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ABSTRACT

Currently, one of the most discussed subjects in commercial
livestock production is the emission of gases and temperature
distribution, associated to climate change and animal
welfare, principally with gas as methane (CH,) and ammonia
(NH;). Application of computational fluid dynamics (CFD)
for predicting the occurrence of these gases, especially in
the animal production sector, is becoming increasingly
important. Along the years, the versatility, precision and ease
of use offered by CFD has caused its greater acceptance
by the agricultural and animal engineering community.
Therefore, CFD is regularly utilized to solve environmental
problems associated to climate control in commercial
animal production installations. Due to a better combination
between computational simulation in CFD and mathematical
modeling, realism of these simulations has become more
reliable in recent years. Based on these facts, the goal of this
study was to showed the recent studies using commercial
Computational Fluid Dynamics (CFD) to determinate the
behavior and distributions of gases inside animal production
installations, showing the advantages and limitations of the
technique.

Key words: Computational models, mass and energy balance,
animal production installation

RESUMEN

Actualmente, uno de los casos de mayor discusién
en la produccion animal, es la emisién de gases y de
distribucién de temperatura asociados al cambio climatico
y al comportamiento animal, principalmente con gases
como metano (CH,) y el amoniaco (NH;). La aplicaciéon
de la dindmica de los fluidos computacionales (CFD) para
predecir el comportamiento de esos gases, especialmente
en el sector de produccién animal, esta comenzando
a ganar gran importancia. A lo largo de los anos, la
versatilidad, precisién y la facilidad de uso ofrecida por el
CFD ha tenido una gran aceptaciéon en la comunidad de
la Ingenieria Agricola y pecuaria en general. Por lo tanto, el
CFD es regularmente utilizado para solucionar problemas
ambientales asociados a control climético en instalaciones
comerciales de produccién animal. Debido a la mejor
combinacién entre la simulacién computacional con CFD
y modelos matemaéticos, situaciones reales se han simulado
con mayor confiabilidad en los ultimos anos. Este trabajo
ofrece una revision del estado del arte acerca de la aplicaciéon
de la técnica con CFD para determinar el comportamiento
y distribucién de gases al interior de instalaciones pecuarias,
mostrando las ventajas y limitaciones de la técnica.

Palabras clave: Modelos computacionales, balance de masa
y energia, instalaciones de produccién animal.
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INTRODUCTION

Currently one of the most discussed subjects of commercial
animal production is the emission of gases, mainly methane
(CH,) and ammonia (NH;), associated with environmental
and climatic changes. Until recently it was estimated that
the annual global emissions totaled 689 million tons of CH,
(Moss et al. 2000) and 53.6 Mt of NH;-N (Bouwman et al.
1997), where 12.8 Mt of NH;-N results from cattle manure
and according to Watson et al. (1992), 80 and 25 million
tons of CH, are respectively emitted by enteric fermentation
and animal manure.

References on the effects of the gases in animal production
installations and its influence on animal health are often
related to animal production in countries with temperate
climates. In these locations, the constructions are completely
closed and the final result of the production environment
differs from Brazilian conditions, as well as the climatic factor
to be considered (Miragliotta et al. 2002; Osorio et al. 2009).

According to Baéta & Souza (1997) and Osorio et al.
(2009), the main air pollutants encountered in installations
for animal production are ammonia (NH;), carbon dioxide
(CO,), carbon monoxide (CO), methane (CH,), sulfur
hydroxide (H,S), nitrogen dioxide (NO,) and dust. Thus, air
quality in the animal production systems is directly related to
the animals metabolism, liberating heat, moisture and CO,
to the atmosphere via respiration, as well as gases resulting
from digestion of manure, including NH;, CH,, H,S, dust and
gases from incomplete combustion from the heating system,
such as CO and NO,.

Within the context of modern animal production, studies
have shown that an inadequate production environment
is one of the factors which may cause the development of
respiratory diseases in birds (Miragliotta et al. 2002; Menegali
et al. 2009) and swine (Nader et al. 2002; Sampaio et al.
2005; Silveira et al. 2009), however, few studies consider air
quality in cattle confinements.

Both the microclimate and rate of gas emissions inside
the installation are strongly influenced by the ventilation
system. Understanding the interdependence between the
ventilation system, the climate and the gas emission rate is
a pre-requisite for the development of adequate ventilation
systems.

Ventilation plays an important role in the renewal of air inside
the installation, thus allowing a reduction in heat transfer
area, facilitating body heat transfer by convection and
evaporation, as well as reducing the excess moisture content
and some gases such as NH;, CO, and H,S from the internal
environment, resultant from the bedding, reparation and

manure, thus avoiding pulmonary diseases (Baéta & Souza,
1997).

According to Mueller & Krause (2007) the development of
ventilation projects and heating systems in animal installations
is based on heat and mass balances. Thus, different sources
of heat and mass inside an installation can be found, such as
and animals, floor, wet areas, manure, and others. However,
to solve the mass and energy balance equations, information
regarding the characteristics of the installation, the animal
species, the animal age, the management practices, the
desired interior climate conditions and the actual exterior
climatic conditions is necessary.

Development of mathematical models and application of
computational simulations, based on Computational Fluid
Dynamics (CFD) allow a time and cost reduction when
developing and adapting these projects.

The models of heat, mass and momentum transfer, based
on the CFD models, have been amply utilized in studies for
evaluation of the behavior of climatic variables inside both
vegetative and animal structures (Bjerg et al. 2002; Sun et
al. 2002; Gebremedhin & Wu, 2003; Prueger et al. 2008;
Norton et al. 2009).

These models permit the reduction in number of experiments
and the improvement of installations, based on the validation
of experimental data, making them increasingly important
in the agricultural industry. This importance has grown
significantly after overcoming the principal problems of this
tool, such as precision in simulations and lack of equipment
with large computational domains which have allowed a
greater applicability of this technique in recent years.

Based on these facts, the objective of this study is to provide
an overview for the application of Computational Fluid
Dynamics (CFD) for studying mass transfer of greenhouse
gases inside animal production installations.

MATERIALS AND METHODS

The objective of this study was done through a literature
search of a recently theoretical documents, secondary
sources, books, articles and journals, since 1990, thus
enabling consolidate information on the theoretical basis
and applications about of use of CFD in animal production.

The topics tried in this paper were chosen based on the main
uses of the CFD, to improve and design animal facilities,
in aspects like ventilation and gas control inside of the
structures.
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Mass balance and research methods

Carvalho et al. (2008) claimed that in animal production
facilities the mass balance of fluids (air + water) which enter
(+) and exit (-) each control volume (CV) may be expressed
by equation 1 and as can be seen in figure 1, where, Tnep

is the mass of water applied by misting, Minf , 11 and s
are the mass flows of air which infiltrate, enter and exit the

installation, respectively; and rhp and ™Md are in mass
production by the animal and waste respectively

m,+m,, +m,, +m,; +m, —mg =0 (1)

Analysis of the mass balance has been amply utilized to
study the loss of feeds from livestock installations and
manure management systems, through feed and fertilizers

information (Sommer & Dahl, 1999; Garrison et al. 2001;
Tyrrell, 2001). This review provides important information
on all types of animal production systems, especially when
evaluating multiple projects whose objective are the reduction
of odor and all greenhouse gas emissions. Therefore, when
quantifying the different modes of input and output of the
installation, the final destination of each nutrient (N and C)
can be more easily understood, giving greater importance to
the different types of nutrient losses.

Sommer & Dahl (1999) utilized a mass balance to estimate
N losses caused by denitrogenification during composting
of the bedding. In this study, all measurements were done in
a dynamic chamber, where gas emissions were determined
along with leaching of nutrients during composing. Based
on their mass balances, N losses during composting due to
leaching, ammonia emissions and denitrogenification were 5
to 19% in relation to the initial N.
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Figure 1. Main parameters used in the mass balance in animal facilities (adapted from Carvalho, 2008).

Teye & Hautala (2008) adapted a theoretical ammonia
emission model for conditions of a naturally ventilated
dairy cattle installation. For this purpose different mass
transfer models were utilized and these were then evaluated
experimentally. Also calculated were the mass balances
of ammonia and carbon dioxide concentrations, directly
measured in the installation. These authors concluded that
the absolute mean difference and standard error between
the ammonia emissions from the theoretical model and the
experimental measurements was 0.013 = 0.05 gm-3 h-1. The
variation in ammonia emissions during the day and night
were 0.04 and 0.58 g m=3 h-1, respectively.

Michel et al. (2001) estimated N and water losses via a
mass balance, comparing a commercial High-Rise™ Hog
Building (HRHB) with conventional deep pit systems. As a
result, mass balance calculations based on the consumption
of feed and level of protein for the finishing animals and N
content of the deep pit effluent showed that 70 to 73% of the
excreted N, and 79% of the excreted water showed losses
during accumulation of manure in the installation. These
losses were probably due to volatilization of ammonia and
evaporation of water due to the ventilation system.

According to Mueller & Krause (2007), when sizing ventilation
systems there are different methods which may be used to
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obtain an overall view of the mass transport phenomena
inside the animal production facility, including numerical
simulation of flow, physical models and measurements on
areal scale.

a) Numerical simulation of flow: from this simulation it is
possible to study the behavior of fluids in movement.
Therefore, it has become very interesting to study
these phenomena with the advance of faster computer
processors and more efficient software. Fluid mechanics
include, for example, study of either laminar or turbulent
fluid and gas flow in animal installations. This type of
study may present important practical applications in the
diverse areas of engineering.

b) Physical models: investigations with physical models
offer greater support to the numerical simulation of
mass flux. The ventilation system as well as the flux of
air volume may be altered by a simple formula, i.e., the
reconstruction of entire elements may be performed quite
simply in such models. Figure 2a shows an example of a
model for investigation of diverse methods of ventilation
to reduce emission mass flows (Mueller & Krause, 2007).

c) Another form of evaluating the dispersion behavior of
gases coming from animal installations is by means of
the utilization of the wind tunnel boundary limit, which
in many cases are equipped with air velocity sensors and
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Figure 2. Physical model for (a) to study the emission of gases and their influence under different conditions of ventilation and
(b) CFD simulation result in the behavior of the dispersion of ammonia in the wind tunnel boundary layer for plants in pigs

(Mueller & Krause, 2007).

gas analyzers to measure the variation in concentration
(Figure 2b).

d) Real scale measurements: are necessary to confirm the
numerical and physical models in real conditions. A
specific problem is the determination of volumetric air
flux in naturally ventilated animal installations (Mueller &
Krause, 2007).

Various studies involving mathematical modeling and
computational simulations have been developed during
experimentation to improve understanding on the processes
involved in the transfer of heat and mass between animals
and the thermal environment.

CFD and the governing equations for transport of mass,
momentum, energy and species

Computational fluid dynamics (CFD) can be defined as a
numerical resolution based on computational loops and the
equations of mass, momentum and energy conservation for
physical systems.

This technique provides precise solutions as well as
visualizations of velocity, pressures, temperature, turbulence
and gas concentrations in the entire space of the animal
installation without various physical scale test models. Results
allow engineers and operators to develop new ventilation
strategies to meet the standards for air quality (Lee & Short,
2000).
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Modeling in CFD is important to predict mass transport
in different types of animal structures, especially when
measuring of the variables related to the model in the field is
difficult. In the case of modeling gas emission present inside
the installations, for example NH;, the computational models
are based on the NH; transport process and the transport
mechanism to the atmosphere (Bjerg et al. 2002).

The governing equations of fluid flow and heat transfer can
be considered as mathematical formulations of the laws of
conservation which regulate all fluid flows, heat transfer and
associated phenomena. These laws of conservation describe
the rate of variation of a desired fluid property as a function of
external forces and can be written as (Tu et al. 2007):

Continuity equation: the mass flows entering a fluid
element must be equal to those exiting.

)

Conservation of momentum: sum of the external forces
acting on a fluid particle is equal to its variation in linear
momentum.
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Conservation of energy: the rate of energy variation of
a fluid particle is equal to the addition of heat and work
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Ventilation system

Ventilation systems are an efficient means of temperature
control within animal installations by increasing thermal
exchange by convection. Adequate ventilation is necessary
to eliminate excess environmental humidity and bedding,
resultant from water liberated by animal respiration and
manures, as well as carbonic gases and gases resultant of
fermentation (Abreu & Abreu, 2000).

When considering ventilation, animal production installations
may be open or closed. According to Zanolla et al. (1999),
the acclimatization systems used in countries of Europe and
the USA and also being adapted in Brazil, is known as tunnel
ventilation. This system basically consists of the distribution
of fans along the installation which suck in external air
through a tunnel, permitting that the ventilated air mass
uniformly passes through the entire building, exiting at the
opposite end.

Therefore, in accordance with Norton et al. (2007), the
modeled representation of a naturally ventilated installation
in a computational domain with CFD models will allow a
greater number of approaches, where the model may be
constructed by:

a) Both internal and external regions of the installation,
ventilated naturally;

b) Internal and external regions divided in subdomains
and solved independently, interpolating the solutions and
combining the interface regions;

¢) Only the internal environment.

The first approach presents the advantage of directly
connecting the internal and external environments. However,
to perform this type of simulation a large computational
force is needed due to the interlacing required for the shock
between entering and exiting air. This may be aggregated
by the large quantity of detail inside the installation, thus
requiring a large computational time to conclude the
simulation (Boulard et al. 2002).

The second method is not frequently encountered, although
in some large scale simulations this technique is used,
because the direct linking of the internal and external
environments in the installation is not reached because of
the lack of sufficient computational resources (Jiang & Chen,
2001 and 2002). The last method has shown shortcomings in
some cases, presenting many solutions, having no similarity
with the physical flow regime (Fracastoro & Perino, 1999).

Rarely have studies compared CFD models for animal
installations with natural and forced ventilation. Due to the
boundary conditions, where direction and velocity are not
uniform along the installation at any moment in time, studies
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considering natural ventilation systems are more difficult to
evaluate than those of installations with forced ventilation.
Various studies conducted with natural and mechanical
ventilation have utilized the turbulent flow model to simulate
the linking of different models with the objective of obtaining
better results.

Therefore, for systems with natural and forced ventilation,
some studied recommend the use of the Standard k-& model
to describe the turbulent portion of the flow (Bartzanas et
al. 2004; Blanes - Vidal et al. 2008) due to its favorable
convergence and reasonable precision. Some recent studies
have shown better results using the Renormalization-Group
(RNQ) k-€ model to simulate air movement inside and outside
of the installations (Bartzanas et al. 2007; Stavrakakis et al.
2008; Seo et al. 2009), taking into consideration that the
RNG k-¢ is similar to the Standard k-€¢ model. However, the
RNG k-&£ model includes additional terms for the development
of dissipation rates which significantly improve its precision.

For mass balance simulations in animal installations,
the turbulent flow model could be adapted based on the
RANS models and concentration equations, together with
the RNG k-€ model (Lee & Short, 2000). Due to the high
frequency and small scale fluctuations of turbulent flow, the
instantaneous fluid velocity is the difficultly encountered and
is often assumed to be the average velocity and a component
of the velocity of turbulent fluctuation. The Reynolds tensions
are assumed proportional to the average velocity gradients,
adapting air as an ideal gas and coupling the fields of
velocity and temperature, also known as the Bousssinesq
approximation (Lee & Short, 2000).

One of the limitations for the use of these equations for
the simulation of the internal and external environment in
animal installations is related to pressure conditions not
being considered if the conditions of fluid velocity are too
not specified, i.e., fluid velocity is influenced by the pressure
gradient. The only exception is when the pressures are
necessary to specify the fluid properties.

Another aspect to be considered in the CFD models of
animal production installations is the air propulsion force,
principally when working with natural ventilation systems or
natural together with forced ventilation. According to Norton
et al. (2007) two methods may be used: the Bousssinesq
approximation, which has been intensely utilized in animal
production applications; and the second method, in which
the Bousssinesq approximation is an expression which treats
air as an ideal gas and connects the fields of velocity and
temperature; the first one is most commonly used.

Despite the importance of the propulsion forces, the majority
of studies use the initial models without considering this
aspect, and only when good results are not obtained is this

condition introduced, which due to its numerical complexity
makes convergence more difficult.

CFD simulation for animal installations

The first studies using livestock installations in CFD were
performed by Choi et al. (1998), in which a simple geometry
was employed to represent the animal installation, but results
showed little precision. Small advances in the development
of real solutions were made in the next year.

Hoff et al. (1992) utilized CFD to model air flow in a rectangular
shaped installation, in which heat transfer was modeled
using a heated floor. Harral & Boon (1997) simulated later
isothermal flow patterns in a 3D geometric representation of
a cattle confinement. In following years, more studies were
developed for validation of animal installations with a focus
on the creation of more precise CFD models (Zhang et al.
2000).

Only in recent years have CFD models, used for simulation of
heat and mass transfer in a geometric representation, become
reliable in animal production installations (Van Wagenberg et
al. 2004). Therefore, when using dynamic models together
with estimates provided by CFD, more detailed conditions
are provided of all phenomena which occur.

a) Birds

Among environmental factors, thermal factors represented
by air temperature, relative humidity, thermal radiation and
air movement are those which most directly affect the bird
since they are warm-blooded animals. These environmental
variables may have either positive or negative effects on
birds production. High temperature and high relative
humidities inside aviculture installations are factors which
limit the achievement of optimal productivity (Damasceno
et al. 2010b). Therefore, the need to maintain the thermal
environment within an optimal production scale is evident.
However, there are few studies with CDF which utilize a mass
balance inside aviculture installations.

Worley & Manbeck (1995) utilized a CFD model to analyze
the distribution of contaminants in a highly turbulent flow
inside an aviculture installation under different roofing
configurations. As a result this study obtained a better
configuration of air circulation to eliminate particulate
material with greater pollutions concentrations.

Pawar et al. (2007) compared relationship between diffusion
of ammonia gas (NH;) and dispersion of virus particles
analyzing the distribution of virus particles which generate
diseases in aviculture installations. In conclusion there is
strong relationship between these parameters.
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Damasceno et al. (2010a) developed and validated a CFD
model to analyze the temperature and air velocity distribution
inside a common commercial heater used in Brazilian poultry
production. These authors concluded that the CFD models
may be used for real time prediction of thermal behavior
and velocity distribution (inside the combustion chamber for
heating), aiding in project improvements.

Tin6co et al. (2010) used CFD to simulate an aviculture
installation with mechanical ventilation associated with
an evaporative cooling system. In this study the authors
developed a CFD model to obtain a better understanding
of the temperature and air velocity distribution inside the
aviculture installation. The obtained results showed a good
statistical correlation with experimental data, which permits
its use to address future modifications to the installation.

b) Cattle

The air quality conditions in a cattle confinement are dynamic
and change continuously. Pollutant gases and excesses of
humidity, microorganisms and particulate are produced
from various sources, such as the floors, walls, feeds, water
and air which infiltrates the installation. Therefore gas
emissions directly depend on atmospheric influences which
permanently change the conditions.

Various approaches to solve this problem have been studied.
The quantification of carbon dioxide as well as mass
and heat balances were performed by Van Ouwerkerk &
Pedersen (1994) according to a method for calculating the
concentration difference between interior and exterior air to
determine the concentration levels.

Gebremedhin & Wu (2003) utilized predictions based on
CFD simulations to aid in modeling the thermal environment
in dairy cattle installations. In their study, the Fortran
computational program was used to calculate all models
necessary for heat determination and mass transfer on the
body of these animals. These authors thus used this method
together with CFD simulations for heat and mass transfer
between animals and the environment.

Gebremedhin & Wu (2005) studied the utilization of
CFD simulations for air flux in a simple geometric cattle
installation with forced ventilation to investigate the heat and
mass transfer phenomena. They discovered that the total
heat loss of an animal is highly dependent on its position and
orientation in the flow field. For example, a cow positioned
near the air entrance may lose a total of 710 W of heat, while
an animal positioned at the other extremity of the installation
may lose only 214 W of heat.

c) Swine
Production and reproductive performance of swine depend
on the employed management system, which involves

the selected system of breeding, nutrition, sanity and the
installations themselves. These installations, which demand
a large initial investment, are constructed in function of the
costs and facilities of the caretaker, often neglecting the
comfort of the animals. Thus, many times the application of
CFD models on the environment of these animals are directed
towards the optimization of environmental conditions (Bjerg
et al. 2000; Sun et al. 2002 and Sun et al. 2004). These
studies may be efficiently grouped for modeling of pollutant
dispersion and the thermal environment inside swine
production installations.

CONCLUSIONS

The studies performed with Computational Fluid Dynamics
(CFD) applied to understand the internal environment of
animal installations aid in providing knowledge on the heat
and mass and energy transfer phenomena, thus assisting to
improve or design structures, reducing the time and cost for
development and adaptation of projects.

One of the difficulties for CFD simulation of the internal
and external environments of animal installations is the
fact that fluid velocity is influence by the pressure gradient.
Therefore, it is important to accompany the CFD models with
experimental results which present good precision, since the
results of the model depend largely on these experimental
results.

Technological advances with CFD simulations have made
it possible that field data may include dynamic biological
responses to the encountered phenomena, thus improving
the realism of the simulations. Therefore, CFD modeling
may offer greater conditions of prediction for simulation
of the internal environment of animal installations, giving
greater decision making support to the producer, or even
be implemented in system controllers for heating or cooling
in commercial animal production installations, thus the
gas emissions denerated for different animals facilities
production.
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Nomenclature
A Area, (m?)
C, Specific heat capacity, W kg™ K;
Cy Concentration of species A in the gas, g m™
D,; | Diffusion coefficient between species A and B, m? s
g Acceleration of gravity, m s
u Velocity vector, m s;
i ] Cartesian coordinate index, m;
TM,., | Mass of water applied by misting, , m s™';
My | Mass flows of air which infiltrate, m s
h; | Mass flows of air which enter, ms™;
m < Mass flows of air which exit, m s™';
mp Mass production of water vapor by the animal, m s™;
m d Mass production of waste, ms’;
D Pressure, Pa;
T Temperature, K;
t Time, s;
St Thermal dissipater or source, W m?;
x Cartesian coordinate , m;
Greek Symbols
A Thermal conductivity, W m K';
o) Kronecker delta;
U Dynamic viscosity, kg m™ s7!;
p Density of the fluid, kg m?;
Subscripts
t ‘ Turbulence;
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