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ABSTRACT

The effect of heat stress on crop and animal production is immeasurable. The environmental
factors majorly influencing heat stress are temperature, relative humidity, and air velocity. The
energy required for providing appropriate environments for plants and animals could be reduced
through the use of efficient ventilation systems. Appropriate design, evaluation and prediction
tools are needed to assess existing systems and determine the changes that are likely to have
the most desirable effects on agricultural environments. Improved efficiency of computer
systems and the development of better numerical techniques have helped to improve the
accuracy of computational fluid dynamics (CFD) techniques and made their application easier.
The ability of simulations to represent real situations has also improved. Consequently, CFD
has become a common tool in investigating and solving environmental problems within
greenhouses and livestock environments. This review provides an up-to-date evaluation of the
applications of CFD in the design and improvement of agricultural ventilation systems,
outlining the techniques and models used in various studies. The performances of different
ventilation systems under various climatic conditions and their ability to meet the
environmental requirements of specific crops or livestock were also discussed. In this article as
well, the state-of-the-art application of CFD in an agricultural building in Nigeria was
discussed. The model equations of the five most commonly used turbulence models in the
researches under consideration were likewise itemised.

KEYWORDS: Heat stress, Numerical simulation, Greenhouse, Animal environment,
Turbulence models.

1. INTRODUCTION

Heat stress results in a reduction of voluntary feed intake, leading to a decline in growth rate
and production among livestock (King, 2011; Okyere et al., 2020). Sohail et al. (2012) reported
a 16.4% reduction in feed intake, and a 32.6% drop in body weight of 42-day old broilers
exposed to chronic heat stress. Effects of adverse climatic conditions on the organs and muscle
metabolism of poultry birds, coupled with changes in rearing practices, could significantly
affect the meat quality of poultry birds. Heat stress could result in incidences of pale-soft-
exudative meat in turkeys, and lower chemical composition and quality of broiler meats,
reduced protein content and high fat accumulation (Dia et al., 2012; Imik et al., 2012; Zhang et
al., 2012). In the tropical humid climate, animals are mostly exposed to climatic conditions
higher than their thermoregulatory zones and this has significant effect on animal health and
performance (Jongbo, 2020).

The deleterious effects of heat stress on the mortality of poultry birds have been established by
several studies (Yoon et al., 2014; Kang et al., 2020). These effects could be as a result of the
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fact that apart from the negative physiological effects of heat stress on the birds themselves,
they could suffer the risk of endotoxin and bacterial contamination due to increased
permeability of their deficient intestinal integrity (Alhenaky et al., 2017). However, an acute
increase in temperature- humidity index (THI) was observed to have a more severe negative
impact on hen mortality than extended periods of heat stress (Bhadauria et al., 2014; Kang et
al., 2020). Similarly, an extensive study on the effects of heat stress on egg production, shell
quality, and hen-day egg production had been carried out and reported by Gwaza et al. (2017).
Gwaza et al. (2017) observed a drop in hen-day production during the five dry season months
of November to March. Duduyemi and Oseni (2012) also reported a 0.32 eggs/THI decline in
egg-production for the Bovan Nera, and a 0.37 eggs/THI reduction for Isa Brown chickens at
THI above 27.5. Abioja et al. (2012) and Obidi et al. (2008) both reported that fertility and
hatchability of eggs laid under different thermal conditions vary, as a result of the effects of
thermal stress.

Moderate temperature rise encourages testicular growth in the early stages of a breeder cock’s
life, however, further rise in temperature and humidity could reduce the productive capacity
and fertility of broiler cocks, due to its negative impact on spermatozoa motility (Ameen et al.,
2014; Noiva et al., 2014). The ambient temperature at the moment of inseminating hens could
affect the fertility and hatchability of eggs, and prolonged exposure to heat stress could also
hinder the process of embryonic growth and development, leading to hatch defects in chicks
(Obidi et al., 2008; Bhadauria et al., 2014).

Several studies have shown that heat stress suppressed the immunity of broilers and laying hens
through various physiological responses including a reduced amount of antibodies, a lower liver
and lymphoid organ weight (Niu et al., 2009; Zhang et al., 2012; Ghazi et al., 2012). The
tendency of climate change to result in an alteration of the distribution of diseases globally has
been established; and the result of such an occurrence could be devastating, as previously
unexposed humans and animals could come in contact with novel diseases (Guis et al., 2011).
Climatic factors also affect the transmission of the avian influenza virus, and its ability to
survive outside the body of the host animals (Gilbert et al., 2008).

Therefore, in this review work, the focus would only be on the ventilation of agricultural
buildings and the application of computational fluid dynamics in the simulation of the
ventilation of the agricultural buildings.

2. VENTILATION

Ventilation involves putting in place measures to regulate the indoor climate of the livestock
housing, to provide an adequate supply of oxygen required for their metabolism and reduce the
level of waste gases or contaminants such as carbon dioxide, ammonia, dust and odour to a
tolerable level (Caroprese, 2008; Weeks, 2008). Ventilation would maintain the appropriate
range of temperature and humidity to ensure that the animals feed and grow properly as well as
avert the occurrence of diseases that could result from excessively high or low temperature and
humidity (Mrema et al., 2011).

Ventilation could either be natural or mechanical. The natural ventilation system is generally
passive and relies basically on either the stack effect of thermal buoyancy which causes air to
rise as it warms up, or air-pressure differentials caused by wind (Dheghan et al., 2013). It could
be regulated by the use of curtains and vents. Natural ventilation has a limited ability to provide
a controlled rate of air change or respond to the varying needs of building occupants (Ohba and
Lun, 2012). Despite its limitations, natural ventilation has been designated as a promising
method of reducing building energy consumption arising from the use of heating, ventilation,
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and air conditioning (HVAC) systems (Ohba et al., 2012; Oropeza-Perez and Ostergaard 2014;
Malkawi et al., 2016).

Mechanical ventilation includes the tunnel ventilation system, the cross-ventilation system, and
the roof exhaust and side inlet ventilation system. This method involves the use of fans to create
a positive or negative pressure inside the building. For positive pressure systems, fans force air
through inlets or openings into the building, creating a positive pressure that causes air to move
out of the building at the outlet opening. Meanwhile, for negative pressure systems, suction fans
expel air from the building, resulting in a pressure drop that causes air to flow into the structure
(Mrema et al., 2011). The negative impacts of mechanical ventilation cannot be
overemphasized, given that it has greatly contributed to global warming as a result of carbon
dioxide emissions (Dehghan et al., 2013). Hence, architects and designers are turning to natural
ventilation, using wind catchers to improve the quality of supplied air, and the efficiency of
ventilation systems (Hughes et al., 2012).

3. VENTILATION PERFORMANCE PREDICTION METHODS

Natural ventilation involves complex physical processes which needs to be simplified by
designers to facilitate the study, calculation, and prediction of natural ventilation in buildings
(Dehghan et al., 2013). Throughout human history, various methods have been adopted in
natural ventilation studies, and the evolution of these approaches across various periods is
shown in Figure 1. The trend indicates a transition from conventional to computational methods
(Ohba and Lun, 2012). Methods used in ventilation performance prediction could either be
analytical or experimental (Dehghan et al., 2013).

Pre-Christian Era:

Observation, philosophia,
trial by error, religion ﬁ
Ancient Greece: Human. respira.lti?n
Empirical, theoretical evolved into building

studies

\

Late Medieval Period — Early Modern Period:

A Based on scientific methods; experimental and
analvtical
Wider range of

advanced topics in
building studies

(

Meteorological development led to complementary experimental and numerical
solutions of practical engineering problems and building ventilation problems

Second half of 20% century:

215 century:

Development of combined simulation design models, e.g. airflow network modal
and CFD, complementing the traditional theoretical and experimental
approaches to problem-solving in building ventilation studies.

Figure 1: Evolution of ventilation study approaches. Source: Ohba and Lun (2012)

3.1.  Basic Principles of CFD
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The CFD approach in this review involves numerically solving Reynolds-averaged form of the
Navier-Stokes equations within each cell of the computational domain to obtain complex
simulations of turbulent flows, thermal distributions, air velocity and convection within the
building (Rojano et al., 2014). The Reynolds averaged Navier-Stokes equations (RANS) uses
time averaging to determine the effect of turbulence on the mean flow field (Bustamante et al.,
2013).

The non-linear partial differential equations for the conservation of mass, momentum and
energy solved by the simulation software, are given below as Equations 1, 2, and 3, respectively
(Lee et al., 2007).
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where:
S, is mass source in (kgm3s?); p is density in (kgm);
u; is component of velocity in (ms™); x; is component of length in (m);
tis time in (s); p is pressure in (Pa); 7;; is the stress tensor in (Pa);
F; is external force vector in (Nm®); g; is gravitational acceleration in (ms2); K
is thermal conductivity in (Wm™K™); h is specific enthalpy in (Jkg™); J; is the
component of diffusion flux in (kgm?2s™?); S, is total entropy in (JK™2); and T is
air temperature for the livestock building in (K).

Numerous turbulence models have been developed, but the most commonly used ones for
studies involving agricultural buildings include the standard k-e, the renormalization-group
(RNG) k-¢, the k-¢ realizable, and the Reynolds Stress Model (RSM) (Bustamante et al., 2013).
As shown in Figure 2, obtaining a solution from the governing equations above involves
converting the governing partial differential equations and boundary conditions into a system
of discrete algebraic equations using finite difference or finite volume method, then obtaining
the solution from the system of linear or non-linear algebraic equations through the application
of numerical methods. Currently, all CFD models predict building ventilation performance
using approximation, which unavoidably results in a level of uncertainty in the prediction of air
flow, velocity and temperature.

3.2.  Turbulence Models

Commonly used CFD models generally fall into two categories namely those that are based on
a finite-volume approach involving the Reynolds-averaged Navier-Stokes (RANS) equations
which resolves only the mean (time-averaged or ensemble-averaged) flow, and those that
follow the large eddy simulation (LES) methods which filters the Navier-Stokes (NS)
equations. Other classes of CFD models are the Direct Numerical Simulation (DNS) which is
too computationally demanding since it requires that the exact Navier Stokes equations be
solved to the smallest length and time scales, and the hybrid LES-URANS (unsteady RANS)
methods (Blocken and Gualtieri, 2012). The satisfactorily high quality of results, and the low
computational power requirement of RANS models have led to their continued use both for
research and design purposes (Blocken, 2018).
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Figure 2: CFD solution procedure. Source: Tu et al. (2018)

An investigation of the indoor condition in an industrial premises carried out by Rohdin and
Moshfegh (2011) where three turbulence models (standard k-¢, RNG k-¢ and realizable k-¢)
were tested by qualitative and quantitative validation methods revealed that RNG k-¢ had the
best agreements with measurements from the field experiment. The same conclusion was drawn
from similar studies where CFD and other turbulence models were evaluated (Lee et al., 2007;
Liu et al., 2013). Along with the three k-¢ models outlined above, other two-equation RANS
models: the standard k-w, and shear stress transport (SST) k-w turbulence models have been
extensively used in simulation studies (Kim et al., 2017; Oh et al., 2019).

3.2.1. Standard k-& model

The standard k-¢ model is a semi-empirical model whose equations were derived from the
Reynolds-Averaged Navier-Stokes equations. The major assumptions in this model were that
the flow is fully turbulent and the effects of molecular viscosity are negligible, therefore it could
only be used for fully turbulent flows. It evaluates the turbulent viscosity (p) from the
relationship between the turbulent kinetic energy (k) and kinetic energy of turbulent dissipation
(¢) as defined by equation 4 (Li et al., 2016):

2
Mt =Cup% 4

The values of k and ¢ are calculated using equations 5 and 6 (Li et al., 2016):
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The production of turbulent kinetic energy P« is given by (Li et al., 2016) as:
Pk = HtSZ 7
The effect of buoyancy forces Py is given by (Li et al., 2016) as:

oT
Py = BYipe 5 8

Pry 0x;
where:
Pr; is the turbulent Prandtl number,
gi 1s the component of the gravity vector in the ith direction.
Ce=144,Cpe =192, C5,=1,C, =0.09, o, = 1.3,
o, = 1 were adopted as values of the model constants.

3.2.2. Renormalization group (RNG) k-¢ model

The RNG k-¢ model resolves turbulence by filtering out as much small-scale turbulence as
necessary. This is achieved by making the C,, a variable term, and applying a factor “h” which
is the ratio between the time scales of the turbulence and the mean flow (Rohdin and Moshfegh,
2011).

The new C,, denoted as C,,,, is defined by (Rohdin and Moshfegh, 2011) as:

Cun®1-n/n0)
Ceon = Cgy ulego 9

The values of k and ¢ are defined by equations 10 and 11 (Mostafa et al., 2012).

ak 9 ok
P = a_xi[ak:ueffa_xi] + G+ Gy, —pe—Yy

dt
10
d a ] 2
PG = o |Cetters 3| + Cre £ (G + CseGp) = Cocp T = R 11
where:

k is turbulent kinetic energy (m?s);
Uets 1S effective viscosity;
W = Wt (M3s); W is viscosity (m?s); H is turbulent viscosity (m?s);
axk IS the generation of kinetic energy due to the mean velocity gradients
(kgm™'s?);
o, is the generation of kinetic energy due to buoyancy (kgms);
Gp is the generation of turbulent kinetic energy due to the mean velocity
gradients (kgms);
Gy is the generation of kinetic energy due to the buoyancy (kgms?);
& is turbulent dissipation rate (m?s);
Ywm is the contribution of the fluctuating dilatation in compressible turbulence to
the overall dissipation rate (kgm™s?);
C;sand C,.are constants of 1.42 and 1.68;
Cs¢is tanh (ui/u2), ur and uz are components of the flow velocities parallel and
perpendicular, respectively, to the gravitational vector, and R is the gas law
constant, 8.31447 x 10° Jkgmol K™,
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The turbulence kinetic energy (k) and turbulence dissipation rate (&), which are important
factors for inlet conditions, is calculated using Equations 12 and 13 (Fluent, 2006):

ke=—u?+v?+w?) 12

3/4,1,3/2
Clt Xk

&= ,l =min(k X z,,k X §) 13
where:

C,, is an experimental constant;

z,, 1S height from the ground (m),

and 6 is thickness of the turbulent boundary layer (m).

3.2.3. Realizable k-¢ model

The realizable k-¢ model allows the removal of certain variables such as negative normal
stresses from predictions by means of numerical clipping. This realizability effect is achieved
by making Cy, a function of the turbulence field’s mean strain and rotation rates. The realizable
k-¢ model’s k equation is identical to that of the standard k-¢ model, while ¢ is derived from
equation 14 (Rohdin and Moshfegh, 2011).

200e) _ 0 [( 4 1) 0] 4 g, (W0 2 o g, o
0x; o 0x; H og/ 0x; +G 0x; + ax; pe—C; k+vve 14
where:

C,= max [0.43, h/(h+5)],
C,= 1.0, o= 1.0, and
o =1.2.

3.2.4. Standard k-o model
The standard k-« model is defined by the Equations 15 and 16 (Miroshnichenko and Sheremet,
2015):
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an 9 | [Pr  vc|dndw o s Wea _ 2
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where the model constants are a« = 0.56, g = 0.075, g* =0.09, ¢,,= 0.5, and g, = 0.5.
3.2.5. Shear stress transport (SST) k- model
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The Menter’s k-w shear stress transport (SST) model comprises two equations namely, the
specific turbulent kinetic energy and the specific turbulent dissipation rate. The specific
turbulent kinetic energy k could be determined using Equation 17 (Rocha et al., 2014):

) P a a .
% (Pl (Uipk) = o (k) + P = frpk 17

The specific turbulent dissipation rate w could be defined by equation 18 (Rocha et al., 2014):

d d a a 11 0 d
%) + 2= Wipw) = o (1o i 0) + By = pe® + 201~ F) 2Lk Lo 18

W Oyz 0Xj 0%

The effective viscosities are given by equations 19 and 20 (Rocha et al., 2014):

1

e = Bt pe 19
1

Ho =K+ He - 20

where:
u.is the modified eddy viscosity, and
oy (x=k; o) is the diffusion constants.

The Reynolds stresses zij are computed using the Boussinesq expression (Rocha et al., 2014):

Tij = —pU’iU’j 21a
2

In equation 21b, Sij is the mean rate of deformation component and §ij is the Kronecker delta
function. The rate of production of ® denoted as Pw is derived using equation 22:

2 ]
Py =y |2pSij Sy 5 pw (a_iji) 5ij] 22
where vy is the model constant.

3.3.  Commercial CFD Codes

To satisfy the complex modelling requirements of various disciplines, there has been extensive
development of various commercial CFD codes. Those developed for ventilation studies must
have the ability to model flow-dependent properties, implement user-defined functions and
model flow through porous media among other features (Norton et al., 2007). Given the varying
performance of different codes under differing applications, as well as the fact that many of
them were developed within very specialized research areas, it is necessary to consider the
functionality of individual codes before being selected for a study (Norton et al., 2007). Some
of the most commonly used commercial codes include ANSYS CFX, ANSYS FLUENT, Star
CCM+, PHOENICS and CFD 2000. These codes incorporate at least all the aforementioned
functionalities, employ graphical user interfaces, and support Windows, UNIX and Linux
operating systems. In a further attempt to further ease the process of CFD analysis and open the
field up to non-experts, user-friendly, automated simulation programmes have also been
developed (Kim et al., 2017).

3.4.  Credibility of CFD in Ventilation Studies
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The accuracy and reliability of predictions of turbulent flows by computational fluid dynamics
(CFD) simulation is an issue of great concern to researchers. To convey the validity of CFD
model simulations in comparison with field experiments, it is therefore necessary to verify and
validate the model solutions. To this end, much detailed validation and verification studies have
been conducted over the years, resulting in quite a number of best practices and validation
guidelines (Rong et al., 2016). There have been numerous published works detailing best
practice guidelines for verifying, validating, and reporting CFD investigations of indoor
environments (Pelletier, 2010; Roy and Oberkampf, 2011; Blocken and Gualtieri, 2012;
Hajdukiewicz et al., 2013). Additional guidelines on how to quantify model-form uncertainties
and develop credible CFD models have also been developed ( Yao et al., 2013; Xiao et al.,
2016).

3.5.  Applications of CFD/Numerical models in Agricultural Buildings

Based on the review by Norton et al. (2007) and other recent works (Chen, 2009; Wu et al.,
2012; Lee et al., 2013; De Rosis et al., 2014; Benni et al., 2016; Rong et al., 2016), it could be
asserted that there has been a shift toward the use of CFD simulation in the study of fluid
circulation within agricultural structures. This is perhaps due to the fact that conducting a CFD
study requires less time, as well as lower financial and computational cost than full-scale field
experiments. These studies also indicate that there has been a significant improvement in the
accuracy of CFD simulation results over the years.

3.5.1. Computational domain

Both two- and three-dimensional models have been used in simulating indoor air condition. A
two-dimensional study of a layer house failed to show the true ventilation situation within the
building due to the fact that the inlet and exhaust fans were located on different two-dimensional
planes which could not be accommodated on the model (Fabian-Wheeler et al., 2018). Whereas,
a three-dimensional model of the same structure presented a more realistic view of the
ventilation conditions (Chen et al., 2020, 2021). Rojano et al. (2015), however, reported a good
agreement between the predicted and experimental data in a two-dimension study of the internal
environment of a broiler house.

According to Baxevanou et al. (2010), two-dimensional models do not precisely represent the
situation within a greenhouse. Despite this, Baxevanou et al. (2010) also reported that in
situations where the transport phenomena are being studied around the centre of a long structure
which has ventilation vents along its entire length, two-dimensional models are sufficient for
the study of indoor climatic conditions. The work of Benni et al. (2016) on greenhouse
ventilation followed this assumption, and they reported a high level of correlation between the
measured and simulated air speed using both the root squared mean error (RSME) values and
an autoregressive model comparison. However, Benni et al. (2016) reported that temperature
data showed only a fair correlation when compared on the basis of transient analyses and ratio
of percentage deviation (RPD) index.

Many recent ventilation studies using three-dimensional models have reported a very good
correlation between simulation and the results of field experiments in greenhouses (Chalill et
al., 2021; Sun et al., 2020), cattle barns (Tomasello et al., 2019, 2021), piggery (Tabase et al.,
2020), and poultry houses (Tehinse et al., 2020).

3.5.2. Greenhouse Ventilation
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Indoor microclimate control is a fundamental issue in greenhouse design since there is a need
to maintain the internal temperature within an optimal range, while also replenishing CO2 for
photosynthesis through the supply of outdoor air. Natural ventilation is one of the most
important indoor climatic control methods (Monila-Aiz et al., 2009).

In recent times, the usefulness of CFD in the initial stages of designing ventilation systems, as
well as its ability to provide useful insight in estimating the impact of proposed modifications
before implementation has been investigated. Computer simulations have also been
demonstrated to be useful in optimizing the operations of automated climate management
systems (CMS) by assisting designers in determining specific interventions such as degree and
combination of vent opening, air circulating fan speed, and specific operations of evaporative
coolers and HVAC systems that would effectively counteract the effects of severe variations in
heat load under varying weather conditions during the day (Benni et al., 2016; Chalill et al.,
2021). CFD application studies in greenhouse modelling before 2007 have been
comprehensively reviewed by (Norton et al., 2007). More recent studies in this field are
presented below.

In a study of natural ventilation of a side vented solar greenhouse, the effects of thickness, and
the spectral, optical and thermal characteristics of the greenhouse cover material and the effects
of varying intensities of solar radiation and angle of incidences into account (Baxevanou et al.,
2010). The standard k-¢ turbulence model was used for this study. Cover material that absorbs
high intensity solar radiation resulted to an increase in the greenhouse internal heat load due to
convective heating of the local air, encouraged secondary recirculation of trapped air, and a
significant reduction in the level of photosynthetically active radiation (PAR) available to the
plants. Variation in the level of available PAR within the building was however found to be
minimal for cover materials with high absorptivity combined with an arched roof design
(Baxevanou et al., 2010).

Benni et al. (2016) studied the effects of various combinations of roof and side vents openings
on the temperature within a three-span glass greenhouse in a hot climatic conditions. The effects
of various levels of external wind speed on each of the vent configurations were also considered.
The authors proposed the incorporation of solar radiation data into the model, as well as
investigating the effects of plants on the indoor environment as areas of further study. Using
the Standard k-¢ turbulence model and the Discrete Ordinates (DO) radiation model, the effects
of different positions and combination of windows (three positions and two combinations) on
the ventilation efficiency within a naturally ventilated solar greenhouse was studied by Sun et
al. (2020). The work only considered the effects of thermal interaction between the roofs, walls,
floor and the external environment. Investigating the effects of plant matter on internal
ventilation was also proposed as a means of improving the accuracy of the model. The result of
the study was however only verified using temperature data only, thus limiting the model’s
utility in the study of airflow and air distribution.

Chalill et al. (2021) proposed the use of box-type evaporative cooler (BTEC) units as an
improvement on conventional HVAC systems which are usually designed without considering
the impact of cover material on the indoor climate resulting in overdesigned systems. A full-
scale 3-D CFD study of a greenhouse was carried out using the k-¢ turbulence model, and the
results showed a good agreement between simulated and measured data. The BTEC systems
feedback-based climate management systems (CMS) were thereafter installed, and the ability
of the system to adequately keep the greenhouse climate within a range conducive for plant
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growth on a peak Middle East summer day was confirmed in a 20-hour pilot study which
accounts for the total period of solar radiation over an entire day.

3.5.3. Cattle Barn Ventilation

Zhaohui et al. (2017) used the Realizable k-¢ model to simulate the performance of a fan-pad
evaporative cooling system in a beef cattle barn under summer conditions. Average relative
errors of 34.53% and 4.71% between the measured and simulated values of air velocity and
temperature respectively indicated that the developed model was adequate for studying
ventilation in the building. Based on the simulation results, Zhaohui et al. (2017) were able to
improve the temperature and airflow and air distribution within the building, thus confirming
the model’s ability to provide a guide for optimizing the design of a fan-pad evaporative cooling
system, and regulating the environment of beef cattle barns.

To alleviate the effects of heat stress on dairy cows within naturally ventilated barns, mixed
flow fans (MFF) were commonly used to improve ventilation. By analyzing the effects of three
different elevation angles on the length of generated air jet, optimization of improved diffuser
shape in an MFF was carried out by Yao et al. (2019). The angle of the air inlet was also found
to have varying degrees of impact on pressure drop in the three animal occupied zones under
study. The simulation was done with the RNG k-¢ model and results were validated by
comparing the simulated and measured values using a t-test.

The configuration of vents and openings, along with the internal building layout has been
pointed out to be the primary factors affecting the efficiency of ventilation in naturally
ventilated animal housing. (Tomasello et al., 2019) defined a method for modelling and
evaluating airflow patterns generated by wind-driven natural ventilation within a free-stall barn
for dairy cows. Since there was a good agreement between the modelled air velocity distribution
and measured values in the barn, the CFD model was considered reliable for simulating other
environmental parameters. Based on the work of Tomasello et al. (2021) and using the same
steady-state conditions and Standard k-¢ turbulence model, Tomasello et al. (2021) tested five
different simulated building layouts which were designed in line with the prevailing principles
applied to renovating the layout of free-stall barns in the Mediterranean basin. The simulation
results showed possible improvement of the average air velocity in the resting areas, service
alley and feeding alley from 0.42 m s to 1.38 m s, while average air velocity in the calf pens
could be raised from 0.67 m s to 1.42 m s*. These values approach the 1.8 to 2.8 ms™ range
of air velocity suggested by Bailey et al. (2016) for cattle under heat stress conditions. The
investigated case study was considered highly representative of the naturally ventilated barn
and the findings of this study could therefore serve as a basis for improving systems used in
other countries with hot climates.

3.5.4. Pig Barn Ventilation

Kim et al. (2017) developed a CFD model to evaluate the ventilation rate in a pig house using
thermal distribution data based on the local mean age (LMA) index rather than the Tracer Gas
Decay method (TGD). Five commonly used RANS turbulence models (the standard k-¢, RNG
k-¢, realizable k-¢, standard k-w, and SST k-w) were tested, of which the standard k-« model
performed best with standard error and RSME values of 5.8 and 7.5 respectively. The developed
model was considered highly appropriate for conducting ventilation studies in the pig house.

Oh et al. (2019) investigated the regional ventilation efficiency at both pig and human height
in a pig barn using TGD. Four RANS turbulence models were tested on the developed three-
dimensional CFD model, and in stark contrast to the findings of Kim et al. (2017), the realizable
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k-¢ and the standard k-« models showed the best and least correlations respectively between
measured and simulated values of air temperature. The different methods employed in their
studies might be a primary factor for this discrepancy.

In a more recent study, a three-dimensional steady-state model for predicting airflow pattern
and ammonia emission in a pig negative pressure ventilated building with an underfloor air
distribution system was developed and validated (Tabase et al., 2020). The SST k-w model was
selected based on the recommendations of earlier studies on indoor airflow predictions in
enclosed environments with natural convection and buoyancy flows. The modelled air velocity
and temperature distribution were validated with the results of a field experiment using mock-
up pigs and different ventilation rates. A second experiment involving real pigs was then
conducted to validate the modelled airflow patterns, temperature, CO2 and NHz concentrations.
Overall, the model results fit well with the measured data.

Based on the reported benefits of solid floors over the slatted or drained floor in the lying area
of pig houses, Bjerg et al. (2017) investigated the effectiveness of two ventilation schemes in
maintaining the desired level of indoor air temperature in the preferred lying area (PLA). A new
effective temperature (ET) model was developed and CFD modelling was carried out using the
standard k-¢ model. The results indicated the period of undesirable indoor temperature in the
PLA could be reduced from 40% to 5% even at outdoor temperature levels 11 °C above the
reported average of 8 °C.

The influence of several environmental conditions such as air velocity, air temperature,
effective draught temperature (Tep) and the presence of solid partitions on the lying behavior
of pigs was assessed by Jackson et al. (2020). The ability of CFD simulations to predict the
behavior of pigs with respect to variations in environmental factors, as well as provide valuable
insight for designing the internal layout of pig houses were confirmed. The results of the study
were however noted to be case-specific.

Gao et al. (2021) investigated the impact of summer wet curtains on the temperature and
humidity conditions in a pig house and modelled the index of the predicted mean vote (PMV)
of thepig body. Based on temperature data and the range of PMV index fluctuation, the use of
wet curtains was shown to result in significant improvement in the thermal conditions within
the building. Error fluctuation between simulated data and the obtained from sensor
measurement was below 6%, which shows that simulation studies could provide accurate
insight into the distribution of thermal factors, and serve as a theoretical basis for optimizing
environmental control within pig barns.

3.5.5. Poultry House Ventilation

Several studies geared toward the improvement of existing ventilation systems and the
development of new ones has been carried out. The capability of a negative-pressure ventilation
system in a broiler house was assessed by Bustamante et al. (2013). Although their experiment
was conducted in an empty hen house, air velocity values observed at the animal level were
similar to those of Blanes-Vidal et al. (2008) and was considered to be representative of real
situations. Saraz et al. (2013) also observed an insignificant difference between the results of
CFD simulation and direct measurements in a broiler farm equipped with misting and negative
pressure ventilation system. Temperature distribution within the broiler house, while using
different combinations of negative and positive pressure systems with or without misting was
also investigated by Saraz et al. (Saraz et al., 2013) using simulation, thus revealing negative
pressure ventilation combined with misting as the most efficient combination for the broiler
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house, while negative pressure without misting proved the least effective method. This was in
concurrence with the findings of (Bustamante et al., 2013) whose study likewise indicated the
inability of only a negative pressure ventilation system to protect poultry birds from mortality
resulting from heat stress. These studies used the standard k-¢ turbulence model.

The effects of three ventilation configurations: tunnel, semi tunnel (ST), and improved semi
tunnel (IST) on the air velocity and ventilation distribution in the broiler zone within a negative-
pressure ventilated poultry house were investigated by Guerra-Galdo et al. (2015). The values
obtained by Guerra-Galdo et al. (2015) were within the range reported by Bustamante et al.
(2013) in their study on poultry buildings equipped with tunnel mechanical ventilation systems.
The study by (Guerra-Galdo et al., 2015) indicated the possibility of improving the total area
having an index of temperature and velocity (ITV) lower than 25 to about 90.35% using the
IST system.

Using CFD techniques employing the RNG k-¢ turbulence model, air temperature distribution
and ventilation rate in a broiler building equipped with duct ventilation system were analysed
by (Mostafa et al., 2012). Mostafa et al. (2012) also developed four improved ventilation
designs which were simulated using CFD, and compared with the standard design to examine
the effectiveness of ventilation rates based on maintaining uniformity, stability, and suitability
of internal temperature in the broiler zone. The simulation carried out by Mostafa et al. (2012)
was validated on the basis of air temperature distribution and concentration of ammonia within
the broiler housing. The error between the measured and the simulated data for ammonia
dilution was 4.3%, while the NSME value for indoor ammonia concentration was 0.2. These
values indicated that there was no significant difference between the measured and predicted
values of ammonia diffusion, as well as the fact that the model is capable of accurately
predicting the efficiency of indoor ammonia concentration and estimating ventilation efficiency
of a broiler housing under unsteady-state conditions.

Meanwhile, the limitation of steady-state models in predicting the impact of bird motion on air
movement and temperature in a fully automated broiler chamber equipped with five fans and
evaporative pads was reported by Fidaros et al. (2018). Fidaros et al. (2018) noted that a
temperature variation of about 2 °C could exist between measured and simulated temperature
values nearer the bird height (0.5 m above ground level), in comparison with those at a height
of 1.5 m. They, therefore, suggested that in situations where the sensors for ventilation devices
are placed within the broiler house, vertical temperature gradient should be taken into account.
Regardless of this, the RSME values for temperature and air velocity, along with error
divergence for the respective quantities indicated that the model results were in good agreement
with measured values. Thirty-one combinations of different numbers of operating fans, fan
position, and operating speed were also investigated.

(Trokhaniak et al., 2020) investigated the effects of several modifications including different
degrees of fresh-air valve opening, the use of spoilers in controlling air direction, increased
building width, decreased floor height, and the effect of valve height in a side ventilated poultry
building.

Chen et al. (2020) investigated the efficiency of a conventional top-wall inlet, side-wall exhaust
(TISE) ventilation system in a cross-ventilated commercial laying hen house under cold
conditions (0 °C); using the standard k-¢ turbulence model, enhanced wall functions, and steady-
state calculations. They found the system capable of maintaining the temperature between 18
and 24 °C, while also keeping air speed about 0.26 m s on average during cold periods. Their
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simulated airflow patterns and other air conditions were consistent with other studies (Cheng et
al., 2018; Saraz et al., 2011; Seo et al., 2009). Their results showed that conditions at bird level
were within comfortable limits. The effect of the hens, their heat production, as well as
ventilation features on the indoor air condition was equally observed. Based on the
recommendations of Cheng et al. (2018), L. Chen et al. (2020) represented the hens in their
study as individual hen-shaped bodies. This was an improvement on previous studies of laying
hen housing, where hens were simply represented either as heated cages, or using other
oversimplified geometries. In conclusion, Chen et al. (2020) submitted that CFD modelling
enables the analysis of ventilation performance and solutions to practical problems related to
animal housing.

Similarly, the reliability of CFD in predicting weather conditions within a naturally ventilated
poultry building was also demonstrated by Rojano et al. (2015) who investigated the heat, mass,
and radiative energy transfer between a naturally ventilated broiler house and the environment.
They however observed a prevalent underestimation of indoor conditions by CFD in their work,
which they opined was as a result of the process of simplifying the heat from the heater in the
two-dimensional approach used. The steady-state simulation was carried out using the
realizable k-¢ turbulence model.

The impact of geometry, spatial distribution and body weight of birds on air flow resistance
within the zone occupied by caged laying hens were assessed using six RANS turbulence
models of which the RNG k-g& model showed the best performance (Cheng et al., 2018). To
keep the mesh volume from becoming too large, the animal occupied zone was simplified into
a porous media zone. A wind tunnel field experiment was conducted to determine the effect of
different inlet wind velocities on the factors being considered. The velocity data obtained from
the experiment was also used in validating the simulation results.

Airflow, internal air temperature distribution, and ventilation efficiency within a naturally
ventilated broiler house was investigated by Seo et al. (2009) through field experiments. Five
modified building models were then simulated alongside the conventional structure using TGD
and the RNG k-¢ turbulence model to resolve the issues observed through the field experiment.
The simulation results for one of the modified structures showed a possible increase in thermal
uniformity of 26% and a drop in dust concentration while maintaining the desired air
temperature at the animal occupied zone.

The ability of CFD to predict indoor conditions of air temperature and air speed within poultry
buildings was attested to by Tehinse et al. (2020) who modelled a set of thermally controlled
rooms at different temperatures in a study geared toward the initial stages of design in buildings
with controlled ventilation and heating. The study was conducted using the standard k- model,
and a good agreement was reported between the model prediction and measured values of air
speed and temperature distribution.

By modelling the temperature, as well as the predicted mean vote (PMV) and predicted
percentage dissatisfied (PPD) indices of a case study, Sanni (2019) investigated the effects of
the Trombe wall system on the internal environment of a poultry house. The results of the
analysis indicated the possibility of significantly improving the thermal conditions within the
building. However, no information on the model parameters, simulation domain, or validation
was provided for this study.

4. CONCLUSIONS
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The applications of CFD simulation in designing agricultural ventilation systems have been
discussed. It is obvious from this review that the focus of CFD investigations has shifted from
merely analyzing ventilation processes, to implementing the results of these studies in facility
design. This highlights the ability of simulation to assist in the initial design phase of building
design since it allows the evaluation of alternative designs and configurations, thus ensuring
the provision of adequate ventilation from the outset. The usefulness of numerical simulation
in the assessment and improvement of already existing ventilation systems to support the real-
time monitoring, control and post-occupancy optimization of environmental conditions in
buildings has also been demonstrated by the wide range of CFD studies on various types of
built environments.

Following their review on the applications of CFD in ventilation studies in agricultural
buildings, Norton et al. (2007) noted that the standard k-¢ turbulence model which was the most
commonly used model sometimes gave inadequate results. The standard k-¢ model was also the
most commonly used in the works under review in this work, and apart from instances where
the choice of computational domain detracted from the accuracy of the study, a good correlation
was reported between the measured and simulated data. However, in studies where other
turbulence models were investigated to determine the right choice of model, the standard k-¢
model was outperformed. This indicates that the choice of turbulent model was a critical factor
to obtaining good simulation results, and the choice of model should be done carefully.

Unfavourably high temperature and humidity conditions pose serious dangers to animal
production in the guise of heat stress and related conditions. These issues could however be
alleviated with appropriate ventilation methods. Despite the proven benefits of CFD
simulations in the initial design and improvement of existing ventilation systems, along with its
widespread use in other countries with hot climates similar to that of Nigeria, there exists a
serious dearth of published research on the application of CFD techniques in analyzing
ventilation and thermal conditions in animal environments in Nigeria. Only two such studies
were reported within the past decade (Sanni, 2019; Tehinse et al., 2020). Both of which were
carried out in experimental structures which were in no way representative of real poultry
houses used across the country. There is therefore a need for more documented research in this
field as a means of improving agricultural productivity within Nigeria.
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