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Abstract: Natural ventilation is the most common passive cooling system in livestock buildings.
The aim of this research is to assess airflow distribution inside a free-stall barn for dairy cows by
computational fluid dynamics (CFD) modelling and simulation. The model is validated by using
the average values of experimental data acquired in a free-stall barn, which is considered relevant
because it is located in a region characterised by hot climate conditions during the summer that could
induce animal heat stress. Simulations are carried out in steady-state conditions, and simulated data
are validated by the average values of air velocity measurements. Since the modelled air velocity
distribution in the barn fits the real one well, the CFD model is considered reliable to simulate
other conditions. The application of the proposed CFD model in the simulation of specific building
design alternatives could be aimed at studying the related airflow distribution in order to find the
best configuration.
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1. Introduction

In livestock buildings, such as those for dairy cattle, natural ventilation (NV) is the most common
passive cooling system [1,2] and, in the last decade, the number of related research studies has increased
because of the necessity to improve operators and animal well-being [3]. In fact, NV could reduce
emissions, air pollutant concentration [4], and dust concentration [5] inside building environments.
Moreover, NV could reduce energy consumption for cooling livestock buildings [6–8], contributing to
the sustainability of livestock productions.

Natural ventilation depends on different factors, i.e., the number of openings in the envelope,
the internal distribution of flow pattern, and the pressure difference between indoor and
outdoor environments.

Research studies regarding models used for analysing NV in livestock building—addressed
to quantify the ventilation rate—have been conducted over the past forty years. A comprehensive
collection of theoretical models of NV was included in a report authored by J.M. Bruce “The design
of livestock buildings for natural ventilation: the theoretical basis and a rational design method” [9].
The book made it possible to enlarge knowledge about the ventilation rate and the wind-driven natural
ventilation in livestock buildings [9–14]. More recent studies have used computational software tools to
analyse the ventilation rate, study the influence of external conditions on building environments, and
find suitable design solutions. Gurdil et al. [15] developed a simulation software tool for controlling
the natural ventilation rates in a laying hen house in the Black Sea region (Turkey). They found that a
combination of natural and mechanical ventilation systems was required in order to guarantee the
animal’s well-being during the hottest months of the year. Liberati and Zappavigna [16] developed a
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software tool to simulate transient environmental conditions inside closed animal buildings, which
was applied to a case study, i.e., a barn for fattening pigs, and made it possible to optimize the thermal
performance of the building during the whole year by finding the best compromise between summer
and winter requirements. Sapounas et al. [17] used a 3D simulation model to analyse the airflow inside
a commercial dairy cow houses having different roof types and side ventilators; the configurations
were studied by considering different external conditions, and the results showed that both uniformity
of indoor climate and ventilation rate were influenced by the roof shape. Norton et al. [18] investigated
the thermal environment and the performance of natural ventilation in a calf building under the effect
of variation of both permeable windbreak materials and height of eave openings. By considering a case
of wind-driven natural ventilation, they showed that the ventilated cladding offered the most efficient
ventilation system and thermal comfort. Moreover, by increasing the height of the eave opening,
they found that the mean air velocity at animal level decreases. Seo et al. [19] analysed, thanks to
a previously developed CFD model, airflow, internal air temperature distribution, and ventilation
efficiency of a conventional ventilation system installed in a broiler house and different modified
ventilation systems. The best result in terms of energy saving and animal welfare was obtained for
the configuration with a diffuser beneath the chimney inlet that mixed the incoming cold air with the
warm air. Norton et al. [20] developed a CFD model to study the natural ventilation of a commercial
naturally ventilated calf housing under different wind incidences for three different inlet openings.
They showed that the highest ventilation homogeneity was obtained when the wind had a direction
normal to the building, and that the maximum level of environmental heterogeneity was obtained with
a wind angle equal to 10–40◦. By using a CFD methodology, Wu et al. [21] studied the performances of
three techniques used to estimate the ventilation rate of a naturally ventilated dairy cattle building
in order to find the best solution to calculate the emissions measured by a photo-acoustic multi-gas
monitor, model 1312, and by a multiplexer, model 1303 (Innova air Tech Instruments A/S, Denmark).

Nowadays, only few research studies regarded the analysis of natural ventilation through large
openings, which often characterize semi-open buildings for dairy cows in hot climate regions because
they can ensure an air change adequate to guarantee the animal’s well-being [1]. This kind of research is
still challenging in the field of CFD applications because of bidirectional flows through large openings.

In this paper, by developing a CFD-based methodology, wind-driven natural ventilation (i.e.,
an internal ventilation induced by the external wind entering from the openings) was studied in a
semi-open free-stall barn for dairy cows, located in southern Italy, in a region highly characterised by
hot climate conditions during summer that could induce animal heat stress.

Firstly, all the building components of the barn that had an influence on the airflow were 3D
modelled by using Autodesk Autocad 2016®. Next, Ansys ICEM 17.1® software tool was used in order
to obtain the mesh of both the modelled objects and other elements outside the barn (i.e., trees and rural
buildings). The same software tool made it possible to set boundary conditions. Finally, Ansys Fluent
17.1® software tool was used to simulate indoor natural ventilation by using as simulation parameters
airflow velocities collected by a meteorological station nearby the barn. Due to the difficulty of the
modelling phase, this study focused on a relevant cross-section of the building that intercepted the
decubitus area of the animals, where they spent 8–10 h a day. This cross-section was also significant for
the analysis of the internal microclimatic conditions.

Simulations were carried out both by considering hourly data, in order to compare simulated
data to those obtained from a measuring system previously installed within the barn, both for the
basis configuration, i.e., the configuration that considers as input the average data taken from the
meteorological station. After the simulation of the basis configuration, average air velocities of the two
areas considered more “relevant”, i.e., those addressed to animals, were analysed.

This case study was considered significant for the position, for the related climate, and for the
high number of similar cases in Sicily, so the methodology applied in this paper could represent an
example of how to study the natural ventilation of livestock buildings with similar characteristics.
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2. Materials and Methods

2.1. The Barn Under Study and Acquisition Data Systems

The free-stall barn modelled in this research study was located (37.022845◦N, 14.534247◦E)
in southern Italy (Sicily region), in the province of Ragusa, a geographical area at an altitude of
approximately 230 m a.s.l characterised by hot climate conditions and highly representative of the
incidence of naturally ventilated barns for cattle and buffalo [22] (Table 1, Table 2). Studies carried out
on the design of livestock houses in hot climate countries [23] have shown that in central Mediterranean
basin the maximum values of air temperature in summer were largely higher than the upper critical
temperatures of the thermo-neutral zones of the various species of livestock. Therefore, building
design and management solutions that could mitigate negative effects on animals of high temperatures
during the summer season [24] are still object of research studies.

Table 1. Livestock farms for each province of Sicily (ISTAT, 2010).

Sicilian Provinces Number of Livestock Farms
Trapani 170
Palermo 964
Messina 698

Caltanissetta 188
Enna 420

Catania 397
Ragusa 1472

Syracuse 569

Table 2. Detail of livestock farms for each province of Sicily (ISTAT, 2010).

Number of Livestock Farms

Sicilian Provinces Cattles and
Buffaloes Housing Pigs Housing Laying Hens

Housing Broilers Housing

Trapani 113 9 65 13
Palermo 813 47 139 25
Messina 458 143 191 30

Caltanissetta 164 6 28 2
Enna 394 21 16 3

Catania 303 48 91 29
Ragusa 1389 159 60 19

Syracuse 535 52 38 6

With regard to the geometry of the barn (Figures 1–3), the building had a rectangular plan, about
57 m long and about 21 m wide. The height was 5.4 m at the eaves and 6.7 m at the peak (the pitch
slope is 12%). The longitudinal axis of the barn was oriented in the South–North direction. In the
barn, a free-stall barn system for dairy cows was carried out. The main functional areas were the
feeding area (i.e., feeding alley, feeding passage, and manger), the resting area composed of 64 stalls
subdivided in three boxes, and a service alley connected to the feeding area by a number of service
passages. The barn had three sides completely open and four doors, with an area of about 2.75 m2,
which were located on the North-East wall of the building and gave access to the boxes for calves and
heifers. Other two areas along the North-East wall were used as offices for herd management. Finally,
with regard to the main building components, the flooring was in concrete, the bearing structure
consisted of steel pillar and beams, and the roof was composed of steel trusses and corrugated fibre
cement sheet roofing. Sensors were positioned inside the resting area, where the animals spent most of
their time, which was therefore significant with regard to the potential effects of natural ventilation on
animal welfare, and outside the barn, nearby the chimney, for testing the CFD model also in extreme
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conditions due to the presence of high turbulence. The heights of the probes were, respectively, equal
to 2.50 m (inside the barn) and 7.50 m (outside the barn, about 1 m above the chimney).
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To acquire data about indoor microclimate, the measurement system used in this research study
was based on anemometers WindSonic (Gill Instruments Ltd., UK). Probes acquired measurements of
air velocity and direction, air temperature, and relative humidity at 5-min time intervals. The definition
of the wind direction and velocity at a given location is difficult because wind can blow and from
different directions and fluctuate. Nevertheless, statistical information can be used to determine the
prevailing wind direction. In this study, data about the wind direction and velocity between 26 April
2016 and 2 May 2016 have been evaluated in order to obtain the prevailing direction and the average
velocity. This week was chosen among those characterised by inactivity of the mechanical ventilation
system that was installed in the barn to mitigate the effects on dairy cows of hot climate. The available
data from the nearby meteorological station located in Acate (SIAS, 2016) were used to determine, at
10 m reference height, data about the average hourly air temperature (◦C), the average hourly relative
humidity (%), the total solar hourly radiation (MJmq−1), the average hourly wind speed (ms−1), and
the average hourly wind direction (◦). The incoming wind velocity profile showed wind-speed growth
along with height increase [24]. In this study, to build a wind velocity profile, an equilibrium boundary
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layer was assumed, and data acquired by the meteorological station were used in the power law
reported in the following Equation (1):

Uy

Ure f
=

(
Y

Yre f

)α
(1)

where Uref is the mean velocity at the considered reference height, Yref is the reference height, and α is
the power law exponent.

2.2. CFD Analysis

2.2.1. 3D Modelling

The geometry model was built in a Cartesian coordinate system with Autodesk Autocad 2016®

software tool (2016 Autodesk In., San Rafael, CA, USA). The axes of the Cartesian coordinate system
were set parallel to the longitudinal axis of the barn. As reported in the guidelines referred to the
best practice, in this modelling phase the case study was reproduced with an adequate level of detail.
The term “adequate” means that the level of detail should be enough to reflect the real situation,
but not too much for not having too many cells in the meshing phase. In fact, this would imply an
excessive computational cost [25]. Many simplifications were made in order to reach this goal. All the
small internal elements–such as trusses, low walls, fans, and steel pillars–were excluded or simplified.
The floor was considered at a single height, and the corrugated fibre cement sheet roofing was simplified
and modelled without any undulations. The barn was modelled as an empty building, i.e., without
dairy cows. The surrounding trees and other rural buildings were reproduced as simple geometries,
i.e., parallelepiped and prisms (Figure 4). Regarding the trees, only the foliage and not the trunk was
considered. Finally, all the solids were reduced to surfaces. In this phase, the computational domain
was also modelled. The computational domain should be large enough to permit flow development,
avoiding at the same time flow artificial accelerations in the region of interest. As suggested by Franke
et al. [25], the computational domain was built as a parallelepiped. Taken as reference, the height of
the building equal to H, the inlet surface, and the vertical and the lateral extensions were set equal to 5
times H (5H) from the building closest to the perimeter of the domain. The outflow boundary was
positioned at least at 20 times H (20H) downwind the building.
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2.2.2. Mesh Characteristics and CFD Modelling

(a) Meshing phase and boundary conditions

Mesh generation is a fundamental and critical problem in geometric data modelling and processing
involved in numerical computations and simulations. Mesh generation requires geometric data
discretization by using polygonal or polyhedral elements. Meshing procedure failure is a relevant
problem for numerical simulations. For this reason, meshing process, especially of geometrically
complex three-dimensional fluid flows, has attracted much attention in recent times because most
engineering configurations involve critical issues that do not make easy mesh processing possible due
to the time consumption and difficultly of blocking complex domains.

In this study, the 3D model was imported using Ansys ICEM CFD 17.1® software tool to build
the mesh and assign the boundary conditions. The mesh used was hexahedral, and the grid was
unstructured since it was very flexible compared to the structured one for building complex geometries.
Rules given by literature guidelines were followed to choose the cells parameters (i.e., ratio and
spacing). The number of cells is equal to about 7.95 million (8.15 million nodes). Symmetry boundary
conditions have been considered on the top and lateral sides of the computational domain in order
to enforce a parallel flow [1,26–30]. At the boundary upwind of the barn, a velocity inlet boundary
condition has been used, while downwind of the barn, i.e., where the fluid leaves the computational
domain, an outflow boundary condition, corresponding to a fully developed flow [31], has been used to
force all derivatives of the flow variables to vanish [25] (Figure 5). The boundary conditions regarding
solids and grounds have been set as walls, and those regarding openings and foliage have been set
as interior.
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(b) Turbulence model

The numerical simulations were carried out by using the Ansys-Fluent 17.1® software tool, which
made it possible to apply turbulence model, porous media, and solver setting. The Navier–Stokes
equations represent the fundamental equations of fluid dynamics and form the basis of CFD
modelling [32]. During the process of CFD modelling, one important step was to select the appropriate
turbulence models to describe the turbulent flow. The standard k-ε model turbulence model, i.e., a
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semi-empirical model based on transport equations for the turbulent kinetic energy and its dissipation
rate, has been used, with dissipation rate profiles specified as

ε =
u3
∗

Kv(z + z0)
(2)

where Kv is the von Karman’s constant, z0 is the surface roughness, and u* is the friction velocity,
calculated from a specified velocity Uref at a reference height. The turbulent kinetic energy for inlet
boundary was derived from

K =
u2
∗√
Cµ

(3)

where Cµ is an empirical constant. This turbulence model was chosen due to its simple format and robust
performance, and because of its favourable convergence behaviour and reasonable accuracy [33,34].
The realizable and the standard K-ε turbulence model were both simulated: it was observed that the
simulated results were very close to each other, so the second one was chosen due to it having lower
computational costs. The Standard Wall Functions by Launder and Spalding [35] were chosen as wall
treatment for solid surfaces.

(c) Porous media

The barn was surrounded by 19 trees (Figure 4)—nine located alongside the East façade and
eleven alongside the West one. They were modelled as porous media. In general, porous barrier are
wind momentum sinks (i.e., pressure loss) when the surfaces interact with airflow [36]. The porous
media were simulated based on the following Equations (4) and (5), i.e., the model of the porous media
was added to the fluid flow equation as a momentum sink

Si = −
(µ
α

ui + C2
1
2
ρ|u|ui

)
(4)

C2 =
kr

W
(5)

where Si is equivalent to pressure gradient, µ is air dynamic viscosity (Nsm−2), α is the permeability
(m2), ρ is the air density (kgm−3), |u| is the magnitude of the velocity, C2 is the inertial resistance factor,
kr is a dynamic parameter that depends on porosity and shape of the barrier elements, and W is the
width of vegetative barrier (m). In particular, the term µ

αui is the viscous loss term and C2
1
2ρ|u|ui is the

inertial loss term.

(d) Solver settings

A standard discretization scheme was used for pressure, whereas second order upwind
discretization schemes [37] were used for momentum, turbulent kinetic energy, and turbulent
dissipation rate. These settings were chosen in order to increase the accuracy and reduce numerical
diffusion. The SIMPLE scheme was used for the pressure-velocity coupling. The residuals were
reduced at four orders of magnitude [25]. All the simulations have been run in steady-state conditions.

2.2.3. Mesh Sensitivity

To obtain a high quality CFD model, the grid should be refined to get a grid-independent
solution [38]. In order to identify the independence of the results from mesh dimension, a
grid-convergence study was performed by comparing three unstructured mesh decreased by a
factor respectively equal to 1, 1.1, and 1.2. Even if the authors recognize the limits of this choice—which
does not take into account a doubling of elements—it was due to the computational costs and the
power machine, which should be considered during the improving process. For studying the grid
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convergence, horizontal velocity profiles—respectively, downwind, inside the barn, and upwind—have
been extracted and compared.

3. Results and Discussion

Results and discussion relate to the basis configuration, except for paragraph 3.2, which relates to
the simulations that are considered as input hourly data.

3.1. Setting of Model Parameters by Data Analyses

A wind rose was used to represent the prevailing wind direction and velocity magnitude during
the reference week [39] (Figure 6). Approximately 32.5% of data recorded between 26 April 2016 and 2
May 2016 revealed a prevailing wind direction from N-E at 10 m height. The logged wind velocities
ranged from 0.70 ms−1 to 9.60 ms−1, with mean values and standard deviation equal to 3.85 ms−1 and
2.59 ms−1, respectively.

Buildings 2019, 9, x FOR PEER REVIEW 8 of 17 

convergence, horizontal velocity profiles—respectively, downwind, inside the barn, and upwind—

have been extracted and compared. 

3. Results and Discussion 

Results and discussion relate to the basis configuration, except for paragraph 3.2, which relates 

to the simulations that are considered as input hourly data. 

3.1. Setting of Model Parameters by Data Analyses 

A wind rose was used to represent the prevailing wind direction and velocity magnitude during 

the reference week [39] (Figure 6). Approximately 32.5% of data recorded between 26 April 2016 and 

2 May 2016 revealed a prevailing wind direction from N-E at 10 m height. The logged wind velocities 

ranged from 0.70 ms-1 to 9.60 ms-1, with mean values and standard deviation equal to 3.85 ms-1 and 

2.59 ms-1, respectively. 

 
(a) 

 
(b) 

  

Figure 6.(a) Prevailing air velocity in the reference week and (b) prevailing magnitude in the reference 

week. 

To build the velocity profile by using the Equation (1), the following values of the parameters 

Uref, Yref, and α were used:  

• A mean velocity Uref at reference height equal to 3.85 ms-1;  

• A reference height Yref equal to 10 m; 

• A power law exponent α equal to 0.14.  

These parameters were chosen because in previous research studies they were utilized to obtain 

the normal profile of the natural wind in open rural field with few trees and buildings [21,40], and 

because they should be considered indicative of a fully developed turbulence [41,42]. To build the 

dissipation rate profile by using the Equation (2), the following values were used: the von Karman’s 

constant was set equal to 0.385, z0 was set equal to 0.019, and u* was set equal to 0.236 ms-1, taking as 

reference a height of 10 m. The turbulent kinetic energy for inlet boundary was set as a constant value, 

derived from equation (3), where Cµ is an empirical constant taken equal to 0.09 [26]. With regard to 

porosity, in this research it was not directly estimated. According to Gan and Salim [43], the porosity 

value of 0.96 was assumed. According to Guo and Maghirang [36], viscous loss term in Equation 4 

was ignored, so the viscous resistance was set as 0. According to previous research [44], Cd was set 

equal to 0.25 and dSA was set equal to 1.6 m-1, so the final pressure loss coefficient is 0.4 m-1. Finally, 

model convergence was not assumed to be reached until both the velocity magnitude at the 

monitoring points and the residual had stabilized [2]. The iteration steps necessary to reach a 

0,0

5,0

10,0

15,0

20,0

25,0

30,0

35,0
N

N-E

E

S-E

S

S-W

W

N-W

WIND DIRECTION AND WIND VELOCITY
WEEK 26/04/2016-02/05/2016

% MEASURES

MEAN VELOCITY

0,00

1,00

2,00

3,00

4,00

5,00

6,00

7,00

8,00
N

N-E

E

S-E

S

S-W

W

N-W

MEAN VELOCITY
WEEK 26/04/2016-02/05/2016

Figure 6. (a) Prevailing air velocity in the reference week and (b) prevailing magnitude in the
reference week.

To build the velocity profile by using the Equation (1), the following values of the parameters Uref,
Yref, and αwere used:

• A mean velocity Uref at reference height equal to 3.85 ms−1;
• A reference height Yref equal to 10 m;
• A power law exponent α equal to 0.14.

These parameters were chosen because in previous research studies they were utilized to obtain
the normal profile of the natural wind in open rural field with few trees and buildings [21,40], and
because they should be considered indicative of a fully developed turbulence [41,42]. To build the
dissipation rate profile by using the Equation (2), the following values were used: the von Karman’s
constant was set equal to 0.385, z0 was set equal to 0.019, and u* was set equal to 0.236 ms−1, taking as
reference a height of 10 m. The turbulent kinetic energy for inlet boundary was set as a constant value,
derived from Equation (3), where Cµ is an empirical constant taken equal to 0.09 [26]. With regard to
porosity, in this research it was not directly estimated. According to Gan and Salim [43], the porosity
value of 0.96 was assumed. According to Guo and Maghirang [36], viscous loss term in Equation (4)
was ignored, so the viscous resistance was set as 0. According to previous research [44], Cd was set
equal to 0.25 and dSA was set equal to 1.6 m−1, so the final pressure loss coefficient is 0.4 m−1. Finally,
model convergence was not assumed to be reached until both the velocity magnitude at the monitoring
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points and the residual had stabilized [2]. The iteration steps necessary to reach a convergent solution
were about 1500. After the simulation was completed, the balance of mass was checked.

3.2. Validation of the Model

The validation of the model was carried out through the comparison between air velocity hourly
data measured inside the barn and air velocity hourly data obtained after the simulations in the same
point (i.e., sensor A and B, Figures 1 and 2). Twenty simulations are reported in the present study,
taking into consideration the hours in which the prevailing wind direction was N-E both at the Acate
weather station and at the measurement point located above the roof (Table 3).

Table 3. Data comparison between measurements and simulations.

N. Simulation
Air Velocity

at Weather Station
(10 m height) (ms−1)

Air Velocity Outside the Barn (ms−1)
(Sensor B)

Air velocity Inside the Barn (ms−1)
(Sensor A)

MEASURED SIMULATED RELATIVE
ERROR % MEASURED SIMULATED RELATIVE

ERROR %

1 (27/04-22:00) 1.90 1.14 1.38 18.84 0.24 0.29 16.90

2 (28/04-02:00) 2.90 1.83 2.08 13.02 0.40 0.45 12.31

3 (28/04-06:00) 2.70 2.04 1.89 7.56 0.44 0.44 0.32

4 (28/04-07:00) 2.70 1.96 1.89 3.64 0.46 0.44 5.00

5 (28/04-19:00) 6.40 3.94 4.59 15.31 0.98 0.98 0.08

6 (28/04-20:00) 6.00 3.43 4.31 22.82 0.79 0.91 14.70

7 (28/04-21:00) 7.80 3.38 5.58 49.21 0.89 1.19 29.13

8 (28/04-22:00) 7.90 4.51 5.66 22.65 1.07 1.20 11.36

9 (29/04-00:00) 5.80 4.06 4.17 2.68 0.95 0.88 7.71

10(29/04-01:00) 6.80 4.27 4.89 13.45 1.10 1.03 6.35

11(29/04-02:00) 8.20 5.50 5.89 6.89 1.23 1.26 2.07

12(29/04-03:00) 6.80 4.45 4.89 9.48 1.02 1.03 0.98

13(29/04-05:00 8.50 3.97 6.08 42.04 0.89 1.29 36.98

14(29/04-06:00) 8.50 4.13 6.08 38.17 0.87 1.29 39.22

15(30/04-00:00) 2.00 1.16 1.44 21.30 0.32 0.31 4.23

16(30/04-01:00) 2.50 1.45 1.80 21.65 0.27 0.38 35.59

17(30/04-02:00) 2.00 1.34 1.44 7.48 0.32 0.31 1.98

18(01/05-01:00) 2.80 2.00 2.01 0.54 0.45 0.43 4.72

19(01/05-02:00) 2.00 1.99 1.44 32.04 0.39 0.31 23.36

20(01/05-05:00) 1.40 0.93 0.98 5.43 0.32 0.24 29.61

By using a similar justification proposed in [32,45], with relation to the air velocity outside the
barn, the validation of the CFD model can be considered good (relative error, i.e., the ratio between
absolute error and average value, < 10%) in 40% simulations, acceptable (relative error < 30%) in 40%
simulations, and marginal (relative error < 50%) in 20% simulations carried out. With relation to the
air velocity inside the barn, the validation of the CFD model can be considered good (relative error <

10%) in 50% simulations, acceptable (relative error < 30%) in 35% simulations, and marginal (relative
error < 50%) in 15% simulations carried out.

3.3. Mesh Sensitivity

Three unstructured mesh files with corresponding numbers of nodes equal to 8.15, 7.1, and
5.3 million were applied, corresponding to a decrease factor respectively equal to 1, 1.1, and 1.2.
The results show that the solutions corresponding to decreases equal to 1, 1.1, and 1.2 are similar
(Figure 7).
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By following the methodology reported in [38], where indoor average temperature and average
velocity were compared for eight meshes, the indoor average velocity was compared for the three
chosen meshes. The results are showed in Figure 8.
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In this case, the results show that the solutions corresponding to decreases equal to 1 and 1.1 are
similar. Since the computational cost is sustainable, the mesh with 8.1 million nodes was used.
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3.4. Study of Air Velocity Distribution in the Barn

In order to study the air velocity distribution inside the barn, a vertical plane (i.e., Plane A) and
one horizontal plane (i.e., Plane B) were defined in relevant location (Figure 9); in detail, the second was
considered the most relevant because of its position at a height corresponding to that of the cow’s snout.
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The data analysed were those regarding the areas considered more relevant for animal housing.
In detail, average air velocity was equal to 0.42 ms−1 in the resting areas, service alley, and feeding
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alley, that housed dairy cows. With regard to box for calves, average air velocity was equal to 0.67
ms−1 (Figure 12).
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4. Conclusions

The main objective of this study was to analyse the air velocity distribution inside a semi-open
free stall barn, in order to

• Know the air velocity in areas considered most sensitive for the presence of animals;
• Find, in a future research based on the results of this study, alternative design configurations, with

the aim to discover the best condition for the well-being of users and animals.

This objective was achieved in this study by developing a CFD model. Air velocity was measured
in different indoor and outdoor points at different heights by using a Campbell system, with 15 min
acquisition time. The 3D model was made by using Autodesk Autocad 2016®; then, it was imported
into Ansys ICEM CFD 17.1® to build the unstructured mesh and to assign the boundary condition.
Finally, the numerical simulations were carried out by using the Ansys-Fluent 17.1® program. A
limitation not concerning the modelling process is that the experiment was conducted under isothermal
cases. This choice, together with the simplification concerning the model, would not affect the objective
of the present study, because for the authors all the elements that strongly affect the airflow development
and air velocity distribution were taken into account, as reported in some past studies [2]. By using the
described CFD methodology, a representation of the airflow distribution was given. It was considered
good because it reflected the real condition inside the barn, where the internal distribution of the spaces
and the position of the openings strongly impact the air velocity, and because of the comparison carried
out between measured and simulated data. Therefore, the methodology applied in this paper could
represent an example of how to study the natural ventilation of livestock buildings having similar
characteristics. Since the modelled air velocity distribution in the barn fitted the real one well, the CFD
model was considered reliable to study other transversal and longitudinal sections, by adding other
anemometers. Future implementations should also regard the increase of the geometry complexity,
or the study of gas distribution according to the study of airflow distribution. Furthermore, future
studies will be carried out in order to evaluate the residence time of the air at each point of the model
through the concept of “age of air”.
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