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Abstract: With the spread of sustainability concepts, due to the global energy crisis and the unre-
strained consumption of natural resources, the importance of rational use and reduction of energy
consumption has been intensified, albeit in short steps. This concern has taken up bioclimatic concepts
in buildings, especially housing buildings for low-income people, aiming at improving the quality
of housing production in terms of its habitability. The objective of this research is to theoretically
and experimentally study the natural ventilation in a housing building, which fits into the low-cost
pattern. The use of Computational Fluid Dynamics to predict natural ventilation was adopted as a
tool to perform these analyses. Experiments were carried out by visiting the study area to collect
data on air velocity, temperature, and relative humidity in all rooms of the residence in order to
carry out the intended analyses. Computer simulation of natural ventilation considering the building
with the doors and windows open and with fixed geometry was performed. Results proved that the
proposed mathematical model was able to reproduce, with rich details and physical coherence, the
internal and external air flow inside the building, indicating better internal ventilation performance in
environments that have door and window openings, with recesses, revealing the importance of cross
ventilation to reduce the internal temperature and consequent improvement in thermal comfort. The
idea is to help civil engineers and specialists in the economically viable design of low-cost buildings
from the economic, social, and thermal comfort points of view.
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1. Introduction

The Brazilian housing problem has its historical roots in its rapid urbanization process,
which ignored planning actions, especially concerning housing production issues, reflecting
an expressive and historic housing deficit.

The housing issue is one of the great challenges of Brazilian cities, due to the need
to build a large number of low-cost and good-quality housing units, in a short period of
time and that are adequately served by urban services [1]. The country has a considerable
housing deficit, and there is a need to meet this demand, especially in the low-income
population groups, which despite being target of policies and programs of social interest,
are still far from meeting the existing demand. Santos [2] explains that housing is a basic
need and aspiration of the human being, being vital for the principle of human dignity,
and for this reason the right to housing constitutes a basic right for every citizen. It is
important to emphasize that the offer of decent housing should not be limited to providing
an environment to live in.

According to the United Nations [3], in a document prepared by the UN-Habitat,
there are seven basic components that must be considered for the promotion of adequate
housing: security of tenure; availability of services, equipment and infrastructure; avail-
ability at affordable prices; habitability; accessibility to all social groups; location (access to
employment, health and social facilities); and cultural adequacy.

In the architecture of buildings aimed at housing purposes, for the full satisfaction of
users and supplying their needs, it is not enough to consider only dimensional and quanti-
tative parameters of the environments so that adequate housing conditions are achieved.
For these spaces, there is the concept of habitability, which goes beyond, involving aspects
related to the comfort of users, considering the most diverse aspects. Therefore, solutions
must be sought that minimize unpleasant sensations, without disregarding functionality
and aesthetics. Among the various aspects, the following can be mentioned: (a) distance
between the slab and the roof, dimensions of the openings in the facades, windows and
doors; (b) orientation of the house in relation to the wind direction; and (c) location of
doors and windows in relation to the wind direction (direct or cross ventilation). There is
also the effect of the relationship between the dimensions of the doors and windows. For
example, air inlets larger than air outlets produce better air movement and distribution.

Frota and Schiffer [4] summarize important aspects of human well-being in built
environments, which should serve humans and their comfort, including thermal comfort.
Humans have a better life and health conditions when they can function without being
subjected to fatigue or stress, including thermal effects. Architecture, as one of its main
functions, must offer thermal conditions compatible with human thermal comfort inside
buildings, regardless of the external climatic conditions [4].

Environmental comfort is related to the feeling of satisfaction with the environment
and involves several aspects, such as adequate lighting conditions, acoustics, ventilation,
adequate size of physical spaces, colors compatible with the use, relationship of harmony
with the surroundings, among other aspects. The control of comfort conditions must be
part of the architecture in the most diverse projects, especially when it comes to housing,
considering the amount of time and daily activities performed in these spaces. However,
thermal comfort stands out for promoting the physical and psychological health of users,
being related to the metabolic changes that the body undergoes when it is not in balance
with the external environment.

Currently, the production of low-cost popular housing, aimed at reducing the housing
deficit, also called Housing of Social Interest (HSI), is often characterized by the stan-
dardization of the housing unit, disregarding regional particularities, which compromises
environmental comfort and the salubrity of the environments. In addition, the replication
of the same project, by a single architectural type or standard project, in popular housing
projects does not consider that the beneficiary families have different configurations. Thus,
housing units often do not meet the spatial needs of users [5–8].
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Compliance with the minimum conditions of environmental comfort indices in resi-
dential buildings has been regulated in Brazil, among other regulations, by NBR 15575/2013
(Standard of Performance in Housing Buildings) [9] and by NBR 15220-3/2005 (Standard
of Thermal Performance of Buildings) [10] and must be obeyed. The referred norms con-
sider that, for each Brazilian Climatic Zone, compatible constructive solutions must be
used, ranging from the best location for implantation in the site (considering short and
long-term environments) and size of openings for better use of natural ventilation to types
of materials used in construction, among other aspects. In this sense, studies have shown
that the use of natural resources for ventilation and climate mitigation presents itself as an
important strategy to promote thermal comfort without greater electrical energy expenses,
representing a considerable reduction in the costs involved [4,11].

In search of a sustainable architecture that promotes integration between the built
environment, architecture assumes the role of ally, as it uses strategies to optimize the
environmental conditions of each region, by taking advantage of natural ventilation, aiming
not only the comfort of users but also adequate energy performance. Thus, it is possible
to provide thermal comfort to the users of the built spaces, enabling the development of
activities more efficiently and satisfactorily.

One of the computational tools that have been used in the area of thermal and envi-
ronmental comfort is CFD (Computational Fluid Dynamics). Several correlated studies can
be found in the literature, such as [12–19]. Mistriotis et al. [12] reported in their research
the validity and advantages of the CFD technique as applied to predict pressure distribu-
tion and air velocity in greenhouse; however, because the authors used a more simplified
mathematical model, no information on the effect of relative humidity was given. Usman
and Bakar [18] reported the use of CFD in predicting indoor thermal comfort in residential
house; the study was validated by comparing predicted and experimental external wall
temperature data at different points of the house. Unfortunately, Usman and Bakar [18]
did not detail the mathematical model used in the research, highlighting the need for more
detailed studies on the subject.

Given the above, in this work, we aim to study the natural ventilation in a Brazil-
ian housing building, which fits the low-cost standard, using experiments and high-
performance computer simulation (CFD) including a detailed and advanced mathematical
modeling. Herein, in complement to the research studies cited in the literature, information
about the effect of the temperature, relative humidity, and velocity of the air flowing inside
the residence are presented and analyzed. The idea is to help the construction industry and
academia in making safe decisions related to low-cost housing, with a view to increasing
thermal and environmental comfort for occupants; a problem of global impact, mainly in
underdeveloped and developing countries.

2. Materials and Methods

The building analyzed in this research is a multifamily residence with an area of 60 m2,
and is part of a housing complex located in the city of Campina Grande, State of Paraíba,
Brazil; a city in the interior of the Brazilian Northeast. The criteria for choosing the building
were based on characteristics that make it fit in the category of low-cost housing. Among
these features, the following can be highlighted:

(a) Poor urban insertion: the building is located in a peripheral and expanding area of
the city, far from the center and urban mobility;

(b) Built area: this type of building has a reduced area;
(c) Constructive standardization: the building follows the same floor plan as the others

in the housing complex;
(d) The building presents thermal comfort problems due to the standardization of the

construction project;

All units of the housing project under study have the same configuration of floor plan,
organized internally with the following environments: integrated living and dining room,
bathroom, three bedrooms, kitchen, service area, and three setbacks (front, back, and side).
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The topography of the ground where the residence is located is predominantly flat,
and all the buildings of the residential complex are of the single floor type, presenting a
configuration of houses combined on one of the sides (linked house), a design strategy
commonly used to lease the largest number of housing units per building area. The main
facade of the studied building points to the East, in which the window openings of one of
the bedrooms, the door and the window of the integrated living and dining room of the
house are located. Sun protection is provided through a marquee that projects in front of
the building. Observing the building implementation conditions regarding its position, it
appears that the orientation of the main facade toward the East, conditions the long-stay
rooms to the most critical direction (West), which receives the sunset solar radiation during
the afternoon, in disagreement with the technical recommendations for the thermal comfort
of the environments.

As it is a single plan for the entire housing complex, the positioning of the environ-
ments occurs in the same way in all construction areas of each residence, regardless of the
most favorable solar orientation for their distribution. This configuration, which reproduces
the floor plan for all houses, does not contribute to solving the critical position of long-stay
rooms, demonstrating the inadequacy of the arrangement to the characteristics of the site
and environmental conditions.

2.1. Experimental Procedures

Data collections were carried out through a technical visit in loco to the study area.
As this is a steady state analysis process, the data collection was carried out in a single
day, with climatic characteristics typical of the Brazilian summer (most critical thermal
scenario) and at different times, aiming to understand the phenomena in the hottest periods
of the day, by incident radiation. The measurements were carried out on 29 February 2020,
starting at 11:30 a.m. and ending at 1:45 p.m. on the same day. For reference, at February
2020, the mean daily ranges of outdoor air parameters characteristic of the area where the
facility was located are: temperature ranging from 21 ◦C to 33 ◦C, velocity ranging from
15.7 to 21.7 km/h, and relative humidity ranging from 55% to 59%.

For that, the following instruments were used: (a) digital thermo-hygrometer, (b) digi-
tal anemometer, and (c) infrared thermometer, to collect data referring to air temperature,
air velocity, and air relative humidity at different points of the residence. Relative humidity
and temperature of the indoor air on the house were measured using a thermohygrometer
(ICEL, model HT 208, accuracy ±0.1 ◦C and ±1%) and wall surface temperature were
measured using a digital infrared thermometer (Instrutemp, model TI 890, accuracy±2 ◦C).
Moreover, air velocity was measured using a digital anemometer, (Instrutemp, model
AMI 300, accuracy ±2%). In Figure 1a there is a three-dimensional scheme of the building,
indicating the measurement points, which were carried out at a height of 1.5 m in relation
to the ground.

The digital thermohygrometer was positioned on flat surfaces in each room, and it was
stipulated to wait 5 min for data stabilization, standardizing this procedure and this period
of time in all environments. This procedure was important to standardize the analyzes in
all rooms of the residence, considering the peaks that, perhaps, could exist.

In all measurements and all environments, the infrared thermometer was directed
to all the walls of the rooms, taking an average of the values obtained, despite the small
variation observed between these data.

Figure 2 shows the internal details of the building with their respective air inlets and
outlets (doors, windows, and opening skylight), which were important for understanding
the fluid dynamics inside the building. In each environment, the following experimental
procedures were performed:

(a) In the integrated room (living and dining room): measurement of the initial condition
of temperature and relative humidity of the air in the window opening of the room,
using the digital thermohygrometer equipment. The data were confronted with
information from the official meteorological data of temperature and relative humidity
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for the city of Campina Grande, Brazil, presenting results very close to the information
collected on site.

(b) Room 01: measurement of the initial conditions of temperature and relative humid-
ity. The infrared thermometer equipment was directed to all the walls of the room,
obtaining approximate values.

(c) Room 02: a digital thermohygrometer was used to measure the air inlet and outlet
conditions (temperature and relative humidity). The infrared thermometer was
positioned on all the walls of the room, presenting results with small variations.

(d) Room 03: Temperature and relative humidity were measured. It was verified that the
air temperature was higher in the window opening than inside the room.

(e) Living room: In this space, as described in the other rooms of the residence, a
digital thermohygrometer was used to verify the initial temperature and relative
humidity conditions.
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Figure 1. 3D (a) front and (b) back views of the building.

The influence of external obstacles to the building was verified, capable of changing
the air velocity inside the room space, such as wall/grid. For this reason, it was decided
to wait five minutes for the results to stabilize, since the velocity values presented peaks;
therefore, the average of the values obtained was performed.

(a) Bathroom: environment with a single air outlet, via an opening skylight.
(b) Alley (side setback): with the anemometer equipment, positioned close to the entrance

(approximately 2 cm), the air velocity was measured, and the values obtained at that
point were averaged. As it is an area without coverage, the temperature presented a
value higher than that found inside the building.

(c) Services Area: the air inlet and outlet conditions (temperature, velocity, and relative
humidity) were verified.

(d) Leisure area (rear yard setback): as it is an open environment, the air velocity was mea-
sured in the bedroom windows, pointing the anemometer from the outside towards
the inside of the environment. With the infrared thermometer, the temperature of the
walls was verified, which showed a high value due to the time of day (12:22 p.m.) and
for receiving direct incidence of solar radiation.

2.2. Theoretical Procedures
2.2.1. Geometry and the Physical and Computational Domains

The physical domain of the present research consists of an existing and consolidated
house, which presents constructive standardization and orientation that disregards the
environmental conditions of the site. The purpose of this geometry is to study the fluid flow
inside the house and the heat exchange with the walls of the building (Figures 1 and 2).
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The numerical mesh (computational domain) consists of the three-dimensional parti-
tion of the geometry of the physical domain. These partitions are called mesh elements or
control volumes, where the conservation equations of the physical problem will be solved,
reproducing, in a numerical environment, the transport phenomena that characterize the
air and heat flows, and the consequent distributions of velocity, temperature, and relative
humidity of this fluid, inside the house.

The meshes were built with hexahedral elements within the Ansys Meshing software.
A geometry partition technique was used in connection with the mesh elements to maintain
maximum uniformity of the elements, which increases the quality of the CFD results.
Figures 3 and 4 illustrate the meshes used to treat the physical problem. In Figure 3, the floor
plan shows the mesh and the technical drawing, where the environments are described.
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In Figure 4, there is a three-dimensional hexahedral mesh with the front (a) and back
views of the building (b), in addition to a section that crosses it on its main facade (c). The
faces in blue represent the air inlets (doors and windows) and in red the air outlets. The
faces of the windows highlighted in yellow were considered as wall was considered.

In Table 1, the numbers of mesh elements are represented. The mesh quality indicators
of all meshes are within the limit recommended by Ansys [20], with skewness values below
0.95 and orthogonality values above 0.1.

Table 1. Constructed meshes and their respective number of elements.

Mesh Number of Elements

1 504,237
2 1,360,049
3 2,661,152
4 3,923,659

After the meshes were built, a refinement study was done. From this study, the mesh 3
was chosen due to its convergence, accuracy of the results obtained, and computational effort.
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2.2.2. Mathematical Formulation

In the physical problem to be described, there is a need to analyze 3 (three) phys-
ical aspects: the fluid dynamics of the air that circulates in the house, the temperature
distributions developed in the rooms of the residence, and the distributions of relative
humidity. For that, the models of conservation of mass, linear momentum, energy, and
species transfer were used, in addition to the realizable k–ε turbulence model.

To obtain the RANS equations, it is necessary to decompose the flow variables of the
Navier–Stokes equations, in terms of temporal averages and fluctuating components, as
described in Equation (1), for a generic variable φ.

φ = φ+φ′, (1)

where φ is the time-average component and φ′ represents the fluctuations of this variable.
Thus, we have the following conservation equations for turbulent flows.

(a) Continuity

∂ρ

∂t
+

∂

∂t
(ρui) = 0. (2)

(b) Momentum

∂(ρui)

∂t
+

∂

∂Xj

(
ρuiuj

)
= − ∂P

∂Xi
+

∂

∂Xj

[
µ

(
∂ui

∂Xj
+

∂uj

∂Xi
− 2

3
δij

∂ui

∂Xi

)]
+

∂

∂Xj

(
− ρu′iu′ j

)
, (3)

where ρ is the fluid density, µ is the dynamic viscosity, t is the time variable, P is the pressure,
X is the position vector, u is the velocity vector, and the subscripts i and j represent the
components (x, y, and z) of the coordinate axes, so that if i or j = 1 we have the component
in the x direction, if i or j = 2, we have the component in the y direction, and if i or j = 3,
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we have the component in the z direction. The term u′iu′ j represents the Reynolds stresses,
derived from turbulent flow.

(c) Turbulence

To describe the turbulent phenomena, the k–ε turbulence model was used, which
allows the determination of turbulence, in length and time scales, solving two transport
equations separately. This model was chosen after a careful study using different turbulent
models. These equations describe the conservation of turbulent kinetic energy (k) and
the turbulence dissipation rate (ε). The transport equation model for k is derived from
an exact equation, while the transport equation model for εwas obtained using physical
considerations and bears little resemblance to its mathematically exact counterpart. In the
derivation of the k–ε model, it is assumed that the flows are completely turbulent and
the effects of molecular viscosity are neglected. The transport equations are described
as follows:

∂

∂t
(ρk) +

∂

∂xI
(ρkui) =

∂

∂xj

[(
µ+

µt
σk

)
∂k
∂xj

]
+ Gk + Gb − ρε− YM + Sk, (4)

and

∂

∂t
(ρε) +

∂

∂I
(ρεµi) =

∂

∂xj

[(
µ+

µt
σε

)
∂ε

∂xj

]
+ C1ε

ε

k
(Gk + C3εGb)−C2ερ

ε2

k
+ Sε. (5)

In these equations, Gk represents the generation of turbulent kinetic energy due to
time-averaged gradients, Gb is the generation of turbulence due to gravitational effects, and
YM represents the contribution due to density variations relative to compressible flows. The
terms C1ε, C2ε, and C3ε are model constants. σk and σε are the turbulent Prandtl numbers
for the variables k and ε, respectively. Sk and Sε are the source terms of the respective
equations.

Turbulent viscosity is defined as:

µt = ρCµ
k2

ε
. (6)

where Cµ is a constant. The model constants used were the following: C1ε = 1.44, C2ε = 1.92,
Cµ = 0.09, σk = 1.0 and σε = 1.3.

(d) Energy

To model the heat transfer between the fluid and the walls of the house, as well as
inside the fluid itself, the energy model used by Ansys FLUENT® 15.0 was applied, which
deals with energy conservation as follows:

∂

∂t
(ρE) +

∂

∂Xi
[ui(ρE + P)] =

∂

∂Xj

[
γeff

∂T
∂Xj

+ ui
(
τij
)

eff

]
+ Wh, (7)

where T is temperature, Wh is the energy source term, E (Equation (8)) is the total energy,
and γeff is the effective thermal conductivity.

E = h –
P
ρ
+
|ui|2

2
, (8)

where h is sensible enthalpy defined by:

h = href +
∫ T

Tref

cpdT, (9)
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where href, Tref, and cp are the reference enthalpy, the reference temperature, and the
specific heat of the fluid at constant pressure. In the software’s default mode, href and Tref
are taken as 0 J/kg and 15 ◦C, respectively.

The effective thermal conductivity is given by:

γeff = γ + γt, (10)

where
γt =

cpµt

σ
. (11)

The term
(
τij
)

eff is the shear stress tensor given by:

(
τij
)

eff = µeff

(
∂uj

∂Xi
+

∂ui

∂Xj

)
− 2

3
µeff

∂uk
∂Xk

δij, (12)

where
µeff = µ+ µt. (13)

(e) Species Transfer

To calculate the relative humidity of the air, the model of chemical species was used
in the scope of the software Ansys Fluent. This model treats the fluid (air) as a mixture
of three types of chemical species, namely, nitrogen, oxygen, and water vapor, which are
treated in terms of mass fractions.

Mass fraction is defined as the mass of the respective component or species involved
in a mixture, divided by the total mass of the mixture. In this way, we have:

Yi =
mi

mi−1 + mi−2 + mi−3 . . .
, (14)

where Yi is the mass fraction of one of the components in the mixture.
In this way, the species transport model calculates the balance of the local mass

fractions of N-1 chemical species contained in the studied fluid through the solution of the
convection–diffusion equation, described as follows:

∂

∂t
(ρYi) +∇ . (ρ

→
v Yi ) = −∇ .

→
J i + Ri + Si, (15)

where Ri is the production rate of that species by chemical reactions and Si is the rate of
creation of the species by addition from the dispersed phase. This equation is solved for
N-1 species, since the mass fractions calculated in the mesh element will have the sum
equal to unity.

In turbulent flows, the species transfer model computes the mass transport (diffusion)
of that species as: →

J i = −
(
ρDi,m +

µt
Sct

)
∇ Yi − DT, i

∇T
T

, (16)

where Di,m is the mass diffusion coefficient of species i in the mixture, DT, i is the thermal
diffusion coefficient, and µt is the turbulent viscosity. Sct is the Schmidt number for
turbulent flows given as follows:

Sct =
µt
ρDt

, (17)

where Dt is the effective mass diffusion coefficient, due to turbulence.
Regarding the energy aspect of the problem, the enthalpy transport related to en-

ergy conservation considers the sum of the enthalpies of each species weighted by their
respective mass diffusions, as follows.

∇ .
[
∑n

i=1 hI
→
J i

]
. (18)
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Treating air as a mixture of water vapor and other gases, mwater is defined as the mass
of water vapor and mair being the sum of the masses of the other gases involved. Thus, the
absolute humidity of the air is defined as:

w =
mwater

mair
. (19)

In terms of mass fraction one can write:

w =
Ywater

Yair
. (20)

The vapor pressure of water in the air, the saturation pressure of water, and the relative
humidity of the air are determined as follows:

Pv = P
w

0.622 + w
, (21)

Psat
v = Exp

[(
60.43− 6834.27

T

)
− 5.17× ln(T)

]
, (22)

RH =
Pv

Psat
v

. (23)

The following considerations were adopted:

(a) Thermophysical properties of the air are variables with the temperature.
(b) Simulation was carried out without the presence of furniture and others components

and physical interference of residents inside the house.

2.2.3. Boundary Conditions

(a) Inlet
- Prescribed Velocity (Inlet Velocity)

This type of boundary condition is used to define the flow velocity, with respect to the
relevant scalar properties at the mesh inputs. In such cases, the stagnation pressure is not
fixed but will increase in response to the computed static pressure and as a function of the
fluid inlet velocity.

(b) Outlet
- Prescribed mass flow

The mass flow at the outlets of the house was defined, based on the velocity values
that were measured. For the prescribed velocity conditions, the mass flow specification
allows the total pressure to vary in response to the numerical solution. In this boundary
condition, the absolute reference system, the flow direction (normal to the inlet surface),
the turbulence intensity I = 5% (Equation (24)), and the turbulent viscosity ratio Rµ = 10
(Equation (25)).

I ≡ u′

u
, (24)

where u′ is the inlet velocity fluctuation and u the average velocity.

Rµ =
µt

µ
, (25)

- Prescribed pressure

This boundary condition was applied to the alley exit. It only requires the gauge
pressure at the outlet to be set. Such pressure values were maintained at zero Pa, that is,
ambient pressure. The pressure difference between the air inlets and outlets of the house,
at atmospheric pressure, drives the air flow inside the house.
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(c) Walls

Wall conditions are used to bridge the fluid and solid regions. Nonslip boundary
conditions were applied to the walls of the house, which are taken as stationary surfaces
with negligible roughness.

As for the heat transfer, boundary conditions of the first kind were applied, prescribing
the temperatures of the walls. These were experimentally measured, and their average
values were defined on each surface of the house. For the internal surfaces that separate
the rooms from the residence, windows and doors, interior wall conditions (open surface)
were used, which allowed the flow of air through these surfaces.

2.2.4. Numerical Solution Techniques

(a) Pressure-velocity coupling COUPLED

In this research, the Coupled algorithm was used to solve the pressure–velocity cou-
pling. In this method, the continuity equations are solved, based on the calculation results
of the conservation of linear momentum and pressure, in a coupled form, which gives it
a convergence range with a smaller number of iterations when compared to segregated
solution algorithms such as SIMPLE. The Coupled algorithm is also more stable than the
segregated methods. Therefore, it is recommended to use this algorithm method when the
mesh quality is poor, or when several time steps are used to solve a transient problem. It
was observed that the time per iteration in a case using the Coupled algorithm is greater
than the one related to the SIMPLE algorithm, but it promotes a more accentuated reduction
of the error per iteration.

(b) Spatial interpolation

To obtain the numerical solution of the conservation equations presented, it is neces-
sary to discretize or truncate the partial equations, which work within differential limits, in
algebraic equations, defined for the finite three-dimensional limits of the numerical grid.
Therefore, for the generic variable Φ, we have the discretization of the general transport
equation as follows:

∂ρΦ
∂t

V + ∑Nf
f=1 ρfΦf

→
u f
→
Af = ∑Nf

f=1ϕΦf∇Φf.
→
Af + WΦV, (26)

where ϕΦ is the general term relating to the physical properties, characteristics of each

conservation equation,
→
Af is the area vector corresponding to the faces (f), WΦ is the source

term per unit volume (V), and Nf is the number of faces of the respective cell, in which the
conservative equation is analyzed. Knowing the value of the variable Φ in the centroids
(c0, c1, . . . ,cn) of the cells and its values (Φf) in the faces, it is possible to obtain solutions of
the conservation equations, along the physical space. In this research, the Least Squares
Cell-Based method [21] was used to determine the ∇Φ gradient, the Quadratic Upwind
Implicit Differencing Convective Kinematics (QUICK) method [22] for discretizing the
turbulent kinetic energy equations and turbulence dissipation, the second-order Upwind
method [23] for the discretization of density, linear momentum, energy and mass fraction
equations, and the PRESTO! [20] for pressure discretization.

(c) Relaxation factors

Due to the nonlinearity of the conservation equations, the solver uses relaxation
factors to control the changes in the variables, along the iterations performed, both in
problems solved in the steady state, and within each time step of the transient cases. As
described in Equation (27), the updated value of the generic variable Φ, within the time
step, is dependent on the value of the previous iteration Φ0, the difference calculated in the
iteration ∆Φ and the relaxation factor ζ. These factors are inserted into the conservation
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equations and promote stability in their solution. The relaxation factors used in the SIMPLE
and Coupled pressure–velocity coupling methods are illustrated in Table 2.

Φn = Φn−1 + ζ∆Φ, (27)

Table 2. Relaxation factors used in the simulations.

Relaxation Factors Value

Pressure 0.5
Momentum 0.5

Density 1
Boundary Force 1

Turbulent kinetic energy 0.75
Turbulence dissipation rate 0.75

Turbulent viscosity 1
Mass fraction of water 0.75

Mass fraction of oxygen 0.75
Energy 0.75

(d) Convergence criteria

The convergence criteria used in the simulations are described in Table 3, below:

Table 3. Convergence criteria used in each simulation.

Conservation Equations Convergence Criteria

Velocity in the x, y, and z directions 0.001
Continuity 0.001

k 0.001
ε 0.002

Energy 0.00001
Mass fraction of water 0.001

Mass fraction of oxygen 0.001

2.2.5. Studied Cases

After the construction of the numerical mesh, the definition of the mathematical
modeling and the experimental measurements in the residence, which were used as a
boundary condition, the preprocessing was carried out. This information was entered into
the Ansys Fluent software to perform the simulation process. To facilitate the operation
of the Software, the air flow in the house was first simulated, so that, after reaching the
steady state, the obtained results could be used as an initial condition for simulation in the
transient state, with the species and energy models. In the simulations, Sct = 0.7 was used,
which is the software standard. Table 4 describes the conditions of the case studied.

Table 4. Details of the case studied in this research.

Component Air Inlet

Window Door
Angulation Temperature Relative Humidity

1 2 3 4 1 2

Open Open Open Open Open Open 90◦ Measured Measured

As a way of simplifying the interpretation of the results, the building geometry was
subdivided into planes. These plans are shown in Figures 5–7. For the top planes, the
building was subdivided into three heights, starting from the entrance face (0.0): at 0.5 m,
1.5 m, and 2.3 m, respectively, specified in the Y-axis direction. For the lateral planes, the
building was segmented into 9 (nine) planes from the entrance face (0.0): at 0.5 m, 1.2 m,
1.8 m, 2.3 m, 3.2 m, 3.8 m, 4.3 m, 5.0 m, and 5.9 m, respectively, specified in the X-axis
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direction. For the frontal planes, the building was segmented into 4 (four) planes from
the entrance face (0.0): at 1.0 m, 4.0 m, 7.0 m, and 9.0 m, respectively, specified in the
Z-axis direction.
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3. Results and Discussion
3.1. Experimental

In Figure 8, the measurement points in the integrated room are specified. Table 5 sum-
marizes the results obtained in the integrated living and dining room, showing the resulting
values of each face, here called walls, ceiling, and floor, as well as the window openings.
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Table 5. Results of measurements of velocity, temperature, and relative humidity of the air in the
integrated room.

Locations Boundary Conditions Value

P1

Stationary wall with uniform and
constant temperature

32.7 ◦C
P2 32.7 ◦C
P3 33 ◦C
P4 31 ◦C
P5 31.7 ◦C
P6 31.6 ◦C
P7 31.6 ◦C
P8 31.6 ◦C

Ceiling 32.6 ◦C
Floor 32.5 ◦C

Fixed part of the window 33.2 ◦C

Outlet window Velocity inlet with prescribed
temperature and relative humidity

0.5 m/s
34.8 ◦C
31.76%

Door Velocity inlet with prescribed
temperature and relative humidity

0.6 m/s
34.6 ◦C

41%

Analyzing the results of Table 5, it can be seen that in the same environment, there
was a temperature variation of around 3.6 ◦C, where the highest obtained values come
from the faces close to the main facade, with East orientation (door, exit window, and fixed
part of the window), which is justified by the fact that it receives direct solar radiation. The
airflows that enter the building are hot, so higher temperature values are observed near the
air inlets. Although the East orientation is indicated for long-stay environments, such as
living rooms and bedrooms, due to the time at which the temperature measurements were
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taken, around 11:25 a.m., the environment had already received significant sunlight, given
its sunrise position. On the other hand, a downward trend was observed in the temperature
values on the faces closest to the interior of the building.

It is important to note that, although window openings generally contribute to the
reduction of energy consumption and heat alleviation, since they influence the incidence of
light and airflow into the building, the results show air velocity at the building entrances
between 0.5 m/s and 0.6 m/s. According to the methodology described by Alaman [24],
although the air velocities at these points are in the range considered “pleasant for short-stay
environments”, the evaluated building is classified as a long-stay environment, requiring to
promote higher air velocities to the interior of the building to improve the thermal comfort.

Figure 9 specifies the measurement points in the building’s bathroom, and Table 6
summarizes the results obtained in this environment. Analyzing the results reported in
Table 6, it appears that the values obtained for temperature are lower than those found in
the integrated room environment, varying around 2 ◦C. Because it is a wet area, the relative
humidity of the air is higher than in the rest of the house. This space does not have a direct
window opening to the outside, because it is a linked house, so the exhaustion takes place
through an opening skylight. It is known that, due to thermal convection, hot air, being
less dense, tends to rise, due to the buoyancy force, which explains the value presented in
this environment to be the highest.
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Figure 9. Measuring points in the bathroom environment.

Table 6. Results of air temperature measurements in the bathroom.

Locations Boundary Conditions Value

P1

Stationary wall with uniform
and constant temperature.

31.2 ◦C
P2 30.3 ◦C
P3 29.7 ◦C
P4 29.8 ◦C

Right ceiling 30.5 ◦C
Left ceiling 29.4 ◦C

Floor 30.3 ◦C

Door Interior zone -
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Figure 10 specifies the measurement points in the service area of the building, and
Table 7 summarizes the results obtained in this environment. Analyzing the results, it
appears that this space had the highest average temperatures compared to the rest of
the house.
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Table 7. Results of air temperature measurements in the service area.

Locations Boundary Conditions Value

P1 Stationary wall with uniform
and constant temperature.

35.7 ◦C
P2 30.3 ◦C

P3 Interior zone -

P4 Stationary wall with uniform
and constant temperature.

35 ◦C
Ceiling 35.5 ◦C
Floor 35.3 ◦C

Door Interior zone -

Figure 11 specifies the measurement points in the kitchen area, and Table 8 summarizes
the results obtained in this environment. Analyzing the results, a variation of 0.2 ◦C is
observed, this being the environment where there was a smaller variation compared to the
rest of the residence. The face called P4 presented the highest temperature value due to the
direct solar radiation it receives from the service area environment.

Table 8. Results of air temperature measurements in the kitchen environment.

Locations Boundary Conditions Value

P1

Stationary wall with uniform
and constant temperature.

32 ◦C
P2 31.8 ◦C
P3 31.9 ◦C
P4 32 ◦C

Ceiling 32.6 ◦C
Floor 31.9 ◦C

Door Interior zone -

Little window Interior zone -
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Figure 12 specifies the measurement points in the environment called Room 1 of the
building, and Table 9 summarizes the results obtained in this environment. This space
had high-temperature values, as they are located on the west side of the land. This can be
verified through the temperature value of the face P4, precisely on the external wall that
receives the greatest solar radiation.

Buildings 2023, 13, x FOR PEER REVIEW  20 of 44 
 

 

Figure 12. Measuring points in the Room 1 environment. 

Table 9. Results of air temperature measurements in the Room 1 environment. 

Locations  Boundary Conditions  Value 

P1 

Stationary wall with uniform and 

constant temperature 

31.1 °C 

P2  30.5 °C 

P3  30.6 °C 

P4  31.6 °C 

Ceiling  32 °C 

Floor  30.9 °C 

Fixed part of the window  31.6 °C 

Outlet window 

Mass flow with prescribed 

temperature and relative 

humidity 

0.395643 kg/s  

40.6 °C 

41% 

Door  Interior zone  - 

Figure  14  specifies  the measurement  points  in  the  Room  3  environment  of  the 

building, and Table 11 summarizes the results obtained in this environment. It can be seen 

that the inlet window has the highest temperature value, demonstrating that hot air enters 

the building, raising the temperature on almost all sides of the analyzed room. As exposed 

in the integrated room environment, the same happens with the space of the rooms, where 

the highest values of temperature are on the faces close to the air outlet. 

Figure 12. Measuring points in the Room 1 environment.



Buildings 2023, 13, 1408 19 of 42

Table 9. Results of air temperature measurements in the Room 1 environment.

Locations Boundary Conditions Value

P1

Stationary wall with uniform and
constant temperature

31.1 ◦C
P2 30.5 ◦C
P3 30.6 ◦C
P4 31.6 ◦C

Ceiling 32 ◦C
Floor 30.9 ◦C

Fixed part of the window 31.6 ◦C

Outlet window Mass flow with prescribed temperature
and relative humidity

0.395643 kg/s
40.6 ◦C

41%

Door Interior zone -

Figure 13 specifies the measurement points in the Room 2 environment of the building,
and Table 10 summarizes the results obtained in this environment. The thermo-physical
situation is very similar to that of Room 1, given its configurations. The P4 wall and the
window opening wall showed the highest temperature values, due to the solar orientation.
In both environments, the ceiling has a high-temperature value, which can be explained
by the tendency of the warm air present in the environment to rise, due to the buoyancy
forces and difference in density of hot and cold air.
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Table 10. Results of air temperature measurements in the Room 2 environment.

Locations Boundary Conditions Value

P1

Stationary wall with uniform and
constant temperature.

29.7 ◦C
P2 30.6 ◦C
P3 30.4 ◦C
P4 31.6 ◦C

Ceiling 31.6 ◦C
Floor 30.5 ◦C

Fixed part of the window 31.6 ◦C

Outlet window Mass flow with prescribed temperature
and relative humidity

0.395038 kg/s
41 ◦C
40%

Door Interior zone -
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Figure 14 specifies the measurement points in the Room 3 environment of the building,
and Table 11 summarizes the results obtained in this environment. It can be seen that the
inlet window has the highest temperature value, demonstrating that hot air enters the
building, raising the temperature on almost all sides of the analyzed room. As exposed in
the integrated room environment, the same happens with the space of the rooms, where
the highest values of temperature are on the faces close to the air outlet.
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Table 11. Results of air temperature measurements in the Room 3 environment.

Locations Boundary Conditions Value

P1

Stationary wall with uniform and
constant temperature.

32.4 ◦C
P2 37.3 ◦C
P3 33.5 ◦C
P4 32.9 ◦C

Ceiling 32.9 ◦C
Floor 34 ◦C

Fixed part of the window 37.7 ◦C

Inlet window Inlet velocity with prescribed
temperature and relative humidity

0.3 m/s
34.9 ◦C

31%

Door Interior zone -

3.2. Theoretical (Simulated)

The results refer to the case in which the building was simulated without the presence
of furniture and physical interference of users, in a steady state. It is known that the
tendency is that, with the presence of these elements provoke changes in heat inside the
residence and consequent heating of the environment. Thus, the existence of a critical
scenario, even in the best conditions evaluated, demonstrates unsatisfactory conditions of
thermal comfort. However, we notice that furniture adds thermal mass to the space inside
the residence which could be beneficial minimizing the delivery of energy (heat) to the
indoor air. On the other hand, occupants are responsible to added sensible and latent heat
in the environment. These phenomena were not analyzed in this research.

Figures 15–20 illustrate the temperature distributions, in the top, lateral, and frontal
planes, respectively. These graphs allow understanding of the temperature behavior both
in 3D view and in sections, at different heights. Analyzing Figure 15, which illustrates
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the temperature in the top plane, it is possible to see that, in the section Y = 1.5 m, the
temperatures become higher compared to the lower height, mainly close to the air inlets,
due to the action of the hot airflows that enter the building at height Y = 1.10 m (window
sill) and through the main door, as a result of external weather conditions. This can be
explained by the fact that the data were collected on a hot day, typical of summer, and at a
time of greater solar incidence, which causes the external temperature to be higher, as well
as the temperature of the prevailing airflows. In this same plane (Y = 1.5 m), it is observed
that the lateral setback of the building has a temperature above 37 ◦C, which remains
constant throughout almost its entire length. The lateral setback of the building and the
service area presented higher temperatures due to the solar orientation that promotes a
greater incidence of solar radiation in these spaces.

In the lateral and frontal sections (Figures 16–20), it is noticed that the temperature
gradient starts to present lower values, especially in the posterior environments (Rooms 1
and 2). Although the solar orientation is critical (west) in this region of the building,
the existence of window openings allows the existence of an air current coming from the
entrance of the integrated rooms which favors cross ventilation between these environments.
This type of geometric arrangement, where the openings are on opposite or adjacent walls,
allows the entry and exit of air by pressure difference, generating a greater air circulation
inside the building. Cross ventilation is a simple strategy capable of directing the incoming
air, forming an air current that helps to ventilate the environment and reduce the effect of
temperature. The bathroom had lower temperature values, which is justified by the high
relative humidity of the air in this region.

It is observed that, in the lateral planes, the temperature tends to be higher close to the
air inlets, which can be explained once again due to the cross ventilation in the environ-
ments, causing the temperature to decrease in the posterior rooms, despite unfavorable
solar orientation (west).

Analyzing the results of the frontal planes, it is possible to visualize, through the
chromatic scales, the same behavior already observed in the other planes: in the air inlets,
the temperature tends to be higher, despite the shading generated by the front awning
of the house. As the air enters, in the frontal plane at point Z = 4.0 m, there is a more
uniform behavior of the temperature, with a slight reduction of this parameter close to the
hallway, due to the air current in the place, generated by the pressure difference between
room openings.

In the Z = 7.0 m plane (Figure 20a), it can be seen that the temperature is influenced
by the opening skylight located in the bathroom of the building. It is possible to verify
that, exactly in this room, there is a heat alleviation, because, although there is no frontal
opening, this project strategy favors the recirculation of the airflows. The sectors in red
and yellow (Z = 7.0 m and Z = 9.0 m), which indicate higher temperature values, are those
facing the air inlet coming from the side setback (alley), which does not have any type of
shading, so the air entering the building is warmer.

Figures 21–25 illustrate the air relative humidity distributions, in the top, lateral and
frontal planes, respectively. These graphs make it possible to understand the behavior of
this variable through schematics in 3D views and sections, in different planes, along the X,
Y, and Z axes.

Analyzing the results obtained for the relative humidity of the air inside the house,
it can be seen that the bathroom has the highest values for this parameter. This can be
explained by the dynamics of the space, as it is configured as a wet area, causing the
presence of water in the environment to raise the relative humidity values. In addition,
this environment does not have a direct air outlet through windows. This type of design
solution, also called a linked house, is characterized by two or more buildings that share
the same side walls, which makes it impossible to open windows on these sides due to
the absence of lateral setbacks, leaving the exhaust to be via the opening skylight (through
the roof).
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Figure 15. Behavior of the air temperature inside the house (top planes). (a) Y = 0.5 m, (b) Y = 1.5 m,
and (c) Y = 2.3 m.
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Figure 16. Behavior of the air temperature inside the house (lateral planes). (a) X = 0.5 m, (b) X = 1.2 m,
and (c) X = 1.8 m.
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Figure 17. Behavior of the air temperature inside the house (lateral planes). (a) X = 2.3 m, (b) X = 

3.2 m, and (c) X = 3.8 m. 
Figure 17. Behavior of the air temperature inside the house (lateral planes). (a) X = 2.3 m, (b) X = 3.2 m,
and (c) X = 3.8 m.
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Figure 18. Behavior of the air temperature inside the house (lateral planes). (a) X = 4.3 m, (b) X = 

5.0 m, and (c) X = 5.9 m. 
Figure 18. Behavior of the air temperature inside the house (lateral planes). (a) X = 4.3 m, (b) X = 5.0 m,
and (c) X = 5.9 m.
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Figure 19. Behavior of the air temperature inside the house (front planes). (a) Z = 1.0 m and
(b) Z = 4.0 m.

It is possible to see through the figures that, at the bathroom entrance, there is a
localized reduction in relative humidity, presenting intermediate values, which can be
explained by the mixture of dry air that circulates through the building, but that cannot
efficiently traverse the entire physical space, since it only has the entrance door and the
skylight exit, generating little circulation of airflows and causing the internal relative
humidity to remain high.

In the case of Room 2, the relative humidity values differ from the rest of the house,
which can be explained by its proximity to the bathroom. In addition, the existence of
two entrances in these environments (door and windows) favors cross-ventilation, which
contributes to the modifications in the relative humidity. It is possible to understand from
the geometry of the building itself that the obstacles caused by the division of the internal
walls also show an influence on the values of relative humidity. The projection of the
masonry of the integrated (living and dining) room acts as a screen and, consequently,
causes a reduction in the internal circulation of the airflows. This design strategy, used to
generate more privacy in intimate areas (rooms), in the building, impairs the sensation of
thermal comfort as it makes the environment less ventilated.

It is worth noting that the environments with lower values of relative humidity are
those that receive direct ventilation from the outside of the building, with warmer airflows.
With emphasis on the integrated room, kitchens, and the lateral setback of the building,
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the relative humidity values related to the high temperature of these environments (on
average 31◦C) are related to lower thermal acceptability of the environment. According to
the World Health Organization [25], the ideal level of relative humidity for the human body
should be between 40% and 70%. ASHRAE [26] establishes the range between 30% and 60%
relative humidity, combined with normal ambient temperatures, with 24 ◦C as a reference,
as the best thermal comfort conditions for occupants of air-conditioned environments.

Given the above, it appears that the values of relative humidity presented in the
building do not pose a risk to the health of users; however, they influence the sensation of
thermal comfort. In practical terms, relative humidity affects the skin’s ability to evaporate
sweat; for this reason, environments with high relative humidity make it difficult for sweat
to evaporate, reducing heat loss and increasing the sensation of thermal discomfort.

An analysis of the relative humidity results in the different planes demonstrates that
the hottest areas of the residence are the ones that presented smaller values of the relative
humidity of the air. There is a relationship between temperature and relative humidity that
corroborates the results presented in the simulation. Air humidity is determined by the
amount of water droplets in the atmosphere; therefore, as the air temperature increases,
the relative humidity decreases, as warmer air retains a greater amount of water vapor,
i.e., increases its solubility to water vapor.
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Figure 20. Behavior of the air temperature inside the house (front planes). (a) Z = 7.0 m and (b) Z = 

9.0 m. 

Figures 21–25 illustrate the air relative humidity distributions, in the top, lateral and 

frontal planes, respectively. These graphs make it possible to understand the behavior of 

this variable through schematics in 3D views and sections, in different planes, along the 

X, Y, and Z axes. 

Figure 20. Behavior of the air temperature inside the house (front planes). (a) Z = 7.0 m and
(b) Z = 9.0 m.
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Figure 21. Behavior of relative humidity inside the house (top planes). (a) Y = 0.5 m, (b) Y = 1.5 m, 

and (c) Y = 2.3 m. 
Figure 21. Behavior of relative humidity inside the house (top planes). (a) Y = 0.5 m, (b) Y = 1.5 m,
and (c) Y = 2.3 m.
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Figure 22. Behavior of the air relative humidity inside the house (lateral planes). (a) X = 0.5 m, (b) 

X = 1.2 m, and (c) X = 1.8 m. 
Figure 22. Behavior of the air relative humidity inside the house (lateral planes). (a) X = 0.5 m,
(b) X = 1.2 m, and (c) X = 1.8 m.
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Figure 23. Behavior of relative humidity inside the house (lateral planes). (a) X = 2.3 m, (b) X = 3.2 

m, and (c) X = 3.8 m. 
Figure 23. Behavior of relative humidity inside the house (lateral planes). (a) X = 2.3 m, (b) X = 3.2 m,
and (c) X = 3.8 m.
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Figure 24. Behavior of relative humidity inside the house (frontal planes). (a) Z = 1.0 m and (b) Z = 
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Figure 24. Behavior of relative humidity inside the house (frontal planes). (a) Z = 1.0 m and
(b) Z = 4.0 m.

The values presented for relative humidity of air are within the range considered
pleasant, which helps to minimize the common discomfort in hot and dry climates, such
as Campina Grande, Brazil. This parameter, when combined with a higher speed in the
airflows, can increase comfort conditions through the physiological cooling generated
by sweat evaporation from the skin. This is because, with the movement of air, and the
consequent evaporation of sweat, heat is removed from the skin, providing a feeling of
comfort by reducing body temperature [26].

Figures 26–32 illustrate the air velocity distributions, in the top, lateral and frontal
planes, respectively. These graphics make it possible to understand the behavior of this
variable through schematics in 3D views and sections, in different planes.

Analyzing the results, it is verified, in the frontal plane, that there is a correlation
between air velocity and the highest temperature values. The results demonstrate that
the building’s bathroom has lower temperature airflows, even though the only opening
in the environment is the skylight. The behavior of the airflows inside the building is
due to the openings of doors and windows, once again provided by the phenomenon of
pressure difference between the environments, contributing to the air movement. The
environments with two openings (door and window) provided better ventilation and air
distribution, constituting cross-ventilation. It is noticed that the combination of openings at
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the entrance (doors and windows) and at the exit of the building (windows of Rooms 2 and
3) promotes a greater direction of the airflow inside the building, leading to believe that
the opening position in the other environments can influence the pressure difference in the
environments and greater internal ventilation. This can be evidenced by the side opening,
which leads to the service area, which served as an air inlet coming from the building’s
setback. The values of this hydrodynamic variable demonstrate satisfactory levels that
could be better used if there were more openings in other environments to provide the
same phenomenon.

Buildings 2023, 13, x FOR PEER REVIEW  33 of 44 
 

 
(a) 

 
(b) 

Figure 25. Behavior of relative humidity inside the house (frontal planes). (a) Z = 7.0 m and (b) Z = 
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Figure 25. Behavior of relative humidity inside the house (frontal planes). (a) Z = 7.0 m and
(b) Z = 9.0 m.

With regard to air velocity, the results demonstrate that the least favorable environ-
mental condition occurred in the bathroom. This can be explained by the absence of direct
openings. As already mentioned, this space has an upper air outlet, via an opening sky-
light. As for the behavior of average velocity, in the indoor environments, the results show
that there is a predominance of low velocities in all environments. This indicates that
the housing unit has little natural ventilation inside, reflecting thermal discomfort and,
consequently, the need to provide artificial mechanical modes to compensate for this low
natural ventilation.
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Figure 26. Air velocity behavior inside the house (top planes). (a) Y = 0.5 m, (b) Y = 1.5 m, and
(c) Y = 2.3 m.
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Figure 27. Behavior of the air velocity vector field inside the house (top planes). (a) Y = 0.5 m,
(b) Y = 1.5 m, and (c) Y = 2.3 m.
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Figure 28. Air velocity behavior inside the house (side planes). (a) X = 0.5 m, (b) X = 1.2 m, and (c) 
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Figure 28. Air velocity behavior inside the house (side planes). (a) X = 0.5 m, (b) X = 1.2 m, and
(c) X = 1.8 m.
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Figure 29. Air velocity behavior inside the house (side planes). (a) X = 2.3 m, (b) X = 3.2 m, and (c) 
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Figure 29. Air velocity behavior inside the house (side planes). (a) X = 2.3 m, (b) X = 3.2 m, and
(c) X = 3.8 m.
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Figure 30. Air velocity behavior inside the house (side planes). (a) X = 4.3 m, (b) X = 5.0 m, and (c) 
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Figure 30. Air velocity behavior inside the house (side planes). (a) X = 4.3 m, (b) X = 5.0 m, and
(c) X = 5.9 m.
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When openings in the building are correctly dimensioned and positioned, air currents
are created inside the environments. It is important to plan the environments, knowing
the position of the dominant local airflow, so that the direction of the air flow always starts
from “dry” areas (such as bedrooms and living rooms) to “wet” areas (such as kitchens
and bathrooms), maintaining the indoor air quality healthier. In this sense, neighboring
environments with openings to the same facade should be avoided, especially if the incident
airflow is orthogonal to them. Whenever possible, it is recommended to place one of them
on an adjacent facade [27].

The air velocity is governed by the pressure gradient established between areas that
present different pressures. The greater the pressure gradient between two adjacent regions,
the greater the air velocity in that region. Comparing the velocity values, small differences
were found, demonstrating that the problem is not the air velocity passing through the
system, but the architecture of the building. Thus, it becomes crucial to pay more attention
to this design condition than the inlet air velocity at the windows and doors.

With regard to validation, we notice that all experimental data were used as boundary
condition. Since that the proposed mathematical modeling is composed by conservation
equations already extensively used in predicting fluid flow and heat transfer at different
application with good and well validated results, simulations were carried out without fur-
niture and residents (approaching fluid flow in rectangular space), and the small variations
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in the unknown variable results, so, in-deep validation study is not crucial. However, the
authors have compared some predicted and experimental indoor results of temperature,
relative humidity, and velocity at the outlet window (Figure 12 and Table 9) presenting
moderate difference. For comparison, at this location predicted and experimental mean
data are given as follows: temperature: 32.9 ◦C and 40.6 ◦C, velocity: 0.9 m/s and 0.7 m/s,
and relative humidity: 34% and 41%, respectively.
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Figure 32. Air velocity behavior inside the house (front planes). (a) Z = 7.0 m and (b) Z = 9.0 m. 
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Figure 32. Air velocity behavior inside the house (front planes). (a) Z = 7.0 m and (b) Z = 9.0 m.

The behavior of the airflows inside the building is due to the openings of doors and
windows, which provide pressure differences between the environments, contributing to
the movement of air. The environments with two openings (door and window) provided
better distribution of air, constituting cross-ventilation. It can be seen that the combination
of openings at the entrance (doors and windows) and at the exit of the building (windows in
Rooms 2 and 3) provoke one better distribution and higher airflow inside the building. This
proves that the opening position in the other environments could influence the pressure
difference in the environments and greater internal ventilation. This can be verified by the
side opening, located in the service area, which works as an air inlet coming from the back
of the building. The velocity values demonstrate satisfactory levels that could be better
used if there were more openings in other environments to provide the same phenomenon.
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Although climate conditions vary during the day, our research was conducted around
midday, where climate conditions are more severe and provoke intense thermal discomfort
in comparison to the morning conditions. It should be noted that the city of Campina
Grande, Brazil is in a climate transition zone between the coastal and very hot and dry
hinterland regions. Therefore, on summer days, ventilation openings can harm thermal
comfort. In the case studied, particularly, the solar orientation of the building favors the
good use of the prevailing airflows, however, this phenomenon only appears in some rooms
where it is possible to have cross-ventilation and its consequent air renewal. In the other
environments, the constructive configuration of the building (layout) has a distribution in
which there are some obstacles to the phenomenon of cross-ventilation (either by the small
passageway and/or wall obstacles, which are necessary for the privacy of the environment),
which could also be confirmed by analysis.

4. Conclusions

In this research, emphasis is given to the study of natural ventilation in low-cost homes.
Based on the obtained results and the literature cited, we can notice that the analysis tool
used in this research (CFD) proved to be effective in predicting the phenomenon and can
serve as a substitute for the optimization of future projects. From the results obtained, it
was found that:

(a) Natural ventilation inside the building was inefficient, culminating in an increase
in the internal temperature and leading to the need to use a mechanical ventilation
system to improve thermal comfort.

(b) The position of the door and window openings in the building arrangements had a
direct influence on the decrease in temperature.

(c) Lower temperature values in environments with greater airflow recirculation, via
cross ventilation, prove that the relevant parameter is not only the velocity of the air
passing through the system but also the architecture of the building.

(d) The low values of relative humidity are nonetheless within the range considered
pleasant, which helps to minimize the common discomfort in hot and dry climates.

(e) Variations in air velocity verified inside the house do not cause thermal discomfort
to residents.

From the above, it is recommended to pay more attention to the geometry of the
building, when compared to the effect of the incoming air velocity, and these strategies
are related to issues ranging from the implementation of the building in the construction
area to the configuration of the internal and external geometries of the building. It was
found that facades that promote recesses and the use of openings on opposite and adjacent
faces allow airflow to cross the environments. These issues reinforce the importance of
customized architectural projects for the place in which it will be inserted in order to make
the most of all environmental conditions and promote a more sustainable and humane
architecture, providing optimal conditions for thermal and environmental comfort.
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