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Evaluation of a Heating System in Poultry Houses Using a CFD Model

Evaluacién de un Sistema de Calefaccion en Galpones Avicolas Usando un Modelo en CFD

Flavio Alves Damasceno?; Jairo Alexander Osorio Saraz%; Luciano Barreto Mendes3;
Samuel Martin* and Marcio Arédes Martins®

Abstract. The objective of this study was to adapt and validate a
computer model using the Computational Fluid Dinamics (CFD),
in the prediction of temperature and air speed in a duct distribution
system coupled to a heating furnace that is used in typical poultry

the model with experimental data was satisfactory, presenting
normalized mean square error NMSE values of 0.25 and 0.02 for air
temperature and air speed, respectively. The results evidenced that
the proposed model is adequate for predicting the air speed and
temperature for this type of system, and could be used to improve
the efficiency of the distribution of heat inside and around air ducts
using different air speeds, types of materials and dimensions.

Key words: Animal welfare, energy efficiency, aviculture,
agroindustry.

houses in tropical and subtropical countries. The validation of

Resumen. El objetivo de este estudio fue adaptar y validar un
modelo computacional haciendo uso de la dindmica de fluidos
computacional (CFD) para predecir la temperatura y la velocidad
del aire en un sistema de distribucién de ductos acoplado a un
sitema de calefaccién que es utilizado en las instalaciones avicola
en los paises tropicales y subtropicales. La validacién del modelo
con los datos experimentales fue satisfactoria, presentando valores
medios normalizados del error cuadrado NMSE de 0,25 y 0,02
para la temperatura y velocidad del aire respectivamente. Los
resultados muestran que el modelo propuesto es adecuado para
predecir la velocidad del aire y la temperatura alrededor de este
tipo de sistema, y podria ser utilizado para mejorar la eficiencia la
distribucion de calor en el interior y alrededor de los conductos,
usando diferentes velocidades, tipos de materiales y dimensiones.

Palabras clave: Bienestar animal, eficiencia energética, avicultura,
agroindustria.

Nomenclatures

¢, Specific heat, W kg1K1

k Thermal conductivity, W m-1.K1
p Static pressure, N m2

Q Term related to source, W m-3
T, Temperature, K

U Speed vector

Cpi Predicted value

C.i Measured value

C,m Mean predicted value

Comi Mean measured value

n Number of observations
Superscript

t Turbulence

Subscript
T Tensor transposition Greek symbols
p Density, kg m3
W Fluid dynamic viscosity, kg m-1s1
k Turbulent kinetic energy, m? s
¢ Dissipation of turbulent kinetic energy, m? s-3
n Ratio between mean flow and temporal scale
Constants
a,b Constants equal to 2.9 and 0.75, respectively
c,0.09
1 144
C,192
0,13

Birds are homeothermic animals; in other words, they
are able to maintain their body temperature at an
approximately constant level through physiological
and behavioral mechanisms within very narrow limits
(Damasceno et al,, 2010). In their initial phase of life, the
thermoregulatory system of birds is not fully developed,

so they require a higher ambient temperature, making
heating systems an essential feature of the environment
in which they are housed (Baéta and Souza, 2010).

According to Machado (1994), during the winter time
in many Brazilian regions, it is difficult to maintain
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the target comfort temperature for chicks, which in
the first week should be around 32 °C. The dificulty
arises from the large differences between inside barn
temperatures that are considered ideal for chicks
and outside barn temperatures, along with non-
satisfactory heating system controls.

Thus, maintaining temperatures inside the barn at
appropriate levels is crucial for the welfare of broilers,
since, at their early life stages, these animals require
a higher temperature to maintain the minimal
metabolic rate and continue homeothermy with the
least energy expenditure. A solution for this issue is
heating air up to the second or third week of rearing,
depending on weather conditions; this could be
done with various energy sources, such as liquefied
petroleum gas (LPG), coal and, especially, firewood
(Abreu, 2003).

Heaters have been designed in various forms over
time and are used by farmers in order to provide
heated air to the birds and, hence, provide the
thermal comfort necessary for their proper body
development. Improvements and maintenance are
usually needed to keep the air heating systems
efficient and functional (Zanatta et al, 2008).

In order to evaluate and compare heating systems
in poultry houses, several field studies have been
conducted, such as those of Ferreira (2004), Vigoderis
(2006) and Zanatta et al. (2008). However, several
limitations exist, such as the difficulty in finding
enough barns with similar heating systems in one
location and the high costs of experiments, among
others, which do not allow for studies covering a
large number of variables and factors, or factor levels,
to be tested in the field. Thus, a potential answer to
the problem may be the use of properly validated
computer simulations in the first phase followed by
testing in the field of the treatments of interest.

Computational fluid dynamics (CFD) have the
potential of quantifying, effectively and accurately,
climatic variables inside animal houses and have
been used by several authors (Roy and Boulard,
2005; Norton et al, 2007; Kim et al, 2008; Osorio,
2012; Damasceno, 2012). Several design conditions
can be tested within a virtual environment, reducing
the number of physical experiments. Spatial and
temporal solutions for fluid pressure, temperature
and speed can be readily reproduced via CFD
similulations.
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Therefore, the aim of the present study was to validate
a computer model with Computational Fluid Dynamics
(CFD) to predict the temperature and air speed around
a heated air distribution system applicable in poultry
barns.

MATERIAL AND METHODS

The experimental study was conducted in a poultry
barn equipped with a positive pressure ventilation
system located in the municipality of Vicosa (Brazil),
with the geographic coordinates of 20°45'45" S and
45°52'04" W, at an altitude of 651 masl. According to
the climate classification of Kdppen, the climate is a
Cwa type, with hot weather, rainy climate, and a dry
season in the winter and a hot, humid summer.

The poultry barn had the dimensions of 13.0 m Width
X 100.0 m Length X 2.9 m Height, wherein 15,380
male chicks of the Avian lineage were housed, at a
stocking density of 11.8 birds m2. The ventilation
system was composed of 13 fans at a flow rate of
18,000 m® h'l each, positioned on one side of the
barn (cross ventilation). Pendulum type feeders and
waterers were used.

The heating system of the poultry barn consisted of
indirectly heated air with a firewood furnace, which was
placed inside the barn, with the heated air distributed
by two ducts made of galvanized steel (16.8 m length,
0.16 m diameter and 0.002 m thickness). Along the
ducts, 16 holes with diameters of 0.05 m each were
equally spaced.

For this study, data on air temperature (t,) and
relative humidity (RH) at intervals of 2 min for a 5 days
period was collected with a portable pre-programable
datalogger (accuracy: + 0.2°C for temperature and +
3% for relative humidity; temperature range of -30°C
to + 50°C and humidity of 0% to 100%; HOBO®,
model H8, Pocasset, MA, USA), allocated near the
furnace at 0.3 m from the floor, i.e. at the influence
zone of the birds.

The temperature of the inlet air duct (t;, ), the duct
surface temperature (t, ) and air speed (v,)
were also collected every 30-min during a 5-days
period, whenever the system was in operation. The
monitoring of t,, v, and tg,.ce Was done at 32 sites
distributed around the air distribution duct (Figure
1), 0.3 m above the floor. Dataont_,_. and v_. were

inlet air
measured with a hot wire anemometer with a range
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of 0 to 50 m s7! (Testo®, model 425, Sparta, NJ, USA,
accuracy of + 0.5 °C and + 0.03 m s™) and the tsurface
was measured with an infrared thermometer (Fluke®,
model 62, Everett, WA, USA, accuracy: + 1°C).

Sampling point

Geometry. The initial stage of simulations in CFDs is
the definition of the domain, i.e. the geometry in which
to apply the numerical solution of the equations that
describes the phenomena to be investigated.

Furnace

=

Air distribution duct

[

Figure 1. Spatial scheme of data collection (Not drawn to scale) use in the evaluation of a heating system in a

poultry house with the CFD model.

Domain geometry for this study was generated with
the Rhinoceros 4.0 software and the simulations were
performed with the ANSYS?! version 12 software. The
temporary license and software package of ANSYS was
owned by the Department of Agricultural Engineering,
Federal University of Vicosa - Brazil.

Computational mesh. To improve the CFD accuracy,
the study exerted much effort to find the appropriate
mesh quality and density and optimum setting
condition of air temperature and speed. The mesh
quality is very important for obtaining accurate
data and computational convergence. Thus, due
to the geometric complexity of the hole diameters
distributed along the duct, in this study, tetrahedral
cells with a scale of 1.0 and 10.0 were used. ANSYS
ICEM CFD® software was used for construction of
the mesh, which allows for obtaining results with
fewer errors (Lee et al,, 2007). This software has been
specifically designed to fulfill the task of automatically
generating high quality tetrahedral meshes, which
are suitable for scientific computing, using numerical
methods such as finite volume methods.

Numeric modeling. Air flow rates are usually
associated with turbulent flows and, when combined
with heat transfer interactions, generate a system of
equations that is difficult to solve, especially by non-
numeric methods. Thus, the CFD technique used in
this study was based on the solution of the Reynolds
number average system extracted from the Navier —

1 Mention of product company or software names is for presentation
clarity and does not imply endorsement by the authors or their
affiliations, nor exclusion of other suitable products.
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Stokes equations, by discretizing the flow field and
based on the finite volumes technique.

The model that describes the non-isothermal fluid
flow is described by the equations of continuity,
momentum and energy, simplified in the following
forms (Fluent Inc., 2004; Ahmadi and Hashemabadi,
2008):

V.(pU) =0 1)

V.(pUU) =Vp+[ 1, (VU +VU" | )

V.(~kVT +pC,TU) = Q 3)

The turbulent flow was modeled using the k-& standard
model, which evaluates the viscosity (u) from the
relationship between the turbulent kinetic energy (k)
and dissipation of turbulent kinetic energy ¢ (Lee et
al, 2007).
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Boundary conditions. The ANSYS CFx software was
used in the simulations and the assumptions were
as follows: steady state; single-phase flow (fluid:
air); thermal energy condition; incompressible and
turbulent flow. The local coefficient h did not have

significant changes in any of the ducts; thus, the
K hT, -T )
or|r-p am Control volume
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overall heat transfer coefficient was considered to be
constant (Figure 2).

Validation of the simulated solution with the experimental
data was done with the mean residue for linear systems
technique (RMS, root mean square), with a tolerance

Furnace

=

/ 2R 222N’

oo - /- —————————————————————— V|X:0: cte(t =t; x = x)

Tlyo=cte(t =t;x = x)

/ AAAAAA A

> > > D> > > > > > > >

Figure 2. Boundary conditions used in the evauation of a heating system in a poultry house with the CFD model.

of 10* as the convergence criterion. Additionally,
the dimensions and operating conditions of the air
distribution duct model were used to generate the CFD
model. Hence, the measured values of air temperature and
speed obtained in the experimental barn for boundary

conditions were averaged out and implemented in the
computational model as presented in Table 1.

Theresults of the CFD model were checked and compared
with the corresponding data obtained experimentally.

Table 1. Average of constant input values used in the CFD model designed to evaluate a heating system in a

poultry houses.

Air speed

Air dry bulb external temperature (T, )
Inlet duct air speed

Air dry bulb temperature at the duct inlet
Duct wall roughness (galvanized steel)

Duct thermal conductivity (galvanized steel)

05mst
27.0 °C
37mst
38.0 °C
0.15 mm
170 Wm=2 k!

The agreement between the experimental and model
data was evaluated with the normalized mean square
error (NMSE) as recommended by ASTM (2002)
(equations 7 and 8), and has been used to assess
the validation of the computational model in various
studies with CFD (Zhao m et al, 2007, Demaél and
Carissimo, 2007; Osorio, 2010; Osorio et al,, 2012). For
this study, the NMSE was calculated over a sample size
of 160 data points. The model fit between measured
values and the numerical result by the CFD simulation
was evaluated by calculating the normalized mean
square error (NMSE) where values of NMSE less than
0.25 are accepted as good indicators of fit according
Osorio et al. (2012).
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Where: Ciis the predicted value; C_; is the observed
value; C_ is the average predicted value; C_  is
the average observed value and n is the number of
measurements.
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RESULTS AND DISCUSSION

Tests with different hexagonal mesh sizes were
conducted until there were no significant differences
between the measured and simulated data (P<0.05).
The best result was obtained using a mesh of 997,163
hexahedral elements (Figure 3), designed and used

as the computational domain, which consisted of a
system with 750,577 nodes. That mesh was refined
in the perforations along the duct, as necessary for
obtaining more detail in those points of interest. The
Reynolds number for the proposed problem was
1.0719 x 107, which indicated a turbulent flow inside
the air duct distribution, as was expected.

Figure 3. Mesh generated for implementation of the CFD model in a poultry house.

The data obtained by the CFD model and experimental
data indicated that the mean values of air temperature
and speed obtained from the experimental values, showing
NMSE values of 0.25 and 0.02, respectively. This indicates

that there is good agreement between the results, leading
one to conclude that the developed CFD model can be
used to predict the average behavior of the air temperature
and speed along the heat distribution duct (Table 2).

Table 2. Comparison between CFD model and experimental data for air temperature and speed around the air

duct in a heating system in poultry houses.

Average air temperature leaving of the duct

Average air speed leaving of the duct

Data (0 (ms™)
Experiment CFD Model Experiment CFD Model
Mean 345 346 3.60 3.70
NMSE 0.25 0.02

The results of the difference between the model and
experimental values of air temperature around the
duct were equal to 0, in favor of H_ (P=0.100). The
correlation coefficient between the experimental and
model data, when fit to a linear model, was 0.819, with

Rev.Fac.Nal.Agr.Medellin 67(2):7355-7363. 2014

the regressed model explaining much of the change
in these two variables (F test, P<0.0001), providing an
average error of 34 + 1 °C (Figure 4). The relationship
between the experiment and model air temperature
data is illustrated in Figure 4.
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Figure 4. Relationship between the CFD model and experiment data for air temperature around the air duct in

a heating system in poultry houses.

The average air speed at the orifices along the duct
calculated with the CFD model was 3.7 m st and did
not differ significantly (simple t-test, P=0.4302) from
the experimental mean air speed of 3.6 + 0.2 m s™L.
The linear model explained most of the variability

of the model and experiment air speed (F test, P
<0.0001), with a correlation coefficient of 0.957. Figure
5 illustrates the relationship between the measured
and simulated air speeds obtained at different points
along the air distribution duct.

Vs = 0.9319 Vm + 0.3437
R2 = 0,087

45 -
‘_I'U’
£
2 30 -
)
>
£
wv
ko] 15 4
()
L .
(%]
=
0.0 :
0.0 15

3.0 4.5

Air speed - measured (m s1)

Figure 5. Relationship between the CFD model and experiment data for air speed inside the air duct in a heating

system in poultry houses.

Figure 6 shows the air temperature distribution inside
the duct. It can be observed that the temperature of the
air underwent a large variation, especially near the walls
and at the extremities of the duct in a heating system in
poultry houses.

According to Santos (2008), losses of energy through
dissipation from heated airin semi-climatized environments
with automated heating equipment may be due to the
presence of cracks in the curtains, porosity of the roof

7360

and ceiling and the in- and outflows of workers. As a
consequence, drops in temperatures occur very often,
enhancing system inefficiency in maintaining internal air
temperatures within the thermal comfort limit for birds.

According to the results found in this study, the material
used to making the ducts, along with the exaggerated duct
length, contributed to heat losses and reduced efficiency.
The air speed distribution inside the ducts (Figure 7) was
lower at the extremities; once again demonstrating the

Rev.Fac.Nal.Agr.Medellin 67(2): 7355-7363. 2014
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Air temperature
°Q
38.0

35.0

320

29.0

27.0

0

250.00

500.00 (m)

— .

Figure 6. Air temperature along the heated air duct distribution system in a poultry house using the CFD model.

possible results due to the excessive diameters of the
holes along the duct and the ineffectiveness of oversizing
duct lengths when carrying heated air longer distances
in poultry barns. A possible solution to this problem
would be the use of shorter ducts with smaller diameters,

Air speed
(ms™)
48

24

0.0

0 500.00 (m) N\ J<,
e c
250.00 X

constructed with materials that have lower heat transfer
coefficients, such as PVC, fiberglass, silicone, and nylon,
insulating the ducts, and carrying out future analyses
with more detail in order to find the effect of perforations
along ducts on system efficiency, among others.

Figure 7. Air speed along the heated air distribution duct system in a poultry house using the CFD model.

Rev.Fac.Nal.Agr.Medellin 67(2):7355-7363. 2014
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CONCLUSIONS

The proposed CFD model was well validated with
the experimental data and can be used to predict
the dynamics of air dry bulb temperature and
speed distribution inside heated air ducts in broiler
houses.

Furthermore, the validated CFD model can be used
to test different design configurations, types of
materials, and inlet air temperatures and speeds,
among other variables related to the heating
systems of poultry houses that are considered the
main source of the problems related to controlling
the thermal environment in broiler houses.
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