
to occur.
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To obtain the effect of temperature on apparent viscosity, it is necessary to accept the past energy
condition of the solid particles in the gas-solids mixture. These particles that travel in the hot gas stream
not only have a suitable thermal condition but, on the one hand, the iron-containing particles are in a
transient structure from ferrous oxide (FeO) to iron, which in turn means an additional energy gradient
associated with vacancies, which release said energy. On the other hand, among silica particles in a collision
path with wustite, these particles are found in conditions of energy levels similar to thermal coating particles
projected onto a metal surface at high speeds. With these conditions, the occurrence of the fusion reaction
between particles is assured.

C. Adbhesions of silicate by action of fluence

Having assumed the formation of a viscous phase formed by FeO-SiO2 as essential components for the
formation of silicates, together with the additional presence of MgO and metallic iron, it is possible to
assume that the viscous phase was formed under a gas velocity of 75m/s entering each cyclone at that time,
the appearance of a deformation force will create a thermo-viscosity situation. The presence of the
deformation force on the viscous silicate led to the consideration of a combination with a creep regime.

Considering the creep regime, a dependent temperature effect, it is necessary to consider the melting
temperature (Tm) of the species involved. In this case, the species in question is metallic iron. This
relationship was driven by the different flow rates for metal powders, covering roughly the metal
temperature ranges from 0 to 1 times Tm. This range has a lower range of 0.3-0.5 of the melting
temperatures of the metal considered, for which it was defined as a creep dependent on the logarithmically
of the temperature, which is governed by an Arrhenius factor, similar to liquid metal streams. The
temperature and tensile creep stress dependence have been studied in a-ferromagnetic iron in the
temperature range 620 °C -700 °C.

The activation energies for creep can be made using the slope change method. In this way, it is shown
that the activation energy compensated by the mathematical simulation model is essentially independent
of the initial stress and of the deformation up to the solidification point. With this method of slope change,
an activation energy compensated by the model of 65 kcal/mol is obtained. On the other hand, when
graphing the logarithm of the variation of the deformation paid by the model versus the inverse of the
absolute temperature, it allows to obtain a straight line that represents an activation energy compensated
by the model of 62 kcal/mol, K Murty et al. [7]. These values are essentially by the self-diffusion value in this
temperature range.

D. Thermoplasticity and fluence relationship

The activation energies, both the creep and the self-diffusion, indicate that the creep process mechanism
is controlled by diffusion and, therefore, by a non-conservative dislocation movement. This means that at
the speeds of deformation and temperatures used, the average vacancy concentration is only a slight
disturbance of the equilibrium vacancy concentration in the tested undeformed samples. The creep data
available on some FCC metals shows that obtaining a reasonable energy estimate for the movement of
vacancies is possible. From a thermo-mechanical approach, in this work, it was possible to establish the
physical meaning of the energy released by a defined particle size within the separated particle. Chica et al.
[8] explain that it starts from Cauchy's first law and multiplies both sides by the viscosity (v). Rearranging
the terms, we finally get that:

Dﬂt(”2+(p) =(V.T).v+T:Vv (1)

2
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The product Vv represents viscous dissipation Ev. The formation of accretions in the form of shells in
the cylindrical zone in the temperature range above 600 °C and pressures above 10 bar is possible in
fluidized bed processes when working with molecular weights in the gas of 10 gr/mol. Therefore, the
appearance of thermoplasticity in the studied temperature range 600 °C (873K) to reach the melting point
of iron requires validation since, from the point of view of the collision between particles, enough energy
may be released to go to the point of thermoplasticity, that is, it starts the process of softening the particles.

E. Effect of temperature on apparent viscosity

Once the apparent viscosity of the studied components has been identified and quantified, as well as
the participation of creep in the proposed mechanism, the next step is to determine the effect of the critical
temperature on the occurrence of thermoplasticity. As mentioned above, in the mechanism studied, there
is an initial conditioning of the partially reduced iron oxide due to its heating by the gas flow. This
precondition has been related to the adherence tendency of the minerals used in fluidized bed reduction
processes. This is a particular tendency of the different minerals and their mixtures used in the process. In
Fig. 2, the transition of the formation of the metallic iron step is shown. This figure shows the effect of the
formation rate of metallic iron, opposite to the reduction of ferrous iron, on the critical adhesion
temperature during the passage from wustite to iron. Depending on the reduction stage, hot particles
naturally develop an active sticking tendency or sticking potential.

100

80

70

S0

Percent %

R-20
30 @ 750°C

o 20 40 60 80 100 120 140
Reduction time {(min)

Fig 2. Transformation of ferrous iron into metallic iron in the studied area.

The data for the elaboration of Fig. Three were obtained from industrial tests used in a C F. D plant using
mixed Venezuelan and Australian mineral mixtures that are 100 percent Australian. From this figure, it is
possible to estimate the ranges of the temperature values for the occurrence of sticking of iron particles,
partially metalized as a function of the formation of metallic iron of the particles during their transfer into
the particle separators. The temperatures obtained can be assumed as actual, working, or operating
temperatures. This temperature creates an activated state of the particles, prone them to the appearance
of different stages of the sticking phenomena, such as bogging or particle agglomerations in the fluidized
bed, crustal adherences in the upper cylindrical section of the particle separator sand sintering in the
returning particles in the separator leg in the lower portion.
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Fig 3. Effect of the metallization rate on the critical adhesion temperature.
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This activated adhesion potential, thus developed by the partially reduced iron oxide particle, enters the
particle separator on the path of eventual collision with the clean steel surface during initial accretion
formation or further accretion development. This kinetic behavior can be expressed mathematically
according to the following equation,

(T) real operation = 3.987, (dFe°/dt)2 -9.974,9 (dFe°/dt) + 7027,8 (2)

With a correlation R? of 0,7684, representing the reliability of industrial data more significant than 85%,
it is considered very acceptable because it is industrial data.

1. METHODOLOGY

At this point, the appropriate theoretical and thermodynamic basis for the proposed mechanism has
been established, and the empirical relationships between the critical temperature variables of adherence,
viscosity, and creep of the silicates formed during the collision of solid particles as well as with the impact
that exists between the particles and the surfaces of the particle separator two. The following sections
describe the steps to obtain the presented results.

IV. RESULTS

A. Sample preparation

To corroborate the observed system, solid industrial samples were taken from the accretions formed
inside the particle separators, as shown in Fig. 4. These samples were cut, roughened, and etched with a
12% sulfuric acid solution to reveal the flow lines of the formations of the different layers in the opposite
direction of the gas flow entering the mouth of the cyclone separator.

(a) (b) (c)

Fig 4. Sample of gas flow accretion and creep lines (center), samples taken from the thinner incoming tail, Image (a)
shows flow line and layers of deposited material when attacked with 12% sulfuric acid (side of the separator on the
right edge) and the side of the gas to the left of the image (b), which shows the accelerations formed by the collision
between particles, the image (c) shows the shape of the flow lines of the adhesions in the metallic crusts, at the point
where the impact speed decreases. This proposed mechanism complies with thermodynamics and the process
conditions for accumulations.

B. Proposed coefficient for iron oxide dust

Depending on the temperature range, the materials have a thermo creep constant McLean [9] 0-0.3 TM,
0.3-0.5 TM, 0.5-0.9 TM, and 0.9-1.0 TM. Where TM is the melting temperature of the pure element, in this
case, iron; based on this information, the following graph was obtained.
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Table 2. Comparison of obtained calculation results.

Temperature (°C) | K Termo Creep Temp. Creep
461 03 460

700 0,5 767

1400 09 1381

C. Influence of temperature on the thermal adherence constant

The value of the adhesion coefficient in the temperature range between 600°C and 700°C oscillates between
0.478 and 0.514 with a correlation of 0.977 for ceramic materials. These values are based on the range of
coefficients proposed by MclLean for metals in a diffusion-controlled creep process to consider a similar
flow in liquid metals. These values are assumed to be related to a combined effect of the working pressure
on the temperatures, which also affects the particle velocity, gas molecular weight, and oxide properties,
such as a plastic-activated stage for any sticking tendency.

Temp. real Vs Termo Creep (k;,)

_—

1
0,8
0,6
04 = —=
0,2
0

Creep constant (kTc)

400 500 600 700 800 900 1000 1100 1200 1300 1400
Temp. (°C)

Fig. 5. Result of the thermo creep constant when working in a temperature range from 600°C to 700 ° C of 0.4784.

Once the operating temperature is obtained, the thermal creep constant is estimated. This value will be
crucial to know the temperature for the mathematical simulator, as shown in equation 3. In this equation,
KTc is represented as the constant of thermo creep, and Tr is the actual operating temperature in degrees
centigrade. This gives a dimensionless value.

Kre = 0.5491 *In(Tr) — 3.095 3)

Using the temperature difference mentioned above, for the occurrence of thermoplasticity in the
considered system, in the temperature range 600 ° C (873K), to reach the melting point of the newly formed
iron required, the value of the system's thermo-creep constant with a value of 0.478. This value represents
a modification of the equation described by MclLean applied to ceramic systems. Then, the modified
equation to define the appearance of yield stress in the study system can be represented by Equation 4 and
Figure 6.

Tc = 2.0921*Tr - 1E-12 (4)
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Fig 6. Formation of thermal adhesion as a function of accurate operating temperatures.

D. Activation energy in the study system

The formation of adhesions in the form of shells in the cylindrical zone in the range of temperature and
pressure studied is possible in fluidized bed processes when working with molecular weights in the gas of
10 gr/mol. To develop the critical temperature for the thermoplasticity of the partially reduced particle, it is
necessary to assume a specific temperature gradient between the hot gases and the solid particle.
Therefore, this investigation took a difference of 30 degrees Celsius for heat transfer.

— _Ea 1
logK =logA P (5)

Figure 7 shows the thermal creep temperature on the vertical axis as a function of the thermal creep
constant used to visualize the change in temperature as a function of the Arrhenius activation energy.

\G Activation Energy

8,E-04 8,6-04
7,E-04 N 7,E-04
\\ ~
6,E-04 , 6,E-04
e '\‘
T 5,E-04 e, 5 E-04 5
™. -5 \—
: % / B
= 4,E-04 o 4,E-08
oo A
S 3,604 B M 3E04 &
- e -
s "\~~‘ -
2,E-04 Ss - 2,E-04
1,6-04 N 1,E-04
0,E+00 0,E+0C
2,8 3 3,2 3,4
1/T X 1073

Fig 7. Activation energy through the Arrhenius relation
Diffusional Control CD; CQ Chemical control; CM Mixed Control

In the case of collided particles, the activation energy values for the temperature range studied help
identify the predominant mechanism: dysfunctional control, mixed control, and chemical control.

The values obtained for the different mechanisms are as follows:

1.-Diffusinal Control

Log K =-0.013*1/T + 0.0045 (6)
3.- Mixed Control
LogK=0.052*1/T + 0.0038. (7)
2. Chemical Control

Log K =-0.0008 * 1 /T + 0.0028
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The influence of temperature can be worked by following the particle collision theory described by
Arrhenius. In these graphs, chemical control is generated where the Bogging formation of accumulations in
the bed can occur. The first hypothesis is rectified: a diffusion control where occurs sintering and finally, a
mixed control is affected by the change in temperature and the constant of the thermal creep, the activation
energy is of the dysfunctional control 5.949 Kcal/mol pending 1.3 X10% Chemical control 3,661Kcal / mol
pending 0.8X 10° and mixed control 4.805 kcal/mol pending 1.05X10°.

CONCLUSIONS

1. The application of particle collision theory has helped determine the energies generated for
the formation of adhesions in the particle separators in the range of 600 °C to 700 °C to
determine the formation of fayalite in systems that combine the presence of ferrous oxide, silica
and the presence of magnesium oxide.

2. The values of the adhesion coefficient for ceramic systems, such as the one studied. Within the
temperature range between 600 °C and 700 °C, it oscillates between 0.478 and 0.514 with a
correlation of 0.977. These values modify what Mc Clean proposes for metals by the range of
coefficients presented and already indicated and are applied in a diffusion-controlled creep
process to consider a similar flow in liquid metals for the case of thermospray.

3. This theoretical principle has made it possible to determine a creep temperature constant that
modifies McLean theory for ceramic types of metals when the energy released inside the
particle separator exceeds the transformation value of solid oxides to liquid and is sufficient so
that the oxides studied are susceptible to thermo-viscosity and consequent plasticity.

4, The results summarize the summation of the energies released inside the cyclone separator,
which is 660 KJ/mol higher than the 599 KJ/mol required to melt silicon oxide at 2000 ° C.
5. Applying the Arrhenius equation, it is possible to determine the activation energy for chemical

(CQ), dysfunctional (CD), and mixed (CM) control. As a result, an activation energy of 5.94
kcal/mol CD, 4.81 kcal/mol CM, and 3.66 kcal/mol CQ with a total activation energy of 14.41
kcal/mol for the formation of fayalite, a value very close to the theoretical value.
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Abstract. - A mathematical model is presented to assess the impact of climatic anomalies and convective
behavior on climatic variability at the Earth's surface, focusing on soil-atmosphere interaction. This model
is applied within a control volume covering the Hadley cell, allowing for the verification of convective
coupling and prediction of the effects of the studied climatic variation. The mathematical analysis delves
into the soil-atmosphere interaction within the control volume, quantifying variations in water evaporation
levels in bodies of water and soil, water vapor content in clouds, adiabatic gradient in the atmosphere,
relative humidity, and condensation, taking into account average solar radiation. This developed model is a
robust foundation for reproducing convective climate effects, pinpointing coupling forces, and validating
models in local climate studies.

Keywords: Soil-atmosphere Interaction, Hadley cell, Climate variability, DECASAI.

Modelo matematico del comportamiento convectivo de la variabilidad climatica aplicado a una celda
clbica de Hadley

Resumen: Se presenta un modelo matematico que aborda la influencia de anomalias climaticas y el
comportamiento convectivo en la variabilidad climatica en la superficie terrestre, con especial énfasis en la
interaccion suelo-atmosfera. Este modelo se aplica en un volumen de control que abarca la celda de Hadley,
permitiendo la verificacion del acoplamiento convectivo y la prediccién del impacto de la variacién climatica
estudiada. El analisis matematico se centra en la interaccion suelo-atmosfera dentro del volumen de control,
cuantificando la variacion en los niveles de evaporacion del agua en cuerpos de agua y suelo, la cantidad
de vapor de agua en las nubes, el gradiente adiabatico en la atmdsfera, la humedad relativa y la
condensacion, considerando la radiacion solar promedio. Este modelo proporciona una base sélida para la
reproduccion de efectos convectivos del clima, localizando la fuerza de acoplamiento y validando modelos
en estudios climaticos locales.

Palabras clave: interaccion suelo-atmosfera, celda de Hadley, variabilidad climéatica, DEACISA.
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I. INTRODUCTION

Since MTC UNAM has recognized it as GLACE, the atmosphere, soil, and vegetation systems are
dynamically related to the physical processes that generate the transfer of heat energy and water mass
across the Earth's surface [1], as well as all processes and mechanisms of convection of atmospheric heat
obey the physical laws of thermodynamics, this work is framed within the same principles and concepts.

This paper presents the mathematical model as a general development for comparing the consulted
models' approaches to the atmosphere-soil-ocean interaction models and the one proposed. It shows the
general methodology of the mathematical model named DECASAI in the control volume and its boundary
conditions with the proposed equations. Finally, the results are presented with a case study to demonstrate
the application of the relationship of the equations and quantification of the variation of the evaporation
rate in a prolonged time of a climatic anomaly and Conclusions on which possibilities of lines of research
of the climate change.

Il. DEVELOPMENT

All processes and mechanisms of convection of atmospheric heat obey the physical laws of
thermodynamics, and the interaction of these allows related mathematical equations to be formulated to
study the soil-atmosphere interaction, focusing on the atmosphere as a heat engine. With this concept, it
is possible to find a scientific explanation for the behavior of these effects and their relationship with
climate variability. However, to date, the documentation consulted on the subject [2], [3], [4], [5], [6], [7],
[8], [9], of the behavior applied so far, in the atmosphere-earth system focused on predictions and the
history of the occurrence of climate variability as is the case of the models.

Atmospheric phenomena are strongly influenced by the distribution of topography and vegetation on
the continent's surface. For this (climatic) model, the spatial configuration (domain: Continental and
Regional) and the physics of the model and establishment of the boundary conditions and model
equations, the latter being one of the objectives of this study. The physical processes considered were the
surface flows between atmosphere-soil, soil hydrology, courses within the border layer, radiation, the
physics of explicit humidity, deep convection, and clouds of little vertical development established within
the troposphere.

A. Model definition

For the development and application of the model, the Hadley Cell [10], is taken as a control volume
located within the tropics around the Equatorial zone. The climatic characteristics of the convergence zone
intertropical (ITCZ) for the areas of the American continent and Monsoon for the African and Asian
Continent. The representative developed model for this study is convective cells of air masses [11], and the
influence of the hydrological cycle in a given region. Because atmospheric convection is often caused by
variations in the temperature and humidity of the air near the surface, it is expected that convection is a
phenomenon in the behavior between soil moisture and clouds.

For the boundary conditions of the control cube, the convergence of the trade winds is considered,
considering the climatic anomalies as a case study of the ENSO (El Nifio Southern Oscillation) phenomenon
[12], [13]. Physical parameterizations, including temperature, wind speed, and variables, to study the relative
influence of convection and soil hydrology aim to improve vulnerability studies of a particular region. The
following considerations inside the Hadley cell are visualized for model definition purposes, as shown in
Figure 1, including air flows over a water body air profile. In open spaces such as seas, rivers, and lakes,
natural or artificial, such as dams, although generally accepted to be turbulent flows above surface waves,
are not well known yet.

Girdn Mara. Mathematical model of the convective behavior of climate variability applied to a cubic Hadley cell 33



Athenea Journal
ISSN-e: 2737-6419 Vol.4, Issue 14, (pp. 32-44)

As infinitesimal waves are studied, it is an excellent approximation to consider mean flow profiles above
flat plates [14]. The wind blows over the water's surface. The air viscous effects induce a shear velocity profile
in the water. This effect is considered to generate boundary layers with high shear to develop immediately
the air-water interacting zone. Consequently, this air-water interacting zone, not quantified in this work, is
unstable, leading to small waves on the water surface. Friction stresses are not considered; neither is the

Coriolis Effect nor air velocity.

> Alr

o] Shear-induced flow
Water

Fig. 1. Coupled shear flows. The air-water interface is unstable with the wind-blowing effect, and small water waves
are grown in the wind-blowing direction [15], [16].

The theoretical study of the generation of water waves by wind relies on the hypothesis that the mean
velocities and profile shape are in the turbulent air and the water interactive zone. Thus, it is regarded as a
parallel shear flow, as shown in Figure 2.
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Fig. 2. Wind blow stream effect on a flat plate surface acting in the boundary layer [17].

Therefore, the velocity profile shape is considered as an independent variable. In the model application
section, values concerning the mean flows used for air and water are given and used. These depend on
the local environmental characteristics. In the present work, the model developed by van Driest is
considered suitable for the case study analysis below. The analogy is made assuming the following
aspects, as shown in Figure 3:
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Fig. 3. Schematic of boundary layer transition with the different phases indicated. Copied from [18], [19].
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The boundary layer displacement thickness & *, which quantification is not considered in this work, is
given by:
8% (x) = 1.72xvRex (1)
The boundary conditions can be applied for flow over a flat plate, considering the soil surface layer of -
5cm to 10cm above and establishing standardized soil porosity values.

Ill. METHODOLOGY

Considering thermodynamics, for the developed model, the thermodynamic and kinetic relationships
of thermal imbalances in the atmosphere, as well as semi-empirical parameterizations. Viewing the data of
the averaged climatic variables, the laws of hydrostatic balance and continuity equation, and the energy
balance model.

A. Experimental methodology of the DECASAI model development

The methodology consists of establishing the control volume within the Hadley Cells as a reference
base configuration and the boundary conditions or changes in the parameterizations used to evaluate the
effects of said changes on the regional climatology. The first step is establishing the configuration of the
domains, continental and topography, and the conditions inherent to the study area, its geographical and
spatial location. The second concerns boundary conditions and the climatic data involved in each face of
the assumed control volume. The third is the base configuration for the representation of the climatology
of the area. The fourth is establishing the related equations following the thermodynamic and kinetic
parameters.

The methodology is based on the logic to Determine Analysis and Method) the (DAM Pyramid) [20],
starting with variables and assumed parameters, followed by the thermodynamic and kinetic laws and
principles, the formulation of equations, the incremental relationship of the calculated effects, the validation
of the results and their application to the real world with regards to ecosystems vulnerability.

B.  Model description
The DECASAI model considers vertical winds, and the following variables are shown in Table 1.

Table 1. Meteorological variables considered in DECASAI.

Symbol Description Unit Symbol | Description | Unit
Local
Tg Air Temperature °C, °F, °K r Radiation | W/m?
Local Soil
Ta Water Temperature °C, °F, °K H Moisture %
Te Temperature Anomaly (Enso) °C Vv Wind speed | Km/h
Reference
Atmospheric | mm
Tm Medium temperature °C h Height Hg
Length
Traveled For
pa Atmospheric pressure Kpa, Atm, mm Hg L Wind cm
Body of
Water Area
Volume of
Pvs Water/Soil Vapor Pressure mm Hg Aca water km?
Volume of
Pva Water/Water Vapor Pressure mm Hg Va water m3
Bio diverse
VI Specific Volume of Liquid cc/g, cc/mol Ab Area km?
Anomaly
Duration
Q Water Flow Bio diverse Area (biomass) m3/s t (Enso) months

Source: Author
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The characterization of the system includes part of the parameters used in the predictive models, such
as the value of the thermal anomaly detected in °C, wind speed of climatic anomalies (ENSO), the value of
water vapor towards the clouds, relative humidity of the selected regions (vulnerable to its impact). The
thermodynamic and kinetic characterization include the corresponding parameters, such as physical
characteristics of the fluids involved (air, water, water vapor), characteristics and variations of temperature
conditions with height and pressure of the atmosphere, characteristics of vulnerable affected soils and their
relationship with the humidity necessary to maintain biodiversity, Affected areas that host water bodies of
reservoirs and water basins, biodiverse areas considered as microclimates. Formation of water droplets, the
behavior of relative humidity for precipitation, and the calculation of the amount of entropy exchanged
between the air masses involved. Thermodynamics of Soils for the effect of water evaporation from the
bodies of water considered and the impact of moisture evaporation from the associated soils.

To define the base configuration, it was necessary to analyze the patterns of meteorological variables,
such as relative humidity, air temperature, atmospheric pressure at sea level, solar radiation, and wind speed.
Commonly, these variables have a daily cycle associated with changes in the winds of the intertropical ZIT
zone due to their location near the equator. The intensified trade winds of the studied control volume are
also induced.

C. Initial and boundary conditions

The development of the model focused on the understanding of the Hadley cells, analyzed as a
convective behavior at a height of 10km-20km (at the troposphere level). Studying this effect in more detail
in the Equatorial zone, presenting the domains in dry and humid regions on spatial scales of 12km x 12km
x 12km (see fig. 4a and 4b).

Vienos
aisos
Ese

H.Sur

Fig. 4. Control volume (a) convection inside the Hadley cell; (b) Control Volume on the Hadley Cell. Source: Author.

From this control volume, the analysis was carried out during climatic anomalies such as drought or rain.
Based on the Onsager model and theory, the convective aspect is incorporated into the control volume for
simulation in three axes but oriented and limited to the interrelationships of the same variables within the
control volume. The boundary conditions are analyzed from this control volume (Fig. 5a, 5b). Based on the
model, the presence, effect, and direction of the characteristics of the six faces of the presented cube are
shown.
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Fig. 5. Control volume (a) Control volume sides (b) Control volume established over the Hadley cell.
Source: Author

D. DECASAI geographic characteristics

The geographic information in the model and relevant meteorological meshes. These parameters are
the size of the body of water (reservoirs, lagoons, dams); Biomass size (surrounding area where that body
of water is located); Height above sea level (msnm); Annual average of soil temperature (it is considered
that the diurnal cycle does not affect variations in soil temperature, it is assumed constant); Solar radiation
(Albedo is not viewed as it is a secondary parameter that depends on land use); Wind speed (average speed
under normal conditions and with anomalies-ENSO, Monsoon, among others).

E. Technical characteristics

Surface temperature; speed and direction of zonal and southern winds; Vertical wind speed and direction
(m/s); Configuration of 2 domains (Continental, Regional); Surface temperature (°C, °K, °F), airflow speed,
assumed about 20km/hr-22km/hr, to Northern Trades, >117km/hr as a Tropical storm.

The equations involved in the DECASAI model are the following:
F.  Water bodies evaporation

Water evaporation is calculated in water bodies with increasing entropy as uncompensated energy. For
this purpose, the Nusselt number (Nu) was used to measure the increase in conductive heat transmission
with Nu = Nusselt number (dimensionless number); h= convection heat transfer coefficient (W/m?K); L =
characteristic length with the default value L= 1; k= thermal conductivity coefficient of the fluid (W/m.K). In
the case of flat plate forced convection in laminar flow, at a distance x downstream of the plate edge, it is
given by the Nusselt number represented as the function of the Reynold number (Re) and the Prandtl
number (Pr), O= viscosity of air (cc/sec), in a simple way, Re <5 x 10° Pr > 0.6.

Nu = h—kL = f(Pr,Re) = 0.332*Re'2+Pri3+0 (2)

The obtained Reynolds number is for turbulent flows, p= fluid density, L= length (cm), Sa= air volume
(m/sec), v= air speed (m/sec), being: p= density of atmospheric air at water level 15°C=1225 kg/ m 3; Prandtl|
number “Pr” (dimensionless number) is taken Pr air = 0.71; o = thermal diffusivity heat transfer coefficient,
U= moment of diffusivity, O= viscosity of air (cc/sec), The water vapor pressure above the ground (Pvs)
reaches the atmospheric pressure at sea level at 760 mmHg.

Pvap Pv

= Pvv = 0.2473 *
water 0.113

(3)
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The volume occupied by air at the temperature of To=273.15°K is Vo=3.95.4¢t, at this temperature, it is
assumed that the amount of water vapor is minimal. We have Py= water vapor pressure= 4.44 (gr/cc) and T
in [K]. The viscosity ratio (U)/Diff) is deduced from,

57 () = Hr(%)/Tair(’C)  (4)

The mass transfer coefficient (hp) relates the rate of mass transfer, the mass transfer area, and
the change in concentration,

hp = (0.664 * (U)/Diff)!/3 x Rel/?) 5)

Where (U)/Diff="air viscosity ratio (cc/sec), Re= Reynolds number. Constitutive laws of matter in
equilibrium, the law of Ideal Gases. They relate the dependent variables to the independent ones. Where:
P= absolute pressure (measured in atmospheres), V= volume (expressed in liters), n= moles of gas, T=
absolute temperature, with a molar mass for air M= 0.029 kg/mol, R= constant universal of ideal gases
(0.082 atm.L/mol.K), R = Ru, M = 287 (J/kg.K), with the universal gas constant Ru = 8.314 (J/mol.K).
Convection arises naturally in the atmosphere. This process is governed by the Ideal Gas Law, which
describes the relationship between the pressure, volume, temperature, and quantity (in moles) of an ideal
gas such that the amount of evaporated water (ECwater) given in gr/h.\ m~2, would be:

Pvv—-Pv

Ecwater(ﬁ) =hp* ——m—— (6)

0.082%(Tm+273)

E(C water) expressed in m3, t = anomaly time (hr), Vca = volume of body of water,

ECuater (M%) = (ECw + 205%) x “409mal () (7)

7 10—5
The effect of the anomaly on the body of remaining water would in m3:

Enso

Effect - w=ECw (m3?) + Evs (m?®) (8)
And in this way obtain,
_ Enso 100
% Water Evap = Effect oW 9)

G. Soil Water Evaporation

Water evaporation from the soil is important in the hydrological cycle due to its thermal regulatory role
in the atmosphere and the loss of resources. Conditions assumed for the Evaporation of Water from Soils
(Evsoil) and Water Vapor Condensation Temperature follow the pattern of Evaporation of water over bodies
of water. The momentum conservation equations are applied to the entire porous medium, and not for
each species or phase, in such a way that its result represents the behavior of the environment.

The same references are taken from the analysis of Equations (2) to (5), considering the soil conditions,
where o corresponds to the stress terms, p to the density of the porous medium, and g is the acceleration
of gravity, at this temperature it is assumed that the amount of water vapor is minimal. Average Nusselt
number = 2 * Local Nusselt number. Water vapor pressure above the ground (Pvs), reaches atmospheric
pressure at sea level at a pressure of 760 mmHg.
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Convection coefficient or surface transmission coefficient (h), quantifies the influence of fluid, surface,
and flow properties when heat transfer occurs by convection, which is modeled €with Newton's Law of
Cooling: Q=heat transfer by convection (W), h=film coefficient (W/m?2.K), A= Area of the body in contact
with the fluid m?2, Ts= body surface temperature (k), Too= Fluid temperature at a certain distance from the
body Q = h.A.(Ts — To) (10).

Convection steam heat transfer coefficient (hv)= 6000 — 15000 W/(m? °C)= [1057 - 2641 Btu/(hr-
ft? °F)]=0.02422(Cal/h. cm?.°F); Vt= Total volume, Vp= Volume occupied by pores, Vs= Volume occupied by
solids, Vw= Volume of water, Va= Volume of air, Ms= Mass of solids, Mw= Mass of water.

Mw

Water density = Dw = v = 1g/cc (11
Actual soil density = Dr = ?2. 65 g/cc (12)
P (13)

. . V
Soil porosity = ¢ =7 =1~ =
It is assumed that the Air Pressure Pa (g/cc) = 254, the water and air temperature Ta, Tg respectively,
Soil Density ps (g/cc) = 2.2; Soil Porosity = 5 (sandy loam soil), Humidity of floor %. The weight of soil solids
(g) without pores per unit volume (cc) varies from 1.3 to 1.7 g/cc in sandy soils and from 1.1 to 1.4 g/cc in
clay soils, ranges from 2.6 to 2.7 g/cc in most mineral soils averaging 2.65 g/cc textural. The formula can
calculate the porosity ¢ of the soil:

1-Bulk density Db
particle density Dp

Porosity = ¢ = 100 —( x 100) (14)

This process is also governed by the Law of Ideal Gases, which describes the relationship between the
pressure, volume, temperature, and quantity (in moles) of an ideal gas so that the amount of water
evaporated above the soil (EC water-soil) given in gr/h. m?, would be:

gr N _ Pvs—Pv
ECw — S(h mz) =hp« 0.082+(Tair+273) (15)
Where hp= transfer coefficient, water vapor pressure above the ground Pvs=6.28; Vapor pressure
Pv(g/cc) =4.42; Air Temp °C. The soil humidity (gr/cc) is taken into account, comparing it with Soil humidity
% (data from the region under study)

s (%)x Vol.V air %

gry _D
Hs(&) = — x18 (16)

E(C water) expressed in m3, t = anomaly time (hr), Vca = volume of body of water.

ECwater — soil (m?) = (ECwater — soil (ﬁ) * %) * t‘";‘(’)—’fgly (hr) (17)

The effect of the anomaly on the body of water would remain m3:

Effect%w = ECw (m3) + Evs (m3) (18)
And in this way obtain
ENSO 100

% Evaporated Water — soil = EffectTw * — (19)

Vea
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H. Water vapor in the clouds

Water vapor condensation temperature, assumed conditions: a) between 11 and 25 km altitude the
temperature does not depend on the altitude. b) Air as an ideal Gas, Height (h) m=1500, Molecular Weight
(M) gr/mol=28.96; Air Temperature °C (To)=100; q vap H20 J/g=2257.104; H20 Vapor Density (kg/m3) =
0.5977; Po Sea level kPa (J.m) =101 or 760mmHg; g (m/s)=9.81; Density Liq. water (kg/m3)=958.31; R=0.082;
T=anomaly temperature (°C)>38. The following calculations were carried out as follows,

dp = Dair — hx g x dh (20)

Ideal gas then
ph=(R+Z)xP() (20)
dp/p = —(%* TO)dh (22)

Thus, after integration
h
p(h) =p(0)+e () (23)
ho(km) = R.=2.g 24)

Applying Clausius-Clapeyron Equation

dp _ A

E - Tevap (25)

A(L) = g 22 26
)=y @

Then combining equations
h
dInTev ‘f{ S (’%" * ho) e(7) dn 27)
h
(@)= (el 1 o

. Radius of water droplets in vapor cloud

A drop of water of radius r in equilibrium with its vapor in a cloud, at a given temperature T, with an
internal pressure P1 and the vapor around it Pv.

Ec. Laplace P°l — Pv = % (29)
Ec. Kelvin Pv = Pvexp Y.VL=.T)  (30)

Considering air saturated >100% so that the drop can form and rain, drops with r<rc evaporate and
when r>rc grow by condensation on the surface of the droplets.), P°v= vapor pressure of the liquid
assuming a flat surface (r approx. infinite), VI = specific volume, M= Weight/molecular mass. It seeks:

a) Represent Pv = f(r)YT = 209C (31
b) Estimate the radius of water drops r = ZY.% Ing (32)

r(nm) = (Z.Y.(%)Vl (

%) %*(T +273.25)*LN(%917) 33)
g /)’ 100
J.  Adiabatic Gradient of the atmosphere

It is assumed that within the control volume, there are adiabatic processes to calculate the Adiabatic
Gradient of Air (Y), rescuing the thermodynamic evolution formulated by Clausius (1860).
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Applying Clausius-Clapeyron Equation

dp _ é
s eve:/p (35)
A= ap (36)

IRy
Being A (J/m3), then combining equations

h

dinTev=2= — (E* ho) * e(_ﬁ) dh  (37)
A A

in(5) = (%) e (5) -1 ()
Below 11km, Using Mayer's Relation and Clapeyron's Equation

m=-T=M& 9

Variation of pressure as a function of height

PYo (1- v. )P
(7o) = (1= i) “0)

With the help of an optimization tool (DECASAI) in MS. EXCEL®, the °F and °C values are obtained that
minimize the relative errors of both the saturation pressures along the Calculations applying the equations
(2)-(40).

K. Thermodynamics as an Unbalanced System

For this study outside of equilibrium, the Onsager relations are proposed, as they are closely connected
with the detailed equilibrium principle and followed by the linear approximation near equilibrium.
Consider new variables defining the gradients or thermodynamic forces and the flux densities that are
dual to the forces of the quantities specified in the Onsager reciprocity relations. From the above, it is
obtained that:

OF;
o= Zi]ij%_] (41)

0X; an

Where: 0 = entropy creation rate, Jij= small flows, Fi, Fj= thermodynamic forces (very slowly), linearly
related to the flows, and associated with the gradient of the forces, parameterized by a symmetric matrix of
positive coefficients denoted by L, known as the Onsager reciprocity relationship.

IV. RESULTS

A. CASE STUDY: Analysis of the Meteorological Event Related to the 2017 Drought in Guri Dam-Venezuela

In this case, the largest dam in the country for generating electrical energy strongly depends on the water basins
of the south, such as the Caroni River and Caura. El Nifio is the reason for understanding the phenomenon itself
analyzed from the thermodynamic and transport phenomena point of view. Between 2016 and 2017, The Nifo
anomaly caused damage to the hydroelectric generation of the country Venezuela. For the application of the model,
the following parameters and values are taken (see Table 2).
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Table 2. Thermodynamic variables of the system.

Symbol Description Unit | Values | Symbol | Description Unit | Values
Tg Air Temperature °C 35 H Local Soil Moisture % 0.126
Ta Water Temperature °C 27 Vv Wind speed Km/h 8

Temperature Reference mm
T ° h . . 1
¢ Anomaly (Enos) ¢ 38 Atmospheric Height Hg >00
p Atmospheric pressure | Kpa 101 L \I./\(/)ir;% Course for the cm 100
Atm 1 A Body of Water Area Km? 3990
mm Water Volume of
7 Vol 3 1,108
Hg 60 ° the body of water "
Pva Water/Soil Vapor mm 6,28 A Biodiverse Area Km? 57711
Pressure Hg
Specific Liquid Water Flow 3
Vi Volume cc/g 1.042 Q Biodiverse Area m*/s 4000
Specific Liquid cc/m Anomaly Duration month
Vi 18 t 4
Volume ol (Enso) S
r Local Radiation W/m? | 1387
Source: Author.
As a result of the model application, the following results were obtained, as shown in Table 3.
Table 3. Results of the DECASAI Model applied in Guri Dam-Venezuela.
Parameters Unit Results Parameters Unit Results
Water Removal/Body of g/hm? 19,01 | Relative Humidity Air % 83.33
Water
Water/Soil Removal g/hm? 31.73 | Activation Energy for 20.27
Droplet Formation *10718
Temperature Steam Water °C 96.19 | Entropy Cal/mol 17.346
Clouds
Circuit Temperature °C 22.16 | Final Soil Moisture gr/h.m3 2.18
Convective Mixture Enso
Ambient Temperature °C 7.4 The volume of Water m? 21.846.482
Mixing at Height Removed Body of water
Estimated Sail °C 326 Volume of Water m3 52.731.393
Temperature Removed Biodiversity
Drop Radius nm 9.24 % Water Removed(+) % 30.18
Critical Drop Radio nm 4.60

Source: Author

%

-

Metros scbre of nivel del mar

(a)
Fig. 6. Guri Reservoir (a) Guri Reservoir Level Identification Curve 2015 (msnm), (b) Amount of water removed in the
Guri Reservoir (blue) and Perception of the flow Q of the reservoir. Source: Author.
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CONCLUSIONS

The developed model, based on the approach of deductive analysis, allowed the understanding
from a thermokinetic point of view of the behavior and possible forecast of the dynamic conditions
of the soil-atmosphere, during the occurrence of atmospheric anomalies.

The model allows the assessment of the effects on the meteorological, agricultural, hydrological,
and social vulnerabilities and manages the water resources of the studied microclimates, located
within the Hadley cells, considered as a control volume.

Because the evaporation itself is subject to various atmospheric processes, including solar radiation
and turbulence processes, the inclusion of these processes required considering a control volume
that covered an important fraction of the soil and at its time a strip of up to eleven kilometers of
the atmosphere.

Due to the previous conclusion, the mass, momentum, and energy conservation equations were
considered, and applied to the lower atmosphere and specifically to the atmospheric boundary
layer, considering the soil-water water removal equations, since these allow the evaporation
process, in which DECASAI model works.
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Resumen: Este trabajo tuvo como objetivo principal, valorar la resistencia a compresiéon del adobe
tradicional y ademas del adobe con adicién de zeolita, como complemento de la arcilla, para de esta forma
prolongar la vida util de los yacimientos sedimentarios arcillosos presentes en la zona y asi potencializar
nuevos depositos de zeolita. Se inicid el trabajo con la elaboracion de probetas con dimensiones especificas,
para el adobe tradicional y también para adobe con porcentajes complementarios de zeolita, en el orden
del 25 % y 50 %. Para valorar la resistencia a la compresion de estos elementos, se confeccionaron 12
probetas de cada uno de los grupos, probetas con dimensiones aproximadas de 5x5x10 cm., y se
sometieron al ensayo respectivo, con el equipo adecuado. Los resultados presentan valores que se deben
tomar en consideracion y se concluye con recomendaciones que pueden coadyuvar para el mejoramiento
de ciertos aspectos de los elementos estudiados.

Palabras clave: adobe, arcilla, compresién, zeolita.

Characterization of traditional adobe with addition of zeolite regarding compressive strength

Abstract. - This work aimed to assess the compressive strength of traditional adobe and adobe by adding
zeolite as a complement to clay to prolong the useful life of the clayey sedimentary deposits in the area
and thus potentiate new zeolite deposits. The work began with elaborating test tubes with specific
dimensions for traditional adobe and adobe with complementary percentages of zeolite in 25% and 50%.
To assess the compressive strength of these elements, 12 test tubes from each of the groups were made,
test tubes with approximate dimensions of 5x5x10 cm, and they were subjected to the respective test with
the appropriate equipment. The results present values that must be considered and concluded with
recommendations to help improve certain aspects of the studied elements.

Keywords: Adobe, clay, compression, zeolite.
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I. INTRODUCCION

La tierra es sin dudas el material de construccién mas antiguo de los empleados por el hombre en su
evolucién historica. Paraddjicamente, ha llegado hasta el presente constituyendo practicamente la Unica
alternativa para que una parte significativa de la humanidad pueda disponer de una vivienda en condiciones
minimas de habitabilidad [1]. El adobe es un material muy usado en las construcciones mas antiguas, ya
que hoy en dia por lo general es comun ver el uso de ladrillos y concreto, sin embargo, ain hoy vemos este
tipo de construcciones en adobe que cominmente se mezclan con otros tipos de materiales y mamposteria
Es comln que en los sistemas constructivos de las construcciones en tierra se presentan mezclas de
diferentes tipos de mamposteria: mampuestos en sillares de piedra y/o tapiales, y/o muros en adobe [2]. El
adobe es un tipo de mamposteria artesanal muy simple, compuesto por tierra, paja y agua. Para su
elaboracion, primero se elige una zona cercana al lugar de construccién, de donde se extraera la tierra,
luego se combina con paja y agua hasta lograr una mezcla uniforme y maleable. Por Ultimo, la mezcla es
colocada en moldes de madera para crear las piezas de adobe y posteriormente se dejan secar al aire libre
de 30 dias a 60 dias [3].

A lo largo de la historia la transformacién de los suelos naturales en materiales constructivos ha tenido
diferentes procedimientos, derivados de los recursos naturales locales, de las condicionantes
medioambientales y de procesos de ensayo y error ancestrales. La mayor parte de las comunidades que
emplearon la tierra para edificar se dio cuenta de que era posible mejorar sus condiciones originales a partir
de la interaccion de dos factores: la humedad y la densidad [4].

La mamposteria como sistema constructivo presenta seguin su disposicién y trabado distintas
propiedades mecanicas en funcién de la direccion de las cargas soportadas, es decir, su comportamiento
no es estrictamente is6tropo ni homogéneo debido a que las juntas de union establecen planos débiles de
rigidez. Sin embargo, en el presente articulo, la mamposteria de adobe es tratada como un medio continuo
y homogéneo para la obtencion de sus propiedades desde un punto de vista macro mecanico [5].

El adobe generalmente debe tener mayor porcentaje de arena que arcilla. Estos, en su comienzo, eran
confeccionados a mano, y luego se utilizaban moldes para lograr una mayor produccién. La tierra debe
permanecer himeda durante dos dias, para fermentarla y lograr que los aglomerantes actien. Para elaborar
el adobe, el barro se arroja dentro del molde humedecido, luego se comprime con la mano o los pies,
repartiendo uniformemente el material; posteriormente se engrasa la superficie, y se desmolda
cuidadosamente para que las aristas permanezcan en buen estado [6]. Las arcillas de baja calidad se
encuentran disponibles en casi cualquier parte; como resultado de esto, por ejemplo, la manufactura de
ladrillos de construccion y de baldosas que no requieran propiedades especiales son de fabricacion local,
para las cuales la beneficiacion intensa de la materia prima no es una prioridad [7].

Las pruebas experimentales de los procedimientos de construccion de las piezas de adobe, probetas,
especificaciones de ensayo, andlisis de resultados y caracterizacion de las principales propiedades
mecanicas del adobe como son médulo de elasticidad, resistencia a la compresidn, cortante y flexion; fueron
realizadas debido a la necesidad primordial de una norma, pues actualmente no existe, para realizar los
ensayos en este tipo de material [3]. A mas de lo expuesto, también es muy importante conocer la resistencia
a fuerzas que posee el adobe, en este caso se los caracterizé mediante pruebas a la compresion, es decir
se determino la resistencia a la compresién simple (RCS) de probetas. La RCS se define como su capacidad
para resistir esfuerzos y fuerzas aplicadas adquiriendo deformaciones sin llegar a romperse.
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Se dice que cuando una fuerza actla sobre un cuerpo, se presentan fuerzas resistentes en las fibras del
cuerpo que se denominan fuerzas internas. Fuerza interna es la resistencia interior de un cuerpo a una
fuerza externa. Asi que cuando se usa el término esfuerzo, se refiere a la magnitud de la fuerza por unidad
de area. De tal forma, que la resistencia de un material es la propiedad que tiene para resistir la accion de
las fuerzas. El esfuerzo de compresion es una presién que tiende a causar una reduccién de volumen [8]. La
maquina de ensayos tiene como funcién comprobar la resistencia de diversos tipos de materiales, para esto
posee un sistema que aplica cargas controladas sobre una probeta (modelo de dimensiones
preestablecidas) y mide en forma gréfica la deformacién, y la carga al momento de su ruptura [9]. Cabe
indicar que las muestras de los diferentes materiales y sus propiedades pueden variar segun el grado de
cementacién o variaciones en la composicion mineraldgica [10].

En teoria, para mejorar la resistencia a la compresion del adobe y debido a la presencia de importantes
depdsitos en la region, se propone la adicidn de zeolita en la elaboracion del adobe tradicional. Esta adicion
sustituye en cantidades considerables a la arcilla, lo cual aumenta la vida Util de los yacimientos de arcilla
actuales. Segun Costafreda [11], las mezclas a base de zeolitas fueron las mas eficientes, ya que aumentaron
la resistencia a compresién como sustitucion del cemento, pero en este estudio se utilizara este mineral
como sustituto de arcilla.

Este trabajo propone, a partir de la base tedrica utilizada para tal fin, la metodologia para la obtencién
de los objetivos propuestos, describiendo un procedimiento claro y estadistico, que puede ser utilizado en
otros casos, generando una estrategia para obtener los instrumentos de evaluacion adecuados; Cabe
recalcar que en este trabajo los resultados obtenidos han generado una expectativa muy importante sobre
su aplicacion.

Il. MATERIALES Y METODOS

Para desarrollar esta propuesta, se elaboraron un total de 36 muestras (probetas) de adobe, todas con
las mismas dimensiones aproximadamente, para lo cual se utilizé6 un molde de forma de paralelepipedo de
5cm x5 cm x 10 cm y de esta forma tratar de que las probetas tengan un tamafo homogéneo. Estas
dimensiones de probetas son las que se utilizan generalmente para los ensayos de resistencia a compresion.
Ahora las 36 probetas se dividieron en 3 grupos. Las primeras 12 son exclusivamente probetas de adobe
tradicional, las segundas 12 son probetas con una adicion de 25 % de zeolita en lugar de arcilla y las ultimas
12 con adicién del 50 % de zeolita en lugar de arcilla. La cantidad de probetas de cada grupo supera las 4
recomendadas en la teoria.

El tipo de zeolita utilizada fue la clinoptilolita perteneciente al grupo de la heulandita, cuyas
caracteristicas fisicas son: Granulometria 40%, maximo retenido en malla 100, color marrén — verdoso, pH
9.8 y humedad 7 % max.

El procedimiento para la elaboracion de las probetas fue diluir la cantidad de zeolita en sus diferentes
porcentajes con agua hasta que se convierta en un fluido manejable y con ello poder mezclarlo con arcilla,
logrando asi una mezcla homogénea, a través de una mezcladora tipo celda Denver. Al adicionar la zeolita
en las diferentes muestras se ingresa en los moldes preestablecidos se desmolda y se los deja secar 4
semanas, especificamente 28 dias al aire libre, como se procede con el adobe tradicional.

Algunas probetas se las puede observar en la figura 1.
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Fig. 1: Probetas de adobe.

Luego de obtener las diferentes probetas, las mismas fueron sometidas al ensayo de carga, mediante
una prensa marca Humboldt, el cual proporciona las garantias para la obtencion de la resistencia a la
compresién de los elementos sometidos. Este equipo se lo puede observar en la figura 2.

e
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Fig. 2: Prensa Humboldt para ensayos de compresion.

The boundary layer displacement thickness & *, which quantification is not considered in this work, is
given by:
8§+ (x) = 1.72xvRex (1)
The boundary conditions can be applied for flow over a flat plate, considering the soil surface layer of -
5cm to 10cm above and establishing standardized soil porosity values.

Ill. RESULTADOS

Los resultados de los ensayos de resistencia a la compresion se presentan a continuacion, en las tablas
1, 2y 3. Los resultados se muestran en mega pascales.

En la tabla 1 se presentan los resultados de la resistencia a la comprensién del adobe tradicional, cuyos
valores varian entre 1.15 MPa y 1.61 MPa, con un promedio de 1.41 MPa, una mediana de 1.47 MPa y
desviacion estandar de 0.17.
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Tabla 1: Resultados de resistencia a compresiéon del adobe tradicional.

Probetas A RCS (MPa)
1.15
149
1.46
1.15
1.17
1.55
1.59
1.61
1.45
1.29
1.50
1.51

SlZlgle|eo|N|o|u|s|w iv|=

Los resultados para el adobe tradicional se los puede observar en la figura 3.
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Fig. 3: Resultados de resistencia a compresion del adobe tradicional.

Para el segundo grupo de probetas, las que contuvieron un 25 % de zeolita, los resultados varian desde
1.18 MPa hasta 1.72 MPa, con un promedio de 1.41 MPa, mediana de 1.36 MPa y desviacion estandar de
0.19, los resultados se los puede observar en la tabla 2.

Tabla 2: Resultados de resistencia a compresion del adobe con 25 % de zeolita.

Probetas B RCS (MPa)
1 1.31
2 1.43
3 1.30
4 1.42
5 1.20
6 1.60
7 172
8 1.70
9 1.18
10 1.26
11 1.27
12 1.58
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Los resultados los puede observar en la figura 4.
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Fig. 4: Resultados de resistencia a compresién del adobe con adicién de zeolita al 25 %.

Finalmente se ejecutaron los ensayos para las probetas de adobe con adicién de zeolita al 50% y los
resultados para la resistencia a compresién varian desde los 0.77 MPa hasta 1.16 MPa, promedio de 0.97
MPa, mediana de 0.97 MPa y desviacion estandar de 0.12, los resultados se presentan en la tabla 3.

Tabla 3: Resultados de resistencia a compresién del adobe con 50 % de zeolita.

Probetas C RCS (MPa)
1 0.97
2 0.95
3 0.88
4 1.07
5 0.77
6 0.80
7 1.13
8 0.97
9 0.96

10 0.97
11 1.07
12 1.16

Los resultados se los puede observar en la figura 5.
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Fig. 5: Resultados de resistencia a compresién del adobe con adicion de zeolita al 50 %.

Una compilacion de los resultados, media, mediana y desviacion estdndar se muestran en la tabla

Tabla 4: Analisis de los valores de los grupos de probetas.
Media (MPa) Mediana (MPa) Desviacion Estandar

Adobe tradicional 141 147 0.17
Adobe con 25 % de zeolita 1.41 1.36 0.19
Adobe con 50 % de zeolita 0.97 0.97 0.12

CONCLUSIONES

e La afadidura de zeolita, para complementar el uso de arcilla, nos permite determinar que los
elementos evaluados, en el caso de adicidon de 25%, mantiene la resistencia a la compresion de las
probetas elaboradas, cuyo valor esté en el orden de 1.4 MPa.

e Cabe indicar que los datos del adobe con adiciéon del 50 % de zeolita, presentan una menor
dispersion, pero tienen disminucién en la resistencia a la compresion. La desviacion estandar del
adobe con adicién del 25 % de zeolita es mayor, pero no existe variacién en la resistencia a la
compresion comparada con el adobe tradicional.

e Los adobes elaborados con adicion de zeolita pueden ser usados como elementos ornamentales,
debido a que su resistencia a la compresién no es muy alta, pero si mantendrian durabilidad en el
tiempo y al mismo tiempo permiten una excelente maniobrabilidad. Ademas, la viabilidad
econdmica del uso de zeolita es bastante aceptable debido a su bajo costo.

e Este trabajo presenta una metodologia de trabajo simple y sencilla, para la caracterizacion de los
elementos estudiados, por lo que su puesta a punto debe profundizarse con un mayor nimero de
probetas y de esta forma el proceso sea avalado.
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Resumen: El inminente arribo de la inteligencia Artificial plantea mas interrogantes que certezas; uno de
los cuales tiene que ver con la prodigalidad de usos y finalidades que esta tecnologia puede tener en el
ambito de la logistica. Las investigaciones que profundizan en torno a la aplicacion de la IA en determinados
escenarios han revelado su utilidad para apoyar procedimientos en laboratorios clinicos para vaciar de
productividad y eficiencia las economias agrarias, y para los efectos de este trabajo, la IA se ha extendido a
la interioridad de las fabricas, las bodegas, las cadenas de ensamblaje y suministro, brindandole facilidades
a las empresas en gestiéon del tiempo y en la prediccion de tendencias de consumo. La presente
investigacion tuvo como propdsito auscultar los beneficios y utilidades que se desprenden de la
implementacion de la IA en las actividades logisticas de las empresas. Se usa el método deductivo, la técnica
de andlisis documental sobre fuentes secundarias, y es de tipo descriptivo. Los resultados estan orientados
a los analisis de sus efectos en las cadenas de suministro.

Palabras clave: Inteligencia, logistica, eficiencia, optimizacién.
Artificial intelligence and its contribution to business logistics optimization

Abstract. - The imminent arrival of Artificial Intelligence raises more questions than certainties; one of which
has to do with the prodigality of uses and purposes that this technology can have in the field of logistics.
Research that delves into the application of Al in certain scenarios has revealed its usefulness in supporting
procedures in clinical laboratories to deplete agricultural economies of productivity and efficiency, and for
the purposes of this article, Al has been extended to the interior of factories, warehouses, assembly and
supply chains, providing companies with facilities in time management and in predicting consumption
trends. The purpose of this research was to explore the benefits and utilities that arise from the
implementation of Al in the logistics activities of companies. It uses the deductive method, the documentary
analysis technique on secondary sources, and is descriptive, the results are oriented towards the analysis of
its effects on supply chains.

Keywords: Intelligence, Logistics, Efficiency, Optimization.
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I. INTRODUCCION

Los procesos manuales en las empresas de actual tiempo estan cediendo ante la cada vez mas extendida
proliferacién de herramientas de IA, lo que obliga a preguntar tal como lo hacen Garay y Candia [1] acerca
de si las maquinas reemplazaran al ser humano. Obviando la fatalidad de las consecuencias totales de la
anterior afirmacion, es cierto que la IA destaca por la realizacion de actividades de manera mas precisa y
eficiente comparada con cualquier persona. En este sentido, el objetivo del trabajo esta orientado a poder
hacer un analisis muy sencillo de lo que significa en logistica empresarial y en los sistemas de cadenas de
suministro, la incorporacion de herramientas y metodologias orientadas por medio de la inteligencia
artificial. Ello aplicado a la logistica, ha contribuido al menos en tres aspectos: en la prediccién de tendencias
de consumo, en la automatizacion del traslado de productos, en el almacén y en la seleccién de rutas de
transporte ofreciendo desplazamientos mas eficientes, como lo indica Mora [2]. Otros investigadores como
Giraldo [3], Escudero Serrano [4] y O'Brien [5] también rescatan ventajas en la aplicacion de la IA en los
procesos logisticos. Es menester auscultar los beneficios y utilidades de esta tecnologia a razén de lo
explicado por los citados investigadores.

Lo anterior afirma la relevancia de la IA, sin que se desconozca la contribucion de los demas
investigadores, que le han seguido la pista a la implementacion de la IA en otros ambitos cientificos, y
productivos. La primera seccion de este documento esté referida a la IA como conceptos y aplicaciones,
para cerrar con la adecuacion de los escenarios logisticos a las nuevas realidades tecnolégicas como lo
plantea Alvarez [6]. Por otra parte, la hipdtesis destaca los alcances de la IA en toda la organizacién logistica
abocados a imprimir celeridad, eficiencia y optimizacién en las tareas y procesos empresariales, asi lo
expresa Gonzalez Garcia y otros [7]. La segunda parte de este trabajo esta basada en la IA aplicado al campo
de la logistica: beneficios y recomendaciones. La tercera parte es la metodologia con la que se ha realizado
este trabajo. La cuarta seccidn son los resultados y la Ultima seccion las conclusiones y finalizando con las
referencias bibliogréficas.

Il. LA IA COMO CONCEPTO Y APLICATIVO DE DIVERSOS AMBITOS CIENTIFICOS Y
PRODUCTIVOS

Ponce Gallegos y otros [8] aducen que la IA es un &mbito de la ciencia de gran interés por ser un area
multidisciplinaria donde se realizan sistemas que tratan de hacer tareas y resolver problemas como lo hace
un humano, asi mismo se trata de simular de manera artificial las formas del pensamiento y cémo trabaja
el cerebro para tomar decisiones, por su parte, las Redes Neuronales son un paradigma de aprendizaje y
procesamiento automatico inspirado en la forma en que funciona el cerebro para realizar las tareas de
pensar y tomar decisiones (sistema nervioso). En este contexto, el cerebro consiste en un sistema de
interconexion de neuronas en una red que colabora para producir un estimulo de salida, asi lo indica Ponce
Gallegos y otros [8]. En la definicidon anterior es ostensible la simplificacion y sistematizacion de aquellas
acciones realizadas por el ser humano, ahora replicadas por la inteligencia artificial. En el campo de la
medicina, por ejemplo, Herrera Triguero y otros [9] resaltan la valiosa integracién entre el Big data y la
inteligencia artificial. Los autores argumentan que la integracion de estas tecnologias puede mejorar la
eficiencia y la calidad de los servicios de laboratorio, asi como proporcionar una mejor atencién médica a
los pacientes.

En la figura 1 se observa como se da una doble via entre la captura de datos por medio de hardware,
redes conectadas, infraestructura y centro de datos, pasando por el procesamiento de datos en segundo
paso, donde se tiene el uso de tecnologias. Luego se realiza el analisis de datos por medio de la analitica,
prediccion y servicios en la nube. Luego se tiene la ejecucidn de datos como servicios e integracion y todo
el tema de vendedores de software. Se observa como se puede dar el proceso en doble via.
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Fig. 1. Esquema del proceso de conversién de datos a informacién.

Ademas, aparecen otros nuevos conceptos menos populares y mas dificiles de entender, pero también
muy conocidos y con un rol cada vez més creciente, como son: el loT y el Machine Learning. Estos conceptos
complementan muy bien el Big Data y la Inteligencia Artificial ya que utilizan el registro de los datos
obtenidos que son clasificados, gestionados y analizados posteriormente para conectar maquinas entre si
y realizar modelos predictivos, entre otros usos asi lo hace conocer Cardenes [10].

La investigacion de los citados autores describe como la tecnologia del Big Data puede ayudar en el
analisis de grandes conjuntos de datos generados por los servicios de laboratorio, proporcionando
informacion valiosa para la toma de decisiones clinicas y mejorando la precision del diagnéstico. [11].
Ademas, la IA puede ser utilizada para desarrollar modelos predictivos que ayuden a identificar patologias
y mejorar la precisién del diagndstico y el prondstico afirmado por Cardenes [10]. Los autores también
destacan que la integracion de estas tecnologias puede mejorar la eficiencia de los servicios de laboratorio,
reduciendo el tiempo necesario para obtener resultados y mejorando la productividad de los profesionales
de laboratorio. Ademas, la integracion de la tecnologia también puede mejorar la seguridad y la calidad de
los resultados, ya que los sistemas automatizados pueden reducir la posibilidad de errores humanos
descrito por Minnetti y otros [12].

La IA también ha rendido sus frutos trasladada a procesos productivos en las economias agrarias; la
investigacion de Palomo Zurdo y Gonzalez Sanchez [13] explora cémo el vector de la digitalizacion de los
fondos de recuperacién puede impactar en la economia social. Su trabajo explora también cémo la
digitalizacién puede mejorar la eficiencia y la productividad de las organizaciones de economia social, y
como esto puede contribuir a su crecimiento y sostenibilidad. Los autores advierten que la digitalizacion
puede mejorar la gestion de recursos, facilitar la comunicacion con los clientes y proveedores, y reducir
costos en procesos administrativos.

Zurdo y Gonzélez también destaca la importancia de la formacion y capacitacién en competencias
digitales para que las organizaciones de economia social puedan aprovechar al maximo los beneficios de
la digitalizacion. Asimismo, se enfatiza la necesidad de politicas publicas que fomenten la digitalizacion en
la economia social. Por otro lado, autores como Mazzochi y otros [14] averiguan sobre la recepcién de la
IA en cuanto a una de sus técnicas el “enfoque de regresion” para analizar la influencia de factores
territoriales en la creacion y el éxito de los bio-distritos, identificando las caracteristicas territoriales que
influyen en el desarrollo de estas iniciativas. En esa ocasién la |A sirvid de respaldo para averiguar la relacion
entre determinados factores territoriales con la creacién de bio-distritos.
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Igualmente analizan los datos de 15 bio-distritos en ltalia y utilizan un modelo de regresién multiple
para evaluar la influencia de factores territoriales en el éxito de estas iniciativas. Los resultados indican que
los bio-distritos son mas exitosos en areas con una alta concentracion de agricultores, una buena
infraestructura de transporte y una elevada proporcion de tierra cultivable. Ademas, el éxito de los bio-
distritos se correlaciona positivamente con la presencia de instituciones y organizaciones locales que
promueven el desarrollo rural y la agricultura sostenible.

No todos son aspectos positivos alrededor de la IA. Un sector de quienes investigan en esta disciplina,
la examinan dentro del componente ético; como lo dan a conocer Garcia-Vigil [15] por ejemplo, asevera
que la IA ha avanzado significativamente en las Ultimas décadas, y ha comenzado a transformar diversas
areas de la sociedad, incluyendo la medicina, la educacion, el transporte y el entretenimiento. Sin embargo,
a medida que la IA se vuelve mas omnipresente, surgen preocupaciones éticas sobre su impacto en la
privacidad, la seguridad, la justicia y la igualdad. En un argumento reflexivo, Garcia-Vigil [15] recuerda que
la ética se refiere a los valores y principios que deben guiar el desarrollo y la implementacién de la IA para
asegurar que sea utilizada para beneficio de la humanidad y no para su perjuicio.

Adicionalmente, advierte que la IA esta transformando nuestra comprensién de la inteligencia humana,
y desafiando la nocién tradicional de que la inteligencia es una propiedad exclusivamente humana. El autor
sostiene que la inteligencia es un concepto complejo y multifacético que se manifiesta en diferentes formas
en humanos y maquinas, y que nuestra comprension de la inteligencia humana debe evolucionar para
incluir las capacidades de la IA. En la actualidad, la IA sigue siendo aplicada por la industria automotriz. La
pagina oficial de Ford cita: “Los robots utilizan sensores de alta tecnologia para detectar si se interponen
dedos o manos en su camino y se detienen inmediatamente, garantizando la seguridad de los trabajadores
humanos”. Hoy en dia estos robots, también cumplen los conceptos de IA, perciben, “razonan” y resuelven
problemas como lo demuestran Aguirre y otros [16].

Ill. METODOLOGIA

Este trabajo se realiza teniendo en cuenta el método deductivo que como procedimiento de
investigacion vamos a utilizar informacién de otros autores, teniendo presente iniciar desde el
razonamiento mas general y 16gico, basado en leyes o principios. Del analisis de cada referente se extrajeron
los conceptos que se adaptaban a lo que se trabaja en las empresas en Colombia en temas de logistica y
cadenas de suministro.

Por otra parte, se trabajé con la técnica de analisis documental, donde se identificaron un total de 54
documentos que se consultaron en la red nacional de bibliotecas Rafael Garcia Herreros, realizando un
analisis de elementos comunes de logistica y 10 documentos en ingles que tienen relacién con la cadena
de suministro y logistica empresarial.

Del total de documentos analizados, se logrd seleccionar un conjunto de 22 refrentes bibliogréaficos que
apoyan la informacién y conceptos que tenemos en Colombia en términos de logistica empresarial y cadena
de suministro.

A. La IA aplicada al campo de la logistica: beneficios y recomendaciones

En lo que respecta al campo de la logistica los estudios examinados reconocen profundos beneficios de
la 1A, autores como Castan Farrero y otros [17] sugieren que esta tecnologia IA ha sido utilizada en
diferentes areas de la gestion de la cadena de suministro, incluyendo la planificacién y programacion, la
gestién de inventarios, el transporte y la logistica inversa. Los autores encontraron que la IA esta siendo
utilizada cada vez mas en la gestion de la cadena de suministro y la logistica, y que se ha demostrado que
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es eficaz para mejorar la eficiencia, reducir los costos y mejorar la satisfaccion del cliente. Ademas, el trabajo
de los recién citados proporciona una vision general de los diferentes tipos de técnicas de IA utilizadas en
la gestion de la cadena de suministro, como el aprendizaje automatico, la légica difusa y la mineria de datos.

Un elemento de relieve de la IA es su capacidad de elaborar tareas complejas sirviéndose de la big data;
Zhan y Huang [18] analizan el impacto del analisis de grandes datos en el rendimiento de la cadena de
suministro en China. Los autores realizaron varias encuestas a las empresas chinas que utilizan andlisis de
grandes datos en su cadena de suministro y evaluaron su impacto en términos de eficiencia, flexibilidad y
capacidad de respuesta. Los resultados mostraron que el analisis de grandes datos tiene un impacto
positivo en la eficiencia y la capacidad de respuesta de la cadena de suministro, pero no en la flexibilidad.
Ademas, los autores sugieren que la implementacion efectiva del analisis de grandes datos depende de la
disponibilidad de datos precisos y la capacidad de la organizacién para analizarlos adecuadamente. En esa
misma direccién se ubica la investigacidon de Samuel y otros [19] quienes revelan las diferentes técnicas y
herramientas utilizadas para el andlisis de grandes volumenes de datos en el contexto de la cadena de
suministro.

En ese marco de medidas disruptivas amparadas en la IA, se puede mencionar a la industria 4.0, que
viene transformando la gestién de la cadena de suministro hacia un enfoque mas sostenible como lo
afirman Ahmed y Abbasi [20]. La literatura consultada advierte que la industria 4.0 puede mejorar la
sostenibilidad en diferentes areas de la gestion de la cadena de suministro, como la planificacién, la
ejecucion y el monitoreo indicados por Ahmed y Abbasi [20]. Estos investigadores encontraron que la
industria 4.0 puede mejorar la sostenibilidad de la cadena de suministros a través de la digitalizacion, la
automatizacién y la conectividad, lo que permite una mejor toma de decisiones y una mayor eficiencia en
el uso de recursos. Ademas, el autor destaca una visién general de las tecnologias clave de la industria 4.0,
como el Internet de las cosas (loT), la inteligencia artificial (I1A) y la robdtica, y cdmo se aplican en la gestidn
de la cadena de suministro.

Ahora bien, incursionando en investigaciones de autores latinos como Giraldo y otros [3] quienes
ofrecen un examen sobre la aplicacién la IA en diferentes areas de la logistica, como la gestion de la cadena
de suministro, el transporte, la gestién de inventarios y la planificacién. Los autores analizan una amplia
gama de publicaciones, incluidos articulos de revistas, conferencias y libros, para identificar las tendencias
y los avances en la investigacién sobre IA y logistica. En general, los autores encuentran que la |A se esta
utilizando cada vez mas en la logistica, y que las areas en las que se esta aplicando incluyen la toma de
decisiones, la prediccién de la demanda, el rastreo y seguimiento de los envios, y la optimizacién de la
cadena de suministro. Los autores también discuten las oportunidades y desafios que plantea la IA en la
logistica, como la necesidad de mejorar la calidad de los datos y la transparencia en los algoritmos
utilizados.

Afos antes los autores citados habian estudiado la aplicacion de un modelo de simulacién hibrido de
una cadena logistica simple utilizando tecnologia GIS (Sistemas de Informacién Geografica). Dicho modelo
permitié simular diferentes escenarios y evaluar su efectividad en términos de costos, tiempos de entrega,
niveles de inventario, y otros indicadores relevantes. Ademas, el uso de tecnologia GIS permitié una
visualizacion espacial de los diferentes componentes de la cadena logistica, lo que facilité la identificacion
de cuellos de botella y la toma de decisiones, asi lo manifiestan Giraldo y otros [3]. El modelo se basa en
una cadena logistica simple que consta de cuatro componentes principales: proveedores, centro de
distribucion, minoristas y clientes. Se presentan tres escenarios diferentes para demostrar la capacidad del
modelo para evaluar diferentes estrategias logisticas: un escenario basico, un escenario con un centro de
distribucion adicional y un escenario con un cambio en la ubicacién del centro de distribucion.
Adicionalmente, los resultados de la simulacién indicaron que el modelo puede ser utilizado para optimizar
diferentes aspectos de la cadena logistica. Los autores concluyeron que la combinacién de tecnologia GIS
y herramientas de simulacidon puede mejorar significativamente la eficiencia de la cadena logistica y reducir
los costos asociados con ella asi lo demuestra en su analisis de Modelo de simulacién hibrido de una cadena
logistica simple empleando tecnologia GIS de Giraldo y otros [3].
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En la figura 2 se observa la relacion que se da en una cadena de suministro y su red logistica, donde se
establece una relacion entre el cliente y los proveedores, teniendo presente que todos los elementos que
estan ligados a la logistica son importantes y que cumplen un papel importante en este proceso. La
produccion como proceso de cambio de la materia prima, los diferentes tipos de almacenes donde los
productos en sus diferentes acciones (terminado, rechazado, en cuarentena, etc) presentan caracteristicas
propias y diferentes en esta cadena de suministro. Los puntos de ventas que son la conexion que hay entre
el producto y el consumidor final el cliente, donde se cumple una funcién importante desde lo visual,
auditivo y en fin de los sentidos humanos como percepcion de lo agradable y punto de aceptacién que va
a tener ese producto o servicio en el cliente.

Puntos de venta

Materia prima

® Clientes

Intercambio de materias primas

Proveedores ‘
entre unidades

— Intercambio de producto Produccion ‘

terminado hasta su destino final

Unidades principales de
abastecimiento

Logistica de abastecimiento

Almacenes centrales:
internacionales/ nacionales

Almacenes regionales ‘

= == [ogistica de interna
Almacenes Locales ‘

= = Logistica de ventas

Puntos de venta ‘

Clientes

Fig. 2. Representacidn de una cadena de suministro y su red logistica.

Este esquema grafico define muy bien cuales son las fases que conforman una cadena de suministro al
completo con todos los agentes relevantes que participan en su red logistica. Como veniamos diciendo,
primero tenemos la logistica de entrada o abastecimiento donde se obtienen las materias primas y se inicia
el proceso de produccién. Después, tenemos la logistica interna o de salida que hace referencia al
almacenamiento del stock y el abastecimiento a los puntos de venta. Por ultimo, podemos incluir lo que
llamariamos como logistica de ventas, que corresponde a la fase final en la que el cliente obtiene el
producto asi es afirmado por Azcona [21].

De esta manera se puede afirmar que el modelo de simulacién hibrido de una cadena logistica simple
utilizando tecnologia GIS, presentado en el trabajo de Giraldo y otros [3] demuestra como la combinacién
de herramientas de simulacién discreta y analisis espacial puede mejorar la eficiencia de la cadena logistica
y reducir los costos asociados con ella. Los resultados de la simulacién indicaron que el modelo puede ser
utilizado para evaluar diferentes escenarios y estrategias logisticas y para optimizar diferentes aspectos de
la cadena logistica demostrado por Giraldo y otros [3].

Para finalizar, es axial detenerse en el aspecto ético de la IA aplicado en la logistica. Los autores Boudreau
y Reynolds [22] desarrollaron un marco ético que puede ser utilizado para evaluar el impacto de la
inteligencia artificial en la toma de decisiones logisticas y establecieron algunas recomendaciones para su
implementacién. En tal sentido, el seguimiento a la buena fe contractual, la evasion de la competencia
desleal, y la no sustitucion humana del todo tienen especial espacio en sus razonamientos.
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Como lo han mencionado varios investigadores, existen beneficios de la IA en logistica, como son:

1. Planificacion mejorada de la cadena de suministro

Las inteligencias artificiales pueden analizar datos de varias fuentes, como datos historicos de ventas,
informes meteorolégicos y patrones de trafico, para proporcionar un pronodstico preciso de la demanda.
Esta informacion puede ayudar a las empresas a optimizar sus niveles de inventario, reducir el desperdicio
y planificar su cadena de suministro de manera mas eficiente.

2. Optimizacién de ruta mejorada

Otra caracteristica de la |A es que puede analizar datos de trafico en tiempo real, condiciones
climaticas y cierres de carreteras para optimizar las rutas de entrega. Esto puede ayudar a las empresas de
logistica a reducir los tiempos de entrega y el consumo de combustible, lo que se traduce en ahorros de
costos.

3. Mantenimiento predictivo

Las IA también pueden monitorear equipos y vehiculos en tiempo real y predecir cudndo se requiere
mantenimiento. Esto puede ayudar a las empresas de logistica a programar el mantenimiento de forma
proactiva, reduciendo el tiempo de inactividad y evitando averias costosas.

4.  Servicio al cliente mejorado

Los chatbots impulsados por IA pueden proporcionar a los clientes informacién en tiempo real sobre
sus envios, tiempos de entrega y otras consultas. Esto puede mejorar la satisfaccién del cliente y reducir la
carga de trabajo de los equipos de atenciodn al cliente.

B. Desafios de la IA en logistica

Si bien hay muchos beneficios de usar IA en la logistica, también hay varios desafios que deben
abordarse. Estas incluyen:

1. Calidad de los datos
Los algoritmos de IA se basan en datos de alta calidad para proporcionar predicciones y
recomendaciones precisas. Si los datos son inexactos o estan incompletos, el algoritmo puede
producir resultados incorrectos.

2. Costo
La implementacién de sistemas de inteligencia artificial puede ser costosa y es posible que muchas
empresas de logistica no tengan el presupuesto para invertir en esta tecnologia.

3. Resistencia al cambio
La introduccion de nueva tecnologia puede ser un desafio y puede haber resistencia por parte de
los empleados que no estan familiarizados con los sistemas de IA.

IV. RESULTADOS

La consulta de los documentos se realizé por medio de la plataforma de la red nacional de bibliotecas
Rafael Garcia Herreros de la corporacion UNIMINUTO, que cuenta con una amplia base de consultas,
repositorios, bases de datos, libros electrénicos entre otras, que la hace una gran herramienta de consulta
y de confiabilidad.
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Fig. 3. Imagen representativa del portal de la Biblioteca Rafael Garcia Herreros.

Después de una amplia consulta en el portal de la biblioteca Rafael Garcia Herreros se realiz6 la revision
de un total de 54 referencias entre bases de datos, repositorios y libros electronicos. Ademas, se hizo la
blusqueda por temas de interés relacionados con el tema de logistica y cadena de suministro empresarial,
teniendo en cuenta de igual manera la experiencia que se tiene a nivel industrial en estas labores, y
consultando con algunas de las empresas donde se realizan las practicas profesionales de nuestros
estudiantes.

Tabla 1. Consultas bibliograficas por temas en la red nacional de Bibliotecas Rafael Garcia Herreros

Titulos cf):::ll(:aa:a Espafiol Inglés

IA-Big data 7 4 3
IA Logistica 12 11 1
IA cadena de Suministro 8 7 1
IA Modelado y Simulacién 5 5

IA Robédtica 5 5

IA en la Industria 7 4 3
IA'y Discapacidad 2 2

IA'y Medicina 2 2

IA'y aplicaciones 6 4 2
TOTAL 54 44 10

CONCLUSIONES

Fue basta la literatura investigada que dio cuenta sobre le invaluable vinculacién entre la IA y los
procesos logisticos. Los logros, avances, y beneficios son incuantificables, y la perspectiva a futuro incierta.
Por lo pronto, solo vale destacar el apoyo que las herramientas inteligentes estan brindando a las empresas
de cara a que sus procesos se surtan con la mayor eficiencia y optimizacion de los recursos de capital y de
tiempo, todo lo cual redundara en utilidades para la organizacion.
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La logistica es un aspecto esencial de cualquier negocio, y el uso de la tecnologia ha facilitado la gestion
y optimizacion de estos procesos. Sin duda, la revision realizada en este trabajo ha revelado que una de las
Ultimas tecnologias que estan revolucionando la industria logistica es la inteligencia artificial (IA). La IA tiene
el potencial de agilizar el proceso logistico y aumentar la eficiencia, lo que se traduce en ahorros de costos
y una mayor satisfaccion del cliente.

La IA tiene el potencial de revolucionar la industria de la logistica al mejorar la planificacion de la cadena
de suministro, mejorar la optimizacion de rutas, permitir el mantenimiento predictivo y mejorar el servicio
al cliente. Si bien existen desafios para implementar sistemas de IA, los beneficios superan con creces los
costos. A medida que méas empresas adopten la |A en sus operaciones logisticas, la industria se volverad mas
eficiente y rentable, lo que dard como resultado una mayor satisfaccion del cliente y mayores ganancias.
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