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Abstract. Research seeking strategies for energy efficiency in buildings has been encouraged, because of a greater need for

conscious energy consumption, due to the latest energy crises and environmental demands. As a way to achieve thermal

comfort in environments, the thermal insulation application in the envelope, and the development of architectural projects

that use natural convection, were studied in several types of research. Hence, this work aims to analyze the influence of

the cross ventilation application on the thermal comfort of an industrial building (shed), considering the annual average

wind in the city of Ponta Grossa, PR, Brazil. The ANSYS® Fluent® commercial software, a computational fluid dynamics

tool, was used to solve the governing equations that model this problem, i.e., Reynolds-averaged Navier–Stokes. For the

turbulence modeling, the standard k–ǫ model was used, which is a two-equation model: one for turbulent kinetic energy

and another for its dissipation rate. The industrial shed analyzed has a simple industrial park and no bulkheads, with the

building oriented in the north–south direction and having doors with a large proportion concerning the envelope area.

From the results of the average of the internal velocities obtained for the airflow velocity fields, the cross ventilation

application in the industrial shed proved to be satisfactory for improving the environment’s thermal comfort according

to literature. Also, stagnation regions occurred close to the industrial shed walls, whose influence can be minimized,

provided that thermal insulation is applied to reduce the heat exchange of the wraps.
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1. INTRODUCTION

The oil crisis in the 1980s brought a greater need for energy savings and, consequently, a reduction in energy con-

sumption in buildings, especially those used commercially and industrially. The reduction of energy consumed in heating,

ventilation, and air-conditioned (HVAC) systems is one of the most important steps to reduce the total demand for global

energy (Baniassadi et al., 2016; Baniassadi and Sailor, 2018).

The concept of energy efficiency in buildings refers to enabling thermal comfort for users with low energy consumption

(Lamberts et al., 2014). Therefore, one building is more efficient than another, when in the same environmental condition,

it has lower energy consumption. Fanger et al. (1974) carried out studies through statistical analysis that indicate people’s

preferences concerning thermal conditions. Their work resulted in the development of two indices: the predicted mean

vote (PMV) and the predicted percentage of dissatisfied (PPD). PMV consists of the mean vote of a large people number

with a sensations scale, called the seventh scale, whose value ranges from −3 to 3, with zero being the value attributed to

the neutral. PPD is used to indicate the percentage of people dissatisfied according to their desire for a warmer, colder, or

even maintained environment.

Research conducted by Humphreys and Fergus Nicol (2002) suggests that PMV tends to overestimate the heat sen-

sation for airflow velocities up to 0.2 m/s. On the other hand, according to the data collected from users, the cooling

capacity is underestimated when there is an increase in airflow velocity (Nicol, 1995). The effective temperature ex-

presses the combined effect of air temperature, relative humidity, radiation, and air movement that provide an identical

thermal sensation (Koenigsberger, 1974). When there is ventilation, the thermal sensation is of an environmental temper-

ature different from the real one (effective temperature). For example, in a situation where the dry bulb temperature is

28 °C, wet bulb temperature is 25 °C, and airflow velocity is 0.5 m/s, an individual has an air temperature sensation of

25.5 °C (Barbirato et al., 2007).
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The comfort condition in naturally ventilated environments depends on the temperature and velocity of the air. Also,

in places where the wind is stable in terms of direction and has a reasonable velocity value (> 3 m/s), the ventilation

provided by the wind force is the simple and most efficient cooling strategy (Santamouris, 2004). Also, fluctuations

in airflow velocity, characterized by the turbulence intensity, increase the airflow and affect thermal comfort (Koskela

et al., 2001). Cross ventilation can be employed to increase the thermal comfort of users in the environments, as it

favors heat exchanges by convection and evaporation. Also, it minimizes the use of mechanical refrigeration devices and,

consequently, reduces energy consumption in these spaces (Bastide et al., 2006). The discomfort caused by the turbulence

resulting from a constant airflow can occur in cold, temperate climates, where individuals are not used to continuous air

movement. Figure 1 shows the effects of the wind velocity and turbulence intensity on the thermal comfort sensation.

Figure 1. Thermal confort sensation as a function of the wind velocity and turbulence intensity (Fanger et al., 1988).

An analysis of the association between velocity and distribution of the airflow can help to improve the thermal comfort.

Because considering only the mean velocity values, it is not possible to predict the occurrence of areas where the airflow is

stagnant to the detriment of others where there is a concentration of streams with higher velocity values, as a consequence

of the distribution of the openings in the building, as shown in Fig. 2.

Figure 2. Effect of the distribution of the openings in a building on the airflow (Givoni, 1998).

In this context, this work aims to analyze the influence of the cross ventilation application on the thermal comfort of

an industrial shed, considering the annual average wind in the city of Ponta Grossa, PR, Brazil. One commercial software

for computational fluid dynamics (CFD) was employed to solve the governing equations that model this problem. The

results should demonstrate the occurrence of the stagnant zones of the airflow within the industrial shed.

2. MODEL

This section presents the definitions of the governing equations (Sect. 2.1) and the turbulence model (Sect. 2.2) for

the computational model employed in this work.
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2.1 Governing equations

Equations (1), (2), and (3) are the RANS equations and express the conservation of mass, momentum, and energy,

respectively, in steady-state for incompressible flow (Tannehill et al., 1997):

∂uj

∂xj

= 0 (1)

∂

∂xj

(
ρuiuj + p̂δij − τ totij

)
= 0 (2)

∂

∂xj

[(
ρCpT − p̂

)
uj − τ totij ui + qtotj

]
= 0 (3)

Where xi and ui represent the position and velocity vectors, respectively, δij is the Kronecker delta function, ρ is the

density, Cp is the isobaric specific heat, and T is the absolute temperature.

The modified pressure p̂ has its definition given by Eq. (4):

p̂ = p+ ρgxi (4)

Where g is the gravitational acceleration. For an ideal gas, the static pressure is provided by p = ρRT , with R being the

gas constant.

The total (laminar and turbulent) viscous stress, τ totij , and the total (laminar and turbulent) heat flux, qtotj , are given by

Eqs. (5) and (6), respectively:

τ totij ≡ τ lamij + τ turbij = (µ+ µt)

(
∂ui

∂xj

+
∂uj

∂xi

)
(5)

qtotj ≡ qlamj + qturbj ≈ −Cp

(
µ

Pr
+

µt

Prt

)
∂T

∂xj

(6)

Where µ and µt are the molecular and turbulent dynamic viscosities, respectively, and Pr and Prt are the laminar and

turbulent Prandtl numbers, respectively.For air Pr ≈ 0.71, and a turbulence model is used to give values for µt as well as

Prt, although Prt ≈ 0.9 is usually employed.

2.2 Turbulence model

The standard k–ǫ turbulence model proposed by Launder and Spalding (1974) consists of the two transport equations.

The first for the turbulent kinetic energy k, Eq. (7), and the second for its dissipation rate ǫ, Eq. (8):
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Where σk and σǫ are the turbulent Prandtl numbers for k and ǫ, respectively, and these constants are in Table 1. For

steady-state, the time derivatives in Eqs. (7) and (8) can be eliminated, i.e., ∂/∂t = 0.

The turbulent viscosity, µt, is calculated by combining k and ǫ, according to Eq. (9):

µt = Cµρ
k2

ǫ
(9)

Where Cµ is a constant, and its value is in Table 1.

The kinetic energy production term due to the mean velocity gradients, Pk, is given by Eq. (10):

Pk = −ρu′

iu
′

j

∂uj

∂xi

≡ µtS
2 (10)
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Where S (≡
√
2SijSij) is the modulus of the mean rate-of-strain tensor considering the Boussinesq hypothesis, i.e.,

Sij = (1/2)(∂ui/∂xj + ∂uj/∂xi).
The kinetic energy production term due to buoyancy, Pb, is given by Eq. (11):

Pb = giβ
µt

Prt

∂T

∂xi

(11)

Where gi is the gravitational acceleration vector. For the standard k–ǫ model, the Prt default value is 0.85. By definition,

the thermal expansion coefficient is β = −(1/ρ)(∂ρ/∂T )p. For isothermal flow, the kinetic energy production term due

to buoyancy can be eliminated, i.e., Pb = 0.

The dilatation dissipation term, YMa, is modeled by Eq. (12), according to Sarkar and Lakshmanan (1991):

YMa = 2Ma2tρǫ (12)

Where the turbulent Mach number is defined as Mat =
√

k/a2, by definition, and a (≡ √
γRT , for an ideal gas) is the

speed of sound, with γ being the specific heats’ ratio, and R is the gas constant. For incompressible flow, the dilatation

dissipation term can be eliminated, i.e., YMa = 0.

Table 1 presents the default values of the coefficients in the standard k–ǫ model selected in the computational tool.

Table 1. Default values of the coefficients in the standard k–ǫ model.

C1ǫ C2ǫ C3ǫ Cµ σk σǫ

1.44 1.92 a 0.09 1.0 1.3
a 0 ≤ C3ǫ ≤ 1, but an approximation that satisfies both limits is C3ǫ = tanh |v/u|, where v and u are the velocity

components parallel and perpendicular to the gravitational vector, respectively (Henkes et al., 1991).

3. NUMERICAL PROCEDURE

The commercial software ANSYS® Fluent® Release 18.0 was employed to run the numerical simulations in this work.

All steady-state simulations were performed using a finite volume method (Patankar, 1980) with a structured and uniform

mesh. The pressure–velocity coupling was solved using the semi-implicit method for pressure linked equations (SIMPLE)

algorithm (Patankar, 1980). The “Enhanced Wall Treatment” option was selected that provides consistent solutions for

all y+ values and is recommended when using the k–ǫ turbulence model for general single-phase fluid flow problems

(ANSYS, 2017). The following schemes have been considered in the simulations performed:

• Second-order for pressure.

• Second-order upwind for momentum.

• First-order upwind for turbulent kinetic energy and its dissipation rate.

All simulations are performed in the Computational Research Laboratory, linked to the Graduate Program in Mechan-

ical Engineering of the Federal University of Technology—Paraná—, using a computer with the following characteristics:

• Microsoft Windows® 7 (64-bit) operating system.

• Intel® Core™ i7–3770 (3.4 GHz) processor.

• 8 GB RAM.

The following sections introduce the descriptions and characteristics of the industrial building geometry (Sect. 3.1)

and computational mesh and boundary conditions (Sect. 3.2), considered in the numerical procedure.

3.1 Industrial shed geometry

In this work, we considered a turbulent flow occurring in an industrial warehouse with a total area of 300 m2, located

in the region of Ponta Grossa, PR, Brazil. In this locality, the average annual winds correspond to a airflow velocity of

3.5 km/h with peaks of 4.5 km/h and 5 km/h. Cross ventilation occurs through two metal gates with an area of 12 m2

located on the opposite walls of the industrial shed, as shown in Fig. 3. On the parallel walls of the industrial shed, there

are 20 m2 glazed areas (closed and infiltration-free windows). The industrial shed geometry was created in the ANSYS®

SpaceClaim® tool. Table 2 shows the industrial shed characteristics dimensions.
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Figure 3. Industrial shed geometry.

Table 2. Industrial shed characteristics dimensions.

L W H ℧ Afloor Agates Aglazed

(m) (m) (m) (m3) (m2) (m2) (m2)

25 12 5 1500 300 24 40

3.2 Computational mesh and boundary conditions

The ANSYS® Meshing™ tool was applied to generate the computational meshes. Three meshes are created for the

three-dimesional (3D) computational domain showed in Fig. 3: (a) a coarse mesh with 950 nodes and 648 elements; (b)

a medium mesh with 5032 nodes and 4032 elements; (c) a fine mesh with 23374 nodes and 20496 elements. The three

meshes are showed in Fig. 4. The fine mesh showed results similar to the medium mesh with a maximum deviation of

less than 1%; also, the simulation times were very close. Thus, this work employed the fine mesh.

(a) (b)

(c)

Figure 4. 3D computational meshes analyzed: (a) coarse mesh; (b) medium mesh; (c) fine mesh.

The wind performs an internal flow in the industrial shed, which is south-north direction positioned, and the south

and north faces gates are the control volume inlet and outlet, respectively. It was also supposed that the roof and the

floor are adiabatic surfaces, as it contains a thermal insulator, leaving only the walls of the building envelope available for

thermal exchange with the external environment. These surfaces have an initial temperature of 310 K, already admitted in

previous works considering the climatic archive of the Ponta Grossa region for the annual average temperature (Mendes

et al., 2003). The internal airflow was supposed to be in steady-state, fully developed, with no external pressure at the

flow outlet and turbulent regime for the velocities of 1.5 m/s, 2.5 m/s, and 3.5 m/s at the inlet gate, that correspond to

Cases A, B, and C, respectively.
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4. RESULTS AND DISCUSSION

Figure 5 presents the simulation results for the Case A of the inlet velocity of 1.5 m/s. These results show the behavior

of the streamlines (Fig. 5a) and for velocity vectors (Fig. 5b).

(a) (b)

Figure 5. Simulation results for 1.5 m/s (Case A): (a) streamlines and (b) velocity vectors.

Figure 6 presents the simulation results for the Case B of the inlet velocity of 2.5 m/s. These results show the behavior

of the streamlines (Fig. 6a) and for velocity vectors (Fig. 6b).

(a) (b)

Figure 6. Simulation results for 2.5 m/s (Case B): (a) streamlines and (b) velocity vectors.

Figure 7 presents the simulation results for the Case C of the inlet velocity of 3.5 m/s. These results show the behavior

of the streamlines (Fig. 7a) and for velocity vectors (Fig. 7b).

(a) (b)

Figure 7. Simulation results for 3.5 m/s (Case C): (a) streamlines and (b) velocity vectors.

In Figures 5, 6, and 7 (Cases A, B, and C, respectively), it is possible to observe the occurrence of stagnation regions,

especially near the corners of the industrial shed. On the other hand, the central area along the shed shows the highest



12th Spring School on Transition and Turbulence
September 21st-25th, 2020, Blumenau, SC, Brazil

velocities values, as previously discussed in the literature. Regarding the distribution of the internal air velocity, there is

symmetry in the flow. And this occurs due to the symmetry inlet and outlet openings of the air.

The average of the internal velocities obtained for the three cases analyzed (inlet velocities of 1.5 m/s, 2.5 m/s, and

3.5 m/s) are 0.452 m/s, 0.759 m/s, and 1.067 m/s, respectively. In terms of these average of the internal velocities, the first

two cases analyzed (inlet velocities of 1.5 m/s and 2.5 m/s) are within the thermal comfort limits established for Brazil

(0.8 m/s for the average of the internal velocities), according to Givoni (1992) and ASHRAE (2017). Therefore, there

is an inlet velocity value between 2.5 m/s and 3.5 m/s (Cases B and C, respectively) that exceeds this established limit

for the average of the internal velocities in the building. Besides, the three cases analyzed have inlet velocity values that

are higher than the average annual winds in the analyzed region. Similar results were obtained by Mazon (2005) in a

ventilation analysis in industrial sheds with skylights using CFD.

5. CONCLUSIONS

The influence of the cross ventilation applicated on the thermal comfort of an industrial shed was analyzed in this

work, considering the annual average winds in the city of Ponta Grossa, PR, Brazil.

From the results obtained for the airflow velocity fields, the cross ventilation application in the industrial shed proved

to be satisfactory for improving the environment’s thermal comfort as long as the flow profile inside the industrial shed

is maintained, depending on the inlet velocity value. Also, stagnation regions occurred close to the industrial shed walls,

whose influence can be minimized, provided that thermal insulation is applied to reduce the heat exchange of the wraps.

The results obtained from the simulations performed are following the literature and contribute to the thermal comfort

analysis of the industrial sheds.

The next steps in this study consist of an analysis of the temperature profiles, considering different types of thermal

insulators applied to the building walls, as well as variations in the configurations of the building’s inlet and outlet.
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