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Abstract: The aim of using electromechanical air conditioning in buildings is to maintain thermal
comfort for its occupants; however, this type of air conditioning represents 40% of the total energy
consumption of a building, generating economic and environmental impacts, because fossil fuels
are the main source of energy. To reduce the use of electromechanical conditioning, it is possible to
take advantage of the climatic conditions of the region to improve its performance. Due to the small
number of works that quantitatively support measures aimed at improving the thermal behavior of
houses in an integral way and the growth of mass construction in Mexico, in the present work, a solar
chimney is incorporated in a typical type of social interest housing in Guanajuato. The incorporation
of the solar chimney was simulated by using computational fluid dynamics (CFD) using ANSYS and
evaluated by ASHRAE Standard 55-2017. The selected arrangement induces air flow inside without
the need for external flow and obtains speeds of 0.2 m/s; thus, it could be considered for rooms
within comfort zones up to an operating temperature of 29 °C according to the ASHRAE Standard
55-2017, PMV method.

Keywords: solar chimney; simulation; thermal comfort; CFD

1. Introduction

Solar energy contributes greatly to meeting the energy needs of the world’s population,
especially in developing countries [1,2]. Therefore, the development of new strategies to
reduce energy consumption in buildings must continue [3-7]. This is especially true in
regions with high levels of solar radiation, where solar energy contributes to reducing the
energy needs of different types of buildings, including residential houses.

Air conditioning is used to maintain comfort levels within inhabited spaces. For
this purpose, electromechanical devices with different technologies that range from a
mechanical fan to more complex intelligent systems for monitoring operating conditions
are used. Mechanical fans are the most economical option in terms of technology and
operation, and the pedestal and ceiling types are more widely used. The operating principle
consists of increasing air currents inside a space, favoring perspiration and heat transfer by
convection, regulating the thermal sensation of people in areas with high temperatures that
are outside the thermal comfort zone.

In buildings, a considerable part of the energy is used to provide thermal comfort to
the occupants. Passive cooling techniques, including solar chimneys, can be an alternative
to reduce the energy consumption of the building [8]. Tariq et al. [9] recommend for hot
climates (>35 °C) combined systems, for example, solar chimneys with water-evaporative
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cooling to keep indoor temperatures around 8 °C lower than outdoor temperatures. Haihua
Zhang et al. [10] summarize the temperature decreases (drop 1.0-5 °C) achieved using a
simple solar chimney without combined systems, for the comfort of a single-story building.
Recently, the effects of 30 passive control systems on the decrease in the interior temperature
for thermal comfort were examined, finding that on average the decrease in the interior
temperature can be achieved by 2.2 °C [11].

On the other hand, CFD (computational fluid dynamics) simulation has been widely
used to optimize the geometric parameters in solar chimneys, such as height, diameter,
inclination, and the intensity of solar radiation on the mass flow of air and the increase
in temperature in the collector. When it comes to the effect of using sand or gravel as an
energy storage unit, further research is required [12-14].

In Mexico, 45% of inhabited urban dwellings have mechanical fans, and the average
use of 41% of the dwellings in rural areas is 5 to 9 h [15]. Therefore, the use of renewable
energies for thermal conditioning of residential houses is an attractive application field.

With the intention of quantifying the integration potential of a solar chimney in the
total volume of a house and promoting the incorporation of passive thermal conditioning
systems, in the present work, the incorporation of a solar chimney into a typical house
of social interest in Guanajuato, Mexico is evaluated with CFD, with the aim of seeking
to promote and increase the flow of air in the home to improve the level of comfort
using renewable energy sources. The study was carried out considering a null wind
speed in the surroundings, with the intention of guaranteeing the autonomy of the house
ventilation without the need for an external flow that can be intermittent or obstructed by
the surroundings. The simulation was carried out in ANSYS 2019 software.

1.1. Serial Housing Construction

Due to the search for a way to reduce the costs of housing construction, a serial con-
struction process was chosen, where the design and materials for a considerable number
of houses are identical. This type of construction does not consider the thermal condi-
tions inside the house among its priorities, and thus, a subsequent economic cost for
electromechanical conditioning is generated.

Because of this situation, efforts are being made to better incorporate architecture
into the housing environment to obtain esthetic, acoustic, and energy-saving benefits [16].
Dalbem et al. [17] studied through simulation with the Energy Plus program an adaptation
of social houses for three climatic zones in Brazil under the passive house standard, optimiz-
ing the thermal insulation and window types. Kolokotroni et al. [18] present experimental
results of the application of paints with high thermal emissivity and high solar reflection
indexes on the ceilings of low-income houses in Jamaica and found an average reduction
in internal temperature of 2.3 °C. However, more research is needed, and an alternative
solution is to carry out a simulation to test the new air conditioning systems [19].

1.2. Ventilation

Natural or forced ventilation is essential in hot climates to increase heat transfer
from people to circulating air masses, which are normally at lower temperatures. Sacht
and Lukiantchuki [20] used CFD to analyze the impact of different window sizes and
wind incidence angles on the natural ventilation of a small room, establishing an optimal
incidence angle of 45°. In addition, taking advantage of air currents for natural ventilation,
Reyes et al. [21] evaluated the impact on thermal comfort of a wind tower with various
configurations by CFD for northern Mexico. Hosseini et al. [22] continued to explore
this area of work and tested new configurations for the center of Iran. However, Matour
et al. [23] noted that there is a lack of research on the use of wind-driven ventilation as the
dominant natural force for heat dispersion. Renewable energies could be a sustainable
source in the control of climatic conditions in buildings [24].
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Solar Chimney

With the intention of promoting natural ventilation in buildings, Zavala-Guillé et al. [25]
numerically analyzed the use of a double-air-channel vertical solar chimney system in three
different climates in Mexico on a summer day and found airflow increases of up to 63%
compared to a single-channel solar chimney system. The solar chimney consists of a solar
collector that heats the air inside; this increase in temperature decreases its density so that it
tends to rise, thus sucking air from inside the building to the outside, which in turn draws
in outside air through the windows, as shown in the scheme of Figure 1. A great variety
of works demonstrate the performance of natural ventilation and provide theoretical or
experimental solar chimney system performance results; however, there are few works on
the integration of these systems into the total or partial volume of a housing model [26-31].
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Figure 1. Functioning of a solar chimney.

Few works review the incorporation of technologies, mechanisms, and strategies with a
comprehensive vision in housing, such as a wind tower in a classroom by Rabeharivelo et al. [32],
natural ventilation in a building by Yu et al. [33] and Castillo et al. [34], and varying the
dimensions of a window to provide thermal comfort in an office [35].

1.3. Computational Fluid Dynamics

To evaluate the state of comfort in the areas of interest, knowledge of temperature
gradients, direction, and air speed, among others, is needed. These are integrated into the
continuity, momentum, and energy conservation equations used in mathematical models
of fluid dynamics [36].

The analytical solution of the conservation equations is only possible for some general
cases and simple geometries. The increase in computational processing capabilities has
allowed the development of numerical methods that can provide a solution using the
concept of computational fluid dynamics (CFD).

The main distinction between the solution methods lies in the discretization method.
Among the finite difference method, finite element method, and finite volume method, the
latter is the most-used by most commercial software [37].

2. Methodology
2.1. Building Characteristics and Simulation Strateqy

A standard model of a social interest house with two rooms, a bathroom, and common
area (kitchen and dining room), with a total area of 39 m? and a height of 2.7 m, was selected
for the study. The layout of the house is shown in Figure 2. The area of each window is
1.5 m? except for the rear window in the common area, which is 0.8 m2.
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Figure 2. Three-dimensional sketch and layout of the building.

The incorporation of a solar chimney was analyzed with CFD, with the aim to promote
and increase the flow of air in the house, as well as to provide a uniform air distribution in the
different areas. The study was carried out considering a null wind speed in the surroundings,
with the intention of guaranteeing the autonomy of the house ventilation, overcoming the
need for an external air flow that can be intermittent or obstructed by the surroundings.
Figure 3 shows a possible arrangement of the solar chimney modules in the house.

Figure 3. Layout of the solar chimney modules in the house.

The simulation was carried out in ANSYS 2019 software, which uses the finite volume
method to model the thermal behavior of the system. The processing was performed on an
HP laptop with 8 GB RAM and a dual-core Intel processor with a speed of 2.3 GHz. The
simulation was divided into two parts to reduce the computational demand; a first simu-
lation of the solar chimney was performed, considering the continuity, momentum, and
energy conservation equations, and once the results were obtained, the favored mass flow
was taken and used as a boundary condition in a second simulation that only considered
the interior of the house, solving the equations of continuity and motion. Previously, a
validation process was performed for each simulation technique. The American Institute
of Aeronautics and Astronautics (AIAA) defines validation as the process to determine
if a simulation represents the real world; this implies a comparison with experimental
information, and this process must be flexible and allow various levels of precision. It is
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Simulation 1. CFD
Solar Chimney

-Continuity
-Moment

-Energy

Solved equations:

recommended to divide the system to be validated into different phases with a progressive
decrease in complexity so that different characteristics of the computational model can be
measured in each phase [38].

According to the bioclimatic chart of thermal comfort presented by Olgray et al. [39],
which has been taken as a basis with some modifications for various works, thermal comfort
is a function of two main parameters, namely relative humidity and temperature, and a
space is determined between these two values to define a thermal comfort space. In the
case of temperatures greater than those defined in this space, a comfortable wind chill can
be achieved through ventilation and moisture management, and the ability to promote
thermal comfort in temperatures greater than these ranges was evaluated through induced
air flow in the building. Figure 4 shows the general strategy.

Simulation 2. CFD Thermal Comfort Tool
Building Building

Solved equations: -Relative Humidity

Mass flow Ventilation Induced Thermal Comfort

-Continuity -Metabolic level
::: -Moment |:> -Clothing factor :>
Extraction

Wind speed Extended Comfort
Temperature

Figure 4. Overall simulation strategy.

To accurately determine the maximum temperature range where thermal comfort
occurs due to induced airflow, the ASHRAE (American Society of Heating, Refrigerating
and Air-Conditioning Engineers) 55-2017 PMV method standard was used, which is appli-
cable for buildings with air conditioning systems with a metabolic range of 1 to 1.3 and
lower ranges for clothing of 1.5 units of thermal insulation (clo). For the application of this
method, the online CBE Thermal Comfort Tool [40] was used.

2.2. Solar Chimney
2.2.1. Design and Conditions

The climatic conditions of Guanajuato in central Mexico, which is a mostly temperate
and dry climate according to the Koppen climate classification, suggest the need for window
shades, high thermal inertia with release at night, forced ventilation, internal solar gain,
direct passive solar systems with high mass, cooling with dehumidification, and heating
with humidification. Rodriguez Miranda et al. [41] analyzed, through dynamic simulation,
the implementation of basic bioclimatic architecture strategies in a house of social interest
in Guanajuato, Mexico and projected an annual reduction in energy consumption of 77%
for thermal conditioning.

For the summer season in Guanajuato (20°49’'-21°14’ latitude and 101°03'-101°27
longitude), solar radiation at noon falls approximately perpendicular to the normal plane;
because this season is the hottest and the intention of this work is to make the most of solar
radiation while obstructing the flow of air for the solar chimney as little as possible, an
inclination of 45° was taken.

The modules that are distributed on the roof of the house will have a base of 1.5m, a
length of 2 m, and a distance between the plate and glass of 10 cm. The physical properties
of the materials are shown in Table 1.

Table 1. Physical properties of the solar chimney module materials.

Thickness Heat Capacity J/kgK Conductivity W/mK Density Kg/m?

Glass
Plate (aluminum)

6 mm 1.38 745 2220
6 mm 202.4 871 2719
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A solar radiation on the plate of 636 W/m? was taken, which corresponds to a normal
incidence of 900 W/m?2; for the glass plate, a convection coefficient of 10 W/ m? Kas
taken. A zero gauge pressure was defined at both the air inlet and outlet. To simplify
the calculations, the wall in contact with the plate was taken as adiabatic, and finally, an
ambient temperature of 20 °C was used, as shown in Figure 4. The 3D SolidWorks design
and boundary conditions are shown in Figure 5.

Air Vent

Air Entrance &=~

Figure 5. Solar chimney SolidWorks model and its boundary conditions.

2.2.2. Validation

To give credibility to the simulation, a verification and validation process was per-
formed. The experimental results of Yilmaz and Fraser [42] were taken and compared
with the results of the simulation, and in the experimental data correspond to a parallel
plate heated to 373 K, an ambient temperature of 296 K, and zero gauge pressure. To give
credibility to the simulation, a verification and validation process was performed. In turn,
an independence analysis was performed for mesh sizes of 1 cm, 0.5 cm, and 0.25 cm, with
891,000, 34,680, and 144,000 elements, respectively, with the summary of the results with
the 0.5 cm mesh shown in Table 2.

Table 2. Comparison of the experimental model for the mesh independence test.

Experimental 891,000 Items 34,680 Items 144,000 Items
Heat transfer on 5 > ) >
the plate 360.3 W/m 384 W/m 378 W/m 410 W/m
Flow rate 85.41¢g/s 53.6.1g/s 54.6¢g/s 56.8g/s

2.2.3. Simulation

The simulation was performed in 2D, with a mesh size of 0.5 cm, and the equations of
motion, continuity, and energy were solved, considering gravity and the fluid modeled as
an ideal and turbulent gas using the Reynold’s tensor model with the function of a standard
wall [43].

The solution method was under the pseudotransient coupled scheme with a second-
order upwind discretization criterion for all variables except energy and Reynold’s stresses
with a first-order upwind discretization.

A residual value of 1 x 10~3 was taken as a convergence criterion for the speed in the
three directions, continuity, K, epsilon, uu-stress, vv-stress, ww-stress, and uv-stress, as
well as 1 x 10~ for energy.

The chimney was simulated by incorporating it into a small section of a cavity that
would resemble the house to achieve better coupling in the next step with the building in
all its details. The total mesh for the geometry was 87,856 elements.
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2.3. Incorporation of a Solar Chimney in the Home and Its Validation

Four solar chimney modules were distributed on the roof of the house, as shown in
Figure 3, with the aim of cooling the two rooms and the common area.

To provide credibility to the results to be presented, the simulation methodology was
validated and verified by comparing its ability to predict the behavior of turbulent flow in
a ventilated cavity reported by Nielsen [38].

For the mesh independence analysis, a 5 cm mesh was analyzed, giving a total of
489,216 elements; another 10 cm mesh with a wall refinement of 5 cm was analyzed, for a
total of 249,648 elements, and a final 10 cm mesh was analyzed for a total of 61,152 elements.
The results were compared with the experimental data. These data were measured in a
vertical line at 3 m from the origin and a horizontal line at 2.916 m from the floor level, as
shown in Figure 6.

Velocity [my/s]

— 489,216 Elements
— 249,648 Elements _
61,152 Elements

¢ Experimental

© — 489216 Elements

— 249,648 Elements
61,152 Elements

¢ Experimental

01+

-0

Velocity [m/s] .

15
X[m] Ym]

Figure 6. Horizontal (A) and vertical (B) grid independence analysis.

The results of the mesh independence analysis are presented in Figure 5, and for the
refinements of 249,648 and 489,216, the difference is small compared to the difference of
elements, so the first was taken for the simulation methodology.

Simulation

The simulation was performed in 3D, and the following two air outlet configurations
were tested: a pair of circular channels was placed at the corners in front of the nearest
air inlet (windows and doors) and another configuration with a rectangular channel was
located in front of the air inlets, as shown in Figure 7.

The following two arrangements of the four modules were taken: one general arrange-
ment in which two solar chimney modules were used for the common area, one module for
room one and another module for room two, ultimately creating a particular arrangement
and a second arrangement, in which the four modules were incorporated into each of the
previous sections separately. Table 3 shows the corresponding arrangements.
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Figure 7. Configuration of a circular channel (A) and a rectangular air outlet (B).

Table 3. Assignment of solar chimney modules by arrangement.

Arrangements
General Particular
Module 1 — Room1 Modules 1, 2, 3, and 4 — Room 1
Module 2 — Room 2 Modules 1, 2, 3, and 4 — Room 2
Modules 3 and 4 — Common area Modules 1, 2, 3, and 4 — Common area

A gauge pressure equal to zero was established on the air inlet surfaces, and the mass
flow value for the air outlets was a function of the solar chimney module values of the
preceding simulation.

A general mesh of 10 cm was established, with a refinement of 5 cm in the walls,
0.5 cm in the air outlet, and 1 cm in the windows and walls. The equations of motion and
continuity were solved considering gravity, and the fluid was modeled as an ideal and
turbulent gas using the K-epsilon model with a standard wall function.

The solution method was under the pseudotransient coupled scheme with a second-
order upwind discretization criterion for all variables except energy, K, and epsilon with a
first-order upwind discretization.

A residual value of 1 x 103 was taken as a convergence criterion for the speed in the
three directions, continuity, K, and epsilon.

3. Results and Discussion
3.1. Solar Chimney

According to the determined conditions, the solar chimney reaches a temperature of
up to 127 °C, while the air at the inlet has a temperature of 20 °C. This difference generates
a transfer of heat from the plate to the air. The density of the heated air decreases, giving
it a buoyancy force in relation to the colder air, generating the velocity profile shown in
Figure 8, and the result is a mass flow of 83.5 g /s per module. Considering a linear variation
of the density as a function of the temperature for the temperature ranges handled, the
results obtained can be extrapolated to higher or lower ambient temperatures because this
would not modify the temperature gradient necessary for a balance between the energy
gain and the losses; that is, the mass flow is only a function of the incident radiation, and
this induced mass flow will be used to suck external air into the building.
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Figure 8. In-plane velocity profile inside the solar chimney.

3.2. Incorporation of a Solar Chimney in the House
3.2.1. General Arrangement (Rectangular Channel)

For this configuration, 1,574,584 mesh elements were generated, as shown in Figure 9,
which shows the velocity magnitude in the plane for the general arrangement of the
modules (air outlet of 83.5 g/s per room and 167 g/s for the area common), as in the plan
for the circular channel. The magnitude is stronger at the entrances, but the change when
integrated into the house is gradual, in addition to being concentrated in the central parts of
the spaces. This distribution of the air flow can also be observed in the flow lines presented
in Figure 9. The average speed with reference to the plane in the central part of each zone
is 0.025 m/s.

“ m el )\ e ———t )\
— — 1 2 X i

1000 3,000

Figure 9. Velocity magnitude in the z—x plane for a rectangular channel (A) and the flow lines for a
rectangular channel (B).

3.2.2. Arrangement

As the rectangular arrangement has a more centralized distribution and smoother
speed gradients, as well as a higher average speed, the study of this case was continued,
considering the four modules involved at the same time per study area, with the intention
of producing a higher speed.
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Common Area

The incorporation of the solar chimney into the common area was first analyzed, and
an increase in mass flow from 167 g/s to 334 g/s was found. Thus, according to Figure 10,
the average speed increased from 0.025 m/s to 0.04 m/s.

2,000 107
1.800% 10772

Loous 10 %

1.300% 107 0%

0 o aw 4000 (m) )\ [} 2000 4000 ) 'J\
— - — — 1 X
3000

1.000 3000 1,000

Figure 10. Velocity magnitude in the z—y plane (A) and in the z—x plane (B) for a rectangular channel,
with the air outlet concentrated in the common area.

Rooms

The incorporation of the solar chimney in Room 1 implies an increase in mass flow
from 83.5 g/s to 334 g/s. Therefore, the average speed increases from 0.025 m/s to 0.2 m/s
according to Figure 11.

Figure 11. Velocity magnitude in the z-y plane (A) and in the z—x plane (B) for a rectangular channel,
with the air outlet concentrated in room 1.

The incorporation of the solar chimney in room 2 implies an increase in mass flow
from 83.5 g/s to 334 g/s. It was possible to increase the average speed from 0.025 m/s to
0.2 m/s according to Figure 12. The speeds are concentrated in the central part, which is
the most occupied space, so providing air flow in this area is more important. We observe
in Figures 11 and 12 that an air flow velocity is obtained in both rooms without counting
on an external outside flow (wind speed of 0 m/s), with values similar to those obtained
by the measurements of Di Turi et al. [44] for bioclimatic strategies of natural ventilation
considering external flow, and 10% of the speeds reached in the works of Reyes et al. [21],
for the optimization of the internal air flow through a wind tower.
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Figure 12. Velocity magnitude in the z—y plane (A) and in the z—x plane (B) for a rectangular channel,
with the air outlet concentrated in room 2.

From the point of view of air renewal, important levels are achieved, 38.2 ACH (Air
changes per hour) for room 1, 57.4 ACH for room 2, and 19.14 for the common area,
comparable to those reported by Z. Zhai at al. [45] by natural ventilation considering a
wind speed of 3 m/s.

3.3. ASHRAE Standard 55-2017 PMV Method

The velocity magnitude for the general arrangement and the case of the common area
is very low, so only the values for the case in the two rooms were evaluated under the
standard. A relative humidity of 40%, a metabolic level of 1.0, and a clothing factor of
0.36 clo were taken.

In the case of the two rooms, where there is an average speed in the area of interest
of 0.2 m/s each, according to the ASHRAE Standard 55-2017 PMV method, comfortable
thermal conditions can be achieved up to an operating temperature of 29 °C. Figure 13
shows a psychrometric chart, where it is observed how the thermal comfort zone moves to
the right for higher temperatures due to the induced air flow.

30

IR

A) S . (B
7 ///

/ I // Vs P //
1 7 20

Humidity Ratio (g, /kgy_]
Humidity Ratio [/ ka,]

0 0
10 12 14 16 18 20 22 24 26 28 30 32 34 3 10 12 14 16 18 20 22 24 26 28 30 32 34 36

Operative Temperature [*C] Operative Temperature [°C]

Figure 13. Displacement of the thermal comfort zone (in blue) in a psychrometric chart (A) without
airflow and (B) with induced airflow. The red dot marks the coordinate for a relative humidity of
40% and temperature of 29 °C.

These results show the viability of achieving thermal comfort, through flexible ar-
rangements of solar chimney modules, concentrating the extraction of air in the area that
demands it. The results obtained can be extrapolated to different geographical areas that
present temperatures higher than thermal comfort, and in the case of a larger volume in the
building, it is possible to choose to increase the number of modules.
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4. Conclusions

In the review of the literature, we found different mechanisms and technologies for
buildings that seek to improve the thermal conditions in the building by distributing the
incident air flow inside the house [32-35]. However, no works consider a zero incident flow,
a situation that is very common throughout the year. In this work, the incorporation of a
solar chimney arrangement in a house of social interest was evaluated by CFD considering
the case of zero air flow around it. The implementation of the solar chimney was carried in
four modules, where each module generated a mass flow of 83.5 g/s.

Of the two types of configurations tested for the air outlet, higher wind speeds were
observed for the rectangular configuration in the central area located in front of the windows,
and because this is the area most used by residents, different arrangements were considered.

First, a general arrangement was reviewed, where one module was assigned per room
and two modules were assigned to the common area; the highest speeds were obtained
in the central part, which is expected to be the area with the greatest circulation or use,
in addition to presenting a gradual change of speed when integrated into the house; the
maximum speed was 0.025 m/s.

A second arrangement consisted of applying four modules per zone; the speed in the
zone with the highest occupancy (the common area) was 0.04 m/s, and that in each room
was 0.2 m/s, according to the ASHRAE Standard 55-2017 PMV method. A comfortable
zone for the rooms could be achieved up to an operating temperature of 29 °C, emphasizing
that a comfortable level could be reached without having any external air flow.

As future work, an analysis of the incorporation of a nonpassive system using different
types of solar chimneys considering economic, ecological, technical, operational aspects,
etc., with a more robust design for different economic conditions or needs, using different
elements or techniques, such as evaporative cooling, will be experimentally tested.

Additionally, it is important to note the importance of CFD as a useful tool for pre-
dicting the thermal behavior of a building prior to the construction process, such that it
allows a qualitative evaluation of several options in the design process and, thus, the most
appropriate selection.
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