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Mathematical modeling of the coal activation
process in rotary cylindrical kiln
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Abstract—The activation of coal applying physical or thermal
method is carried out under an atmosphere in the presence of air,
dioxide carbon or water vapor, at temperatures between 800 °C and
900 °C. In this research, it get the mathematical modeling of the
coal activation process in order to predict the behavior of the gas
and coal temperature distribution inside a rotary cylindrical kiln.
The proposed model aims for acquiring useful information to select
operating conditions and design parameters. The model groups a
non-linear differential equations system, the equations to determine
the temperature of the cylinder inner wall and the heat transfer
coefficients. The Runge-Kutta fourth order numerical method was
used. The comparison of the results obtained from the modeling of
the gas temperature inside the cylinder with the experimental data
showed that the variation is negligible, with an error less than 5 %.

Keywords—mathematical modeling, activation, vegetal coal,
rotating cylindrical furnace.

I. INTRODUCTION

CTIVATED coal

crystalline
structure similar to graphite. It is extremely porous and can
develop surface areas of the order of 1 500 m%g of coal,
which by means of adsorption, capture on its surface a high
range of molecules [1]. This product is used in the extraction
of metals, water purification and treatment, medicine,
clarification and elimination of odors, the purification of
glycerin, the control of gas emissions in automobiles, in
purification filters. These applications development
numerous investigations related to its preparation and
characterization, example: biomass residues from
agricultural activities [2].

is a product with a reticular
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Although rotary kilns are widely used by the chemical
industry, remain among the pieces of equipment most
difficult to be properly analyzed due to the complexity of
internal phenomena (heat, mass, and momentum transfer)
along with the eventual chemical reaction phenomena [3].
Rotary kilns are used by almost all the most important world
manufacturers; however, few studies about the modeling of
processes to activate coal with steam in rotary kilns have not
been published.

Due to the specifications of each material and the
difficulties of associate those to the activation reactions
kinetics, the mathematical models for the activation of coal
are obtained experimentally, this allows predict the
stationary and dynamic behavior in rotary kilns [4]. Ortiz et
al [3] have presented a model related to the coal activation
with steam rotary cylindrical ovens, which is used by Kim
[5] to study the process of pyrolysis in a rotary cylindrical
furnace, for the recovery of the volatile organic compounds
contained in the process.

The coal activation is carried out by the thermal or physical
method, through the action of oxidizing gases such as water
vapor, carbon dioxide or air. The Oxygen is responsible for
burning the most reactive parts, giving the carbon absorptive
properties [6].

In this method the reactions kinetic parameters of the
oxygen with the coal molecules are very sensitive to energy
variations. When the reaction is exothermic, the coal reacts
at about 700 K, and more precipitously at 1600 K. That is,
the magnitude of the reaction has to be limited with
temperature, for this reason is necessary the rigorous control
of the temperature [7].

Other works use the thermogravimetric analysis (TGA),
which is an extensive research method for studying thermal
behavior. Thermal characteristics of ignition temperature,
burnout temperature, maximum combustion rate, and
combustion kinetic parameters can be obtained to analyze
the thermal process of fuel [8]-[9]. In the research,
developed by Qiang [9], pyrolysis and combustion
behaviors of three coals were investigated and their
combustion kinetics were calculated by the Freeman—Carroll
method to obtain quantitative insight into their combustion
behaviors. Moreover, the effects of coal size, airflow,
oxygen content, and heating rate on coal combustion
behaviors were analyzed. Results showed that the three
coals have a similar trend of pyrolysis that occurs at about
670 K and this process continuously proceeds along with
their combustion. Combustion characteristics and Kinetic
parameters can be applied to analyze coal combustion
behaviors. However, the thermal reaction process of coal in
a rotary kiln has not been clearly understood.
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Other researchers developed a theoretical-experimental
models take in consideration the flowed and dense phases.
With the employment of the pattern it is simulated the
dependence of the pressure losses, the solid flow and the
concentration of the mixture in function of the gas flow of
pneumatic transport systems. The authors predict the areas
of lower energy consumption and make the correct selection
of the systems [10]-[11].

In previous works, phenomenological models are presented
to describe the behavior of the process variables throughout
the cylinder length. However, the rotary cylindrical ovens
are still empirically designed due to the lack of an
appropriate model of heat transfer that characterizes the
behavior of the variables in the process [12]-[13].

The objective of this research was to establish a model to
predict the temperatures behavior of the coal and
combustion gases during the coal activation process in a
rotary cylindrical furnace.

II.METHOD DEVELOPMENT

For the modeling of the coal activation process in a rotary
cylindrical kiln, it starts from the energy and mass balance,
through which is obtained a differential equations system,
that includes the chemical reactions between coal and water
vapor. In addition, the equations that characterize the heat
and mass transfer coefficients in outside and inside of the
kiln are presented. This method of modeling has been used
successfully by various researchers for the analysis of
similar equipment such as rotary kilns and cylindrical dryers
[14]-[15]. For the elaboration of the model are made the
following considerations:
The changes in velocities for coal and gas, as well
as coal particles dragged by the gas, are negligible.
All the variables are uniform in the radial direction.
Steam flow and pressure in the kiln are constant.
The chemical reaction obeys to the Arrhenius Law
and the secondary reactions are not taken into
account.

There are three phases inside a rotary kiln: gas, solid, and
wall [3]. Beside the activation chemical reaction, the
phenomena occurring are: mass transfer (solid’s moisture
and gaseous reaction products are transferred from the solid
to the gas phase) and heat transfer (convection and radiation
between gas and solid bed, gas and wall, wall and solid bed,
and wall and surroundings, and conduction inside of the
wall).

In the solution of the model was used the numerical
method Runge Kutta fourth order, with the help of the
MATLAB professional software, for the design conditions
of the kiln.

A. System features

The rotary cylindrical kiln is 1.6 m in diameter and 12 min
length; it has an inclination angle of 15 sexagesimal degrees,
with respect to the horizontal plane, to facilitate the mixing
and transfer of the material. It works in co-current (Figure 1)
and with the operating conditions shown in Table 1.
To guarantee the energy in the process are used the gases
generated in the combustion chamber (1), which are
supplied to the inside of the cylinder (2) together with the
saturated steam (4). The coal for the activation is supplied
through conveyor belts that discharge to a hopper (3) with
dosers that guarantees the flow of coal for the process. The
activated coal leaves the kiln by means of conveyor (5).
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Figure 1. Coal activation kiln.

In the internal part of the kiln are arranged a fins blades
that favor the lifting of the material, while the cylinder
rotates supported on rollers (6), allowing a better contact
between the solid and the gas flow. The fins are inclined
with respect to the axis of the cylinder to facilitate the
material movement along the same.

Table 1. Operating conditions in the rotary cylindrical kiln
used for coal activation

Process parameters Values Unity
Coal flow to the kiln 150-200 kg/h
Steam flow 300-350 kg/h
Rotation speed 6 rpm
Material permanence time inthe | 3-4 h

kiln

Steam temperature 123-140 °C
Steam pressure in the kiln 2 kgf/cm®
Combustion chamber temperature | 1100-1400 | °C
Gases exit temperature 750-800 °C

16

B. Identification of heat transfer processes

Figure 2 shows the heat transfer processes in the rotary
cylindrical furnace used in the kiln activation. The gases and
saturated water steam transfer heat by convection and
radiation to coal and to the inner wall of the cylinder not
covered by the solid (1). The heat absorbed by the wall is
transferred by conduction: a part, to the solid in contact with
the wall (2) and, the other part, by conduction from the inner
wall to the outside and of this by convection and radiation to
the surroundings (3).

Figure 2. Cross section of the rotary cylindrical kiln.
The term convection is used to describe the energy transfer
between a surface and a fluid. Although the diffusion
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mechanism contributes to this transfer, generally the
dominant contribution is the overall movement of the fluid
particles. Convection appears only in fluids, where this
movement of matter can take place, characterized by a
thermal flow transmitted, given by the empirical relationship
known as Newton's Law of Cooling [16].

Thermal radiation is the propagation of electromagnetic
waves, in certain wavelengths, emitted by a body because of
its temperature. The transfer of heat by radiation does not
require the presence of matter since heat can be transmitted
through absolute vacuum unlike heat transfer by conduction
and convection [17].

Some researchers suggest that the coal inside the reactor is
behaves like a fluid and propose to estimate the heat transfer
between the solid and wall using the convection heat
transfer [18].

C. Mathematical modeling for the solid loss by chemical
reaction

In order to model the transfer phenomena the differential
mass and energy balances are posed, the following
assumptions were adopted:

Both, solid and gas axial linear velocity changes
are negligible.

All variables are supposed uniform in the radial
direction due to the small size of the kiln.

There is neither solid nor gas axial mixing. Then,
the two phases are considered as a plug flow
model. Solid drag by gas is negligible.

Variations in rotary kiln wall temperature in the
angular direction are neglected.

Constant steam flow rate is assumed.

Pressure in the kiln is constant.

Axial heat transfer by conduction and radiation is
negligible.

According to [19], during the activation process part of the
coal reacts with water vapor, obtaining carbon monoxide
and dihydrogen, releasing 28.5 kcal/mol (equation 1).

The amount of solid mass lost is determined by
experiments (equation 2), in similar conditions to rotary kiln
for the coal activation. The kinetic equation has account to

the Arrhenius law and considers the steam flow [4].
—8033
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Mass balance

To determine the variation of moisture in the solid, they are
taken into account the two phases of drying a substance. The
first one through evaporation and is considered that the solid
surface remains saturated. In the second, the drying process
is obtained by the moisture diffusion from inside the particle
to its surface [20]. For critical humidity of 10 % and
assuming continuity of the two phases, the variation of
moisture in the solid in the axial direction is expressed by
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Taking into account the analysis of solid loss by chemistry
reaction, and the variation of moisture (equations 2 and 3) it
get the expression 4, for the mass balance of the coal along
the cylinder. It allows determine the variation of the coal
flow along the kiln, considering the movements of the solid
through the kiln in the positive direction of the "z"
coordinate.
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The mass balance for gas, which considers the increase in
the gases flow due to the evaporation of moisture from the
solid bed and the gases product of the chemical reaction, is
done by equation 5.
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Energy balance

The gas heat flux variation along the "z" coordinate
depends on the convection and radiation heat transfer and
the gas-solid, gas-wall combination, plus the sensible heat
added by the water vapor to the coal activation. The
variables K;, K, K, Ki, Ks and Kg are the convection and
radiation heat transfer coefficients from the gas to the solid
(equations 7-12).
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The variation of the solid heat flux along the "z" coordinate
depends on the heat transfer by: convection and radiation of
the gas to the solid; convection and radiation from the wall
to the solid; the heat of vaporization and the heat of the solid
chemical reaction for activation. To consider all the heats
mentioned above the energy balance equation for coal is the
following.

d(myCyTy
ST — Ky (T, = T) 4Ky - (T, e = Ty A+ K5 - (T, = T,) + g -
. 8033 .
(Tw4'ew _7;4.‘41;)_%.[.[1;_1(3 'e_(T)'Th,,'mT:'AH
(13)
Convection Convection
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Figure 3. Resistance circuit for the heat flow from the inside to the
outside of the cylinder.
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To solve the above equations (equation 12 and 13) is
necessary to know the temperature of the wall inside the
cylinder, for this purpose an energy balance is made
considering the net heat flux transferred from inside to
outside the cylinder (Figure 3). In this case the heat
transferred by conduction and convection between the
covered wall and the solid is not considered because is
assumed that both have the same temperature (equation 14).
The wall temperature inside of the cylinder is considered
equal to the gas temperature since the equilibrium state
between the gas and the inner wall is reached.

Ta
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Tq Tq 2 Tq 3 3
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In the model identification is necessary to use an iterative
procedure starting from the reference state, and the Runge -
Kutta fourth order method that takes into account the
behavior of the derivative in four points of each interval.
This method, like part of the iterative process is used to
solve the theoretical model and to find the values of the
characteristic parameters in the coal activation.

The number of experiments was determined from the
application of a multifactorial design. In agreement with the
determined levels of each variable, at least eight levels of
each parameters. The confirmation of the validity of the
experimental results with the theoretical model is developed
through the relative error, that is, the difference between the
experimental value "X.," of the temperature and the
theoretical value "X," obtained by the model for the same
conditions of the experiment. The relative error is calculated
by the following expression:

E, = Xoo = Xew| 199 (15)
exp
The average relative error is expressed for:
Xexp —Xteo 100
E=%", ;Tpt — (16)

The methodology used during the realization of the
experiments is the following:
The instruments used to measure the values of the
variables were calibrated.
The instruments connection of the data acquisition
system was verified for the registration and
monitoring of the variables.
The material flow is constant during the process,
according to the experiments design without taking
into account the thermal profile of the Kiln.
The measurements of the process parameters were
made

I1I. RESULTS AND DISCUSSION

Figure 4, shows the behavior of the gases temperature as a
function of the cylinder length using the experimental
results and those obtained by the model. La temperatura de
los gases varia entre 1350 K y 1100 K para el proceso de
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activacion del carbon, estos valores se corresponden con los
establecidos por la literatura.
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Figure 4 behavior of the gases temperature as a function of the kiln
length.

The magnitude of the relative error is less than 5% and the
average relative error is 1.19 % (Figure 5). These results
confirm the validity of the proposed model to predict the
temperature behavior of the gas inside the rotary cylindrical
kiln used for the activation of said material.
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Figure 5 behaviors of the relative errors for the experimental and
model temperatures values.

The behavior of the gas and the coal temperature as a
function of the furnace length was obtained through the
proposed model (Figure 6). The solid temperature (Ts)
increases rapidly in the first three meters of the Kkiln,
obtaining values between 750 K and 900 K. Then, it remains
practically constant in values slightly higher than 1 000 K,
which constitutes the temperature profile required for
activation. In the case of the gases temperature, decrease
between 1 350 K and 1 150 K is logical and consistent with
the results obtained in the system.
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Figure 6 behavior of the gas and coal temperature as a function of
the kiln length.
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Another behavior obtained through modeling was the
variation of carbon and gas mass flows inside the cylinder

(Figure 7).
0,16 ; - ;
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Figure 7 behavior of the gas and coal mass flow as a function of
the kiln length.

The gas mass flow increases from 0.09 kg/s to 0.143 kg/s
for 12 m oven length. The coal mass flow varies between
0.04 kg/s and 0.02 kg/s for the same conditions. The
practical application of the proposed mathematical model
lies in the possibility of predicting the temperature behavior
of the activated carbon at the outlet of the horizontal rotary
kiln, under different operating regimes, in order to guarantee
the adequate temperature of the coal activation process,
contributing to the saving of energy carriers.

9 10 1 12

IV. CONCLUSIONS

The mathematical model that characterizes the
heat and mass transfer during the charcoal
activation process in a rotary cylindrical furnace
was established. The model consists of a system of
ordinary differential equations of the first order,
obtained from the energy and mass balance. The
accuracy of the model is greater than 95%,
satisfactory for the energy evaluation of the
investigated process.

The gas mass flow increases from 0.09 kg/s to
0.143 kg/s for 12 m oven length. The coal mass
flow varies between 0.04 kg/s and 0.02 kg/s for the
same conditions. The practical application of the
proposed mathematical model lies in the possibility
of predicting the temperature behavior of the
activated carbon at the outlet of the horizontal
rotary kiln, under different operating regimes, in
order to guarantee the adequate temperature of the
coal activation process, contributing to the saving
of energy carriers.

Nomenclature:

V, - Coal flow speed, m/s

m,- Coal mass flow, kg/s

Z - Cylinder length, m

K. - Reaction kinetics constant, s*
H, — Heat of vaporization, kJ/kg
m,- Vapor mass flow, kg/s

m,- Water content in the coal, kg/s
A - Gas-solid contact surfaces, m?
T, — Coal temperature, K

T, — Gas temperature, K

h,— Inside heat transfer coefficient, W/m?.K
- Combustion gases flow, kg/s
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C, - Gas specific heat, J/kg.K

C, - Vapor specific heat, J/kg.K

T — Wall temperature, K

K1 - Convection heat transfer coefficient per unit length, gas
- solid, W/m.K

K, - Radiation heat transfer coefficient per unit length, gas -
solid, W/m.K

K3 - Convection heat transfer coefficient per unit length, gas
- wall, W/m.K

K, - Radiation heat transfer coefficient per unit length, gas -
wall, W/m.K

Ks - Convection heat transfer coefficient per unit length,
solid - wall, W/m.K

Ks - Radiation heat transfer coefficient per unit length, solid
- wall, W/im.K

g, - Gas emissivity, dimensionless

A, - Adsorption, dimensionless

hys - Convection heat transfer coefficient, gas - solid, W/m2K
hq. - Convection heat transfer coefficient, gas - wall, W/m?.K
Lss - Cylinder arc length that is in contact with the gas, m
Lone - Cylinder wall arc length not covered by the solid, m
Lyes - Arc Length that forms the wall covered by the solid, m
ey - Wall emissivity, dimensionless

ewo - Outer wall emissivity, dimensionless

;- Coal emissivity, dimensionless

o - Stefan-Boltzmann constant, W/m?.K*

¢sw— Radiation constant, dimensionless

AH - Heat due to the chemical reaction between the gas flow
and the coal, kd/mol.K

R. - kiln outside radius, m

R; - kiln inside radius, m

K, -Wall thermal conductivity, W/m.K

h; - Inside heat transfer coefficient, W/m2.K

h, - Outside heat transfer coefficient, W/m?.K

Ta - Outside temperature, K

Two - Outside wall temperature, K

r;- Coal mass flow that reacts with water vapor, kg/h

V. REFERENCES

Gomez A.; Wolfgang K.; Sonia L.; Wolfgang W. (2004).
Activated Carbon Production Process from Oil Palm Shells in a
Rotary Oven and its Application on NOx Cleaning. Journal
Palmas, Vol. 25 (2), 461 — 471.

Filippin A.; Nadia S.; Maria T.; Jorge D. (2017). Obtaining and
characterizing of carbon activated from olivic and olive-residues
by physical activation. Journal Avances en Ciencias e
Ingenieria, Vol. 8(3), 59-71. ISSN: 0718-8706.

Ortiz, O. A.; Martinez, N. D.; Mengual, C. A. & Noriega, S. E.
(2003). Steady State Simulation of a rotary kiln for charcoal
activation. Latin American Applied Research 33(1): 51-57.
Laine, J.; Simoni, S. & Calles, R. (1991). Preparation of
Activated Carbon From Coconut Shell in a small scale cocurrent
flow rotary kiln. Chemical engineering communications 99(1):
15-23.

Kim, Y. H. (2012). Development of process model of a rotary
kiln for volatile organic compound recovery from coconut shell.
Korean Journal of Chemical Engineering 29(12): 1 674-1 679.
Bansal, R. & Meenakshi G. (2005). Activated coal adsorption.
Taylor Francis Group. Boca Raton, Florida United States.
DOI: 10.1021/ja059874h.

Marsh, H. & Reinoso, F. (2006). Activated Carbon. Elsevier
Science & Technol Ogy Books. ISBN: 9780080455969.
Jayaraman K.; Kok M.; Gokalp, I. Combustion and gasification
studies of different sized coal particles using TGA-MS. Appl.
Therm. Eng. 2017, 125, 1446-1455.

Qiang Z.; Jian Z.; Yongbin Y.; Qian L.; Bin X.; and Tao J.
(2018). Thermal behavior of coal used in rotary kiln and its
combustion intensification. Journal Energies, 11, 1055;
doi:10.3390/en11051055.

(1]

[2]

(3]

(4]

(5]

(6]

[71
(8l

[9]



INTERNATIONAL JOURNAL OF MECHANICS

[10] Torres T. E., et al (2015). Consideration about lateritic mineral
pneumatic conveying in dense phase. International Journal of
Mechanics, vol. 9, pp. 343 — 348. ISSN: 19984448.

[11] Torres T. E., et al (2017). Energy consumption and simulation
of pneumatic conveying lateritic mineral in dense and fluid
phase. International Journal of Mechanics, vol. 11, pp. 12-17.
ISSN: 19984448,

[12] Wang, S.; Yang, H.; Zhang, H. & LU, J. 2010: Heat-transfer
model of the rotary ash cooler used in circulating fluidized-bed
boilers. Energy & Fuels 24(4): 2 570-2 575.

[13] Wang, S.; Guo, Y.F.; Chen, F.; He, Y.; Jiang, T.; Zheng, F.Q.
(2016). Combustion reaction of pulverized coal on the deposit
formation in the kiln for iron ore pellet production. Energy
Fuels, 30, 6123-6131.

[14] Kim, N. & Srivastava, R. (1990). Simulation and control of an
industrial calciner. Industrial & Engineering Chemistry
Research 29(1): 71-81.

[15] Han, S. H. & Chang, D. (2012). Optimum Residence Time
Analysis for A walking beam type reheating furnace.
International Journal of Heat and Mass Transfer 55(15-16): 4
079-4 087.

[16] Torres T. E., et al (2016). Overall heat transfer coefficients,
pressure drop and power demand in plate heat exchangers
during the ammonia liquor cooling process. International
Journal of Mechanics, vol. 10, pp. 342 — 348. ISSN: 19984448.

[17] Incropera, F. P. & David P. W. Fundamentals of Heat and Mass
Transfer, John Wiley & Sons. 2011. New York. U.S.A. p. 886.
ISBN 13 978-0470-50197-9.

[18] Gorog, J. P.; Adams, T. N. & Brimacombe, J. K. (1982).
Regenerative heat transfer in rotary kilns. Metallurgical and
Materials Transactions B 13b (2): 153-163.

[19] Yehaskel, A. (1978). Activated Carbon: Manufacture and
Regeneration. Noyes Data Corporation, New Jersey, USA.

[20] Coulson J. & Richardson F. (1981). Chemical engineering.
Volume 2. Basic operations. ISBN 9788429171358, 950 p.

Carlos Salazar Oliva (M'2018). He was born in Cuba, Year 1985,
graduate of Mechanical Engineer (2009) and Electromechanical Master
(2012) in the Mining and Metallurgical Higher Institute of Cuba. He
worked in  Mechanical Engineering Department at Mining and
Metallurgical Higher Institute of Cuba. He is expert in thermal and fluids
process, has developed investigations related with heat transfer in industrial
processes, transport of two-phase and single-phase fluids, modeling and
simulation of thermal processes and transportation of fluids with the
employment of finite elements method.

Enrique Torres Tamayo (M'2015). He was born in Cuba, Year 1966,

graduate of Mechanical Engineer (1993) and Electromechanical Master
(1999) in the Mining and Metallurgical Higher Institute of Cuba, Doctor in
Technical Sciences (PhD) in the Cuban Sciences Academy (2003).
He worked in Mechanical Engineering Department at Mining and
Metallurgical Higher Institute of Cuba from 1993 to 2014, currently
working in the Electromechanical Engineering Department, Cotopaxi
Technical University, Latacunga City, Ecuador. He is expert in thermal and
fluids process, has developed investigations related with heat transfer in
industrial processes, transport of two-phase and single-phase fluids,
modeling and simulation of thermal processes and transportation of fluids
with the employment of finite elements method.

ISSN: 1998-4448

20

Volume 13, 2019





