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Abstract
The continuous enlargement of agricultural buildings such as greenhouses and
pig houses has resulted in difficulties in maintaining the proper growth environment.
In greenhouses for growing tomato crops, the problems on heating energy costs in
the winter season and high-temperature stress in the summer season are increasing
rapidly. Additionally, due to the inflow of outside cold air into pig houses during the
winter season, respiratory diseases of pigs are common. High-temperature stress
during the summer season causes heat accumulation inside the pig house.
Accordingly, the precise management of the proper growth environment in
greenhouses and pig houses is necessary. Inside agricultural buildings, airflow is the
primary mechanism of the transition of the aerodynamic environment such as air
temperature, relative humidity, and ammonia concentration. However, due to the
airflow’s invisible characteristics, farmers frequently make false judgments about its
operation. Recently, many studies have been conducted to predict the aerodynamic
environment using computational fluid dynamics (CFD). CFD technology has
enabled quantitative and qualitative analysis of the aerodynamic environment in all
domains. However, because the CFD-computed results are visualized in twodimensions, non-professionals find it difficult to understand complex CFD results.
Virtual reality (VR) is most suitable as a visualization technology and is an effective
way to express realistic effects such as objects and airflows in three-dimensions.
Therefore, this study attempted to develop a technology that visualizes the
aerodynamic environment inside greenhouses and pig houses using VR technology.
In Chapter 2, literature reviews on aerodynamic environmental problems in
greenhouses and pig houses, analysis of aerodynamic environments in greenhouses
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and pig houses using CFD simulation, and visualization of aerodynamic
environment using VR technology were carried out to establish the research
methodology.
In Chapter 3, CFD simulation was used to analyze the aerodynamic
environment inside the greenhouse for growing the tomato crop. Representative
aerodynamic problems that could occur in winter and summer seasons were derived
through a field survey and literature review. Based on the main problems, the total
cases for CFD simulation were determined. Moreover, validation data were collected
by measuring air temperature and wind speed in actual greenhouses. From the
measured results, the accuracy of the CFD model was validated. Then, the analysis
of the aerodynamic environment was performed according to various environmental
conditions using the validated CFD model. In the winter season, the CFD-computed
results revealed that the installation of a thermal curtain was essential to prevent heat
loss. In addition, the air temperature was properly maintained when the interval of
duct perforation decreased by a ratio of 1.1 times with a perforation angle of 45°. In
the summer season, side and roof vents should be fully opened simultaneously to
maintain the maximum ventilation rate. Furthermore, installation of a shading screen
to prevent the increase of air temperature due to high solar radiation is recommended.
In Chapter 4, the aerodynamic environment inside a pig house was analyzed
according to various environmental conditions using CFD simulation. Field surveys
and literature reviews were conducted to identify typical aerodynamic environmental
problems from pig houses. Based on these problems, the total cases were selected
for analysis of the aerodynamic environment using CFD simulation. The tracer gas
concentration and wind speed were measured in the weaning pig house through field
experiments, and the CFD model was validated through comparison with the
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measured value. Then, the internal aerodynamic environment of the pig house was
analyzed from the validated CFD model. In the winter season, the CFD-computed
results showed that the ceiling perforation in the weaning pig room was most
effective for maintaining the air temperature, while the ceiling slot with an opening
angle of 45° for the fattening pig room was most effective. In addition, even though
the ammonia concentration was reduced when the pit exhaust fan was used, results
revealed that ammonia concentration still showed a high concentration. Accordingly,
ammonia concentration could be reduced when the ventilation rate was increased. In
the summer season, the sidewall slot with an opening angle of 45° was able to reduce
the high-temperature stress for both weaning and fattening pig rooms.
In Chapter 5, a technology that visualizes the aerodynamic environment inside
greenhouses and pig houses was developed using VR technology. The threedimensional greenhouse and pig house models were designed following the CFDcomputed cases. Specifically, the three-dimensional tomato crop model was created
using a three-dimensional scanner, while the three-dimensional pig model was
created through multi-angle photographic data. To make the image models more
realistic, field surveys were conducted to properly replicate the actual texture, color,
brightness, shadow, etc. of the greenhouse and the pig house. The virtual space was
constructed based on the image models of the greenhouses, the pig houses, the
tomato crops, and the pigs. To visualize the aerodynamic environment in the virtual
space, a C language-based code was developed to extract the CFD-computed results.
Visualization of the aerodynamic environment was performed using contour plots,
two-dimensional vector flow, three-dimensional vector flow, and smoke effects. The
contour plots visualized the air temperature, relative humidity, and ammonia
concentrations through the colors on the active plane. Two-dimensional vector flow
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represented two-dimensional flows on the active plane. From streamline data, the
three-dimensional vector flow was developed to represent the overall airflow of the
greenhouse, and the smoke effect was developed to understand the airflow from the
air inlet. In this study, a tablet-shaped user interface (UI) was created so that the user
can directly select the desired cases. Through a performance test, the optimal number
of frames was determined. Finally, the visualization technology was developed to
visualize the aerodynamic environment in the greenhouse and pig house.
The technology developed in this study can be used as educational and
consulting materials for farm owners such as elderly and successor farmers. This
three-dimensional visualization can enhance the farmers’ professionalism and farm
operation management efficiency. As a result, the developed technology can
contribute to improved agricultural productivity and increased profits.
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CAVE

Cave automatic virtual environment

CFD

Computational fluid dynamics

CPS

Cyber-physical system

FVM

Finite volume method

HMD

Head-mounted display

ICT

Information and communications technology

IoT

Internet of Things

LMA

Local-mean-age

RANS

Reynolds averaged Navier-Stokes

RMSE

Root mean square error
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Re-normalization group
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Semi-implicit method for pressure-linked equations
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Structured query language
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Shear stress transport
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VR modeling language
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Chapter 1. Introduction
1.1. Study background
Korea has a small territory (99,720 km2, 109th in the world), and more than 60%
of the country is composed of mountainous terrain (Ministry of Agriculture Food
and Rural Affairs, 2015). The shortage of agricultural land was further intensified by
urban expansion as the population continuously grows every year. Since Korea is
located in the middle of the northern temperate zone, the four seasons are distinct.
However, due to climate change, the agricultural damages caused by abnormal high
temperature, heavy rainfall, and drought are increasing (Ministry of Agriculture
Food and Rural Affairs, 2015). As it becomes more difficult to create an optimum
environment for animals and plants in the open field, protected agriculture farming
that produces stable and high-quality products is becoming important. Protected
Agriculture is a national industry that can produce agricultural products intensively
in limited farmland, achieve eco-friendly farming, and export agricultural products.
Accordingly, it is urgent to practice cultivation related to protected agriculture to
maintain the food self-sufficiency throughout the country.
Protected agriculture can be divided into greenhouse horticulture and livestock
farming. The greenhouse industry in Korea has been increasing steadily due to the
policy on the modernization of greenhouse horticulture since the 1990s (Korea Rural
Economic Institute, 2015). Greenhouse horticulture is becoming more sophisticated
as it is now integrated into complex ICT convergence smart farm through the creation
of environment-control devices and automation systems. At present, China and Spain
were considered as the top countries utilizing the largest greenhouse horticultural
area all over the world, while Korea and Japan landed the second post. The
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greenhouse horticultural area in Korea has increased from 23,698 ha in 1990 to
51,787 ha in 2014. The total production of domestic greenhouse horticulture is 4.9
trillion won, accounting to about 28% of total agricultural production (Ministry of
Agriculture Food and Rural Affairs, 2018). In recent years, greenhouse horticultural
farmers are cultivating high-yield crops such as tomato and paprika in greenhouses.
Generally, tomato crops are most commonly cultivated in multi-span greenhouses
(Nam et al., 2014). The greenhouses for growing tomato crops are becoming larger
and larger, making it more difficult to create proper growing conditions along with
the stability and uniformity of the environment inside the greenhouses. Especially,
the difficulties of controlling and maintaining the internal growth environment are
due to high canopy growth. Therefore, in the greenhouses for growing tomato crops,
problems on heating energy cost during winter, and damage due to the high air
temperature during summer are increasing rapidly.
Similarly, the livestock industry has been an important industry in agriculture
for a long time. In the domestic livestock industry, the demand is growing steadily
due to the increase in the national income that accounts for 40% of the total
agricultural production in 2017 (Ministry of Agriculture Food and Rural Affairs,
2018). The pig industry has a percent share of 47.9% to the annual livestock
production, followed by the cattle industry (32.6%), and the chicken industry (13.1%)
(Ministry of Agriculture Food and Rural Affairs, 2018). The pig industry, which
occupies the highest share in the livestock industry, is being challenged to maximize
its production. However, the number of pig farm households has been steadily
decreasing since 2000, while the number of the pig head produced is steadily
increasing every year. Because pigs are now intensively raised in the poor
environments of pig houses, many pigs suffer great damage. In winter, low
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temperature air flows into the pig house, causing low-temperature stress in pigs.
Especially, the weaning pigs can easily catch a cold or a respiratory disease caused
by low air temperature because the weaning pig is sensitive to sudden environmental
changes. Moreover, high-temperature stress due to insufficient ventilation rates
during summer causes heat accumulation inside the weaning and fattening pig
houses.
Accordingly, optimum growth environment and precise growth management
are required to increase production of agricultural products in both greenhouses and
pig houses. The energy load should be minimized in order to create an optimum
growth environment inside the agricultural buildings. In addition, the proper
ventilation system must be operated to maintain the adequacy and stability of the
internal aerodynamic environment. The aerodynamic environment inside the
agricultural building includes air temperature, relative humidity, gas concentration,
etc. The airflow is the main mechanism of transition and distribution of aerodynamic
environment.
Since it is hard to trace the invisible airflow, many farmers and researchers often
have difficulties in controlling and improving the internal environment. Further, an
enormous number of sensors, analysis equipment, and time are required for the
measurement of the aerodynamic environment in agricultural buildings. As a result,
greenhouses and pig houses are generally designed with arbitrarily operated
ventilation setting depending on the experience of the consultant. Therefore, it is
necessary to accurately predict the invisible aerodynamic environment inside an
agricultural building.
The analysis of aerodynamic environment inside agricultural buildings has been
performed by field experiments, wind tunnel tests, and numerical analyses. The field
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experiment is a reliable method that uses a full-scale model. However, it is difficult
to conduct aerodynamic studies in field experiments because of unstable and
unpredictable weather conditions. Wind tunnel tests have been widely used as
accurate alternatives for conducting aerodynamic research and obtaining sufficient
quantitative data (Lee et al., 2003). However, wind tunnel tests also have
experimental limitations which include: 1) limited scaled model size due to the
blockage ratio; 2) cost of manufacturing scaled models under various experimental
conditions; and 3) time- and labor-consumption problems. Recently, many
researchers have used numerical analysis such as computational fluid dynamics
(CFD) to overcome these limitations.
CFD is a technique for solving non-linear equations through numerical analysis
to predict aerodynamic environment. CFD is widely used in various agricultural
fields; however, a high level of skill is necessary for the design of the CFD model
because validation is difficult. It is possible to quantitatively and qualitatively
analyze in all domains for CFD simulation. For non-professionals, however, it is
difficult to understand complex CFD-computed results. Therefore, a visualization
technology is necessary to allow non-professionals to easily understand the
aerodynamic phenomenon in agricultural buildings.
Recently, with the Fourth Industrial Revolution, new technology related to the
Internet of Things (IoT), big data, artificial intelligence, and cyber-physical system
(CPS) have been developed to improve productivity and economy in various
industries. Virtual reality (VR) is one of the attractive techniques that came from the
Fourth Industrial Revolution. VR is a technology that creates interactions between
three-dimensional virtual spaces created by computer systems and users. It is a
technology that synthesizes real-world and computer-generated graphics to provide
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realistic immersion to users without distinction between reality and the virtual world.
Users can experience visual effects using virtual objects in virtual space. In virtual
reality, everything can be manipulated or executed in any direction desired by the
user. Unlike three-dimensional animation, virtual reality allows users to control
movement and operation in a three-dimensional virtual space according to their
preferences. VR technology is the most suitable method to realistically visualize the
aerodynamic environment inside an agricultural building.
The aerodynamic environment can be estimated by visiting the actual farm, but
it is very difficult to accurately understand the invisible aerodynamic environment.
Also, it is often difficult to enter greenhouses and pig houses especially in the winter
season because of measures to prevent infectious diseases. As an alternative, twodimensional visualization is performed using CFD. However, it is also not an
effective method in terms of realistic understanding. Therefore, visualization
technology is necessary to easily understand the aerodynamic environment in
greenhouses and pig houses using CFD and VR approaches.
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1.2. Objective of thesis
CFD simulation enables quantitative and qualitative analysis of the
aerodynamic environment in all domains. However, because the CFD-computed
results are visualized only in two-dimension, it is difficult for non-professionals to
understand complex CFD-computed results. VR technology is most suitable as a
visualization technology to express realistic effects of objects and airflows in three
dimensions. Therefore, the aim of this study was to develop a technology that
visualizes the aerodynamic environment inside greenhouses and pig houses using
VR technology.

The manuscript is divided into five chapters. Chapter 2 includes the literature
review that builds a foundation for the manuscript and suggests the suitability of the
study. The review includes literature on aerodynamic environmental problems in
greenhouses and pig houses, analysis of aerodynamic environment in greenhouses
and pig houses using CFD simulation, and visualization of aerodynamic
environment using VR technology.

Chapter 3 discusses the analysis of the aerodynamic environment inside the
greenhouse for growing tomato crops using CFD simulation. Representative
problems about the aerodynamic environment that could occur in greenhouses were
identified through a field survey and literature review. Based on the measured results,
a CFD model was validated to improve the accuracy of CFD results. The
aerodynamic environment in the greenhouse was then analyzed using CFD
simulation.
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Chapter 4 focuses on the analysis of the aerodynamic environment of a pig
house in various environmental conditions using CFD simulation. This study
conducted field surveys and literature review to identify representative problems
about the aerodynamic environment in pig houses. Validation of the CFD model was
conducted by comparing the measured and computed data. From the validated CFD
model, analysis of the aerodynamic environment was performed in various
environmental conditions.

Chapter 5 discusses the development of a technology that visualizes the
aerodynamic environment inside agricultural buildings using VR technology. This
chapter describes the development of a three-dimensional greenhouse, pig house,
tomato crop, and pig models that could be inputted in a virtual space. Then, the CFDcomputed data was extracted to link to the virtual space for visualizing the
aerodynamic environment inside the greenhouse and the pig house. Afterwards, the
qualitative and quantitative visualization of CFD-computed results were performed.
Finally, optimization was conducted to develop the visualization technology.
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Chapter 2. Literature review
2.1. Aerodynamic environmental problems in agricultural
buildings
2.1.1. Representative problems related to aerodynamic environment in
greenhouses
In the winter season, the main problem in greenhouses is the low air temperature
and high heating requirement. Most studies were conducted to reduce heating energy
and maximize heating efficiency. Similarly, studies were also conducted to solve
issues on internal high humidity and environmental non-uniformity. In the summer
season, the main problem in greenhouses is the high air temperature.
Common problems related to heating systems of greenhouses are the excessive
heating cost used to maintain optimum air temperature inside greenhouses in the
winter season which accounts to more than 30% of the total operating expenses.
Especially in Korea, heating efficiency is very important as 80% of the heating fuel
is imported (Im et al., 2013; Kwon et al., 2015; Lee et al., 2016; Nam & Shin, 2015;
Rural Development Administration, 2005, 2017; Shin & Nam, 2015). Heaters should
be properly installed with thermal curtains in greenhouses for an increase in heating
efficiency.
Many studies attempting to reduce the use of additional heating energy were
conducted by various researchers in recent years. For example, Kim et al. (2004b)
developed the double air duct in an air-heated system to improve temperature
gradient and reduce energy. Kwon et al. (2016a) reported that the heating cost of
glasshouses that were installed with geothermal heat pumps and thermal curtains was
87% lower than that of a conventional glasshouse. Kang et al. (2017) conducted
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research on heat pump system using waste heat, and reduction of heating cost was
87% when compared to the cost of conventional heaters. Similarly, Kwon et al. (2015)
developed a heating system suitable for local heating of crops in order to reduce
heating energy.
Cold air infiltration is a big problem in the winter season causing low air
temperature to flow in greenhouses. Nam and Shin (2015) conducted a research
study for calculating the heat transmission load of infiltration loss. They found that
heating energy could be saved when the heat transmission load on infiltration loss
was reduced. Shin and Nam (2015) measured the infiltration and ground heat loss in
the greenhouse, and examined its effect on the greenhouse heating load. Also, Im et
al. (2013) conducted a research on the heat loss in greenhouses using thermal
imaging cameras.
Internal environmental uniformity in greenhouses is an important issue in the
winter season. Many researchers mentioned that the uniformity of the internal
environment in greenhouses is important for improving the growth environment and
productivity of crops (Hong & Lee, 2014; Lee et al., 2016; Ryu et al., 2017; Song et
al., 2015; Yang & Lim, 2015; Yu et al., 2007). In order to solve the uniformity
problem of the internal environment of the greenhouse, Lee et al. (2016) studied the
change of the internal environment of the greenhouse according to the capacity and
installation interval of the circulating fan. Hong and Lee (2014) proposed a
greenhouse ventilation model that can predict the internal environment, and this
study suggested that a circulating fan is an appropriate solution to solve uniformity
issues inside the greenhouse. Further, this research emphasized that the uniformity
inside the greenhouse can be improved through a proper circulation fan design and
installation location.
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In the winter season, the ventilation of greenhouses is operated on a minimum
rate to maintain the internal thermal environment. The humidity of greenhouses
becomes high at a low ventilation rate. If the humidity is higher than the required
humidity, the growth of crops will be hindered (Kang et al., 2007; Rural
Development Administration, 2015). Kang et al. (2007) mentioned that the relative
humidity could increase to more than 90% during nighttime of the winter season,
affecting crop growth. Furthermore, if the relative humidity inside the greenhouse is
above 80% for a long period of time, crops could be easily exposed to various
diseases, which may lead to deterioration of quality and productivity. Hence, an
optimum ventilation system for dehumidification was suggested to solve the
humidity problems in greenhouses.
In the summer season, the biggest problem is the high air temperature in
greenhouses. Many researchers stated that the air temperature of the interiors of
greenhouses can rise up to 35℃ during this period. This increase in air temperature
makes the greenhouse interior unsuitable for crop growth. Therefore, the proper
methods to control the interior air temperature must be used to maintain the normal
growth and productivity of crops. Various researches were conducted to solve the
high air temperature problem. The most common methods for improvement of high
air temperature include ventilation, shading, and air conditioners (Ha et al., 2012;
Kim et al., 2002a; Kim et al., 2011; Lee et al., 2000; Lee, 2004; Lee et al., 2015;
Nam et al., 2014; Rhee et al., 2015). Ventilation and shading screens are important
in solving high temperature problems in greenhouses (Rural Development
Administration, 2019). Yu et al. (2017) reported that the roof ventilation can maintain
the proper growth temperature in greenhouses. Yeo et al. (2016) evaluated the
installation methods of chimney exhaust fans to improve the air temperature in
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greenhouses, and Ahemd et al. (2016) reported that shading screens reduce air
temperature in greenhouses.

2.1.2. Representative problems related to aerodynamic environment in
pig houses
In the winter season, representative problems related to aerodynamic
environment in pig houses are low air temperature, gas accumulation, and infiltration.
On the other hand, the main problem in the summer season is the high-temperature
stress of pigs unsuitable for the growing conditions.
The optimum air temperature with internal environmental uniformity must be
maintained for the optimal growth of pigs in the winter season (Lee, 2016; Moon et
al., 2015). Lee (2016) stated that the effect of the low air temperature in the winter
season affects the immunity of the pigs as the animals could be easily exposed to
various diseases due to low-temperature stress. Similarly, low air temperature can
result in a lower feed efficiency. Furthermore, the internal air temperature may be
unevenly distributed according to the type of ventilation in the pig house. This can
lead to a deteriorated growth rate with an increase of mortality rate. In order to
overcome this, it was suggested that the ventilation system should be improved to
minimize low-temperature stress. Likewise, a heating system should be installed in
low temperature areas to maintain the optimum environment in a pig house (Lee,
2016; Song et al., 2004). Moon et al. (2015) assessed the performance of heat
recovery ventilators for saving fuel cost, maintenance of optimum air temperature,
and internal environmental uniformity. In most cases, low-temperature stress in pig
houses occurs because farmers could not properly comprehend the flow of internal
air inside the pig house. Therefore, it is important to understand the inflow path of
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cold air and internal airflow.
In pig houses, toxic gas such as ammonia, methane gas, etc. are generated from
manure (Kim et al., 2004a; Lee et al., 2006c; Ni et al., 2000a; Song et al., 2004). In
the winter season, when the cold air from outside enters the pig house, the heating
load must be increased. Traditionally, most pig farmers operate exhaust fans in the
minimum ventilation rate or even block the air inlet to reduce heating cost (Kim et
al., 2004a). As a result, toxic gases (ammonia, methane gas, etc.) coming from
manure inside the pit can accumulate excessively inside the pig house (Lee et al.,
2006c). Due to the accumulated toxic gas, pig immunity is severely affected, making
the pigs more vulnerable to various diseases. Even if excessive gas and odor are
generated, farm workers could not easily perceive these toxic gases leading to
continuous suffering of the pigs. In addition, since gas-measuring sensors are
installed at a height above the pigs (to avoid damage on the instruments), it is difficult
to accurately grasp the severity of odor and gases inside the pig house.
Infiltration, in which the cold air from the outside come in pig house through a
small gap near the door and the exhaust fan, causing low air temperature in the pig
house. Various studies were conducted about infiltration (Jadhav, 2017; Kim et al.,
2017a; Rural Development Administration, 2011). Jadhav (2017) predicted the
infiltration rate by measuring the infiltration rate of the pig house, and conducted a
study to analyze the effect of infiltration inside the pig house. If cold air from the
outside reaches the pig, it may cause low-temperature stress (Rural Development
Administration, 2011). Particularly, infiltration near the door must be carefully
controlled because many pigs stay near the door of a pig house (Kim et al., 2017a).
During the summer season, high air temperature and relative humidity caused
by the breathing and body heat generated by the pigs are the biggest problem in pig
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houses (Chae, 2016; Kim, 2016; Song, 2011). A ventilation system must be properly
operated to solve the high-temperature stress problem in pig houses. In addition, the
non-uniformity of internal air temperature should be improved to prevent the heat
island effect on some points. In the summer season, the wind speed in pig houses is
considerably high because it operates on the maximum ventilation rate. This high
wind speed may affect the productivity of pigs caused by high wind stress (Lee, 2016;
Song, 2011; Yoo, 2007). Therefore, the design of a ventilation system should be
improved not to produce high wind speeds near the pigs.
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2.2. Analysis of aerodynamic environment in agricultural
buildings using CFD simulation
2.2.1. Analysis of aerodynamic environment in greenhouses using CFD
simulation
Researches for analyzing the aerodynamic environment of greenhouses using
CFD simulation have been carried out domestically and internationally. CFD has
been widely applied to analyze the internal aerodynamic environment such as heat
and humidity through ventilation in greenhouses.
Various studies using CFD simulation have been conducted to analyze
ventilation efficiency in greenhouses. Campen and Bot (2003) simulated two types
of roof vents, a roll-up window and a flap window in a Spanish parral greenhouse.
Bartzanas et al. (2004) evaluated the side vent and roof vent in a tunnel greenhouse
using CFD simulation, and Khaoua et al. (2006) analyzed the airflow and
temperature patterns in a four-span glasshouse composed of plastic partitions
according to the wind speed and ventilation rate. Lee and Short (1999) evaluated the
ventilation efficiency of a naturally ventilated greenhouse from the validated CFD
model. Lee et al. (2018b) validated a CFD model using wind tunnel-measured
airflow patterns, and evaluated the ventilation rate of a naturally ventilated
greenhouse installed on reclaimed land according to wind speed, wind direction,
greenhouse type, type of ventilation system, and number of spans. Mistriotis et al.
(1997) analyzed the natural ventilation process by the buoyancy effect of a
Mediterranean greenhouse under low-wind or no-wind conditions. In order to
analyze the effect of the crop group on the ventilation efficiency, (Hong et al., 2008a);
Lee et al. (2007a) and Hong et al. (2008a) evaluated the ventilation efficiency
according to the type of ventilation system, wind direction, and location in a
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greenhouse. The effects of crops on ventilation were also considered through crop
modeling. Kacira et al. (2004) analyzed the effect of crops on ventilation rate and
airflow pattern of a greenhouse through CFD analysis.
Many researches have been conducted to analyze the thermal environment
inside the greenhouse using CFD simulation. Yoon and Kim (2000) analyzed the air
temperature and ventilation rate in naturally ventilated greenhouses by solar
radiation according to the number of spans. Short and Lee (2001) simulated the
change of air temperature in a naturally ventilated multi-span greenhouse according
to the difference between internal and external air temperature. Montero et al. (2005)
compared energy fluxes in three-span sliced-loop greenhouses according to the
existence of horizontal thermal curtain, and Kim et al. (2000) analyzed the air
temperature when a fog-cooling system was not installed in a greenhouse. In order
to solve the low air temperature problem during nighttime in a Chinese solar
greenhouse, Zhang et al. (2016) determined the thickness of the north wall from the
validated CFD model. Chen et al. (2015) developed a CFD-EPM-based heating
control system to improve energy efficiency and system performance. Yoon et al.
(2003) evaluated that the closed water curtain system could improve the heat effect
on a greenhouse, and Seo et al. (2016) analyzed the effect of shading curtain on air
temperature in order to solve the high air temperature problem in a greenhouse.
Tamimi et al. (2013) evaluated a high-pressure fogging system as the cooling and
heating equipment in a mechanically ventilated greenhouse.
Various researches to predict the humidity in a greenhouse were also conducted
using CFD simulation. Piscia et al. (2015) analyzed the internal air temperature and
relative humidity during nighttime in greenhouses according to the wind speed and
ventilation rate using the energy balance model and CFD simulation. Lee et al. (2016)
G

୍G

G

evaluated the effect of the air circulation fan on the air temperature and relative
humidity of the greenhouse with different conditions such as the capacity of the
circulating fan and the installation interval. Bartzanas and Kittas (2006) analyzed the
microclimate such as air temperature and humidity in two types of greenhouses
during the operation of heating and ventilation systems. Kim et al. (2008b) analyzed
the humidity distribution of greenhouses with fog cooling system and dehumidifiers
through CFD simulation. This study developed a model to provide a design tool to
maintain optimum humidity. Campen et al. (2009) developed a system that can
dehumidify by air conditioning with external air when a thermal screen is used in the
greenhouse, and Kim et al. (2002b) developed a CFD model for analyzing moisture
control for the optimum humidity distribution in the greenhouse. Lee et al. (2014)
constructed a cooling and dehumidification system using a lithium bromide solution
and cooling coil to the fan and pad system.

2.2.2. Analysis of aerodynamic environment in pig houses using CFD
simulation
CFD has been also widely used to predict the internal aerodynamic environment
of pig houses.
Many researches have been conducted to analyze the thermal environment in
pig houses using CFD simulation. Seo et al. (2012) created a three-dimensional pig
model to represent the actual pig which was simplified in the CFD model. Also, this
study analyzed the ventilation efficiency and thermal environment of a pig house in
the winter season. Wang et al. (2014) analyzed the thermal environment in a
farrowing pen using wet-pad cooling system through CFD. Hong et al. (2007)
determined appropriate locations of wet air purifiers after finding the design
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problems of ventilation systems in the winter season, and Sousa Junior et al. (2018)
analyzed the distribution of air temperature and wind velocity according to the
location of air inlets and outlets of the pig houses. Kim et al. (2017c) developed a
CFD model that can estimate the ventilation rate in a pig house based on the tracer
gas’ age of air theory, and Song et al. (2008) analyzed the effect of the pig house air
inlet wind speed on the performance of the ventilation system. Adrion et al. (2013)
analyzed the airflow characteristics when a porous ceiling and underfloor air inlet
are installed in a pig house. Li et al. (2016) compared the airflow and distribution of
air temperature by designing pig models in CFD simulation in the pig house. Rong
et al. (2015) analyzed the distribution of air temperature and wind velocity in pig
houses during winter using the hybrid ventilation system. Damasceno et al. (2018)
conducted CFD evaluation on a heating system operated by new renewable energy
as an alternative conventional heating system.
CFD simulation was also used for solving the problem of gas, dust, and odor
generated in pig houses. Bjerg et al. (2011) designed a ventilation system to reduce
the ammonia concentration in pig houses using CFD simulation. Kwon et al. (2013)
analyzed the airborne dust concentrations in the fattening pig house with respect to
farmers’ respiratory system. Kwon et al. (2016b) identified the ventilation system as
the most influential factor of dust accumulation in pig houses through multiple
regression analysis. They also evaluated the dust reduction efficiency of the pipe
exhaust system using CFD simulation. Predicala et al. (2002) conducted a study to
predict the migration of particulate dust in pig houses. Zhang et al. (2009) conducted
studies to reduce the odor emissions generated in the pig house by estimating the
ventilation rate considering the actual pig weight. Cruz et al. (2010) proposed a
porous windbreak designed by CFD simulation to solve the problem of odor
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dispersion. Rong et al. (2009) analyzed the effect of air temperature, manure
temperature, and wind speed on the ammonia emission rate in pig houses.
Many researches have been performed to solve dispersion of pigs’ infectious
diseases using CFD simulation. Seo et al. (2014a) conducted an analysis to predict
the spread of diseases; they also developed a forecast system based on a multi-factor
network process. Seo et al. (2014b) conducted a simulation to predict the dispersion
of disease using monitoring data. Roh et al. (2014) predicted the spread of disease
using open-source CFD tool, OpenFOAM (ESI-OpenCFD Inc., UK).
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2.3. Visualization of aerodynamic environment using VR
technology
At present, VR technology has been used for educational purposes such as
understanding of complex phenomena in various fields without directly experiencing
the dangerous situations that can be encountered in an actual setting. Lee et al. (2010)
proposed the development of an educational simulator for casting, mold, and heat
treatment training based on VR technology to replace dangerous long-term training
without materials waste. Choi et al. (2015) developed a VR simulator for the steelmaking process, and this simulator could be used to conduct training in a similar
condition with the actual working space. Recently, VR technology has been widely
applied in the field of fire control and evacuation. Initially, Han et al. (2008)
conducted a numerical simulation of the internal smoke flow of fire in an isolated
environment. The simulated results were then integrated to VR technology to provide
decision information for fire evacuation and firefighting. From that, additional
educational simulations on fire suppression targeting the general public have been
developed (Cha et al., 2009; Won & Lee, 2010). In addition, Choi et al. (2010)
developed a VR-based fire safety training simulator capable of experiencing the fire
situation and performing a fire drill. Kim et al. (2008a), on the other hand, developed
a multiple training VR simulator using the tiled display method. The introduction of
these user-friendly devices resulted to popularity of VR training (Sung & Lee, 2016),
and Shim et al. (2001) stated that the VR simulator could be used to provide diverse
experiences in daily life with a safe training. Kim (2002) enabled online earth science
learning using web-based VR technology, and Ryu et al. (2009) developed VR
content for learning of history using VR technology. Jin and Lee (2009) developed
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an educational program that replicates the living space of an old Korean village in
cyberspace.
In the field of game industry, the Korean government invested KRW 50.5 billion
in 2016 (National Assembly Budget Office, 2017). At present, hundreds of
copyrights related to domestic VR games are available, and advanced studies are
being continuously conducted. Yong et al. (2006) developed VR content for popping
a bubble with a finger using a finger vibration tactile display device and a position
sensor. Hong (2014) attempted to realize the various physical phenomena such as the
air temperature and wind velocity. Park et al. (2010) tried to develop a VR game
based on a tiled display for immersion in the game. Kim et al. (2005) simplified the
interface so that the elderly can easily use the VR game. Bae and Kim (2015)
suggested VR contents considering social characteristics and ICT trends.
In the medical field, new medical display technologies for biometric
information monitoring, vital sign technology, and evidence-based medicine are
expected to be developed using VR technology. VR technology was not only used
for surgical training of medical students, but it is also used in providing treatment
and information to patients. For example, Kim et al. (2005) analyzed the effects of
cognitive function training in the elderly when VR technology was used for
rehabilitation for patients.
Virtual reality is also applied in various industrial fields. Choi et al. (2015)
developed a virtual flight simulator, and Dede and Fontana (1995) applied VR
technology for understanding the design of spacecraft. De Sa and Zachmann (1999)
developed a VR program to understand a car’s driving engine system. Restoration
techniques using VR technology have an advantage of being able to evaluate before
performing actual restoration, thereby reducing unnecessary economic time loss.
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Park (2003) has used the cave automatic virtual environment (CAVE) system to
digitally restore the Seokguram Grotto and Bulguksa Temple in Korea. Lee and Park
(2008) attempted to restore the damaged cultural properties, relics, endangered
species, and animals based on the VR restoration technique. These restoration
techniques were used as a new record and preservation method. In the field of
architectural and civil engineering, research has been carried out to simulate the
phenomenon of deformation and destruction of structures in virtual space so that
students, engineers, etc. can easily understand various principles through threedimensional modeling (Sampaio et al., 2010). In the field of education, Kulik et al.
(2011) developed a platform for discussing through a three-dimensional screen to
maximize effects to learners. Greenwald et al. (2017) attempted to implement a
discussion-based education that can interact with users through VR.
In the case of agricultural applications, most of the research using VR
technology have been conducted on farmers’ training programs and agricultural
machinery simulations; however, very few researches had practical uses in
agriculture. Yu et al. (2009) developed a VR-based farmer training program that
improves the realism of the simulation using the surveyed data related to agriculture
such as weather and disasters. This program included crop cultivation and livestock
breeding simulations that considered crops, livestock, weather, disease and pest,
fertilizer, etc. Lee et al. (2018a) and Noh et al. (2018) developed a power tiller
driving simulator wearing a head-mounted display (HMD) in order to provide safe
hands-on training equipment. Honjo and Lim (2002, 2003) developed a visualization
system of a greenhouse using the VR modeling language (VRML), which has the
highest performance in the three-dimensional visualization on the web. This study
converted greenhouse components such as types of greenhouse and crop into VRML
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format, and realized the three-dimensional visualization of greenhouse on the web
according to the user's setting. However, the resolution of visualization was very low,
while a three-dimensional image was realized through a two-dimensional screen. In
addition, types of greenhouses and crops were very limited for various VR
experiences. Although many basic researches in agriculture have been conducted
using VR technology with possibilities for application, there are only a few cases of
the development of VR contents compared to other industrial fields (Yu et al., 2009;
Zang et al., 2010). Especially, VR technology has been not used for visualization of
aerodynamic environments in agricultural buildings.
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Chapter 3. Analysis of aerodynamic environment in
greenhouse using CFD simulation
3.1. Introduction
In order to produce year-round tomato crops, it is necessary to regulate the
internal aerodynamic environment of the greenhouse (Hong & Lee, 2014). However,
due to the distinctive climate condition of the country, various environmental
problems for growing tomato crops inside greenhouses depending on the season are
common.
During the winter season, the minimum ventilation rate is maintained while
heating systems are operated to keep the optimum growth temperature inside the
greenhouse. For this reason, about 30 to 40% of the total operating costs are spent
on heating energy, which is a burden on farm management (Rural Development
Administration, 2016). This burden is further aggravated by the non-uniformity of
air temperature near the crop zone. In addition, the relative humidity inside the
greenhouse increases during winter season due to photosynthesis. This leads to
increased presence of insect pests resulting in serious problems to tomato production
(Im et al., 2013; Lee et al., 2013; Lee et al., 2007b; Shin & Nam, 2015). In contrast,
the ventilation rate during summer season is maintained at the maximum value to
avoid high-temperature stress. In spite of having the maximum ventilation rate inside
the greenhouse, the air temperature is still above the proper temperature for growing
crops. This causes damage not only to the crops grown but also to the health of farm
workers inside the greenhouse (Choi et al., 2000; Ha et al., 2012; Lee & Kim, 2011;
Nam & Kim, 2009; Yeo et al., 2016). For this reason, about 21.6% of greenhouses
do not cultivate tomato crops during the months of July and August due to extreme
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heat. To summarize, the main causes of environmental problems occurring in the
greenhouse during the winter and summer seasons are triggered by inadequate air
temperature and relative humidity inside the greenhouse.
Airflow is a key mechanism for the diffusion of air temperature and relative
humidity inside the greenhouse (Lee et al., 2006a; Lee et al., 2006b), and the major
environmental problems that arise in the greenhouse are closely related to airflow.
Therefore, the aerodynamic analysis for these seasonal environmental problems are
necessary to improve the productivity of tomato crops in greenhouses. On the other
hand, CFD is a technique that can analyze the aerodynamic environment. Many
studies have been carried out for analyzing the growth environment inside the
greenhouse for growing tomato crops using CFD technique. If validated accurately
using the measured data through a field experiment, the CFD model can accurately
analyze various aerodynamic environmental problems inside a greenhouse.
In this chapter, the CFD technique was used to analyze aerodynamic
environment in greenhouses for growing tomato crops according to various
environmental conditions. For this purpose, representative problems about
aerodynamic environment that could occur in the greenhouse were identified through
a field survey and literature review. From the results, the total cases were determined
for the analysis of CFD results. In addition, validation data was collected by
measuring the air temperature and wind speed in the greenhouse. Based on the
measured results, the CFD model was validated to improve the accuracy of CFD
results. The aerodynamic environment in the greenhouse was then analyzed using
CFD simulation.
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3.2. Materials and methods
3.2.1. Target greenhouse
The central region of Korea was selected as the target location for analyzing the
aerodynamic environment inside the greenhouse according to various environmental
conditions. The measured data in Cheongju-si Meteorological Station from 1986 to
2016 was used as reference for setting up the boundary condition of the CFD model.
The average data of air temperature, absolute humidity, wind speed, wind direction,
and solar radiation during daytime and nighttime were calculated.
Considering the increased demand of high-rise multi-span greenhouse
(Ministry of Agriculture Food and Rural Affairs, 2014), a high-rise 3-span
greenhouse was selected as a target greenhouse in this study. As shown in Figure 31, the target greenhouse has a width of 8.0 m for each span, an eave height of 5.4 m,
a ridge height of 7.4 m, and a length of 50.0 m. The ventilation systems of the target
greenhouse were divided into natural and mechanical ventilation systems. The
natural ventilation system was operated by opening the side vent and roof vent. The
side vent consisted of one-stage and two-stage openings, while this side vent was
opened separately. For the mechanical ventilation system, six 1.38 m-diameter
exhaust fans were installed at the front wall of the greenhouse.
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Figure 3-1 Target greenhouse for analysis of aerodynamic environment using
CFD simulation.

3.2.2. Computational fluid dynamics
CFD is a method that numerically calculates the solution involving physical
phenomena such as pressure, force, and temperature. CFD has the capability to
perform not only steady-state analysis but also transient analysis. At present, CFD
has been used in various engineering fields, such as the mechanical, environmental,
chemical, aeronautical and space engineering fields (Kwon et al., 2015; Lee et al.,
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2007b). Recently, CFD simulations have been widely applied in the field of research
on agricultural buildings such as the prediction of aerodynamic environments,
ventilation, and energy in greenhouses and livestock houses.
The CFD simulation numerically solves the Reynolds averaged form of the
Navier-Stokes equations (Launder & Spalding, 1983) within each cell in the domain
(Lee & Short, 2000). CFD analysis is a technique that solves governing equations
based on the finite volume method (FVM), which consists of three design stages,
namely pre-processing, main processing, and post-processing stages. In the preprocessing stage, the physical shape of the geometry is designed, on which its grid
mesh is generated. In the main processing stage, the fluid and energy flows in CFD
are computed by using a nonlinear partial differential equation based on the laws of
the conservation of mass, momentum, and energy. A qualitative and quantitative
analysis of the computational results is conducted in the post-processing stage.

Continuity equation:
μ
μɏ

൫ɏ୨ ൯ ൌ Ͳ
μ μ୧

(3-1)

Conservation of momentum equation:
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Conservation of energy equation:
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Where, ୟ is the specific heat capacity (W kg-1 K-1),  is the gravity
acceleration (m s-2),  is the sink or source term (W m-3),  is the position vector
in tensor notation,  is the temperature (K),  is the time (s),  is the velocity
components (m s-1), ɏ is the air density (kg m-3), Ɂ is the Kronecker delta, ɉ is the
thermal conductivity (W m-1 K-1), and , , and  are the Cartesian coordinated
indices.

In this study, Design Modeler and ANSYS Meshing (ANSYS Inc., USA) were
employed in the pre-processing stage, while ANSYS FLUENT (ANSYS Inc., USA)
was employed in the main-processing stage.

3.2.3. Validation of CFD model for analysis of aerodynamic environment
in greenhouse
3.2.3.1. Target greenhouse for validation of CFD model
The target greenhouse for the validation of CFD model was a wide-span
greenhouse located in the Rural Development Administration of Wansan-gu, Jeonjusi, Jeollabuk-do (Figure 3-2). To minimize the influence of environmental variables,
field experiments were first conducted without tomato crops from August to October
2016. The size of the greenhouse has a width of 14.0 m, an eave height of 2.0 m, a
ridge height of 4.1 m, and a length of 20.4 m. The covering material was made of
polyethylene film, and a shading screen was installed on the roof of the greenhouse
to prevent solar radiation. When not in use, this screen was curled at the top of the
greenhouse. The entry of solar radiation in greenhouse was blocked when the
shading was fully rolled down. The floor of the greenhouse was equipped with a
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nonwoven fabric to prevent underground heat transfer. The target greenhouse had
both natural and mechanical ventilation systems. A side vent was used for natural
ventilation system. An automatic switch was installed for opening the side vent,
which could be opened up to 1.1 m. Three exhaust fans, with a specification of 0.9
diameters, were installed in the front wall for the tunnel ventilation system. These
exhaust fans were installed in the lower part, and they were controlled through the
ON/OFF method. The exhaust fans were operated with openings of entrance or side
vent for the mechanical ventilation system. Located at the back of the greenhouse,
the entrance had a height of 1.9 m, and a length of 2.0 m.

Figure 3-2 Target greenhouse for validation of CFD model.

3.2.3.2. Experimental condition for measurement in greenhouse
Air temperature (HT-01DL, Korea) and wind speed (HD403 TS4, Delta OHM
Inc., Italy) sensors were installed to measure the data inside the target greenhouse.
The measured data was used for the validation of the CFD model. Measuring points
along the vertical position were represented by point A, B, and C, while the
horizontal measuring points were represented by points 1 to 9 as shown in Figure 3G
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3. A total of 27 measuring points was used in this study. External weather conditions
such as air temperature, relative humidity, wind speed, etc. were also measured by
installing a 3 m-high weather station outside the target greenhouse. The sensors and
the weather station were connected to a data logger (NI cDAQ-9133, National
Instruments Inc., USA) that transmits measured data at 1-second intervals. A
thermocouple (T-type) was installed to measure the temperature of the wall and the
floor of the greenhouse. To measure the flow rate of the exhaust fans, the average
flow rate for one minute was measured five times using an airflow station and a
manometer (TSI-5815, TSI Inc., USA). In addition, the average flow rate for one
minute was measured seven times using a portable anemometer (Testo 435, TESTO
Inc., Germany).
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Figure 3-3 Location of sensors for measurement of air temperature and wind
speed in greenhouse.

Measurements were conducted in the mechanical ventilation system from 11:00
a.m. to 4:00 p.m. on a clear day. Three large exhaust fans were operated during the
field experiment. The type of ventilation system was divided into two types: 1)
opening of the entrance; and 2) 10% opening of the side vent. Before measuring the
air temperature and wind speed, the entrance and side vents in the greenhouse were
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first closed to stabilize the internal airflow. The initial conditions were set when the
air temperature became uniform by sufficiently raising the air temperature inside the
greenhouse by solar radiation. The measurement was started right after operating the
exhaust fans. At the same time, a shading screen was used to ensure that the air and
temperature flow inside the greenhouse were not affected by heating due to solar
radiation. When only 10% of the side vent was opened, the upper part of the side
vent was only shielded with a shading curtain. When the airflow inside the
greenhouse was stabilized after starting the ventilation, the internal air temperature
and airflow rate were measured for 10 minutes. The temperature of the wall and floor
of the greenhouse was simultaneously measured using a thermocouple. The
measurement of aerodynamic environment in the actual greenhouse is shown in
Figure 3-4.
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Figure 3-4 Measurement of air temperature and wind speed for validation of
CFD model.

3.2.3.3. Design of CFD model for validation
The geometry of the target greenhouse was designed based on the actual shape
of the structure. The greenhouse frames were simplified because these parts had little
impact on the interior microclimate of the greenhouse. The grid size of the CFD
model was set as 0.1 m which was the minimum grid size for efficient computation.
The CFD model for validation consisted of a total of 1,614,720 cells with acceptable
orthogonal quality and skewness that satisfied the criteria for the accuracy of
simulated results (Figure 3-5).
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Figure 3-5 Design of computational domain of greenhouse for validation of
CFD model.

The boundary conditions of the CFD model were set based on the measured
values as shown in Table 3-1. The external air temperature was determined based on
the measured data in the field. From the measured data, the external air temperature
was set at 21.5 and 20.3℃ for opening of the entrance and 10% opening of the side
vent, respectively. In addition, the condition of the pressure was set as the standard
atmospheric pressure. The wind speed of the exhaust fan was about 7.07 m s-1 as a
result of the measurement of the average flow rate. The entrance and side vents were
set as pressure-inlet conditions in the CFD simulation considering the negative
pressure ventilation system. The transient-state computation was performed using
the pressure-based solver. The Semi-implicit method for pressure-linked equations
(SIMPLE) algorithm was used to create flexibility in the analysis procedure and
convergence. The air density was assumed to be an incompressible ideal gas with a
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viscosity of 1.7894 × 10-5 kg m-1 s-1. The residual for all variables were set as 1 × 106

for convergence criteria. The validation of the CFD model was conducted by

comparing the measured and CFD-computed air temperature and speed at 27
measuring points.

Table 3-1 Characteristics of numerical procedure for validation of CFD model.
Factor

Value

Unit

Solver

Pressure-based solver

-

Numerical algorithm

SIMPLE algorithm

-

Time condition

Transient-state

-

Wind speed at exhaust fan

7.07

m s-1

Operating pressure

101,325

Pa

Gravitational acceleration

9.81

m s-2

Air density

Incompressible-ideal gas

-

Air viscosity

1.7894 × 10-5

kg m-1 s-1

Fluid flow is generally dominated by turbulence which has a great influence on
phenomena such as separation, eddy, and reattachment of airflow. Since the
turbulence has a larger transport coefficient than that of laminar flow, turbulent flow
is carefully solved for accurately predicting natural phenomena. In CFD simulation,
the turbulence model is generally used for solving the turbulent flow which is an
irregular three-dimensional flow. In this study, the CFD models were validated using
Reynolds averaged Navier-Stokes (RANS) models such as Standard k-ε, Renormalization group (RNG) k-ε, Realizable k-ε, and Standard k-ω turbulence models.
Accurate near-wall modeling is important for successful CFD simulation because the
solution gradients are notably high in a wall-bounded flow. In this study, Enhanced
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Wall Treatment, which is a highly efficient Wall Functions model for near-wall
regions, was applied for more accurate computation. The first layer height was
designed in every case to satisfy y+ < 5.

3.2.4. Experimental method for analysis of aerodynamic environment in
greenhouse using CFD simulation
3.2.4.1. Determination of experimental case for greenhouse
The greenhouse for growing tomato crops has various problems due to external
environmental variables during the summer and winter seasons. In this study, the
representative problems about aerodynamic environment occurring inside the
greenhouse were analyzed using CFD simulation. Additional cases were analyzed to
improve these aerodynamic environmental problems (Table 3-2).
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Table 3-2 Cases for analysis of aerodynamic environment in greenhouse using
CFD simulation.
Season

Conditions

Cases

Duct system

Winter
Season

Thermal curtain

Installed
Not installed

2
(+2 without duct)

Set temperature of
hot air heater (℃)

5, 10, 15

3

Perforation interval
for duct

1.1 times decreased ratio
Equidistant ratio
1.1 times increased ratio

3

Perforation angle
of duct (°)

-45, 0, 45

3

Natural ventilation
Wind speed (m s-1)

1, 2, 3

3

Wind direction (°)

0, 45, 90

3

Vent opening

10% opening of roof vent

1

(2×3×3×3+2)+(3×3×1)=65
Natural ventilation
Shading curtain

Installed
Not installed

2

Wind speed (m s-1)

1, 2, 3

3

Wind direction (°)

0, 45, 90

3

Vent opening

Full opening of side vent
Full opening of roof vent
Full opening of side & roof vents

3

Summer
Season

Mechanical ventilation
Shading curtain

Installed
Not installed

2

Ventilation rate
(m s-1)

0.2, 0.5, 0.8

3

Vent opening

Full opening of side vent
Full opening of roof vent
Full opening of side & roof vents

3

(2×3×3×3)+(2×3×3)=72

In the winter season, the thermal curtain was generally used in a greenhouse to
minimize the heat loss from infiltration. In this study, the effect of the thermal curtain
was evaluated by comparing when the thermal curtain was installed or not. Low
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heating energy efficiency was a typical problem in the greenhouse during the winter
season. Hot air heater, which should be properly designed to allow the spread of hot
air throughout the facility by connecting a duct to the outlet of the heater, was
generally used for heating in the greenhouse. To analyze heating efficiency in the
greenhouse, the design of the duct was evaluated when the duct was connected to the
hot air heater or not. In addition, heating efficiency with uniformity of air
temperature was evaluated according to the perforation interval and angle of the duct
which was perforated at duct for flowing out hot air into the greenhouse. Heating
efficiency was simulated when the duct was perforated as the following conditions:
1) 1.1 times decreased, equidistant, and 1.1 times increased ratio of perforation
interval for duct; and 2) perforation angle of -45, 0, and 45° for duct. Further, internal
high relative humidity of the greenhouse was a big problem in the winter season.
High relative humidity was formed in the greenhouse due to the minimum ventilation
rate in order to maintain high air temperature. Therefore, this study analyzed the
optimum ventilation system for the natural system to control the relative humidity
while minimizing the heat loss. For the natural ventilation system, the relative
humidity was analyzed when the interval of duct perforation decreased by a ratio of
1.1 times with perforation angle of 45°. The relative humidity was also analyzed
when only the roof vent was 10% opened using the following conditions: 1) wind
speeds of 1.0, 2.0, and 3.0 m s-1; 2) wind directions of 0, 45 and 90° (where 0°
indicates that the wind blew in the direction of the ridge of the greenhouse, while 90°
indicated that the wind blew in the direction perpendicular to the ridge of the
greenhouse). For the winter season, a total of 65 cases were simulated to analyze the
heating efficiency and control of humidity inside the greenhouse.
Subsequently, an analysis of the environmental problems of greenhouses were
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conducted during summer season. High air temperature due to high external air
temperature was the major issue inside the greenhouse. The ventilation system was
properly designed to solve the problem of high air temperature. Two types of
ventilation systems were employed in this research which includes: 1) natural
ventilation system; and 2) mechanical ventilation system. For the naturally ventilated
greenhouse, analysis was conducted as the following: 1) wind speeds of 1.0, 2.0, and
3.0 m s-1; 2) wind directions of 0, 45, and 90°; and 3) full opening of side vent, full
opening of roof vent, and simultaneous full opening of both side and roof vents. For
the mechanical ventilation system, the internal environment was analyzed using the
following: 1) wind speed of 3.2, 8.0, and 12.8 m s-1 for exhaust fans; and 2) full
opening of side vent, full opening of roof vent, and simultaneous full opening of both
side and roof vents. On the other hand, the shading screen was generally used to
prevent high air temperature caused by solar radiation. The effect of the shading
screen was evaluated when the shading screen was installed or not. For the summer
season, a total of 72 cases were determined for analyzing problems of high air
temperature in the greenhouse.
The location of condition parameters in the greenhouse for cases determined in
CFD simulation is shown in Figure 3-6.
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Figure 3-6 Location of condition parameter in greenhouse for cases
determined in CFD simulation.

3.2.4.2. Design of CFD model for greenhouse
The CFD model was designed for analysis of aerodynamic environment in the
greenhouse as shown in Figure 3-7. The target greenhouse was designed considering
characteristics of each case. In the case of mechanically ventilated greenhouses, only
the interior of the greenhouse was designed as the computational domain because
the air inlet and outlet were located in the greenhouse. In contrast, the exterior of the
greenhouse should be designed as the computational domain in naturally ventilated
greenhouses to consider wind profile outside of the greenhouse. The size of
computational domain for naturally ventilated greenhouses was designed according
to the results of Kim et al. (2017b); Kim et al. (2017d).
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Figure 3-7 Design of computational domain of greenhouse for analysis of
aerodynamic environment.

This study used the daytime weather data for the summer season and nighttime
weather data of the winter season to create extreme environmental conditions. The
averaged weather data such as the air temperature, absolute humidity, and solar
radiation was used for CFD simulation. The surface temperature of the greenhouse
was determined by the measured value.
The growing medium for the tomato crop was designed to hang on the frame of
the greenhouse using a string. Two branches of tomatoes were grown in one
cultivating medium. The growing medium was placed 0.7 m high from the ground
with a distance between the media set to 0.8 m. The size of the tomato crop was set
as a width of 0.5 m, and a height of 2.0 m.
The tomato crop, which made an impact on aerodynamic resistance in the
greenhouse, had a great effect on the internal airflow, air temperature, relative
humidity, etc. In this study, the tomato crop inside the greenhouse was designed as a
porous medium for considering the effects of the crop on the microclimate of the
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greenhouse. The Darcy-Forchheimer equation was used to express the term of the
momentum source by porous media in the CFD simulation (Forchheimer, 1901).
This equation consisted of two terms that expressed the viscous loss and the internal
energy loss of fluid, from which the pressure drop across the media was estimated
from the permeability and the inertial resistance factor as follows:
Ɋ
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(3-4)

Where, ଶ is the inertial resistance factor (m-1),  is wind velocity (m s-1), Ƚ
is the permeability (m2), ο is the thickness of the porous media (m), ο is the
static pressure difference (Pa), and Ɋ is the viscosity coefficient (kg m-1 s-1).

Viscous loss term, on the other hand, was generally negligible in turbulent
airflow with high Reynolds numbers above 5,000. In addition, the drag force per unit
volume of the crop could be expressed when the crop was designed as a porous
medium:
ο
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(3-6)

Where, ୈ is the drag coefficient and ୟୢ is the leaf area density (m2 m-3).

For the drag coefficient of mature tomato crops, Haxaire (1999) found that the
value was 0.32 through wind tunnel test. Most studies using tomato crops as a porous
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medium used the values given in Haxaire (1999). However, the drag coefficient for
the tomato crops in Korea was different from this value due to the different growth
environment and tomato species. Therefore, the drag coefficient of 0.26, which was
measured for the Korean tomato species in the wind tunnel (Lee et al., 2006b), was
used to express tomato crop as a porous medium. The leaf area density varied
depending on the growth of tomato crop, and this study set the leaf area density as
1.7 (Lee et al., 2006a).
The tomato crop affects not only the airflow but also the microclimate inside
the greenhouse by respiration and evaporation. Sensible and latent heat generated by
the tomato crop has a great effect on the distribution of air temperature and relative
humidity inside greenhouse. Therefore, sensible and latent heat should be considered
in CFD simulation to predict the aerodynamic environment more accurately. The
sensible heat could be calculated as follows (Boulard & Wang, 2002):
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Where, ୮ is the specific heat of air at constant pressure (J kg-1 K-1), ୟ is the
aerodynamic resistance of the leaf (s m-1), ୟ୧ is leaf area index (m2 m-2),  is the
sensible heat of crop (W m-2), and ୪ and ୟ are the temperature of leaf and air in
the greenhouse (K).

The aerodynamicGresistance of the leaf could be expressed as follows (Boulard
et al., 1991; Campbell, 1977):
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Where,  is the characteristic length of the leaf (m), and  is the local wind
speed in the same mesh at the given location (m s-1).

The moisture generation form the leaf of tomato crop could be expressed by
latent heat:

 ൌ ୟ୧ ɏɉ

 െ ୟ

ୟ  ୱ

(3-9)

Where  is the transpiration rate of crop (kg s-1), ୱ is the stomatal resistance
of the leaf (s m-1)  and ୟ are the absolute humidity of leaf and air in the
greenhouse (kg kgda-1), and ɉ is the latent heat of vaporization at air temperature (J
kg-1).

The latent heat of vaporization at air temperature and stomatal resistance of the
leaf could be expressed as follows (Boulard et al., 1991):
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(3-10)

(3-11)

Where  is the global solar radiation at the given location (W m-2).

The wind, turbulent kinetic energy, and turbulent energy dissipation profile
were used to design the experimental atmospheric boundary layer for the CFD
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simulation. The profile equation was used based on the study by Richards (1989) and
Harris and Deaves (1980). These equation profiles are generally simplified if the
height of the computational domain is less than the ABL height (Richards & Hoxey,
1993):
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Where ஜ is a model fitting parameter (0.09),  is the turbulent kinetic
energy (m2 s-2),   כis the wall friction velocity (m s-1),  is the distance from the
wall (m),  is aerodynamic roughness length (m), ɂ is the turbulent energy
dissipation (m2 s-3), and Ɉ is the von Karman constant (approximately 0.41).

The heating capacity of hot air heater was determined by difference of external
and internal air temperature (Kim et al., 1997; Nam et al., 2008):

 ୦ ൌ  ሺ୧ െ ୭ ሻሺͳ െ ୰ ሻ

(3-15)

Where,  ୦ is the maximum heating load (kcal hr-1),  is the total surface
area of greenhouse (m2),  is the surface heat transfer coefficient (kcal m2 h-1 ℃-1),
୧ is internal air temperature (℃), ୭ is the external air temperature (℃), ୰ is
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reduction factor of heat transfer.

Boundary condition of CFD model for analysis of aerodynamic environment in
the greenhouse is presented in Table 3-3.
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G

G

Moisture

Temperature

Weather

Moisture generation
rate from crop

Surface temperature

Tomato crop

Floor

Cladding

G

kg m-2 s-1

℃

℃

44.2

36.7

650.0

19.6

Depending on
environmental factors
(C language-based code)

10.0

2.3

Depending on
environmental factors
(C language-based code)

W m-2

Tomato crop

0.0

W m-2

Solar radiation

Crop temperature

2.3

g kgda-1

Absolute humidity

30.5

-2.5

℃

Day time

Night time
Air temperature

Summer

Winter

Unit

Boundary condition

Value

Table 3-3 Boundary condition of CFD model for analysis of aerodynamic environment in greenhouse.
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Boulard et al. (1991);
Boulard and Wang (2002);
Campbell (1977)

Measured data

Boulard et al. (1991);
Boulard and Wang (2002);
Campbell (1977)

30-year
average weather data
of target area

Reference
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3.3. Results and discussions
3.3.1. Validation result of CFD model for analysis of aerodynamic
environment in greenhouse
Figure 3-8 and Figure 3-9 showed the comparison between the measured and
CFD-computed air temperature with a total of 27 measuring points. The measured
air temperature was expressed as average value and error bars. The average error and
RMSE values between the measured and computed air temperature were also
analyzed as presented in Table 3-4 and Table 3-5. The CFD-computed air
temperature was computed using the four turbulence model. As a result, similar
trends were noted between the measured and computed air temperature for the
Standard k-ε and RNG k-ε turbulence models. However, there were significant
differences at some point. Whereas, the measured and computed air temperature
showed the largest difference for the Standard k-ω turbulence. In contrast, the CFDcomputed value almost corresponded with the measured data for the Realizable k-ε
turbulence model at the opening of the entrance. The Realizable k-ε turbulence
model also accurately predicted the air temperature when the side vent was 10%
opened. Also, when using the Realizable k-ε turbulence model, the average error and
RMSE values were small compared to the other turbulence model. Therefore, the
Realizable k-ε turbulence model was the optimum turbulence model to analyze the
aerodynamic environment inside the greenhouse.
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Figure 3-8 Comparison between measured and computed air temperature
according to turbulence model when entrance was opened.
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Figure 3-9 Comparison between measured and computed air temperature
according to turbulence model when side vent was 10% opened.

Table 3-4 Statistical analysis between measured and computed air temperature
according to turbulence model when entrance was opened.

G

Turbulence
model

Standard
k-ε

RNG
k-ε

Realizable
k-ε

Standard
k-ω

Average
error (s)

0.32

0.34

0.11

0.51

RMSE (s)

0.39

0.42

0.15

0.65
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Table 3-5 Statistical analysis between measured and computed air temperature
according to turbulence model when side vent was 10% opened.
Turbulence
model

Standard
k-ε

RNG
k-ε

Realizable
k-ε

Standard
k-ω

Average
error (s)

0.20

0.16

0.05

0.24

RMSE (s)

0.24

0.19

0.11

0.29

The measured and CFD-computed wind speed using four turbulence model
were compared as shown in Figure 3-10 and Figure 3-11. The average error and
RMSE values were also presented in Table 3-6 and Table 3-7. The measured and
computed air temperature showed similar trends for the Standard k-ε, RNG k-ε, and
Standard k-ω turbulence models; however, a significant difference was observed at
some point. In contrast, similar to the validation results using the air temperature, the
Realizable k-ε turbulence model could exactly predict wind speed. Moreover, the
smallest average error and RMSE values were observed when the Realizable k-ε
turbulence model was used in CFD simulation. Therefore, it was concluded that the
CFD model could accurately predict the aerodynamic environment in the greenhouse.
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Figure 3-10 Comparison between measured and computed wind speed
according to turbulence model when entrance was opened.
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Figure 3-11 Comparison between measured and computed wind speed
according to turbulence model when side vent was 10% opened.

Table 3-6 Statistical analysis between measured and computed wind speed
according to turbulence model when entrance was opened.

G

Turbulence
model

Standard
k-ε

RNG
k-ε

Realizable
k-ε

Standard
k-ω

Average
error (s)

0.51

0.47

0.15

0.68

RMSE (s)

0.63

0.60

0.21

0.82
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Table 3-7 Statistical analysis between measured and computed wind speed
according to turbulence model when side vent was 10% opened.
Turbulence
model

Standard
k-ε

RNG
k-ε

Realizable
k-ε

Standard
k-ω

Average
error (s)

0.22

0.21

0.07

0.18

RMSE (s)

0.31

0.25

0.10

0.25

3.3.2. Analysis results of aerodynamic environment in greenhouse using
CFD simulation
3.3.2.1. Analysis results of aerodynamic environment in winter season
Low air temperature was a major problem in greenhouses during the winter
season. Considering this, the heating efficiency should be evaluated to prevent the
low-temperature stress for tomato crop in the greenhouse. Specifically, the
distribution of air temperature and relative humidity in the greenhouse were analyzed
using CFD simulation as shown in Table 3-8, Figure 3-12, and Figure 3-13.
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G

Thermal
curtain

No
thermal
curtain

Condition of
thermal curtain

45

0

-45

45

0

-45

Perforation angle
of duct (°)

14.8

14.6

14.0

9.0

8.7

7.9

9.4

8.5

8.1

9.5

8.7

8.2

11.6

11.1

10.2

5.7

4.9

4.3

Standard deviation

Minimum
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Minimum

14.3

13.9

13.5

8.3

8.0

7.4

11.9

10.5

9.9

12.0

10.4

9.9

10.3

9.7

9.0

4.4

3.8

3.0

Standard deviation

Average

Air temperature (℃)

Air temperature (℃)
Average

EquidistantGratio of
perforation interval for duct

1.1 times decreased ratio of
perforation interval for duct

Table 3-8 Representative CFD-computed result near crop zone during winter season.

G

Minimum

13.8

13.7

13.4

7.7

7.6

7.4

13.2

12.4

11.6

13.3

12.4

11.5

9.2

8.5

8.0

3.3

2.4

2.1

Standard deviation

Average

Air temperature (℃)

1.1 times increasedGratio of
perforation interval for duct
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Figure 3-12 Representative CFD-computed air temperature near crop zone
during winter season.

Figure 3-13 Representative CFD-computed relative humidity near crop zone
during winter season.
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A thermal curtain could be used to minimize heat loss from the outside cold air.
When no thermal curtain was installed in the greenhouse, the average air temperature
decreased below 10℃, which was the minimum growth limit of air temperature for
tomato crops. In contrast, the average air temperature near the crop zone did not fall
below 10℃ when the thermal curtain was used in the greenhouse. With the
installation of thermal curtain, the average air temperature near the crop zone was
14.0℃. Also, a notable increase in the average air temperature of about 6.0℃ was
observed near the crop zone with and without the thermal curtain. Therefore, it was
confirmed that the thermal curtain should be installed especially at nighttime in order
to prevent heat loss during the winter season.
When the hot air heater was operated without a duct, the distribution and
uniformity of air temperature was poor as shown in Figure 3-14. Notably, the lowest
air temperature was observed near the crop zone resulting in low-temperature stress.
Therefore, a duct that is connected to the hot air heater should be used to improve
the distribution and uniformity of air temperature. The CFD-computed results of the
duct design were analyzed when the thermal curtain was installed inside the
greenhouse. The heating efficiency with uniformity of air temperature was evaluated
according to the perforation interval and angle of the duct. The lowest average air
temperature of 13.4℃ near the crop zone was observed when the interval of duct
perforation increased by a ratio of 1.1 times. In contrast, the highest average air
temperature (14.8℃) was observed when theGinterval of duct perforation decreased
by a ratio of 1.1 times. The highest air temperature near the crop zone was found
when the perforation angle of duct was 45° regardless of the interval of duct
perforation. These results occurred because the hot air was directly discharged to the
crop zone (Figure 3-15). When the perforation angle of the duct was -45°, the lowest
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air temperature was observed near the crop zone because the hot air was discharged
to the floor of the greenhouse. From these results, it was determined that the heating
efficiency could be improved when the interval of duct perforation decreased by a
ratio of 1.1 times with perforation angle of 45°.
In terms of the uniformity of air temperature near the crop zone, the low air
temperature appeared at a distance far from the hot air heater when theG interval of
duct perforation increased by a ratio of 1.1 times as shown in Figure 3-14. The
standard deviation of air temperature ranged from 11.6 to 13.2℃ at different
perforation angles under this condition. This result indicated that the non-uniformity
of air temperature was found near the crop zone. In contrast, the small air temperature
deviation near the crop zone was observed when the interval of duct perforation
decreased by a ratio of 1.1 times. The results were caused by the generation of
minimum pressure loss in front of the duct when the interval of duct perforation
decreased by a ratio of 1.1 times. Under this condition, the hot air was uniformly
discharged because the large amount of hot air could reach the end of the duct. To
conclude, the uniformity of air temperature was maintained when the interval of duct
perforation decreased by a ratio of 1.1 times.
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Figure 3-14 Distribution of air temperature without and with duct according
to interval of duct perforation (crop zone).
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Figure 3-15 Distribution of air temperature according to perforation angle of
duct (cross section).

As shown in Figure 3-16, the average and lowest air temperature showed a
similar trend depending on the set temperature of hot air heater. Whereas, the
standard deviation of air temperature was almost constant regardless of the set
temperature of the hot air heater. As a result, the average and lowest air temperature
decreased when the set temperature of the hot air heater decreased. This could cause
low-temperature stress for growing tomato crops in some regions. In contrast, the air
temperature increased with the increase of the set temperature of hot air heater. From
this result, the distribution of air temperature was relatively high near the crop zone.
However, the heating cost could be excessive when the set temperature of 15℃ was
used for the hot air heater. Therefore, the set temperature of 10℃ was appropriate to
maintain the optimum air temperature in the greenhouse.
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Figure 3-16 CFD-computed air temperature according to set temperature of
hot air heater.

The relative humidity near the crop zone was higher than the optimum growth
relative humidity for the tomato crop that ranged from 60.0 to 80.0%. Accordingly,
the optimum ventilation system should be operated to control the relative humidity
while minimizing heat loss. In this study, the control of relative humidity in the
greenhouse was evaluated in a natural ventilation system when the interval of duct
perforation decreased by a ratio of 1.1 times with a perforation angle of 45° (Figure
3-17). Although the air temperature decreased near the crop zone, the relative
humidity was also decreased when the roof vent was 10% opened. Particularly, the
optimum relative humidity for growing the tomato crop was observed when the wind
speed was 1.0 m s-1, with wind direction of 90°. This result indicated that the relative
humidity could be controlled by the low wind speed in a natural ventilation system.
However, the air temperature significantly decreased when the wind speed was high.
Therefore, the ventilation system should be appropriately controlled considering the
G

୍G

G

air temperature and humidity inside the actual greenhouse.

Figure 3-17 CFD-computed air temperature and relative humidity according
to conditions of natural ventilation system.

3.3.2.2. Analysis results of aerodynamic environment in summer season
The major problem in greenhouses during summer season was the excessive
high temperature. To solve this problem, the ventilation system should be properly
maintained to prevent high-temperature stress. The CFD-computed results for
naturally and mechanically ventilated greenhouse are presented in Table 3-9, Figure
3-18, Figure 3-19, Figure 3-20, Figure 3-21, and Figure 3-22.
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G

Mechanical
ventilation

Natural
ventilation

Type of
ventilation
system

Shading
screen

No
Shading
screen

Shading
screen

No
shading
screen

Condition
of shading
screen

8.0

2.0

Wind
speed
(m s-1)

0.95

90

0.5

0.5

0.72

45

0.23

0.91

90
0

0.71

0.22

G

31.9

33.1

31.5

31.8

32.8

32.8

33.3

34.7

Side vent
(full opening)
Ventilation
Average
air temperature
rate
(℃)
(min-1)

45

0

Wind
direction
(°)

0.50

0.50

0.20

0.22

0.26

0.25

0.28

0.36

32.6

33.7

32.7

32.6

32.4

34.4

34.3

34.1

Roof vent
(full opening)
Ventilation
Average
air temperature
rate
(℃)
(min-1)

Table 3-9 Representative CFD-computed result near crop zone during summer season.
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0.5

0.5

1.40

1.18

0.48

1.49

1.24

0.58

31.8

32.9

31.1

31.3

32.2

32.3

32.5

33.6

Side + Roof vents
(full opening)
Ventilation
Average
air temperature
rate
(℃)
(min-1)
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Figure 3-18 Representative CFD-computed ventilation rate for natural
ventilation system near crop zone during summer season.

Figure 3-19 Representative CFD-computed air temperature for natural
ventilation system near crop zone during summer season.
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Figure 3-20 Representative CFD-computed relative humidity for natural
ventilation system near crop zone during summer season.

Figure 3-21 Representative CFD-computed air temperature for mechanical
ventilation system near crop zone during summer season.
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Figure 3-22 Representative CFD-computed relative humidity for mechanical
ventilation system near crop zone during summer season.

For the natural ventilation system with full opening of side vent, the air
temperature decreased as the wind direction increased. When the wind direction was
0°, the average air temperature near the crop zone was 34.7℃, close to the maximum
growth limit of air temperature which was 35℃. This is because the ventilation rate
was low since the wind was blown in the direction of the ridge of the greenhouse.
Whereas, when the wind direction was 90°, the air temperature near the crop zone
was 32.8℃ because a relatively high ventilation rate of 0.91 min-1 was formed in the
greenhouse. When the roof vent was fully opened, the distribution of air temperature
was high at all wind directions. Under these conditions, the ventilation rate was very
low without the circulation of airflow because only the roof vent was used for natural
ventilation (Figure 3-23). On the other hand, the air temperature for naturally
ventilated greenhouses showed the most appropriate distribution of air temperature
for the growing tomato crop when both side and roof vents of the greenhouse were
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fully opened simultaneously regardless of wind speed and direction. As shown in
Figure 3-24, these results demonstrated that the ventilation rate was high with
simultaneous full opening of both side and roof vents. When side and roof vents were
fully opened simultaneously with a wind speed of 2.0 m s-1 and wind direction of
90°, ventilation rate was 1.49 min-1. Under the same condition with wind direction
of 45 and 0°, the ventilation rates were 1.24 and 0.58 min-1 respectively. These results
indicated that the airflow was evenly mixed reducing stagnated regions. The air
temperature in the greenhouse could be decreased through a high ventilation rate.
For this, simultaneous full opening of both side and roof vents could maintain the
appropriate air temperature near the crop zone for growing the tomato crop.
For the natural ventilation system, the effect of a shading screen was analyzed
for reducing the high air temperature inside the greenhouse when the solar radiation
energy was high from July to August. The air temperature near the crop zone
decreased when the shading screen was installed in the greenhouse (Figure 3-25).
When shading was used, the average air temperature ranged from 1.2 to 1.9℃ under
all ventilation systems. Therefore, it was confirmed that the installation of a shading
screen was most appropriate for the management of high air temperature during the
summer as it could control air temperature in the greenhouse.
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Figure 3-23 Distribution of air temperature according to vent opening for
natural ventilation system (cross section and crop zone).
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Figure 3-24 Distribution of wind velocity according to vent opening for
natural ventilation system (crop zone).
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Figure 3-25 Distribution of air temperature when the shading screen was
installed with simultaneous full opening of side and roof vents for natural
ventilation system (cross section and crop zone).

For the mechanical ventilation system, it was found that the average air
temperature near the crop zone under all ventilation conditions was below 35℃
which was the maximum growth limit of air temperature. However, the highest
average air temperature of about 33.7℃ near the crop zone was observed when only
the roof vent was fully opened. This was because the hot air near the crop zone was
not sufficiently discharged outside. In contrast, when the side vent and roof vent were
fully opened simultaneously (Figure 3-26), the air temperature was relatively low
due to the circulation of airflow. Accordingly, simultaneous full opening of side and
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roof vents should be used in mechanically ventilated greenhouses during the summer
season.
Similar to the natural ventilation system, the air temperature greatly decreased
with the installation of shading screen in the mechanically ventilated greenhouse. As
a result, the average air temperature near the crop zone decreased in the range of 1.1
to 1.2℃. Therefore, it was recommended that a shading screen be used to prevent
high-temperature stress during the summer season.

Figure 3-26 Distribution of air temperature and wind speed when the shading
screen was installed with simultaneous full opening of side and roof vents for
mechanical ventilation system (crop zone).
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As shown in Figure 3-27, the ventilation rate rose with the increase of wind
speed for the natural ventilation system. The increase of ventilation rate resulted to
the lowering of air temperature near the crop zone. Specifically, the increase in rate
when the wind speed was changed from 1.0 to 2.0 m s-1 was larger than when the
wind speed was changed from 2.0 to 3.0 m s-1. This was because the air temperature
in the greenhouse would be maintained in range with the external air temperature.
For the mechanical ventilation system, the air temperature also decreased as the
ventilation rate increased.
Generally, the mechanical ventilation system could control the air temperature
more easily compared with the natural ventilation system because the high
ventilation rate was operated using an exhaust fan (Figure 3-28). However, the
installation and maintenance cost of exhaust fans were expensive. Accordingly, the
mechanical ventilation system in parallel with the natural ventilation system by
simultaneous opening of side and roof vents should be used to create an appropriate
growth environment inside the greenhouse.
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Figure 3-27 CFD-computed ventilation rate and air temperature according to
increase of wind speed for natural ventilation system.

Figure 3-28 CFD-computed ventilation rate and air temperature according to
increase of wind speed for mechanical ventilation system.
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The distribution of relative humidity showed similar trends as the distribution
of air temperature. Specifically, the relative humidity in the greenhouse could be
properly controlled in all ventilation conditions. Accordingly, the maximum
ventilation rate should be induced to prevent high relative humidity in the
greenhouse by using simultaneous opening of both side and roof vents.
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3.4. Conclusions
Major issues involving greenhouses during the winter season are lowtemperature stress caused by low heating efficiency and moisture accumulation
inside the greenhouse due to the minimum ventilation rate. In the summer season,
the problem on high air temperature inside the greenhouse was due to solar radiation.
Therefore, in this chapter, analysis using CFD simulation was conducted to identify
and solve major aerodynamic environment problems in the greenhouse.
First, field experiments were conducted in the actual greenhouses to validate
the CFD model. For validation, the internal air temperature and wind speed were
measured according to the ventilation systems. The CFD model was designed in the
same way as the actual greenhouse. The boundary conditions used in the model were
set based on the measured values. The result of the validation revealed that the model
accurately predicted the distribution of air temperature and the wind speed in the
greenhouse. It was also shown that the error between the measured and computed
results was very small. From the result of CFD validation, it was determined that the
Realizable k-ε turbulence model was the optimal turbulence model to be used for the
analysis of the aerodynamic environment in the greenhouse.
The aerodynamic environment inside the greenhouse was analyzed using the
validated CFD model. Considering various environmental conditions, the total cases
for CFD simulation were 72 cases for the summer season and 65 cases for the winter
season. During the winter season, thermal curtains should be installed in greenhouses
to minimize heat loss from the outside cold air. For cases that used only hot air heater,
the distribution and uniformity of the internal air temperature were reduced.
Accordingly, in case of ducts, the distribution and uniformity of air temperature were
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the most improved when the interval of duct perforation decreased by a ratio of 1.1
times with perforation angle of 45°. Further, the hot air heater was most
economically able to maintain the internal air temperature when the set temperature
was 10℃. Similarly, although the relative humidity could be reduced when the roof
vent was 10% opened, it was necessary to operate the ventilation system carefully as
this could lower the air temperature near the crop zone. In the summer season,
inducing the maximum ventilation rate by fully opening both side and roof vents was
effective in reducing the air temperature near the crop zone. Additionally, controlling
the air temperature was easier when the mechanical ventilation system was used but
could result in higher costs due to the installation and maintenance of exhaust fans.
Therefore, it was recommended to use both natural and mechanical ventilation
systems. The installation of a shading screen was proven to be effective to reduce
the high-temperature stress near the crop zone. Lastly, the problem on moisture
accumulation did not occur because the maximum ventilation rate was operated
during the summer season.
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Chapter 4. Analysis of aerodynamic environment in
pig house using CFD simulation
4.1. Introduction
Controlling the internal aerodynamic environment of the pig house is very
important in Korea due to the country’s distinctive climate characteristics. If the
ventilation system is improperly designed inside the pig house, the air quality
deteriorates with the poor environmental conditions of internal air temperature,
relative humidity, and ammonia concentration. This poor environment can affect the
pigs' behavior, weight gain, health, and physiological characteristics (Shi et al., 2006).
When the outside cold air enters the pig house through the air inlet in the winter
season, pigs become prone to low-temperature stress (Song et al., 2004). This lowtemperature stress can cause swine flu and respiratory diseases. Because a typical
pig farm operates at a minimum ventilation rate within a control range of a stable air
temperature in the winter season, the relative humidity and ammonia concentration
increase resulting in a high risk of disease occurrence. Further, because of the
infiltration from the gap of old fans and doors, there is an air temperature fluctuation
inside the pig room causing an increase of the heating cost (Bjerg et al., 2008;
Schiffman, 1998). In the summer season, when the ventilation rate is insufficient, the
heat accumulates inside the pig house. Particularly, the pig does not have sweat
glands to release excess body heat. The body temperature also increases as the weight
of the pig increases. Kim (2015) reported that the body temperature rises to more
than 41℃ in the summer season. Thus, the mortality rate of pigs is very high in the
summer season due to high-temperature stress. In addition, the hot and humid
summer climate causes rapid growth of bacteria in these conditions. A disorder of
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the digestive system caused by bacteria frequently occurs inside the pig house
resulting in lower productivity.
For the proper management of the aerodynamic environment in the pig house,
it is important to accurately understand the airflow. Since the airflow is the main
mechanism of the internal air quality, such as air temperature, relative humidity, and
ammonia concentration, it is necessary to maintain a uniform aerodynamic
environment inside the pig house through a proper ventilation system. For this reason,
many studies have been carried out to evaluate the aerodynamic environment in pig
houses with various ventilation systems. Recently, many researches using CFD have
been conducted to qualitatively analyze aerodynamic environments of various
ventilation systems in pig houses.
Therefore, the objective of this chapter was to analyze the aerodynamic
environment of pig houses in various environmental conditions using CFD
simulation. This study conducted field surveys and literature review to identify
representative problems related to the aerodynamic environment in pig houses.
Based on these results, the total cases were determined for the analysis of the
aerodynamic environment inside a pig house. For the validation of CFD model, the
tracer gas concentration and wind speed were measured inside the pig house. The
validation of CFD model was conducted by comparing the measured and computed
data. From the validated CFD model, analysis of aerodynamic environment was
performed in various environmental conditions. Finally, the optimum operating
condition for the pig house was determined from the CFD-computed results.
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4.2. Materials and methods
4.2.1. Target pig house
The target area for the pig house was selected at the central region where the
pig house was densely placed. The selection of the target area was the same as the
criterion for selecting the location for the greenhouse (see Chapter 3). This study
used the average weather data such as the air temperature and absolute humidity
during daytime and nighttime. Details of the target area can be found in Section 3.2.1.
The weaning and fattening pig houses were selected as target pig houses. In
Korea, the domestic pig houses were empirically designed with non-uniformity in
shape of structure. For this reason, the government encourages farm owners to use a
standardized design of the pig house. Therefore, the target pig house was designed
based the design standard for pig houses (Ministry of Agriculture Food and Rural
Affairs, 2016). The target pigs were selected as 7 to 8 weeks old weaning pigs and
24 weeks old fattening pigs. It was also assumed that the specie of pigs were
Landrace and Yorkshire which were typically grown in Korean pig farms.
Considering the rearing density, the number of pigs in the pig room was 180 heads.
The size of the weaning pig room has a width of 7.2 m, a height of 2.4 m, and
a length of 8.3 m as shown in Figure 4-1. The method of manure treatment was slurry
type, and a plastic slurry pit was installed under the bottom. The mechanical
ventilation system was operated in the weaning pig room using a 0.60 m-diameter
chimney exhaust fan and two 0.60 m-diameter sidewall exhaust fan. A pit exhaust
fan with a diameter of 0.4 m was additionally used for air outlet. For the air inlet of
the ventilation system, the weaning pig room used the sidewall slot, ceiling
perforation, ceiling slot, and duct. The weaning pigs were divided into six pens by
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installing steel fences with three feeders.

Figure 4-1 Target weaning pig house for analysis of aerodynamic environment
in greenhouse using CFD simulation.

The size of the fattening pig room has a width of 14.4 m, a height of 2.4 m, and
a length of 10.7 m (Figure 4-2). The type of ventilation system was similar with that
of the weaning pig room. Four 0.75 m-diameter sidewall exhaust fans were
symmetrically installed on the sidewall, and two 0.75 m-diameter chimney exhaust
fan was installed on the ceiling of the fattening pig room. The fattening pig rooms
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additionally used a 0.4 m-diameter pit exhaust fan. The sidewall slot, ceiling slot,
and duct were used as air inlets of the fattening pig room. The fattening pigs were
separated into six pens using steel fences, and a feeder was arranged inside each
fence.

Figure 4-2 Target fattening pig house for analysis of aerodynamic environment
in greenhouse using CFD simulation.
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4.2.2. Computational fluid dynamics
Detailed information of about CFD can be found in Section 3.2.2.

4.2.3. Validation of CFD model for analysis of aerodynamic environment
in pig house
4.2.3.1. Target pig house for validation of CFD model
The target pig house for validation of CFD model was located in Ganam-myeon,
Yeoju-gun, Gyeonggi-do (Figure 4-3). The target pig house was well-insulated, using
a mechanical ventilation system. The measurements were carried out from May to
July 2016. Experiments were conducted by selecting an empty weaning pig room.
The size of the weaning pig room is a width of 6.0 m, a height of 2.7 m, and a length
of 12.0 m. The manure treatment method was the slurry type, and the plastic slurry
pit was installed under the bottom. The mechanical ventilation system was operated
using a 0.52 m-diameter chimney exhaust fan and a 0.52 m-diameter sidewall
exhaust fan. Further, the outside air flowed into the weaning pig room through the
sidewall slot. The weaning pig room was divided into six pens through iron fences,
and a total of eight feeders were installed in the pig pens.
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Figure 4-3 Target pig house for validation of CFD model.

4.2.3.2. Experimental condition for measurement in pig house
The age-of-air, which has a time unit, is a concept that means the average of the
time in which the air entering the room reaches a certain point. Generally, the air
flows through various path to reach certain points. The average value of the time to
reach certain point through each path is called the local-mean-age (LMA) (Sandberg
& Sjöberg, 1983). Since the calculation method of ventilation rate based on the
frequency of exchanged air volume per unit time calculates the ventilation rate of the
entire facility as a representative value, there is a limit to accurately evaluate the
local ventilation rate. The age-of-air concept can be used to evaluate the ventilation
efficiency of agricultural buildings because time is used for the calculation of the
ventilation rate. Unlike the conventional methods of evaluating the ventilation rate,
the ventilation efficiency can be calculated considering the path of the airflow in the
age-of-air concept (Hong et al., 2008b; Kwon et al., 2011).
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Tracer gas such as carbon dioxide and nitrogen dioxide is generally used for
analyzing the ventilation efficiency by measuring the change of tracer gas
concentration in real time after uniformly filling the experimental facility with tracer
gas (Seo et al., 2008). In this study, carbon dioxide was chosen as the tracer gas for
measuring LMA value in the pig house.
Three methods are available to calculate the LMA value with a different tracer
gas injection technique: 1) pulse method; 2) step-up method; and 3) step-down
method (Sandberg & Sjöberg, 1983). The measurement of LMA value in this study
was conducted using step-down method according to the following equations:
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(4-1)

Where ୮ ሺሻ is the tracer gas concentration at a designated point  (ppm),
 is the initial tracer gas concentration in the facility (ppm), ஶ is the converged
tracer gas concentration in the facility (ppm), and ୮ is the local-mean-age at a
designated point  (s).

Gas measuring instruments (MultiRAE IR, RAE systems Inc., USA), were
installed inside the weaning pig room to measure the tracer gas concentration for the
calculation of LMA value. In order to observe the internal wind speed, hot wire
anemometer (Model 6242, 0965-21, Kanomax Inc, Japan) was installed in different
points of the weaning pig room. The position for measurement is shown in Figure 44. Measuring points along the vertical position were represented by points A and B,
while horizontal measuring points were represented by points 1 to 12. The hot wire
anemometers were installed at all measuring points, and the gas measuring
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instruments were installed at eight points with a height of 1.6 m. A thermocouple (Ttype) was used to measure the temperature of the sidewall of the weaning pig room.
The portable anemometer was also used to measure the average flow rate of the
sidewall and chimney exhaust fans.
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Figure 4-4 Location of sensors for measurement of aerodynamic environment
in pig house.

In this study, an insulation plastic cover was installed in the ceiling and bottom
of the weaning pig room. In addition, high wind speed inside the weaning pig room
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was kept in order to measure the change of gas concentration smoothly. Carbon
dioxide was supplied inside the weaning pig room to estimate the LMA value
through the tracer gas. When the carbon dioxide concentration in the weaning pig
room was uniformly distributed, the sidewall slot was opened with the operation of
sidewall and chimney exhaust fans. The measurements were carried out until the
carbon dioxide concentration inside the weaning pig room became uniform after the
operation of the ventilation system. The experiment was conducted three times by
measuring the carbon dioxide concentration and wind speed every second. The
measurement of aerodynamic environment in the actual pig house is shown in Figure
4-5.

Figure 4-5 Measurement of carbon dioxide concentration and wind speed for
validation of CFD model.

G

G

G

4.2.3.3. Design of CFD model for validation
The design of the weaning pig room and the ventilation system was performed
based on the actual specifications of the pig house (Figure 4-6). For the efficiency of
computation time, the internal framework and feeder were reasonably simplified so
they do not have a great influence on the airflow. Grid independence tests were
performed to determine the accuracy of the CFD model according to the grid size
inside the weaning pig room. Considering the economic efficiency of the
computation time, a total of 4 grid sizes were considered in the validation. The coarse,
medium, fine, and very fine grids have a grid sizes of 0.1, 0.2, 0.3, and 0.4 m
respectively. Specifically, the grid size of 0.1 m was set as the smallest grid size
because the computation time significantly increased when the grid size inside the
weaning pig room was smaller than 0.1 m. The total cells were 1,420,577, 334,280,
247,803, and 232,736 with acceptable orthogonal quality and skewness when the
grid sizes inside the weaning pig room were 0.1, 0.2, 0.3, and 0.4 m, respectively.
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Figure 4-6 Design of computational domain of pig house for validation of CFD
model.

The input data for validation of the CFD model was determined as shown in
Table 4-1. The external air temperature of 19.2℃ was set based on the measured data
in the field, while the condition of pressure was set as the standard atmospheric
pressure. As a result of the measurement of average flow rate, the wind speed of
sidewall and chimney exhaust fan was about 1.44 and 2.79 m s-1, respectively. The
sidewall slot was set as a pressure-inlet condition in the CFD simulation considering
the negative pressure ventilation system. The transient-state computation was
performed using the pressure-based solver. SIMPLE algorithm, which provides
flexibility in the analysis procedure for convergence, was used in this study. The air
density was set as 1.225 kg m-3 assuming an incompressible ideal gas, and the
viscosity coefficient was set as 1.7894 × 10-5 kg m-1 s-1. Turbulence kinetic energy
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and turbulence dissipation rate at the sidewall slot were calculated as 0.063 and 0.062
using the following equations:

 ൌ ͳǤͷሺത ሻଶ

(4-2)

 ଷȀଶ
୲

(4-3)

ɂ ൌ ஜ

Where

is the turbulence intensity (dimensionless), ୲ is the turbulent

characteristic length (m), and ത is the internal average wind velocity (m s-1).

Table 4-1 Characteristics of numerical procedure for validation of CFD model.
Factor

Value

Unit

Solver

Pressure-based solver

-

Numerical algorithm

SIMPLE algorithm

-

Discretization

Second-order

-

Time condition

Transient-state

-

Wind speed at side exhaust fan

1.44

m s-1

Wind speed at chimney exhaust fan

2.79

m s-1

Operating pressure

101,325

Pa

Gravitational acceleration

9.81

m s-2

Air density

1.225

kg m-3

Air viscosity

1.7894 × 10-5

kg m-1 s-1

To improve the accuracy of the CFD-computed results, appropriate turbulence
models should be selected considering the characteristics of the environmental
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conditions. To find the optimum conditions of the turbulence model, Standard k-ε,
RNG k-ε, Realizable k-ε, and Standard k-ω, and Shear stress transport (SST) k-ω
turbulence models were used to evaluate the CFD model. In this study, Enhanced
Wall Treatment, which is efficient Wall Functions model, was selected as Wall
Functions for the accurate computation. The first layer height was designed to satisfy
y+ < 5.

4.2.4. Experimental method for analysis of aerodynamic environment in
pig house using CFD simulation
4.2.4.1. Determination of experimental case for pig house
The poor aerodynamic environment in the pig house resulted from the
inadequate design of the ventilation system. In this study, the ventilation system,
which was typically used in Korea, was considered for the analysis of the
aerodynamic environment using CFD simulation. The total cases for CFD simulation
were selected to determine the optimum operating conditions considering the various
aerodynamic environmental problems (Table 4-2 and Table 4-3).
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Table 4-2 Cases for analysis of aerodynamic environment in weaning pig house
using CFD simulation.
Season

Conditions

Air inlet type

Winter
Season

Air outlet type
Ventilation rate
Heating box

Air inlet type

Summer
Season

Air outlet type

Ventilation rate
Fence type

G

Sidewall slot with opening angle of 45°
Sidewall slot with opening angle of 90°
Ceiling slot with opening angle of 45°
Ceiling slot with opening angle of 90°
Ceiling perforation
Duct with perforation angle of 45°
Duct with perforation angle of 90°
Sidewall exhaust fan
Chimney exhaust fan
Pit exhaust fan
Minimum ventilation rate
1.3 times increased ventilation rate
Installed
Not installed
7×3×2×2=84
Sidewall slot with opening angle of 45°
Sidewall slot with opening angle of 90°
Ceiling slot with opening angle of 45°
Ceiling slot with opening angle of 90°
Duct with perforation angle of 45°
Duct with perforation angle of 90°
Sidewall exhaust fan
Chimney exhaust fan
Sidewall + Chimney exhaust fans
Sidewall + Pit exhaust fans
Sidewall + Chimney + Pit exhaust fans
Maximum ventilation rate
Panel-type fence
Pipe-type fence
6×5×1×2=60
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Cases

7

3
2
2

6

5

1
2
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Table 4-3 Cases for analysis of aerodynamic environment in fattening pig house
using CFD simulation.
Season

Conditions

Air inlet type

Winter
Season

Air outlet type
Ventilation rate

Air inlet type

Summer
Season

Air outlet type

Ventilation rate
Fence type

Sidewall slot with opening angle of 45°
Sidewall slot with opening angle of 90°
Ceiling slot with opening angle of 45°
Ceiling slot with opening angle of 90°
Duct with perforation angle of 45°
Duct with perforation angle of 90°
Sidewall exhaust fan
Chimney exhaust fan
Pit exhaust fan
Minimum ventilation rate
1.3 times increased ventilation rate
1.5 times increased ventilation rate
6×3×3=54
Sidewall slot with opening angle of 45°
Sidewall slot with opening angle of 90°
Ceiling slot with opening angle of 45°
Ceiling slot with opening angle of 90°
Duct with perforation angle of 45°
Duct with perforation angle of 90°
Sidewall exhaust fan
Chimney exhaust fan
Sidewall + Chimney exhaust fans
Sidewall + Pit exhaust fans
Sidewall + Chimney + Pit exhaust fans
Maximum ventilation rate
Panel-type fence
Pipe-type fence
6×5×1×2=60

Cases

6

3
3

6

5

1
2

In the winter season, the typical problem related to the aerodynamic
environment was low air temperature. If the ventilation system was operated in the
winter season, the outside cold air flowed into the pig room, causing low-temperature
stress. In order to prevent low air temperature in the pig room, the exhaust fans were
operated at the minimum ventilation rate. For this reason, additional problems such
as the excessive accumulation of moisture and ammonia were observed in the pig
room. To analyze the aerodynamic environment, the various designs of ventilation
systems were selected as experimental case considering the various types of air inlet
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and outlet. The type of air inlet was classified as follows: 1) opening angle of 45°,
and 90° for sidewall slot; 2) opening angle of 45° and 90° for ceiling slot; 3)
perforation angle of 45° and 90° for duct; and 4) ceiling perforation (only used in the
weaning pig room). The ceiling perforation, which was generally used in the weaning
pig room in the winter season, was selected as experimental case. The pig house used
mechanical ventilation systems, and exhaust fans served as the air outlet with the
following conditions: 1) sidewall exhaust fan; 2) chimney exhaust fan; and 3) pit
exhaust fan. Ventilation rates were set as three conditions: 1) minimum ventilation
rate (Ministry of Agriculture Food and Rural Affairs, 2016); 2) 1.3 times increased
ventilation rate; and 3) 1.5 times increased ventilation rate (only used in the fattening
pig house). Many farmers use a heating box in the weaning pig room to prevent low
air temperatures during winter season. For the weaning pig house, additional analysis
was conducted when the heating box was installed or not. A total of 84 and 54 cases
were selected for the weaning and fattening pig houses during winter season to
evaluate the aerodynamic environmental problems and the improvement of the
internal environment inside the pig house.
Subsequently, a typical problem related to aerodynamic environment was high
air temperature in the summer season. The ventilation system should be properly
designed in the summer season to avoid high-temperature stress. The various
ventilation systems were considered similar with the cases in the winter season. The
type of air inlet was classified as follows: 1) opening angle of 45°, and 90° for
sidewall slot; 2) opening angle of 45° and 90° for ceiling slot; and 3) perforation
angle of 45° and 90° for the duct. As the ventilation system was operated at the
maximum ventilation rate in summer, the air outlet had the following conditions: 1)
sidewall exhaust fan; 2) chimney exhaust fan; 3) simultaneous operation of sidewall
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and chimney exhaust fans; 4) simultaneous operation of sidewall and pit exhaust fans;
and 5) simultaneous operation of sidewall, chimney, and pit exhaust fans. In this
study, ventilation rates for the weaning and fattening pig houses were set as the
maximum ventilation rate (Ministry of Agriculture Food and Rural Affairs, 2016).
In addition, the type of fence, which could affect the aerodynamic environment near
the pig zone, was simulated using the following: 1) panel-type fence; and 2) pipetype fence. A total of 60 and 60 cases during summer season were selected for the
weaning and fattening pig houses, respectively.
The location of condition parameters in the weaning and fattening pig houses
for cases determined in the CFD simulation are shown in Figure 4-7 and Figure 4-8.

Figure 4-7 Location of condition parameter in weaning pig house for cases
determined in CFD simulation.
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Figure 4-8 Location of condition parameter in fattening pig house for cases
determined in CFD simulation.

4.2.4.2. Design of CFD model for pig house
The geometry and mesh for CFD model were designed for the analysis of
aerodynamic environment in the pig house (Figure 4-9 and Figure 4-10). The CFD
models of each case were designed considering the various experimental conditions.
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Figure 4-9 Design of computational domain of weaning pig house for analysis
of aerodynamic environment.

Figure 4-10 Design of computational domain of fattening pig house for
analysis of aerodynamic environment.
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The daytime weather data for the summer season and nighttime weather data of
the winter season were used to analyze in extreme environmental conditions. The
averaged weather data such as the air temperature and absolute humidity were used
for CFD simulation. The surface temperature of sidewall, ceiling, and floor were
determined through the results of previous researches.
In this study, a three-dimensional pig model was used to consider the influence
of the aerodynamic environment near the pig zone. In addition, this threedimensional pig model could be used for considering the increase of air temperature
and relative humidity inside the pig house due to the heat and moisture generated by
the pig’s respiration. Specifically, the heat generated by the pig was considered by
the surface temperature on the pig for the convergence of computation (Seo et al.,
2012). The surface temperature of the pig was determined through the measured data
by a thermal imaging camera (I40, FLIP Inc., USA) for the weaning and fattening
pigs during the winter and summer seasons.
Moisture can be generated by the respiration of the pig, manure, and water
nipple. Moisture generated from the bottom of the pig room was measured by Hayes
et al. (2013) without cleaning after pig shipment. This study converted an
experimental result of measuring an amount of moisture generation for the target pig
room (Hayes et al., 2013). The moisture generated by respiration was set to occur at
the mouth of three-dimensional pig model taking into account the amount of latent
heat during the winter and summer seasons (International Commission of
Agricultural Engineering, 2002).
An internal space under the pit was designed to consider the effect of ammonia
generation in the pig room. The ammonia was generated at the above the slurry. In
the case of ammonia generation, the temperatures near the slurry in winter and
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summer season were assumed to be 20 and 30℃, respectively. The generation rate
of ammonia for the weaning pig room was calculated from 180 weaning pigs with
an average weight of 24 kg. Further, the generation rate of ammonia for the fattening
pig room was calculated from 180 fattening pigs with an average weight of 100 kg
as follows (Ni et al., 2000b):

  ൌ ͷͶǤʹʹ  ͳʹǤͲʹ ሺଶ ൌ ͲǤʹ͵ሻ

ൌ ͳǤͺʹ ൈ ͳͲିଵ ୧   ͳǤͻ ൈ ͳͲଵଽ  ହ  ሺଶ ൌ ͲǤͺͳͳሻ

Where

(4-4)

(4-5)

is the floor contamination (dimensionless),   is the generation rate

of ammonia (g hr-1), and  is the weight of pig (kg).

For efficient computation, the plastic slurry pit was designed as a porous
medium to consider the effect of the diffusion of ammonia inside the pit. This porous
medium could also affect the internal airflow. The resistance factor against the flow
in the x, y, and z directions could be calculated when passing through the porous
medium (Bjerg et al., 2008). Considering the shape of the plastic slurry pit, vertical
airflow existed, and horizontal airflow was limited.
Ɋ
ͳ
ο ൌ െ ൬   ଶ ɏ ଶ ൰ ο
Ƚ
ʹ

(4-6)

The ventilation rate was calculated using the method in the design standard
(Ministry of Agriculture Food and Rural Affairs, 2016). The minimum ventilation
rate in winter season was 15.3 and 178.3 m3 min-1 for the weaning and fattening pig
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room. The maximum ventilation rate in the summer season was 50.9 and 611.3 m3
min-1 for the weaning and fattening pig room, respectively.
The boundary condition of CFD model for analysis of aerodynamic
environment in the pig house was presented in Table 4-4.
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Ammonia
generation rete
from manure

Moisture

Ammonia

Surface temperature

୍ୌ୍G

4.05 × 10-7

3.81 × 10-7

kg m-2 s-1

Weaning pig

kg m-2 s-1

0.96

g s-1

Fattening pig

Fattening pig

0.48

g s-1

Weaning pig

18.6

5.72

℃

Floor

19.2

g s-1

℃

External sidewall

19.7

Fattening pig

℃

Internal sidewall

20.3

4.33

℃

Ceiling

39.1

g s-1

℃

Fattening pig

39.6

Weaning pig

℃

Weaning pig

2.3

g kgda-1

Absolute humidity

Body temperature

-2.5

℃

Air temperature

Moisture
generation rate
from respiration
Moisture
generation rate
from manure

Temperature

Weather

Winter
Night time

Unit

Boundary condition

Value

5.31 × 10-7

5.30 × 10-7

2.06

1.04

17.61

7.93

26.2

31.2

30.4

31.3

39.1

39.7

19.6

30.5

Summer
Day time

Table 4-4 Boundary condition of CFD model for analysis of aerodynamic environment in pig house.
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Hayes et al. (2013)

Bjerg et al. (2013); Choi
et al. (2014); Seo et al.
(2008); Van Wagenberg
et al. (2004);

Seo et al. (2008)

30-year
average weather data
of target area

Reference
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4.3. Results and discussions
4.3.1. Validation result of CFD model for analysis of aerodynamic
environment in pig house
4.3.1.1. Interpretation of measured tracer gas concentration for
estimation of LMA value
According to the LMA equation, the LMA value could be calculated
considering the initial and converged carbon dioxide concentrations. For this reason,
the estimated LMA value might differ depending on the initial and converged carbon
dioxide concentrations. Especially, the difference between the initial and converged
carbon dioxide concentrations was not large in case of the field experiment using
tracer gas. This small difference between the initial and converged carbon dioxide
concentrations can cause a large difference in the LMA value. Therefore, it is
necessary to appropriately determine the initial and converged carbon dioxide
concentrations to accurately calculate the LMA value.
Theoretically, the field experiment should be carried out in a controlled
environment to constrain the effect of environmental as well as other physical factors
that may affect calculation results. However, in most cases, it is almost impossible
to completely control these factors. As a result, the measured carbon dioxide
concentration showed fluctuating values. As mentioned, the LMA value could show
the different value depending on the initial and converged carbon dioxide
concentrations. In this study, the interpolation of measured initial and converged
carbon dioxide concentrations was conducted to accurately determine the LMA
values.
According to the tracer gas decay method which was typically used for
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estimation of ventilation rate, the tracer gas concentration decreased using the
following equation:

 ൌ  ି୕ ሺ୲ି୲బ ሻ

(4-7)

Where   is the ventilation rate (s-1)  is the contamination of tracer gas in
the facility (dimensionless), and   is the initial time (s).

In this equation, the tracer gas concentration in the facility was expressed as an
exponential curve with respect to time because the initial tracer gas concentration
and the ventilation rate were constants. Based from this principle, the measured
carbon dioxide concentration was interpolated in exponential form. From this
interpolated result, the LMA values were calculated for each point after determining
the initial and converged carbon dioxide concentrations (Figure 4-11).
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Figure 4-11 Interpolation of measured carbon dioxide concentration for
estimation of LMA value.

4.3.1.2. Validation results of CFD model for pig house
Grid independence test was conducted to ensure that an accurate simulation
result was obtained. The grid sizes of 0.1, 0.2, 0.3, and 0.4 m were considered for
grid independence test. The grid-independence test was performed for all five
turbulence models, and this study representatively presented the computed results
using the Standard k-ω turbulence model. Figure 4-12 presented a comparison
between the measured and computed LMA values at each measuring point according
to the grid size. In addition, the statistical indices comparing the measured and
computed LMA values were also analyzed as presented in Table 4-5. The CFDcomputed LMA values almost corresponded with the measured LMA value for all
grid size. Particularly, the CFD model could predict most accurately the LMA value
when the grid size was 0.1 m. When comparing the statistical indices between the
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measured and computed LMA values, the average error and RMSE values showed
the smallest when the grid size was 0.1 m. Further, comparing the measured and
CFD-computed result gave no significant difference even when the grid size was 0.2,
0.3, or 0.4 m. This was because the grids near the feeder, the sidewall exhaust fan,
and chimney exhaust fan had a small grid design. For this reason, the wind speed
and ventilation rate could also be predicted well using these grid sizes. Even though
the CFD model could predict the LMA values in the grid size of 0.2, 0.3, and 0.4 m,
it is possible to design the CFD model with the grid size of 0.1 m considering the
computation time. Therefore, this study selected the grid size of 0.1 m as the
optimum grid size for analyzing aerodynamic environment inside the pig house.
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Figure 4-12 Comparison between measured and computed LMA value
according to grid size.

Table 4-5 Statistical analysis between measured and computed LMA values
according to grid size.
Grid size

0.1 m

0.2 m

0.3 m

0.4 m

Average error (s)

5.80

10.52

8.52

8.43

RMSE (s)

7.54

12.45

10.14

10.02

The measured and computed LMA values were compared at each measuring
point according to the turbulence model as shown in Figure 4-13. The average error
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and RMSE values between the measured and computed results were also analyzed
as presented in Table 4-6. Since the field experiment was conducted repetitively, the
measured LMA values were expressed as average value and error bars. It can be
observed that the CFD-computed results using the Standard k-ω turbulence model
were within the range of error bars. In the case of the other turbulence models, the
computed results in some points fell outside the range of error bars of the measured
data. From this result, it was concluded that the use of the Standard k-ω turbulence
model had the most accurate LMA value when compared with the measured value.
In addition, in the case of using the Standard k-ω turbulence model, the average error
and RMSE values were smaller than those of the other turbulence model. Therefore,
in this study, the Standard k-ω turbulence model was selected as a suitable turbulence
model.

G

୍ୌG

G

Figure 4-13 Comparison between measured and computed LMA value
according to turbulence model.

Table 4-6 Statistical analysis between measured and computed LMA values
according to turbulence model.

G

Turbulence
model

Standard
k-ε

RNG
k-ε

Realizable
k-ε

Standard
k-ω

SST
k-ω

Average
error (s)

9.09

10.14

11.44

5.80

10.74

RMSE (s)

11.27

13.68

14.20

7.54

13.76
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The wind speed at each measuring point was shown in Figure 4-14. The LMA
values were lowest at points near the sidewall slot. This result could be explained by
the fact that the ventilation efficiency was high near the sidewall slot due to the fast
wind speed compared with other zones. Further, the deviations of the LMA value
near the sidewall slot, chimney, and sidewall exhaust fans were higher than that of
other points. This result was influenced by the unstable wind speed near these points
in the mechanical ventilation system. The average LMA value measured from the
field experiment was 152.2 s, and the average LMA computed using CFD simulation
was 153.1 s. The measured and computed LMA value showed a small difference of
about 0.9 s.
Additionally, as a result of analyzing the wind speed at each measuring point,
the wind speed at A-1, 3, 4, and 6 which were in front of the sidewall slot was about
0.8 to 1.2 m s-1. On the other hand, the wind speed from other measuring points far
from sidewall slot was very low with a value of about 0.2 to 0.4 m s-1. The overall
trend of CFD-computed wind speed inside the pig house was identical to the
measured wind speed in field experiment except for A-3 point. This result might be
observed because A-3 point was located near the sidewall slot where high wind speed
was formed by unstable conditions. In addition, the measurement error of hot wire
anemometer was 0.15 m s-1 when the wind speed was in the range of 0 to 4.99 m s-1.
For these reasons, the computed wind speed at A-3 point was reasonable considering
various experimental variables. The average error between the measured and CFDcomputed wind speed was 0.07 m s-1. Whereas, when the data measured at A-3 point
was excluded, the average error was 0.04 m s-1. Therefore, it was concluded that the
CFD model was suitably designed for analysis of the aerodynamic environment in a
pig house.
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Figure 4-14 Comparison between measured and computed wind speed.

4.3.2. Analysis results of aerodynamic environment in weaning pig house
using CFD simulation
4.3.2.1. Analysis results of aerodynamic environment in winter season
In the winter season, the distributions of the air temperature, relative humidity,
and ammonia concentration were different because the airflow showed the
significant difference in the minimum ventilation rate. Specifically, the path of
airflow varied resulting to different distributions of these environmental factors
depending on the types of air inlet and outlet. The total cases were analyzed using
CFD simulation (Table 4-7, Figure 4-15, Figure 4-16, and Figure 4-17).
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24.3
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23.9

24.2

25.3

24.8

26.3

22.7

22.0

3.1

3.0

2.9

3.2

2.2

3.5
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19.3

18.1

21.2

16.5

11.0
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Air temperature (℃)

Air temperature (℃)
Average

Chimney exhaust fan
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Table 4-7 Representative CFD-computed result near weaning pig zone during winter season.
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25.4

25.8

26.9

26.2

27.6

24.4

24.0

2.7

2.7

2.6

2.8

2.2

3.1

3.2

19.0

19.2

19.5

17.9

20.9

15.9

10.1

Standard deviation

Average

Air temperature (℃)

Pit exhaust fan
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Figure 4-15 Representative CFD-computed air temperature near weaning pig
zone during winter season.

Figure 4-16 Representative CFD-computed relative humidity near weaning
pig zone during winter season.
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Figure 4-17 Representative CFD-computed ammonia concentration near
weaning pig zone during winter season.

When the sidewall exhaust fan was operated with the opening angle of 90° for
sidewall slot, the average air temperature near the weaning pig zone was 21.9℃.
This air temperature was below the optimum growth temperature of 25.9℃ in the
weaning pig room during the winter season. Especially, the minimum air temperature
of 10.8℃ was observed near the area where outside cold air directly flowed. This
distribution of poor air temperature could cause low-temperature stress to the
weaning pigs. For this reason, the sidewall slot with an opening angle of 90° was
considered to be inappropriate since the inflow path of the outside air was too short
for the air to warm up (Figure 4-18 and Figure 4-19). Reducing the opening angle of
sidewall slot could be used in order to prevent the low air temperature near the
weaning pig zone. Reducing the opening angle of the sidewall slot to 45° resulted to
an improved minimum air temperature of 6.0℃ near the weaning pig zone. The air
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temperature was improved because the airflow moved to the top of the weaning pig
room when the opening angle of sidewall slot was 45°. On the other hand, the air
temperature was significantly improved when the ceiling perforation, ceiling slot,
and duct were used for air inlet. Especially, when using the ceiling perforation, the
average air temperature near the weaning pig zone was approximately 3.3 to 4.3℃
higher than that when using the sidewall slot. Similarly, when the air flowed in
through the ceiling perforation, the minimum air temperature was approximately 4.4
to 10.8℃ higher than that of using the sidewall slot. This result occurred because air
tend to warm up as it moves through the upper space of the ceiling. In addition, the
air temperature was improved because the air entering the ceiling perforation was
mixed with the warm air formed at the higher part of the weaning pig room by
buoyancy effect. Also, the use of ceiling perforation could lower the wind speed
which was essential for the increase of air temperature inside the weaning pig room.
From this result, the average air temperature near the weaning pig zone was 26.1℃
when the ceiling perforation was used with the operation of the sidewall exhaust fan.
Therefore, the use of ceiling perforation improved the distribution of air temperature
near the weaning pig zone and thereby prevented the low-temperature stress.
For the air temperature uniformity near the weaning pig zone, the low air
temperature was concentrated near the entrance of sidewall when the sidewall slot
was used with an opening angle of 90° as shown in Figure 4-18 and Figure 4-19.
From this result, the standard deviation of air temperature was about 3.8℃ when the
opening angle for sidewall slot was 90° with the operation of the sidewall exhaust
fan. This result indicated that the non-uniformity of air temperature was found near
the weaning pig zone. In contrast, because the air dropped slowly from the top part
of the weaning pig room upon entering through the ceiling perforation, the standard
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deviation of air temperature ranged from 2.2 to 2.3℃ which indicated a small air
temperature deviation near the weaning pig zone. Therefore, it was confirmed that
the use of ceiling slot as air inlet resulted to uniform air temperature near the weaning
pig zone.

Figure 4-18 Distribution of air temperature according to air inlet type (cross
section of air inlet and weaning pig zone).
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Figure 4-19 Distribution of wind velocity according to air inlet type (cross
section of air inlet).

In this study, the moisture inside the pig house was generated by the respiration
of the weaning pig and the manure inside the pit slurry. The distribution of relative
humidity inside the weaning pig room showed the differences according to the
ventilation system (Figure 4-20). The high relative humidity of 82 to 94% was
observed in the weaning pig room. This result was caused by the fact that the internal
moisture could not be sufficiently discharged outside with the minimum ventilation
rate during the winter season. Although the relative humidity was relatively high in
the weaning pig house, it could be maintained at an appropriate level through
controlling the air temperature.
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Figure 4-20 Distribution of relative humidity according to air inlet type (cross
section of air inlet and weaning pig zone).

The ammonia, which was generated from the manure inside the pit slurry,
diffused in the weaning pig room during the winter season. Ammonia might
accumulate excessively in the weaning pig room when the pig farm operated with
minimum ventilation rate to prevent the inflow of outside cold air. When the sidewall
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slot was used with the opening angle of 45° as shown in Figure 4-21, the ammonia
concentration near the entrance of sidewall was low because the fresh air directly
reached these areas. However, the ammonia accumulation under this ventilation
system was observed near the sidewall exhaust fan. When using the ceiling
perforation and sidewall exhaust fan, the fresh air could not reach the whole weaning
pig zone. From this result, the average ammonia concentration was about 29.8 ppm
which was still a high value affecting the immunity of weaning pigs. On the other
hand, the tendency of ammonia concentration varied according to the type of air
outlet. The use of a pit exhaust fan resulted to reduced ammonia concentration when
compared with the use of sidewall and chimney exhaust fans. This result could be
explained by the location of ammonia generation. The ammonia was generated from
the manure inside the pit slurry. When the air was discharged through the sidewall
and chimney exhaust fans located higher than the pig zone, the ammonia could be
diffused into the weaning pig zone as shown in Figure 4-22. In contrast, the pit
exhaust fan for discharging the air from the pit slurry could minimize the ammonia
from diffusing near the weaning pig zone. Therefore, the use of pit exhaust fan as air
outlet was appropriate in reducing the ammonia concentration inside the weaning
pig room.
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Figure 4-21 Distribution of ammonia concentration according to air inlet type
(cross section of air inlet and weaning pig zone).
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Figure 4-22 Distribution of ammonia concentration according to air outlet
type (cross section of air inlet and weaning pig zone).

Although the pit exhaust fan was used for air inlet, the ammonia concentration
was still high. This resulted in the weaning pigs to be more vulnerable to various
diseases. As shown in Figure 4-23, when the minimum ventilation rate increased 1.3
times, the average ammonia concentration decreased below the minimum growth
limit of ammonia concentration (20 ppm). However, the average air temperature also
decreased about 24.2℃ under this ventilation rate. In contrast, the air temperature
could be maintained at the optimum growth temperature with the improvement of
ammonia concentration when the heating box was used with an increase of
ventilation rate. The heating box was an effective method to prevent low air
temperature because it could make a heat island near the weaning pig zone without
the additional heating cost. Therefore, the heating box should be used to minimize
low-temperature stress in the weaning pig room during winter season. On the other
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hand, the ventilation rate should be carefully increased because the weaning pigs
were very sensitive to the environmental change.

Figure 4-23 Distribution of air temperature and ammonia concentration with
and without heating box according to increase of ventilation rate.

4.3.2.2. Analysis results of aerodynamic environment in summer season
high-temperature stress easily occurs inside the pig house due to the external
high air temperature caused by solar radiation. For this reason, the maximum
ventilation rate was necessary to lower the body heat of the weaning pigs. Since the
maximum ventilation rate was operated to provide fresh air inside the weaning pig
room, problems of internal relative humidity and ammonia concentration barely
occurred. However, the operation with excessively high ventilation rate may be
inappropriate due to the wind stress to the pigs, the fan load, and the excessive
electricity cost. The aerodynamic environment in the weaning pig room was
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simulated in the maximum ventilation rate (Table 4-8, Figure 4-24, Figure 4-25, and
Figure 4-26).
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32.5

32.5

33.5

33.6

35.4

35.3

Sidewall slot
(opening angle: 45°)

Ceiling slot
(opening angle: 90°)

Ceiling slot
(opening angle: 45°)
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Duct
(perforation angle: 45°)
40.3

40.2

39.4

39.5
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Maximum

35.4

35.6

33.6

33.4

32.7

32.6

Average

40.3

40.0

39.3

39.5

36.3

39.5

35.6

35.5

33.6

33.5

32.3

32.5

Average

40.4

40.3

39.2

39.7

36.3

39.6

Maximum

Air temperature (℃)

Sidewall + Chimney
exhaust fans
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Maximum

Air temperature (℃)

Air temperature (℃)

Average

Chimney exhaust fan

Sidewall exhaust fan

Sidewall slot
(opening angle: 90°)

Air inlet

Air outlet

Sidewall + Pit
exhaust fans

35.3

35.2

33.8

33.6

32.4

32.7

Average

40.4

40.0

39.5

39.6

36.3

39.4

Maximum

Air temperature (℃)

Table 4-8 Representative CFD-computed result near weaning pig zone during summer season.
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35.1

35.4

33.8

33.6

32.5

32.6

Average

40.1

40.1

39.2

39.7

36.4

39.7
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Air temperature (℃)

Sidewall + Chimney
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Figure 4-24 Representative CFD-computed result of air temperature near
weaning pig zone during summer season.

Figure 4-25 Representative CFD-computed result of relative humidity near
weaning pig zone during summer season.
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Figure 4-26 Representative CFD-computed result of ammonia concentration
near weaning pig zone during summer season.

The average air temperature in the weaning pig room was 32.3 to 35.6℃. The
optimum growth temperature for the weaning pigs that ranged from 30.0 to 33.0℃
was satisfied in some ventilation systems. Using the ceiling slot and duct with the
operation of sidewall exhaust fan resulted in the non-uniform circulation of airflow
inside the weaning room as shown in Figure 4-27 and Figure 4-28. For this reason,
the air temperature inside the weaning pig room was higher than the optimum growth
temperature. Especially, since the outside air passed through the upper space at the
ceiling in which the heat accumulated due to solar radiation, the air temperature
inside the weaning pig room increased when using the ceiling slot. From this result,
when the opening angle for ceiling slot was 45° with the operation of a sidewall
exhaust fan, the average air temperature inside the weaning pig room was about
33.6℃. In addition, when using the duct, the air temperature was high because the
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air did not sufficiently flow near the fattening pig zone. When the sidewall slot was
used with an opening angle of 90° in the weaning pig room, the low air temperatures
were formed near the entrance of the sidewall because air directly flowed near the
weaning pig zone. Although the low air temperatures were observed near the
entrance of the sidewall, the distributions of high temperature were still found in the
areas far from the sidewall slot. As a result, the weaning pigs which were located far
from the sidewall slot might be exposed to high-temperature stress. On the other
hand, when using the sidewall fans with the opening angle of 45° for sidewall slot,
air flowed to the top of the weaning pig room inducing the circulation of airflow.
From the result, the distribution of air temperature was suitable near the weaning pig
zone. Therefore, the sidewall slot with an opening angle of 45° should be used to
maintain the optimum air temperature inside the weaning pig room to reduce the
high-temperature stress in the summer season.

G

୍G

G

Figure 4-27 Distribution of air temperature according to air inlet type (cross
section of air inlet and weaning pig zone).
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Figure 4-28 Distribution of wind velocity according to air inlet type (cross
section of air inlet).

In order to reduce the high-temperature stress caused by the heat island effect,
it is important to lower the sensible temperature of the weaning pig. In this study, the
CFD-computed results were analyzed according to the shape of the fence that can
affect the airflow near the pig area. When using the panel-type fence, the heat island
occurred because the airflow did not pass through the weaning pig zone (Figure 429 and Figure 4-30). In contrast, when the pipe-type fence was used, the airflow
freely provided enough fresh air near the weaning pig zone. Therefore, the pipe-type
fence was appropriate to reduce the sensible temperature of the weaning pigs by
preventing the block of the airflow. However, the pipe-type fence should be carefully
used because respiratory disease could be easily spread through the pipe-type fence.
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Figure 4-29 Distribution of air temperature according to fence type (weaning
pig zone).

Figure 4-30 Distribution of wind velocity according to fence type (weaning pig
zone).

During the summer season, moisture and ammonia inside the weaning pig room
could be sufficiently removed because of the maximum ventilation rate. In addition,
the ammonia inside the weaning pig room could be considerably removed when
operating the maximum ventilation rate.
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4.3.3. Analysis results of aerodynamic environment in fattening pig house
using CFD simulation
4.3.3.1. Analysis results of aerodynamic environment in winter season
The aerodynamic environment in the fattening pig room was different from that
in the weaning pig room because the heat, moisture, and ammonia were highly
generated in the fattening pig room. The minimum ventilation was operated in the
fattening pig room during the winter season. Specifically, the distribution of air
temperature, relative humidity, and ammonia concentration in the fattening pig room
were significantly different depending on the ventilation system (Table 4-9, Figure
4-31, Figure 4-32, and Figure 4-33).
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22.6

23.6
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20.4
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3.6
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Air temperature (℃)

Air temperature (℃)
Average
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Table 4-9 Representative CFD-computed result near fattening pig zone during winter season.
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23.7

24.2

25.4

24.6

22.0

22.3

3.5

3.2

2.7

3.5

3.7

4.1

14.6

15.3

16.5

14.8

11.3

7.0
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Air temperature (℃)
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Figure 4-31 Representative CFD-computed result of air temperature near
fattening pig zone during winter season.

Figure 4-32 Representative CFD-computed result of relative humidity near
fattening pig zone during winter season.
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Figure 4-33 Representative CFD-computed result of ammonia concentration
near fattening pig zone during winter season.

The distribution of air temperature inside the fattening pig room was acceptable
regardless of the ventilation systems when the minimum ventilation rate was
operated in the winter season. Because of the heat generated by the fattening pigs,
the internal air temperature did not significantly drop even when the outside cold air
entered the air inlet. In addition, since the fattening pigs were not sensitive to the
change of external air temperature compared with the weaning pig, it was expected
that the problem of low-temperature stress did not occur in the fattening pig room.
As shown in Figure 4-34 and Figure 4-35., the relatively low air temperature was
observed near the fattening pig zone when using the sidewall slot. The average air
temperature was in the range of 20.4 to 20.7℃ when the sidewall slot was used with
the operation of sidewall and chimney exhaust fans. Specifically, the minimum air
temperature was 5.1 and 5.2℃ under this ventilation system because the outside cold
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air directly flowed near the pig zone. Although the lowest air temperature was
observed near the entrance of the sidewall, the air entering the sidewall slot was
quickly blended with the internal air. For this reason, the problem of low-temperature
stress might not occur near the entrance of the sidewall. In contrast, the high air
temperature was found when using the ceiling slot and duct as air inlets. This result
could be explained by the fact that the air temperature was improved because the air
entering from the ceiling slot and duct blended with the warm air formed over the
fattening pig room by buoyancy effect. Notably, when using the ceiling slot, the air
warmed up as it slowly moved through the upper space at the ceiling. From the result,
the average temperature was 23.7℃ when the opening angle for ceiling slot was 45°
with the operation of sidewall exhaust fan. The air flowed directly near the fattening
pig zone when using the ceiling slot with an opening angle of 90°, however lowtemperature stress did not occur because the air entering from the ceiling slot quickly
combined with the internal air. Therefore, it was confirmed that the ceiling slot and
duct were appropriate air inlets to maintain the optimum air temperature near the
weaning pig zone.
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Figure 4-34 Distribution of air temperature according to air inlet type (cross
section of air inlet and fattening pig zone).

G

୍G

G

Figure 4-35 Distribution of wind velocity according to air inlet type (cross
section of air inlet).

This study assumed that the moisture inside the fattening pig room were
generated by the respiration of the weaning pig and the manure inside the pit slurry.
Although the moisture generated in the fattening pig room was higher than that in
the weaning pig room, the relative humidity was lower because the minimum
ventilation rate was higher. As shown in Figure 4-36, the distribution of relative
humidity varied depending on the ventilation system. The relative humidity was in
the range of 75 to 87% in the fattening pig room. The minimum growth limit of
relative humidity (85%) was satisfied in some ventilation systems. Further, the
relative humidity could be maintained at an appropriate level through controlling the
air temperature.
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Figure 4-36 Distribution of relative humidity according to air inlet type (cross
section of air inlet and fattening pig zone).
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Ammonia in the fattening pig room was mainly generated from the manure
inside the pit slurry. As a result, the ammonia diffused from the bottom of the pit to
the top of the fattening pig room. The ammonia concentration was different
according to the ventilation system. As shown in Figure 4-37, fresh air entering
through sidewall slot flowed to the fattening pig zone when the sidewall slot was
used with an opening angle of 90°. In contrast, when using the ceiling slot and duct,
fresh air entered slowly from the upper part of the fattening pig room. For this reason,
the ammonia near the fattening pig zone was not eliminated, diffusing ammonia in
the fattening pig room. Especially, when the opening angle for ceiling slot was 45°
with the operation of sidewall exhaust fan, the ammonia concentration was 33.7 ppm
which was above the minimum growth limit of ammonia (20 ppm). Although the
fresh air flowed directly to the fattening pig zone when using the ceiling slot with an
opening angle of 90°, the ammonia concentration was still high. When the duct was
used as an air inlet, air did not flow near the slurry pit which resulted to the high
ammonia concentration near the fattening pig zone. When the pit exhaust fan was
used as an air outlet, the ammonia concentration near the fattening pig zone was
reduced because the air was discharged near the pit slurry (Figure 4-38). Therefore,
the pit exhaust fan was the most appropriate air outlet to reduce the ammonia
concentration inside the fattening pig room.
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Figure 4-37 Distribution of ammonia concentration according to air inlet type
(cross section of air inlet and fattening pig zone).
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Figure 4-38 Distribution of ammonia concentration according to air outlet
type (fattening pig zone).

Ammonia could not be sufficiently removed in the minimum ventilation rate
during the winter season. An increase of minimum ventilation rate could remove
additional ammonia in the fattening pig room. As shown in Figure 4-39, the average
ammonia concentration decreased below the minimum growth limit of ammonia
concentration (20 ppm) when the minimum ventilation rate increased. However, the
air temperature significantly decreased when the ventilation rate increased 1.5 times.
For this reason, the minimum ventilation rate should be carefully increased to
prevent the low-temperature stress for the fattening pigs.
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Figure 4-39 Distribution of air temperature and ammonia concentration
according to increase of ventilation rate.

4.3.3.2. Analysis results of aerodynamic environment in summer season
During the summer season, outside hot air by solar radiation flowed into the
fattening pig room. In addition, because of heat generated by the fattening pigs, the
high air temperature was observed in the fattening pig room making the pigs more
vulnerable to high-temperature stress. Accordingly, it was essential to provide
enough air to remove the heat accumulation inside the fattening pig room. The
maximum ventilation rate was operated during the summer season. It is necessary to
identify the distribution of internal aerodynamic environment according to
ventilation system during summer season. The total cases were analyzed using CFD
simulation (Table 4-10, Figure 4-40, Figure 4-41, and Figure 4-42).
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Air temperature (℃)

Air temperature (℃)
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Sidewall slot
(opening angle: 90°)
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Air outlet

Sidewall + Pit
exhaust fans

35.1

35.5
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Table 4-10 Representative CFD-computed result near fattening pig zone during summer season.
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Figure 4-40 Representative CFD-computed result of air temperature near
fattening pig zone during summer season.

Figure 4-41 Representative CFD-computed result of relative humidity near
fattening pig zone during summer season.
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Figure 4-42 Representative CFD-computed result of ammonia concentration
near fattening pig zone during summer season.

The average air temperature near the fattening pig zone was more than 33.0℃
during summer season. The high air temperature exceeding the optimum growth
temperature of 33.0℃ which was observed in some ventilation systems could result
in high-temperature stress. The distribution of high air temperature could lead to loss
of appetite and a weakened immune system in the fattening pigs. When the ceiling
slot and duct were used as shown in Figure 4-43 and Figure 4-44, the air temperature
was high because the air flowed slowly from the top part of the fattening pig room.
Notably, when using the ceiling slot, the internal air temperature of the fattening pig
room increased because the air passed through the space above the ceiling. In
addition, when using the duct, the distribution of high air temperature was found
because the air did not properly reach the fattening pig zone. From the result, the
average air temperature near the fattening pig zone was 33.6 to 35.5℃ when the
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ceiling slot and duct were used as air inlets. In contrast, when the sidewall slot with
an opening angle of 90° were used, the air temperature near the entrance of the
sidewall was relatively low. However, under this condition, the air temperature in the
areas far from the sidewall slot was observed to be higher. On the other hand, when
sidewall slot with an opening angle of 45° was used, the air flowed to the top of the
fattening pig room inducing the circulation of airflow. Under this ventilation system,
the average air temperature ranged from 32.3 to 32.7℃ near the fattening pig zone.
Therefore, it was confirmed that the use of sidewall slot with an opening angle of 45°
was the most appropriate air inlet for the fattening pig room to reduce hightemperature stress during the summer season.
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Figure 4-43 Distribution of air temperature according to air inlet type (cross
section of air inlet and fattening pig zone).
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Figure 4-44 Distribution of wind speed according to air inlet type (cross
section of air inlet).

The circulation of airflow was an important factor in preventing heat island
effect and heat accumulation near the fattening pig zone. The CFD-computed results
were analyzed according to the shape of the fence. A heat island could form when
using the panel-type fence. This result was caused by the airflow that could not pass
through the panel-type fence (Figure 4-45 and Figure 4-46). In contrast, when the
pipe-type fence was used, the air freely flowed inside the fattening pig zone. For this
reason, the wind lowered the temperature of the fattening pigs. Therefore, the use of
the pipe-type fence was appropriate to reduce the sensible temperature of the
fattening pigs.
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Figure 4-45 Distribution of air temperature according to fence type (fattening
pig zone).

Figure 4-46 Distribution of wind velocity according to fence type (fattening pig
zone).
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Since the maximum ventilation rate was operated during the summer season,
the amount of moisture and ammonia inside the fattening pig room could be
sufficiently removed. However, the maximum ventilation rate could cause external
environmental problems due to the large amount of ammonia discharged outside.
Recently, regulations about ammonia became more strict due to growing number of
complaints of odor around pig farms. Therefore, the discharged air quality should be
carefully managed with the internal air quality of the fattening pig house.
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4.4. Conclusions
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The major environmental problems in the pig house during the winter season
include low-temperature stress and accumulation of moisture and ammonia. In the
summer season, the main concern of farm owners is the high-temperature stress.
Inadequate ventilation systems caused the deterioration of air quality and poor
environment in the pig house. Therefore, the aim of this chapter was to identify and
resolve the problems on aerodynamic environment in the pig house.
Field experiments were first conducted on actual pig houses to improve the
accuracy of the CFD model. The LMA value was obtained by measuring the
concentration of tracer gas. The wind speed was also measured inside the actual
weaning pig house. Then, the CFD model was designed and its boundary conditions
were set using the measured value in the weaning pig room. The result of the
validation revealed that CFD model accurately predicted the measured LMA value
and wind speed. Based on the validation of the CFD model, the optimal grid size was
determined as 0.1 m, and the turbulence model selected as the Standard k-ω
turbulence model.
From the validated CFD model, the CFD-computed results were analyzed to
determine the optimum operating condition considering the various aerodynamic
environmental problems in the pig house. In the case of the weaning pig house, CFD
simulation was performed for 84 cases in the winter season and 60 cases in the
summer season. For the fattening pig house, CFD simulation was performed for 54
cases in the winter season and 60 cases in the summer season. During the winter
season, the distribution and uniformity of air temperature near the weaning pig zone
were improved when the ceiling perforation was used as an air inlet. In the fattening
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pig room, the optimum air temperature was observed when the sidewall slot with an
opening angle of 45° was used in the winter season. In addition, although the
humidity was high in the winter season, the relative humidity could be sufficiently
controlled by adjusting the air temperature. The ammonia concentration was reduced
when the pit exhaust fan was used but high concentration still remained. Accordingly,
when the ventilation rate was increased, the ammonia concentration could be
reduced. Under the increased ventilation rate, a heating box should be installed in
the weaning pig room to prevent the lowering of air temperature. In the summer
season, the air temperature near the pig zone was reduced when the sidewall slot was
used with an opening angle of 45°. In addition, since the maximum ventilation rate
was operated during the summer season, the relative humidity and ammonia gas were
properly maintained near the pig zone. Further, it was found out that the use of pipetype fence could reduce the sensible temperature of pigs.
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Chapter 5. Development of visualization technology
of aerodynamic environment in virtual space
5.1. Introduction
In agricultural buildings such as greenhouses and livestock houses, the internal
airflow is invisible, making it difficult to intuitively identify. In addition, since the
results of researches using the conventional CFD technique have usually been
represented by two-dimensional cross sections, these results were not easy for the
non-expert to understand. Although it is possible to presume the airflow according
to the ventilation system through field visits, it is still impossible to accurately
predict the invisible airflow inside the facilities. Moreover, access to pig farms is
restricted due to prevention of infectious diseases. In addition, the technologies for
controlling the aerodynamic environment have not been properly shared since most
large farms block the entry of other farmers in the facilities due to operational
security methods.
Recently, VR technology has been greatly developed along with the fourth
industrial revolution, creating opportunities for applying this technology in various
fields such as medicine, education, and entertainment (Aretz, 1991; Choi et al., 2010;
Greenwald et al., 2017; Gunn et al., 2018; Kim et al., 2018; Shanahan, 2016). With
the continuous development of computer graphics, it is now possible to make
realistic three-dimensional image models that are usually difficult to represent using
human hands. The three-dimensional image model can be produced by using various
software. This model can be applied in the virtual space, providing a variety of
realistic scenes. Accordingly, VR technology is being used in various trainings by
imitating actual situations such as fire and disaster simulation. VR technology can
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improve the efficiency of experience by providing realistic visual effects. Though
VR technology is widely used in many industries, there are only few attempts to
apply it in the agricultural field. Specifically, there is no research that uses VR
technology to visualize the aerodynamic environment in agricultural buildings such
as greenhouses and livestock houses. Incorporating VR technology to agricultural
buildings will result in a clearer understanding on main environmental factors such
as the airflow and air quality. Further, VR technology allows for the possibility of
experiencing realistic scenes through three-dimensional visualization.
Therefore, the aim of this chapter was to develop a technology that visualizes
the aerodynamic environment inside agricultural buildings using VR technology. To
conduct visualization, three-dimensional image models of greenhouses and pig
houses were designed by matching the cases used in the CFD simulation. A threedimensional scanner was used to create the three-dimensional tomato crop model,
while multi-angle photographic data were utilized for making the three-dimensional
pig models. The developed three-dimensional greenhouse, pig house, tomato crop,
and pig models were inputted in a virtual space. Then, the CFD-computed data was
extracted to link to the virtual space for visualizing the aerodynamic environment
inside greenhouses and pig houses. Afterwards, qualitative and quantitative
visualization of the computed results were performed. This study developed a
visualization technology that allowed for the possibility of experiencing various
environmental conditions through the design of UI. Finally, optimization was
conducted to develop the optimum visualization technology.
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5.2. Materials and methods
5.2.1. Target greenhouse and pig house
The target greenhouse and pig house were selected as the same facilities used
in CFD simulation for analysis of aerodynamic environment.
A high-rise 3-span greenhouse was selected as the target greenhouse for
growing tomato crops (Ministry of Agriculture Food and Rural Affairs, 2014). On
the other hand, the target pig house was designed based on the design standard for
pig houses (Ministry of Agriculture Food and Rural Affairs, 2016). Pre-harvest
tomato crops were selected, and the species of tomato crop was European Trust. The
pigs were selected as a 7 to 8 weeks-old weaning pig and a 24 weeks-old fattening
pig. The species of pigs were Landrace and Yorkshire. Detailed specifications can be
found in Sections 3.2.1. and 4.2.1.

5.2.2. Development method of three-dimensional image model for virtual
space
5.2.2.1. Three-dimensional greenhouse and pig house modeling
In this study, three-dimensional models of greenhouse and pig house were
designed to be used in the virtual space. The greenhouse and pig house models were
designed using the same size as the geometry for CFD model. In CFD simulation,
the geometry was simplified for efficient computation. In contrast, the materials and
devices used in the greenhouse and pig house such as the framework, the irrigation
line, feeder pipelines, etc. were considered to make a more realistic rendition in the
virtual space. For this reason, field surveys were conducted to properly replicate the
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actual texture, color, brightness, shadow, etc. of the greenhouse and pig house
(Figure 5-1 and Figure 5-2). The design of ventilation system which was typically
used in greenhouse and pig house was also surveyed to make three-dimensional
image models. The design of the ventilation fan, heater, shading screen, thermal
curtain, feeder, etc. were also identified through photographic data obtained from the
actual farm. The specifications of equipment were made in accordance with the
guidelines of design standard (Ministry of Agriculture Food and Rural Affairs, 2014,
2016). In case of the equipment that were not properly specified in the design
guidelines, the information gathered from the actual measurement in the field were
implemented.

Figure 5-1 Various photographs from field survey to develop greenhouse
image model.
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Figure 5-2 Various photographs from field survey to develop pig house image
model.

The three-dimensional image models of the greenhouse and pig house were
created using Maya 2017 (Autodesk Inc., USA). The graphics software zBrush
(Pixologic Inc., USA) was also used to create a more sophisticated model. The
greenhouse and pig house models were developed similar to the actual shape of the
target facilities. The ventilation system, shading device, and heating device were
considered in the same way as the cases determined in CFD simulation. Also, real
surface textures and colors of all three-dimensional objects inside the greenhouse
and pig house were applied to enhance the realistic effect in virtual space. Then, a
spatial arrangement was conducted based on the coordinates of the selected reference
points. Specifically, the individual objects inside the greenhouse and pig house
models were placed to facilitate alteration depending on the CFD-computed cases.
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5.2.2.2. Three-dimensional tomato crop and pig modeling
It is difficult to perform the three-dimensional image modeling of tomato crops
because they are leafy with a very complex shape. In fact, up to this date, the threedimensional tomato crop models that have been previously developed were over
simplified which resulted to an unusual appearance of tomato crops. Also, referring
only to photographs of tomato crops made it difficult for the modeling software to
design the natural angle of tomato leaves. In this study, a three-dimensional scanning
technology was introduced to replicate the shape of the tomato crops and applying
the material of the actual leaf (Figure 5-3). Actual pre-harvest tomato crops were
scanned ten times with a scanner (Go! SCAN 50, Creaform Inc., Canada) to develop
a more precise three-dimensional tomato crop model. Afterwards, the scan data was
extracted using the VX element (Ver. 6.0., Creaform Inc., Canada), and the tomato
crop model was completed using Rhinoceros (Robert McNeel & Associates Inc.,
USA). A total of five tomato crop models were developed to provide a realistic visual
effect when applied to virtual space. Especially, an animation effect was added to
make the tomato crops move naturally.
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Figure 5-3 Three-dimensional scanning using scanner to develop tomato crop
image model.

Because pigs are living creatures, it is impossible to create image models of
pigs through three-dimensional scanning technology. For this reason, in order to
create the three-dimensional pig models identical to real ones, a 7 to 8 weeks-old
weaning pigs and 24 weeks-old fattening pigs were photographed in the actual farm
(Figure 5-4). The multi-angle photographic data were taken to reflect various
movements and behavioral characteristics of pigs. The modeling was performed
manually using the measured size and the photographed surface texture obtained
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from the actual farm. From the multi-angle photographs and the skeletal system
diagram of the pig, the three-dimensional pig models were developed by
implementing the rotation angle of body and the thickness of the muscle based on
the joint position of pigs. The pig model was produced using Maya 2017 and zBrush
which could adjust the reality of three-dimensional shapes according to the grid
resolution. In addition, the surface texture could be created from the photographic
data in this software. In order to make the pig model more realistic in the virtual
space, pig movements were realized inside the weaning and fattening pig room.
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Figure 5-4 Multi-angle photographs to develop weaning and fattening pig
image models.

5.2.3. Development method of visualization technology of aerodynamic
environment
Unity (Unity Technologies Inc., USA) is an open-source software with a variety
of personalized asset materials. This software is an integrated production tool for
creating interactive content for the three-dimensional visualization. In this study, the
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visualization technology was developed using Unity by combining the CFDcomputed result into virtual space. The number of frames should be properly
determined as it might affect the realism felt by users in the virtual space. If the
number of frames was too small, the realistic effects might be reduced because the
user could feel dizzy. For this reason, a high-performance computing hardware was
used to increase the number of frames used in the virtual space. Also, an HMD device
(HTC Vive Pro, HTC Vive, Inc., Taiwan) was used to improve user experience
through high-performance (Figure 5-5). This HMD device allowed users to
experience visual and auditory effects based on base station. Accordingly, a 5 m ൈ
5 m room was required to facilitate the easy movement of users in the space. Further,
this study used a glove-type controller (Hi5 VR Glove, Noitom International Inc.,
USA) with motion tracker (HTC Vive Tracker, HTC Vive Inc., Taiwan) to detect
positional movement of the user's hand. This device enabled intuitive selection
through the hand motion when using UI. Further, a handheld-type controller (HTC
Vive Controller, HTC Vive, Inc., Taiwan) was additionally used to allow spatial
movement in the virtual space.
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Figure 5-5 Equipment for visualizing aerodynamic environment in virtual
space.

In order to perceive the aerodynamic environment inside the greenhouse and
pig house, visualization technology in the virtual space was developed as shown in
Figure 5-6. First, the three-dimensional image models were designed considering the
CFD-computed cases. A C language-based code was also developed to extract the
CFD-computed results for it to be realized in the virtual space. Based on the
developed code, the aerodynamic environment such as the air temperature, absolute
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humidity, ammonia concentration, and wind speed were extracted at a regular
interval for the greenhouse and pig house. After the interpolation of extracted data,
the visualization of aerodynamic environment was developed using the contour plot,
two-dimensional vector flow, three-dimensional vector flow, and smoke effect in the
virtual space. To allow clearer understanding, the visualization was expressed using
various colors and shapes. A customized UI was also developed for a more
convenient interaction. Finally, performance tests were conducted to enhance the
visualization technology. The optimum number of frames were determined to
maximize realistic effect without the user feeling dizzy. Further optimization was
also performed to solve errors in the virtual space.
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Figure 5-6 Development process of visualization technology of aerodynamic
environment in greenhouse and pig house.
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5.3. Results and discussions
5.3.1. Development of virtual space through development of threedimensional image model
5.3.1.1. Result of three-dimensional greenhouse and pig house
modeling
The three-dimensional image models of greenhouse and pig house were
developed by dividing the geometry model and the surface texture. The geometry
model was made based on the design standard. Specifically, the size and coordinate
system of geometry models were made identical with the CFD model. This is to
easily combine the CFD-computed results in the virtual space. In addition, the real
scale of actual greenhouse was applied to the geometry model to prevent users from
feeling awkward in virtual space. The simplified geometry model in CFD simulation
was designed for efficient computation, while the materials and devices used in the
greenhouse and pig house were designed in detail for the geometry model in virtual
space. Since the virtual space must represent the same environmental conditions used
in the CFD-computed cases, the internal devices were designed in accordance with
various environmental conditions in CFD simulation. Accordingly, the geometry
modeling was performed by considering the size of internal devices in the
greenhouse and pig house.
The surface texture was created using various photographs obtained from an
actual farm. The transparency and light transmittance were very important factors of
greenhouses because the internal brightness was controlled based on the external sun
light in the virtual space. To express these well, the transmittance of the covering
material was compared with the actual photographic data, so that the same brightness
G

୍G

G

could be felt in the virtual space. In the case of pig houses, internal structures such
as slurry pits and walls could be tainted by slurry and dust. For this reason, the
surface texture which represents these conditions was covered by editing the multiangle photographic data of an actual pig farm.
The performance in the virtual space was significantly influenced by the
number of polygons in the three-dimensional image models. The number of frames
increased in the virtual space as the number of polygons increased. This could result
to overload with truncated three-dimensional image models in the virtual space
which might cause dizziness to users. Therefore, the optimum number of polygons
were determined to maintain frame rate of 60 fps in the virtual space. After the initial
development of the three-dimensional image models, a comparison between the
actual farm and developed model was conducted to make the models more realistic.
An appropriate modification on the color and size were completed from the
compared results. The detailed three-dimensional image models of greenhouse and
pig house were designed as shown in Figure 5-7 and Figure 5-8.
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Figure 5-7 Detailed three-dimensional greenhouse image model.

Figure 5-8 Detailed three-dimensional pig house image model.
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5.3.1.2. Result of three-dimensional tomato crop and pig modeling
To develop a three-dimensional tomato crop model, an actual tomato crop was
scanned using a three-dimensional scanner as shown in Figure 5-9. The threedimensional scanning was conducted by calculating the distance from the scanner to
the center coordinate of a tomato crop. Then, the surface of the tomato crop was
presented as meshes based on the point coordinates. During the scanning process,
the optimum resolution should be set to an optimum value to acquire a more precise
scanned data. For more precise scanned results, tomato crops were first divided into
three parts such as the fruits, the leaves, and the main stem. The fruits were scanned
using the standard resolution value of 2.0 mm. The leaves of tomato crop, due to its
very thin thickness, were scanned at the highest resolution value of 0.5 mm. This
highest resolution value was also used for scanning the main stem of the tomato crop.
In particular, it was difficult to form point coordinates in the stem when the main
stem was covered with fruits and leaves. For this reason, the main stems were
scanned separately after removing the fruits and leaves. The scanned data of tomato
crop consisted of mesh obtained from numerous points. However, the quality of
scanned data was poor in some shaded areas because point coordinates were not
formed in these locations. From this condition, empty spaces could be found in the
scanned data of tomato crops. Accordingly, the scanned data should be calibrated to
improve the poor-quality scanned data. In this study, VX element was used to extract
the scanned data of tomato crop by filling the empty space.
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Figure 5-9 Scanned data of tomato crop using three-dimensional scanner.

Even after the scanned data of tomato crops were calibrated, the extracted data
could not be directly used as an image model due to the large number of meshes.
Accordingly, the extracted scanned data should be processed to make a threedimensional tomato crop model. The processing on the scanned data was performed
using Rhinoceros (Figure 5-10). Then, the individually scanned tomato parts were
merged together, and the fruits and main stems could be placed accurately. However,
in case of the leaves, since the tomato crop was leafy, it was very difficult to arrange
the scanned data of leaves. For this reason, the leaves were placed by referring to the
scanned image of the entire tomato crop. Especially, the leaves were arranged
considering the leaf area index of the tomato crop which was used in the CFD
simulation. In order to replicate the actual material and color of the tomato crop,
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surface texture was used to cover the tomato crop by applying multi-angle
photographs to Rhinoceros.

Figure 5-10 Covering of surface texture on tomato crop image model.

The optimum number of polygons of the processed tomato crop model should
be determined for efficient visual effects in the virtual space. The tomato crop model
could significantly affect the performance in the virtual space because many tomato
crops were arranged in the greenhouse. Therefore, the number of polygons for the
processed scanned data of tomato crop was adjusted to maintain frame rate of 60 fps.
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The number of polygons was reduced so as not to distort the shape of the tomato
crop image models. Specifically, all the polygons that were not within the user’s
view were removed. A total of five tomato crop models were developed to make
random arrangement for a more realistic effect when finally applied to virtual space
through an optimization process (Figure 5-11). In addition, an animation effect was
added to the tomato crops to realize its natural movement.

Figure 5-11 Final three-dimensional tomato crop image model.

A multi-angle photograph of 7 to 8 weeks-old weaning pigs and 24 weeks-old
fattening pigs obtained from the actual pig farm were used as a reference in
developing the three-dimensional pig models. In this study, the geometry of the pig
models was created by directly comparing it with the photographs using the zBrush.
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First, the pig model was taken in a general posture by determining the proportion of
the body with reference to the skeletal system diagram of a pig (Figure 5-12). The
body parts of a pig such as ear, jaw, foot, and tail were made as realistic as possible
so that the reality could be felt in the virtual space. In addition, to imitate the natural
postures of pigs, three-dimensional pig models were designed considering the
rotation angles of legs, neck, and spine based on the joint position of pigs as well as
the positions of fat and muscles. In particular, the weaning pigs were divided into
folded ears and unfolded ears. Subsequently, the weaning pig model was designed
considering both the shape of the ears.

Figure 5-12 Design of general posture of weaning and fattening pigs.
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The geometry modeling of the real pig and the covering of the surface texture
could be used to express the skin of the pig for the three-dimensional pig model.
When using geometry modeling, high resolution graphics were required to represent
the real hair of pigs. Although the expression of surface textures through
photographic data could prevent overload, the improper design of surface texture
could result in an unnatural appearance in virtual space. In this study, the surface
texture which was precisely created were used to cover the geometry model of
weaning and fattening pigs (Figure 5-13). The skin, hair, and blood vessels were
realized using the surface photographic data of the pigs. The shading effect was
added to complete the natural appearance of the weaning and fattening pig models.
Since the grid position of the pig model was changed when the posture of pig was
changed, the RGB value was also adjusted in accordance with the movement of the
grid position. After the adjustment of RGB value, the distorted surface texture was
modified using Photoshop (Adobe Inc., USA).
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Figure 5-13 Covering of surface texture on pig image model.

The three-dimensional pig models have a relatively small number of polygons
compared with the three-dimensional tomato crop models. In addition, the total
number of pig models inside the pig house was smaller than the total number of
tomato crops in the greenhouse. For this reason, it is easier to find the optimum
number of polygons to maintain a frame rate of 60 fps in the virtual space. Therefore,
the number of polygons was optimized so that the three-dimensional weaning and
fattening pig models could be rendered more naturally (Figure 5-14). Pig movements
were also realized inside the weaning and fattening pig room to make the pig model
more realistic in the virtual space. However, only the feeding and head movements
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were expressed in animation since the virtual space should match with the CFDcomputed results.

Figure 5-14 Final three-dimensional pig image model.

5.3.1.3. Development of virtual space of greenhouse and pig house
The virtual space was organized by arranging the three-dimensional image
models. The color, size, position, and ratio were adjusted using the Unity to ensure
that each image model was presented naturally. For the arrangement in the virtual
space, first, the three-dimensional greenhouse and pig house models were positioned
with respect to the ground. Then, the three-dimensional image models of tomato
crops and pigs were placed inside the greenhouse and pig houses, respectively. The
tomato crop models were placed at the same position as the porous medium in the
CFD model. The tomato crop model was configured to be divided into two sides in
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one medium to look natural, and a total of five image models were randomly placed.
The three-dimensional pig model was placed in the same position as the pig model
applied in the CFD model to match the CFD-computed results into the virtual space.
In the virtual space, the arrangement of internal devices was done by considering all
cases determined in the CFD simulation. The arrangement in the greenhouse was
performed by considering the installation location of internal devices such as the air
inlet, air outlet, shading screen, heater, duct, thermal cover, etc. In the pig house, the
arrangement was also conducted considering the location and size of internal devices
such as the air inlet, air outlet, feeder, fence, heating box, etc. In addition, when the
user selects the environmental conditions inside the greenhouse and pig house, the
internal devices was changed using animation effect so that users could feel the
change of environmental condition. Further, to provide a more realistic effect, the
blade of the exhaust fan was set to rotate.
The lighting and shading effects were implemented to maximize realism when
users enter the greenhouse and pig house. In this study, the rendering results of image
models could be changed depending on the location of light source. Consequently,
when using unnecessary light sources in virtual space, a high-performance
computing hardware for visualization should be used. Furthermore, in case of the
surface texture, the light source should be set to a proper position as the surface
texture of the models might look different due to the lighting and shading effect.
Accordingly, the optimal location of the light source was selected by comparing the
image models with the actual photographs. An optimization of surface texture was
further performed in the virtual space. These overall processes resulted to the
development of the virtual space for greenhouse and pig house as shown in Figure
5-15.
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Figure 5-15 Development of virtual space of greenhouse and pig house.
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5.3.2. Development of visualization technology of aerodynamic
environment in greenhouse and pig house
5.3.2.1. Integration of CFD-computed result with visualization
technology
The CFD-computed result was represented by a data value from each cell of the
CFD model. The number and shape of cells were different depending on the cases
determined in the CFD simulation. When the CFD-computed data were linked to the
virtual space, numerous cell points were formed which can cause overload during
the data-loading process. This overloading could be resolved by optimizing the
amount of data. A C language-based code was also developed to extract the CFDcomputed data in accordance with the regular interval along the x, y, and z directions
(Figure 5-16). The code was used to extract scalar values such as air temperature,
absolute humidity, ammonia concentration, and wind speed at a regular interval. The
scalar values were extracted based on a 0.5 m virtual cube for the greenhouse and on
a 0.15 m virtual cube for the pig house. First, the coordinates of the center point of
the virtual cube were sequentially allocated in ANSYS FLUENT. The distances
between the center point of the first virtual cube and the centroid of each cell were
calculated. If these distances were less than one half side of a cube, the scalar values
were extracted in the first virtual cube. The scalar values that were extracted in these
conditions were computed using a mass average. The same process was employed
to the succeeding virtual cubes. Consequently, the scalar values in all cubes were
computed on the cell of the CFD model.
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Figure 5-16 Algorithm of developed C language-based code to extract CFDcomputed results.

The average, maximum, and minimum air temperature values were extracted
using the C language-based code. For the absolute humidity and ammonia
concentration, codes were produced to extract mass fraction values. These mass
fraction values were then converted into the required units such as percent for
relative humidity and ppm for ammonia concentration. The wind speed for each
direction vector was extracted to represent the two-dimensional vector flow in the
greenhouse and pig house. In addition, to express the continuous airflow, the stream
line data of particles were extracted by recording the coordinates and vector values
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over time. Based on these, the data such as air temperature, relative humidity,
ammonia concentration, wind speed for each direction vector, and stream line data
for all CFD-computed cases were extracted to build a database that could be applied
to virtual space. The total data for each case in the database were 4,315,680 for the
greenhouse, 83,028 for the weaning pig house, and 107,920 coordinate data for the
fattening pig house. Consequently, the speed of data processing should be fast due
to large amounts of data used to visualize the aerodynamic environment. Therefore,
the database was converted from structured query language (SQL) format to binary
format. In this way, data processing time would be reduced as the binary file could
store executable information or numeric values in the form of ones and zeros.

5.3.2.2. Development of visualization technology of aerodynamic
environment
The data of air temperature, relative humidity, and ammonia concentration were
visualized through colors. When all the data in the database were used in the virtual
space, the number of frames could drastically increase which could result in a lowquality visual effect. To resolve this problem, a contour plot was used to allow users
to easily understand the information by visualizing all the data using colors. However,
since the scalar values were not extracted between each data point, the data should
be first interpolated to fill inter-cell data in the active plane. The interpolation of data
was conducted using a trilinear interpolation which filled the area between extracted
data points. To do this, the data value between extracted data points was obtained by
using eight nearby data values as shown in Figure 5-17. Data values between the
extracted data points were calculated by interpolating the data values obtained from
the eight central points. In this way, the data values at all pixels were determined
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through the trilinear interpolation.

Figure 5-17 Trilinear interpolation to express contour plot in active plane.

In this study, the active plane representing the contour plot was applied so that
the user could freely select the plane and directly visualize the desired data (Figure
5-18). Moreover, a selection was added to allow users to choose the plane where to
represent the data. These active planes could be moved horizontally and vertically
so that all areas could be clearly demonstrated inside the greenhouse and pig house.
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The color of the contour plot should be carefully configured so that the user could
intuitively understand the characteristics of the data, and to make it look natural in
the virtual space. The improper setting of the RGB value could affect the appearance
of the contour plot in the virtual space. Specifically, when the saturation was set to a
high value, it could create discomfort for the user. On the other hand, if the brightness,
was set at a low value, there was a possibility that the contour plot would have a
blurry effect. Accordingly, the contour plot was created by adjusting the optimum
saturation and brightness through alpha-blending so as not to disturb the surrounding
vision in the virtual space.

Figure 5-18 Visualization technology of aerodynamic environment using
contour plot.

To represent the vector flow in the greenhouse and pig house, the wind velocity
G

୍G

G

of cell points was visualized based on the database. Because the vectors were
represented in three-dimension, it could cause problems because vector flow could
interfere with the user's view. Accordingly, the two-dimension vector flow could be
used to express the wind velocity in a planar vector field. In order to express the
vector result in planar vector field from the database, the normal vector value of the
plane was first removed. Since a vector has a scalar value and a direction vector at
each extracted data point, a separate process was required to express the vector flow
naturally. Therefore, a total of eight ranges with angles of 45° was made to determine
the direction to which vector flow would move at each extracted data point as shown
in Figure 5-19. The flow of extracted data point was set to move the direction vector
to other extracted data points corresponding to the range. In order to prevent the
formation of angles when connecting the points, the quadratic Bézier curve was used
to create a curved flow for a more natural effect. This curve, which was a kind of
piecewise interpolating polynomial, was a method for drawing a curve by connecting
arbitrary points on a two-dimensional plane in a predetermined order. The quadratic
Bézier curve had three points where the first point was the start point and the last
point was the end point. A linear interpolation was first performed on the path
moving each point, and then the line which was produced after first interpolation
was again interpolated to form a quadratic Bézier curve. The free curve which was
composed of a set of interpolated points was created, depending on the parameter
that ranged from 0 to 1. The wind speed at which the vector flow moved was
controlled by the scalar size of each point from the quadratic Bézier curve.
Additionally, if only one vector flow moved ten points, the vector flow could look
plain. For this reason, a new vector flow was created after the vector flow reached
five points.
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Figure 5-19 Movement of vector flow and quadratic Bézier curve to express
two-dimensional vector flow in active plane.

The active plane was also used to represent the two-dimensional vector flow
(Figure 5-20). Similar to the contour plot, the active planes for vector flow could
also be moved horizontally and vertically at a chosen plane in the virtual space. The
distribution of vector flows inside the greenhouse and pig house in the virtual space
should be easily seen so that the user can intuitively understand the airflow.
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Accordingly, the scalar of vector flow was expressed in such a way that the color and
size shown in the active plane varied depending on the property of the vector flow.
Lastly, an animation that was extended at a certain length was applied to imply the
movement of two-dimensional vector flow.

Figure 5-20 Visualization technology of aerodynamic environment using twodimensional vector flow.

The overall airflow, on the other hand, was difficult to understand as the twodimensional vector flow represented only the wind velocity at the active plane.
Accordingly, the visualization process was performed by extracting the stream line
data of particles representing the coordinates and vector values at each time step. In
this study, the stream line data was used in two ways depending on the type of
agricultural buildings.
First, the three-dimensional vector flow was expressed based on the total stream
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line data inside the greenhouse (Figure 5-21 and Figure 5-22). The three-dimensional
vector flow inside the greenhouse was presented as a fine smoke shape to visualize
the airflow. Greenhouses are so large that visualizing all streamlines to represent a
three-dimensional vector flow would obstruct the user's view. Accordingly, this study
visualized three-dimensional vector flows for a total of ten extracted data points in
front and behind the user’s location in the direction of the ridge of the greenhouse.

Figure 5-21 Visualization area to express three-dimensional vector flow.

G

୍G

G

Figure 5-22 Visualization technology of aerodynamic environment using threedimensional vector flow.

Second, the airflow from the air inlet was visualized by generating a smoke
effect which was typically used in actual field experiments in the pig house (Figure
5-23 and Figure 5-24). This smoke effect was used to visualize the natural airflow in
the pig house so that users could understand the airflow more easily. The smoke
effect was basically realized from the diffusion of an enormous number of particles.
In this study, the smoke effect was achieved through a total of 10,000 particles. In
addition, since the shape of the smoke effect varied according to the duration time,
the start size, and the emission rate of the particles, an optimal value should be
applied to realize a more natural smoke effect in virtual space. The particles from the
inlet could travel through the various route to the exhaust fans, which could lead to
longer travel path depending on the CFD-computed case. Especially in winter season,
the particle from the air inlet took longer to reach the exhaust fans because of the
minimum ventilation rate. Therefore, the stream line data was used until the wind
speed was kept at the minimum value. In addition, the diffusion effect was
implemented to naturally disappear when the smoke reached the final point.
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Figure 5-23 Duration time, start size, and emission rate of particles to express
smoke effect.
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Figure 5-24 Visualization technology of aerodynamic environment using
smoke effect.

Finally, the distribution of aerodynamic environment visualized in the virtual
space was compared with the CFD-computed results. As shown in Figure 5-25, it
could be seen that the results obtained in the virtual space accurately represented the
distribution of aerodynamic environment computed from the CFD simulation. In
summary, the use of virtual technology enabled the users to clearly understand the
aerodynamic environment in the greenhouse and pig house. The problems related to
aerodynamic environment were recognized according to the various environmental
conditions. From this result, virtual technology enabled the users to realize the
optimum operating conditions to improve aerodynamic environmental problems.

G

୍୕G

G

Figure 5-25 Comparison between aerodynamic environment in CFD
simulation and virtual space.

5.3.2.3. Optimization of visualization technology of aerodynamic
environment
G

Visualization technology in the virtual space are readily available to developers
and experts but are difficult to use for a general user. Therefore, in order to increase
the accessibility and convenience for the user, a UI that could be used by both experts
and beginners was developed. This study developed a tablet-shaped UI that matches
the surroundings in the virtual space as shown in Figure 5-26. This tablet was
represented by the handheld-type controller, and a selection of environmental
conditions could be performed using the glove-type controller. The selection from
the tablet-shaped UI was recognized by the collision response made through the
motion touch of the index finger. In the virtual space, two collision responses usually
occurred when the index finger selects options in three-dimensional space.
Specifically, the entry and exit of index fingers in the coordinates of the tablet screen
created two collision responses, creating error of selection in the UI. To avoid this
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problem, the UI was set to only recognize collision response made when the index
finger exits at the direction opposite from the UI entry path. In addition, the use of
the handheld-type controller allows the user to explore different locations inside the
greenhouse and pig house. The contents of the UI consisted of terms familiar to
farmers based on the CFD-computed cases. The visualization scenarios in UI were
configured based on the typical problems occurring in greenhouses and pig houses
to enable the users to easily select visualization according to environmental
conditions. When a collision response occurs during the selection of environmental
conditions in the UI, the binary file which matched with the CFD-computed cases
would be connected. Especially, three types of representative cases were
immediately added to the UI to allow beginner users to easily use it. When selecting
each case, the user could check the environmental condition such as the weather
condition, ventilation rate, type of air inlet, type of air outlet, etc. in the UI. The users
could also comprehend information such as the characteristics, basic conditions, and
common problems coming from the different cases since these descriptions were
concisely discussed in the UI. The UI further allowed the user to select the
visualization method such as the contour plot, two-dimensional vector flow, threedimensional vector flow, and smoke effect to enable various experiences of
visualization. In case of contour, the range of scalar values could be directly adjusted
so that the user could check the quantitative value. Lastly, the UI has Korean and
English versions, and an operator mode was added so that an expert can operate the
UI on behalf of the beginning users.
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Figure 5-26 UI to increase accessibility and convenience for user.

The database should be modified by rewriting the binary file in case of data
error in the virtual space. However, combining the database in the virtual space after
rewriting the binary file require considerable work. For this reason, a Scenario
Manager was developed to enable easy modification of the database (Figure 5-27).
The Scenario Manager was created using Windows Forms (Microsoft Inc., USA)
based on the C# language to improve compatibility with the Windows (Microsoft
Inc., USA) operating system. The design form for Scenario Manager was first
created, and then the binary file corresponding to each CFD-computed cases were
incorporated to the Scenario Manager. The Scenario Manager could not only adjust
data values but could also modify cell interval and the number of data. In addition,
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the Scenario Manager could change the maximum and minimum values for the range
of scalar as well as the start and end points of the stream line data. Further, using this
tool, it was possible for the virtual space to accommodate future cases computed
using CFD simulation.

Figure 5-27 Scenario Manager to enable easy modification of database.
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Optimization was essential to experience a realistic aerodynamic environment
in the virtual space. Therefore, a performance test was conducted to improve the
virtual space. Generally, more realistic image models in the virtual space required
longer rendering time in visualization technology. This longer rendering time could
result in an unnatural movement in the user’s view. As the visualization technology
required a lot of performance, the techniques such as frustum culling, occlusion
culling, and level of detail (LOD) were used to eliminate unnecessary loading and
rendering considering the user's viewing angle (Figure 5-28 and Figure 5-29).
Frustum culling disabled the rendering of objects outside the viewing angle. This
technique used different plane equations for the near, far, left, right, top, and bottom
plane. Specifically, among the six plane equations, only the objects that have positive
results of plane equations would be expressed within the viewing angle. The
occlusion culling disabled the rendering of all overdrawn objects that were obscured
by nearby objects within the field of view. The occlusion culling used a myriad of
line equations in the viewing angle. In case of occlusion culling, the far object was
deleted when the coordinates of the near and far objects were contained in the same
line equation. LOD allowed objects near the field of view to have a maximum
number of polygons for a more detailed appearance of an object and the objects
farther from the field of view to have lesser number of polygons to reduce the
rendering time. Based on these techniques, the optimal rendering time and frame rate
were applied.

G

୍୕G

G

Figure 5-28 Rendering method of frustum culling, occlusion culling, and LOD.
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Figure 5-29 Frustum culling, occlusion culling, and LOD in virtual space.

In order to improve the efficiency of the virtual experience, the optimal user’s
starting point when entering the virtual space was determined from each case.
Recorded actual sounds generated by the ventilation fans in the greenhouse and pig
house were applied for a more realistic effect. In case of the pig houses, the real
sounds of weaning and fattening pigs were also combined in the virtual space. In
addition, when all the animation effects were inserted at the same time, it could cause
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dizziness to the user. Therefore, several performance tests were conducted to
eliminate the gap between the user's perception and the virtual space (Figure 5-30).
After this optimization process, the final visualization technology for aerodynamic
environment in the greenhouse and pig house were developed.

Figure 5-30 Performance test to determine optimal number of frames.
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5.4. Conclusions
G

The air temperature, relative humidity, and ammonia concentration inside the
greenhouse and pig house varied depending on many environmental factors. The
measurement of these aerodynamic environment required various sensors, analysis
equipment; it also consumed a considerable amount of time. Inside the agricultural
buildings, the main mechanism that influences aerodynamic environment was the
airflow. However, since it was difficult to track invisible airflow, farmers often had
difficulties in improving the internal environment and frequently made false
judgments in the operating system. Therefore, this chapter developed a technology
that visualizes the aerodynamic environment inside agricultural buildings using VR
technology.
In order to design a virtual space, a three-dimensional greenhouse image model
with tomato crops and a pig house image model with pigs were first developed. The
greenhouse, pig house, tomato crops, and pig models were designed with real shape
and texture. In particular, the image models were designed in the same way as the
cases determined in the CFD simulation. The virtual space was made by arranging
the three-dimensional image models. Then, a C language-based code to extract the
CFD-computed result to visualize in the virtual space was developed. The code
extracted data at regular intervals along the x, y, and z directions. From the code, a
database was built so that the aerodynamic environment inside the greenhouse and
pig house was visualized in virtual space. Visualization technology was developed
using contour plot, two-dimensional vector flow, three-dimensional vector flow, and
smoke effect in the virtual space. In the case of the contour plot, a scalar of air
temperature, relative humidity, and gas concentration were expressed using color on
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the active plane, and the data was interpolated using a trilinear interpolation which
filled the area between each grid. A two-dimensional vector flow represented twodimensional flows on the active plane. To express the two-dimensional vector flow,
the quadratic Bézier curve was used to represent flow naturally. The threedimensional vector flow was used to represent the overall flow of the greenhouse. A
total of ten extracted data points in front and behind the user’s location was used for
visualization of three-dimensional vector flow. A smoke effect was implemented to
grasp the airflow emitted from the air inlet. The duration time, the start size, and the
emission rate of the particles were determined to create the natural smoke effect. In
this chapter, a tablet-shaped UI with high accessibility was developed to directly
allow users to select the desired results. In order to maximize the realism without
feeling dizzy, a performance test was conducted to determine the optimal number of
frames.
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Chapter 6. Conclusions
6.1. General conclusions
CFD simulation was performed to evaluate the characteristics of the major
aerodynamic environmental problems inside the greenhouse and pig house.
Specifically, this study developed a technology that visualizes the aerodynamic
environment using VR technology.
A validated CFD model was used to predict the aerodynamic environment
inside the greenhouse. The measured values such as air temperature and wind speed
were used to validate the CFD model by comparing it with the CFD-computed results.
From the validation of the CFD model, it was determined that the developed CFD
model precisely predicted the distribution of air temperature and wind speed inside
the greenhouse. The optimal turbulence model used was the Realizable k-ε
turbulence model. Using the validated CFD model, the aerodynamic environment
was analyzed for 72 cases in the summer season and 65 cases in the winter season.
In the winter season, the use of thermal curtain in the greenhouse increased the
average air temperature of more than 6°C. In the case of heating duct, the most
suitable distribution of air temperature with an average temperature of 14.8°C was
observed at an interval of duct perforation decreased by a ratio of 1.1 times with a
perforation angle of 45°. The relative humidity was properly controlled when the
roof vent had a 10% opening. However, the natural ventilation system should be
carefully operated since inappropriate management could result to a decreased air
temperature near the crop zone.
During the summer season, when both side and roof vents were fully opened
simultaneously, the air temperature near the crop zone was decreased reducing the
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circulation of airflow. In the case of the mechanical ventilation system, it was
possible to easily control the air temperature; however, it was recommended to use
mechanical ventilation systems combined with natural ventilation to reduce the
installation and maintenance costs. Furthermore, when the shading screen was
installed, the temperature distribution near the crop zone was reduced by more than
1°C. The relative humidity was adequately distributed because the maximum
ventilation rate was operated inside the greenhouse.
In order to accurately simulate the aerodynamic environment in a pig house,
field experiments were conducted to improve the accuracy of the CFD model. The
validation of CFD model was performed by comparing the measured LMA value
and wind speed with the CFD-computed result. Also, from the result of validation, it
was found out that the optimal grid size and the turbulence model to be used in this
study were 0.1 m and standard k-ω turbulence model, respectively. From the
validated CFD model, the aerodynamic environment inside the weaning pig house
was analyzed with 84 cases in the winter season and 60 cases in the summer season.
For the fattening pig house, a total of 54 cases were analyzed in the winter season
and 60 cases in the summer season.
In the summer season, the distribution and uniformity of air temperature were
improved near the weaning pig zone when a ceiling perforation was used as an air
inlet. On the other hand, in the fattening pig room, the highest temperature could be
maintained when the ceiling slot was used with an opening angle of 45° in the winter
season. High relative humidity was formed near the pig zone, but the relative
humidity could be maintained at an appropriate level through controlling the air
temperature. The ammonia concentration near the pig zone was significantly reduced
when a pit exhaust fan was used. However, the ammonia concentration was still
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higher than the maximum growth limit of ammonia concentration of 20 ppm.
Accordingly, the ammonia concentration could be reduced when the ventilation rate
increases. Further, it was necessary to install a heating box in the weaning pig room
to prevent heat loss by the increase in ventilation rate. In the summer season, when
the sidewall slot was used with an opening angle of 45°, the proper average air
temperature of 32.3 to 32.7 ℃ was formed depending on the air outlet. In addition,
relative humidity and ammonia concentration were properly maintained because the
maximum ventilation rate was operated. Moreover, since a high temperature was
maintained during the summer season, pipe-type fences could reduce the sensible
temperature of pigs.
A visualization technology was developed to link the CFD-computed results of
the aerodynamic environment inside greenhouses and pig houses to virtual space.
Three-dimensional image models were first developed to design the virtual space.
The image models of the greenhouse, pig house, tomato crop, and pig were created
considering the shapes and texture of the actual objects to maximize the realistic
effect. The three-dimensional image models were designed under the same
conditions as the CFD model. Based on the developed three-dimensional image
model, a virtual space was designed, and the image models were arranged to match
the cases used in the CFD simulation. A C language-based code that could extract
CFD-computed data at regular intervals was developed to apply the CFD-computed
results in virtual space. Visualization of the aerodynamic environment was
performed using contour plot, two-dimensional vector flow, three-dimensional
vector flow, and smoke effects. The contour plots visualize the air temperature,
relative humidity, and ammonia concentrations through color on the active plane,
and the data was interpolated using a trilinear interpolation which filled the area
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between each grid. Two-dimensional vector flow represented two-dimensional flows
on the active plane. The quadratic Bézier curve was used to create two-dimensional
vector flow for a more natural effect. The three-dimensional vector flows were
applied to identify the overall flow in the greenhouse. The three-dimensional vector
flow was visualized by using a total of ten extracted data points in front and behind
the user’s location. The smoke effect was applied to visualize the flow from the air
inlet to outlet in the pig house. The duration time, the start size, and the emission rate
of the particles were determined to realize a more natural smoke effect in virtual
space. This study developed a tablet-shaped UI with high accessibility so that users
could directly select the desired results. Several performance tests were conducted
to maintain the proper number of frames. Through these processes, a final
visualization technology was developed to visualize the aerodynamic environment
in the greenhouse and pig house.
The developed three-dimensional visualization technology can be used to
demonstrate the aerodynamic environment of agricultural buildings for easy
understanding of farm consultants and farm owners including the elderly farmers
and successor farmers. Through this visualization technology, appropriate selection
and operation of ventilation systems can be carefully chosen to enhance the
production efficiency and to reduce energy cost in agricultural buildings resulting in
increased profits.
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6.2. Future research
This study developed a technology to visualize the CFD-computed results of
aerodynamic environments in greenhouses and pig houses in virtual space. As
mentioned in Chapter 4.3.3.2., this study developed a Scenario Manager. Through
this software, additional environmental conditions that were not considered in this
study can be applied to virtual space. The developed technology can also be used by
greenhouses to grow varieties of crops. In case of the pig house, the developed
technology can also be applicable to different types of pig houses. Furthermore, the
visualization technology can be used in various agricultural buildings such as storage,
cattle house, etc. In this study, a visualization technology was developed by
considering various environmental factors such as air temperature, relative humidity,
ammonia concentration, and airflow. In addition to these aerodynamic environmental
factors, it is also possible to analyze odor, dust, disease, etc. Similarly, the developed
technology can be used to visualize not only the distribution of aerodynamic
environment inside the facility, but also the spread of odor, dust, and disease emitted
outside the facility.
The CFD model can accurately predict the aerodynamic environment when it is
validated sufficiently. However, the CFD simulation requires a relatively long
computation time using high-performance computing hardware. Accordingly,
CFD-computed results cannot be immediately applied in the virtual space. Recently,
various researches on fast fluid dynamics (FFD) simulation have been conducted to
improve the computation time of CFD simulation. For FFD simulation, the timesplitting and the semi-Lagrangian linear interpolation methods are used for
computing the airflow. However, FFD simulations have difficulties to predict
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turbulence near the wall due to the simplified model of numerical analysis. Further,
only the approximate distribution of airflow can be predicted in FFD simulation.
Accordingly, if the accuracy of the aerodynamic environment predicted using FFD
simulation will be improved in the future, it will be possible to develop a technology
that can visualize the aerodynamic environment in real time.
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⧮# ᦋ⯞# 㞦⧟㧲⪆# 6ヂ⭪# Ⰾₒ⹚# ὂ᠒⯞# # ❾Ⲷ⫚# ႳⰎ# ⲶⰫ㧲ᅺⰪ# 㧲⪚1#
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ႚ❶㫮ᜮ# ᦋᅺ►# ►ᡞ/# 5ヂ⭪# ℻㗊# ⮺ᡳ/# 6ヂ⭪# ℻㗊# ⮺ᡳ/# ⪊ዊ# 㭂ᆖ# ᦋ⯞#
Ⰾ⭃㧲⪆# ⚲㨣ᢲ⩢1# ᦋᅺ►# ►ᡞᜮ# Ⰾᡳ㪯# 㡣Ἆ⩪# ╣╛⯞# 㙏㧲⪆# ⫂ᡞ/# ❏ᡞ/#
⧮ὂᝢ⧞# ᘧᡞḖ# ႚ❶㫮㧲⪚1# 5ヂ⭪# ℻㗊ᜮ# Ⰾᡳ㪯# 㡣Ἆ⩪# 5ヂ⭪# ⮺ᡳ⯞#
ႚ❶㫮㧲⪆# ႚ╛# ᆏ႞⩪# 㣶㪞㧲⪚1# ⮺ⲛ►# ᠊Ⰾ㗊ᳶ√㗊# 6ヂ⭪# ℻㗊ᜮ# ⭪⪢#
❶▾⩪# ⲛ⭃㧲⪚⯖Ἂ/# ⪊ዊ# 㭂ᆖᜮ# ⨫ᡢ# ❶▾⩪# ⲛ⭃㧲⪚1# 㝓㰢/#6ヂ⭪# ℻㗊ᜮ#
⭪⪢# ❶▾⯲# Ⲟ₲ⲛⰒ# ⮺ᡳ⯞# 㣶㪞㧲ዊ# ⮞㨎# Ⴖ₶㧲⪚ᅺ/# ⪊ዊ# 㭂ᆖᜮ#
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ㇶⴟⲛ⯖ᳶ# ⭪⪢# ❶▾# ₩# ⨫ᡢ# ❶▾⯲# ᆏዊ# 㫲ᅗ# ႚ❶㫮# ዊ⚺⯞# Ⴖ₶㧲⪚1#
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႞ⲫⲛ⯖ᳶ# ㅎ㩲㧺# ⚲# Ⱒ1# 6ヂ⭪# ႚ❶㫮# ዊ⚺⯚# ᇪ⮻⭃# ❶⁆ᲢⰎ㗊ᳶ#
ኣ㨂⯖ᳶ⠂# ᅺ᳓ᘧ/# 㭞ᅞᘧ# ᦋ# ᘧႚ# ᇪ⮻# ₩# ㎂▾㞟# Ⱚᵦᳶ# 㫶⭃ᢺ# ⚲# Ⱒ1#
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