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ABSTRACT
The U.S. poultry industry is the world’s largest producer and second largest exporter of
poultry meat, and it is a major egg producer. A shift to cage-free eggs is underway that
contributes to the most significant evolution that poultry facilities have been faced with in
decades. However, the lack of unified guidelines and various definitions of cage-free housing
options have left egg producers with many uncertainties about cage-free housing. This work aims
to provide practical recommendations to refining ventilation system design in cage-free hen
houses with the goal of assuring bird welfare through comfortable conditions and improving the
capacity of containing contaminants, such as a virus.
This study uses a well-established engineering computer modeling technique –
computational fluid dynamics (CFD) that simulates the flow of air and particles to quantify the
effectiveness of ventilation systems in maintaining suitable, uniform living conditions at the bird
level and the capacity of containing any contaminant. A commercial software package was used
to develop CFD models and implement all simulations.
Four three-dimensional CFD models were developed on the basis of a full-scale floorraised hen house, corresponding to ventilation configurations of the standard top-wall inlet
sidewall exhaust (TISE), and three alternatives: mid-wall inlet ceiling exhaust (MICE), mid-wall
inlet ridge exhaust (MIRE), and mid-wall inlet attic exhaust (MIAE). In addition, 2,365 birds
were individually modeled with simplified shapes. One-eighth of a real commercial hen house
was modelled although the reduced size included a representative number of hens, ventilation
inlet and fan features and portions of a barn important for hen management, for example nest
boxes, feed and water area and litter scratch floors. A surrogate virus contaminant, particles of

iv
ammonia, were introduced to the hen house at the upwind ventilation inlets and their dispersion
through the house and outdoor environment was simulated.
Performance of the standard ventilation configuration and alternative designs were
analyzed and evaluated by comparing their simulation outputs at locations represented by crosssectional planes in the model. The simulated ventilation rate for the hen house in each model was
1.97 m3/s (4174 ft3/min), 1.93 m3/s (4089 ft3/min), 1.96 m3/s (4153 ft3/min), and 1.91 m3/s
(4047ft3/min), which all fell in the desired range for cold weather (0oC). Five animal-occupied
zones within each of the model planes were evaluated for practical hen comfort attributes, air
velocity and temperature, and ventilation performance, static pressure and presence of the
contaminant mass fraction. The three alternative models showed comparable performance in
maintaining desirable microclimate at the bird level, compared to the standard TISE model. The
simulation output of MIRE and MIAE demonstrated both models could provide airflows about
0.35 m/s (69 ft/min) on average at the bird level, which had no statistically significant difference
with the standard TISE model. The temperature at the bird level was maintained between 20 and
24oC on average by all models, which was acceptable in the cold weather. The indoor static
pressure was stabilized at -25 to -21 Pa, which fell in the normal range for a hen house with the
negative-pressure ventilation. Simulation results also revealed three models, TISE, MIRE, and
MIAE had indistinguishable performance in containing the contaminant, while the average
contaminant level in the model of MICE was discovered 19% lower than the others within the
majority of the indoor space. Of interest is that the mid-wall alternative inlet designs in
combination with the vertical roof-level exhaust were able to limit most contamination to that half
of the hen house were the vector was introduced.
Considerable simulation results and subsequent analyses substantially demonstrated these
alternative models had the capacity to create satisfactory indoor conditions for the cage-free hen
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house. In addition, statistical analyses were conducted to confirm the significance of vital factors
and verify significant differences for particular comparisons.
As a primary goal of conducting this study, practical recommendations are documented
based on valuable simulation output, which have been and will continue to be provided to egg
producers and poultry house builders. This dissertation demonstrated the CFD modeling was a
powerful tool for studying the ventilation system for animal housing. The author hopes the
application of CFD modeling will play a pivotal role in addressing practical issues related to
indoor air quality of agricultural buildings in the future.
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Chapter 1

Introduction
Poultry refers to any kind of domesticated bird that is captive-raised for its utility. Today,
poultry commonly means domestic fowl, including chickens, turkeys, geese, and ducks, raised as
food animals. For instance, chickens, the most representative poultry, providing us with eggs and
meat. First domesticated for cockfighting several thousand years ago, chickens and poultry
farming have a rich history in the development of human civilization. Since the 1960s, the U.S.
poultry industry has evolved from a fragmented, locally oriented business into a highly efficient,
vertically integrated progressive success story that increasingly supplies customers nationwide
and around the globe. Implementation of nutritional discoveries, disease eradication programs,
genetic improvements through traditional breeding, and mechanization and automation
technologies all contribute to the evolution of the modern poultry industry.
The U.S. poultry industry is the world’s largest producer and second largest exporter of
poultry meat, and it is a major egg producer. According to the Agricultural Statistics Annual data,
in 2017 there were about 376 million layers in the United States, while in 2016, total egg
production was 102 billion with a total value of 6.48 billion dollars (USDA-NASS, 2017). In
2016, the per capita consumption of eggs was 275, which was the high point from 2007 ~ 2016.
Iowa, Ohio, Indiana, Pennsylvania and Texas, the top five egg-producing states, account for about
45% of all eggs production in the United States.
The huge market for egg production confirms that eggs are one of the most desired foods
on the earth. The egg is eaten by so many people in the globe and is served in many ways. Eggs
are popular for many reasons. From the perspective of nutrition, eggs have a perfect amino acid
profile and they are the lowest-cost source of protein in the United States (Drewnowski, 2010).
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Moreover, the egg is an important source of essential fatty acids (EFAs), such as
docosahexaenoic acid (DHA), omega-3 (n-3) and omega-6 (n-6). Eggs also provide several
critical micro- and macronutrients, often in highly bioavailable forms (Iannotti et al., 2014). For
instance, researchers have found that eggs contribute 10-20% of the daily intake of folate and
total saturated and polyunsaturated fat and 20% to 30% of the daily intake of vitamin A, E and
B12 (Song and Kerver, 2000). Although for decades scientists believed that the high cholesterol
content in egg yolk increases the risk of coronary heart disease and stroke, recent studies refute
this argument (Kritchevsky 2004; Lee and Griffin, 2006; Rong et al., 2013). This revision, which
resolved consumers’ concerns, indirectly explains the steady growth of the egg industry in recent
years.
Consumer demand drives the direction of the egg market. For example, designer eggs or
specialty eggs are also functional foods; enriched with many different nutrients simultaneously or
with a single nutrient, they have become very popular (Surai and Sparks, 2001). The real
advantage of specialty eggs is that they offer consumers additional choices. They also do not
appear to distract from conventional egg marketing and they may even enhance the marketing of
conventional eggs, which are priced lower than specialty eggs (Patterson et al., 2001).
Similarly, the management of egg production facilities has been affected by consumer
demand and attitudes about egg purchasing. These days the consumer can find in a supermarket a
variety of table eggs labelled “organic,” “cage-free,” “free-range,” and so on. These eggs are
produced under various housing systems. Interestingly, today’s consumers care about both the
egg itself and how eggs were produced. For example, housing density and reduced space per hen
have aroused consumer concern about hen welfare. In response, management systems have
developed to increase chicken health and safety (Zaheer, 2015). Research has been performed on
the provisions of water and feed, shelter, ventilation, lighting and the sanitation of facilities.
Although many studies have been conducted, more are needed to address specific and practical
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issues. This dissertation focuses on ventilation designs for laying hens houses, in “cage-free”
housing systems. Ventilation is important as part of the environmental control, which assures bird
thermal comfort and suitable air quality.

Figure 1-1. Table eggs at a grocery store (Photo by Long Chen). The variety of options offered to
consumers reflects multiple hen housing options, and their corresponding prices.

1.1 Statement of the research issue

1.1.1 Cage-free eggs
U.S. consumer demand and pressure from animal rights activists prompted a shift to
cage-free egg production systems. Many companies, including grocers, restaurant chains, food
processors, and travel services, have pledged to source 100% of their eggs from cage-free
facilities over the next five to ten years. Starbucks, for example, began buying cage-free eggs in
2008, and they have increased their purchases year after year. Their goal is to be 100% cage-free
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by 2020 (“Starbucks Position on Cage-free Eggs, 2015”). In 2016, Walmart U.S. and Sam’s Club
U.S. announced their goal to transition to a 100% cage-free egg supply chain by 2025 (“Walmart
U.S. Announces Transition to Cage-free Eggs, 2016”). As the industry’s largest grocer,
Walmart’s decision reflects its commitment to improve their food supply chain and maintain the
affordable prices that customers expect. During the last several years, other big names, such as
McDonalds, Burger King, and Target, also committed to transitioning to 100% cage-free eggs
(Mongeau and Risser, 2018).
Without a doubt, the cage-free egg market still has a long way to grow to meet retailer
demand. Like any niche market, the cage-free market has large volatility and imbalance in
development that needs to be foreseen. According to the recent USDA Cage-Free Shell Egg
Report (USDA, 2018), 57. 2 million US layer hens currently are housed in cage-free
environments. This is approximately 15% - 17% of the entire USA laying hen population. The
Department of Agriculture’s Agricultural Analytics Division estimates that to meet demand the
size of the nation’s cage-free flock needs to expand to 139.5 million birds by 2030 (Alonzo,
2016). As of June 2018, the table egg flock size was 324.6 million layers, indicating that about
43% of the current layers need to be housed cage-free to meet the predicted demand. In June of
2018, the total U.S. cage-free flock consisted of 15.6 million certified organic birds and 39.1
million non-organic cage-free birds (Ibarburu, 2018).

1.1.2 Challenges
The lack of unified guidelines and industry conflict regarding what “cage-free” means
have left egg producers in a gray area, unclear about how to switch to cage-free housing, what
housing system to switch to, and how to most effectively manage a cage-free facility to maintain
optimal production (Mongeau and Risser, 2018).

5
Poultry facilities are going through their most significant evolution because of demands
for a wide range of building configurations to accommodate cage-free, enriched cages, and
organic standards. In many designs, bird stocking densities are reduced. Common cage-free
housing systems include aviary systems, and floor housing systems. Each housing configuration
has its advantages and drawbacks with regards to stocking densities, mortality rates, disease
control, and nuisance of eggs laid outside of nest-boxes (floor eggs). In addition, in most new
construction, poultry building size has increased dramatically, yet ventilation system design for
comfort and air movement has not kept pace with the new performance-based, systematic
approach.
Because of their physical limitations some current ventilation systems do not uniformly
provide fresh, comfortable air to all areas of large buildings. With poultry facilities becoming
more sophisticated and bigger and better, environment control systems should evolve
concurrently.
Decreasing the spread of disease, such as avian influenza, directly affects the economic
viability of large commercial farms and poultry well-being (Lu and Castro, 2004). In the event of
an epidemic outbreak at poultry production facilities, a ventilation system that maintains indoor
air quality and decreases the downwind spread of virus through a complex of buildings is of
fundamental importance. Pawar et al. (2007) identified an alternative ventilation scheme that
reduces the risk of disease spread while offering an opportunity for emission (odor, ammonia,
dust) treatment prior to discharge, which will be described in detail in following chapters. In this
dissertation, further improvements to ventilation system designs are suggested and analyzed for
bird comfort and disease mitigation.
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1.2 Goals and objectives

1.2.1 Overall goals
The overall goal of this work is to provide practical recommendations to refine
ventilation design in modern poultry houses with the goal of assuring bird comfort, managing
contaminants, and improving the likelihood of containing a disease outbreak. A benefit of
ventilation improvement is the achievement of desired indoor environment goals and efficient
ventilation system management.
Properly functioning ventilation systems enhance bird performance by achieving three
goals: 1. Maintaining suitable indoor oxygen and carbon dioxide levels and comfortable
temperature and humidity; 2. Reducing the likelihood of elevated contaminant concentrations,
such as ammonia; and 3. Providing good indoor air quality for worker comfort, safety, and bird
well-being.

1.2.2 Objectives
The recent evolution of the modern poultry buildings has outpaced current ventilation
system designs. The following three specific research objectives feature recommended
enhancements of current ventilation system functions and innovative ventilation designs in a
variety of modern facilities.
A.

Improve the performance of ventilation configurations in floor-raised poultry houses in
order to: maintain a suitable temperature at bird-level; decrease energy-wasting
temperature stratification; improve the uniformity of air movement inside the house.

7
B.

Provide refinements on upward-flow ventilation design that promise (Pawar et al., 2007)
to provide more uniform conditions and decrease the spread of diseases relative to typical
levels of current downward-flow ventilation designs.

C.

Investigate alternative ventilation systems in floor-raised bird houses to reduce disease
and contaminant spread.

8

Chapter 2

Literature Review

2.1 Importance of ventilation in animal housing
In any indoor livestock production, the performance of the ventilation system plays a
crucial role in the maintenance of desired environmental conditions. Well-designed ventilation
consists of a “system” of physical components (fans, inlets, controls, etc.) that meets the objective
of providing good air quality and comfort within the indoor environment. For example, heating,
cooling, and building insulation aid ventilation systems by providing a more complete
‘environment control’ in poultry facilities. The importance of uniform indoor environment
conditions in livestock houses has been amply demonstrated (Boulard et al., 2002; Gebremedhin
and Wu, 2005; Norton et al., 2007). When airflow is properly distributed humidity and
contaminant gases are removed, which creates a healthier and more productive environment for
animals and for the people work in livestock buildings (Spoolder et al., 2000). Additionally,
airflow patterns decisively govern the uniformity of indoor environmental parameters such as
temperatures, contaminants, and humidity (Boulard et al., 2002). Therefore, to provide
appropriate quantities of air and properly distribute airflow to meet application needs, the
principles of air motion must be understood (Norton et al., 2007).
Clearly, properly designed and managed ventilation systems are vital in poultry
production. The bird’s ability to maintain homeothermic conditions is highly affected by air
temperature, relative humidity, thermal radiation, and air movement (Tinôco et al., 2001). A
temperature comfort range for chicken is about 18 to 24 ºC, which means a bird may have to
make physiological adjustments to dissipate or generate heat if the indoor environment falls
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outside the thermal-neutral zone. A temperature outside this range reduces production
performance (Norton et al., 2007). In addition to maintaining a desired thermal condition, airflow
systems best practices for poultry contribute to the control of dust and disease outbreaks.
Controlling contaminants in poultry houses is of paramount importance because the level of
indoor contaminants highly influences production performance, animal welfare and workers’
health. High concentrations of contaminants, such as ammonia, tend to cause air quality
problems, which can easily predispose poultry flocks to respiratory infections and the
development of eyes lesions. Agricultural engineers have evaluated ventilation and air quality
because of the importance of these variables to poultry production. Over the past two decades, the
measurement of air emissions discharged from poultry facilities has been a primary focus, leaving
ventilation in new and emerging facility designs relatively undocumented.

2.1.1 Fundamentals of ventilation for layer houses
Ventilation delivers fresh air throughout the hen house to remove excess heat, moisture,
and undesirable gases, thus assuring that birds are comfortable and productive. The fundamental
principles of ventilation systems remain similar across different weather conditions, although the
quantity of required air varies as a function of air temperature. For instance, when ventilating a
hen house during hot weather, the additional heat produced by birds must be removed to reduce
the building’s ambient temperature. In contrast, during colder weather, a higher percentage of the
generated heat must be kept in the house to maintain its temperature. Similarly, during the colder
months, the ventilation system must remove moisture and noxious gases, such as (and most
critically) ammonia (NH3).
There are three general types of ventilation designs: positive pressure, negative pressure,
and natural, in terms of static pressure. The positive and negative pressure systems employ
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mechanical fans to either direct air into the house (positive) or exhaust air from the house
(negative). In a positive pressure system, the exhaust or air outlet area is controlled, while in a
negative pressure system the air inlet area is controlled; the latter manipulates the incoming air
velocity (speed) and facilitates the mixing with air in the house. Natural ventilation systems
generally consist of curtains or windows that are opened and closed automatically or manually
with winches. The natural ventilation system can be effective when higher levels of automation
and control are not practical, although it is less controllable than mechanically ventilated systems.
Currently mechanical negative pressure systems are the most widely used ventilation design in
layer house in the U.S. (Bell and Weaver, 2002).
A mechanical ventilation system has four distinct components: 1) fans, 2) air inlets, 3)
controllers, and 4) the producer or operator.
The fans commonly used in poultry houses can be either direct-drive or belt-driven with a
center shaft that has propellers or blades. Both are designed to exhaust air efficiently under a
negative pressure of up to 37.3 Pa (0.15 inch water column). These fans range in diameter from
60 to 150 cm (24 to 60 inches) and generally deliver from 1.9 to 11.8 m3/s (4,000 to 25,000
ft3/m). In US applications fans generally are mounted in the side or end walls whereas in Europe
they typically are located in the ceiling.
Air inlets are generally located at the eaves on both sides of the layer house or in the
ceiling or in the sidewall. Properly designed air inlets deliver fresh outside air into the house at
the desired speed, thus creating a reliable mixing of incoming air with indoor air. Air speed is
highly dependent on static pressure, which is defined as the difference between inside and outside
atmospheric pressure. Static pressure is usually expressed in inches of water column. The inlet
opening can be adjusted to assure proper volume flow of air coming into the house, and air jets
from left and right eaves should reach at least the center of the building. In addition, air should be
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directed across the ceiling during cold weather and immediately over the birds during warm
weather.
Controls for operating fans generally consists of thermostats, remote sensors, and
proportion timers. Modern poultry ventilation systems are operated by computer-aided
controllers. For instance, proportion or recycle timers have been used to operate fans during
colder weather. The proportion of time a fan operates is influenced by several factors: the age of
the birds, outside temperature; and inside the house, moisture, and ammonia level.
The operator or producer, who plays a decisive role in the operation of the system (fans,
air inlets, and controllers), controls temperature, moisture, and ammonia in the poultry house. The
operator must determine the proper settings for all devices based on personal observations and
specific weather condition along with considerations for the birds. For example, in colder weather
or when supplemental heat is required, thermostats should be set 1 to 3 °F above the desired room
temperature.

2.1.2 Good ventilation designs for layer houses
In negative pressure mechanical ventilated systems, fans, inlets, supplemental heaters,
and controllers must coordinate properly for appropriate air exchange and air distribution to occur
(Fabian and Lorenzoni, 2018). Fortunately, most parameters can be easily measured: the
temperature can be read from thermometers at multiple locations; air speed can be measured
directly at the fan and inlets to acquire information needed to calculate the capacity of the
ventilation system; and the static pressure against which the ventilation system is operating can be
also measured, and, thus, fan performance can be verified. Performance should be evaluated
under specific animal density and weather conditions. For example, a ventilation system can
appear to be working properly and within its design specifications even when air quality in the
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animals’ space is unacceptable. Therefore, environmental measurements should be made in
addition to observations of animal welfare.
The air delivery capacities of a fan under field conditions should meet the desired
ventilation rate. Air volume requirements are normally based on the average body weight of the
flock at maturity. The static pressure against which the fan will be operating is an important
factor that influences fan selection (Fabian, 2016b). Normally, the magnitude of static pressure
for poultry houses vary between 10 and 25 Pa (0.04 to 0.10 inches water column). When
comparing fans of different sizes or from different manufacturers the fan curve is a critical
reference because it documents airflow capacity versus static pressure.
Fans should exhaust air with prevailing winds and away from adjacent poultry houses.
Distances between houses should be a minimum of 1.5 times the width of the house (Bell and
Weaver, 2002). Other than in tunnel ventilation applications where all fans are located in one or
both ends of the house, fans or banks of fans should not be spaced more than 45 m (150 ft) apart.
In ventilation systems, inlets play a key role in the maintenance of uniformly comfortable
and healthy conditions around the poultry house. Modern poultry barns often have two, and
sometimes three, sets of fresh air ventilation inlets specialized for conditions that range from cold,
to mild and to hot weather (Fabian and Lorenzoni, 2018). In winter, ideal inlets are positioned
high in the exterior walls of the house, which allows cold, incoming fresh air to mix with warmer
barn air along the ceiling before it enters the area occupied by the poultry. Inlets also dictate the
air direction. Good designs provide enough speed to ensure that cold air travels along the ceiling
of the building, allowing mixing with the warm air. If the speed is insufficient, the cold air would
drop onto the birds.
As a rule of thumb, the inlets should provide an open area of 1.7 ft2 per 1000 ft3/m of
exhaust fan capacity (Fabian, 2016a; Fabian and Lorenzoni, 2018). Under conditions with smaller
opening areas, fans can be overwhelmed by high static pressure, whereas conditions with larger
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opening areas, can result in an incoming air speed that is insufficient for proper mixing. Airflow
before and after the inlet opening should not be restricted because this can interfere with air
mixing.
A properly operated ventilation system should provide an adequate volume of airflow and
uniform airflow patterns throughout the enclosure. Because of the static pressure, fans create a
motive force that keeps a certain rate of air volume coming into the house (Fabian, 2018). Inlets
distribute fresh air to create desirable air conditions in the animal area. In livestock buildings, a
well-designed ventilation system evenly distributes a fresh airflow to the animal area.
A good ventilation design must emphasize the animal (Fabian, 2018) because animal
health and comfort are of primary concern in livestock facilities. The temperature should be
maintained within the thermal comfort zones of animals, and dust and air contaminant must be
maintained to levels that are acceptable to animals.

2.2 Modeling of ventilation

2.2.1 Introduction
Measuring all environment variables is always the most direct way to analyze the
performance of a ventilation design. Nevertheless, because of the associated sensor costs, time
requirements, and the complex interactions of such systems with ambient conditions, the
optimization of a ventilation system cannot always be achieved through physical experimentation
alone (Cook, 1990). Another approach uses scale models of buildings, yet the measurements
produced are not always representative of full-scale phenomena because of the poor application
of scaling laws (Zhang et al., 2000). Mathematical modeling techniques, however, allow analysis
to precisely quantify indoor microclimate variables under various conditions in single buildings
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as well as their contributions to their surroundings (Schauberger et al., 2000). Computational fluid
dynamics (CFD), one of the most representative simulation tools, which allows investigators to
develop both spatial and temporal visualization of a gas or liquid’s pressure, temperature and
velocity. CFD is widely applied in diverse disciplines because fluids and their influences are
ubiquitous and widespread (Norton et al., 2007).

2.2.2 Modeling with CFD
For over two decades, the agricultural engineering community has embraced CFD to
model airflow processes and thereby predict the performance of ventilation systems under
different conditions for the sake of comprehensive design and evaluation (Mistriotis and Jong,
1997). As a sophisticated design and analysis tool, CFD allows simulation of fluid flow, heat and
mass transfer, phase change, chemical reaction, mechanical movement, and solid and fluid
interactions. The versatility of CFD modeling enables investigators to analyze output by altering
parameters under different constraints. A well-developed CFD model not only affords reliable
simulation results, but it may also provide users with a comprehensive understanding of the
phenomenon behind the numbers.
CFD modeling allows full control of the influencing factors and provides universal data
in the computational domain that in terms of time and expense is relatively low cost (Li et al.,
2017). CFD techniques are critical because they assure accuracy and realism. Some studies have
focused on validating CFD models to improve accuracy (Zhang et al., 2000). One representative
work is that of van Wagenberg et al. (2004), who used a CFD model to simulate heat and mass
transfer in a Dutch pig production facility; the model results were validated with real
measurements (van Wagenberg et al., 2004). To evaluate whether air velocities in European
poultry houses fell within the optimal zone, Blanes-Vidal et al. (2008) conducted four CFD
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simulations of airflows in a mechanical-ventilated commercial poultry house by applying
different boundary conditions. They validated the simulation results with experimental
measurements and obtained a very precise estimate of mean air velocities at the height of birds by
adjusting the simulation results with practical measurements (Blanes-Vidal et al., 2008).
Researchers in Colombia and Brazil developed a CFD model to simulate air distribution and air
velocity inside a non-insulated commercial poultry house (Osorio-Saraz et al., 2010). Values of
the normalized mean square error (NMSE) were found to be less than 0.25, indicating good
correlations between simulated air velocities and temperature with physical measurements within
the poultry house.
These studies demonstrated that CFD models can reliably predict air movement, heat, and
mass transfer in animal housing systems. Other studies have validated and verified the accuracy
of simulation results and addressed ventilation design problems in various applications
(Bustamante et al., 2013; Zajíček and Kic, 2013). Drewry et al. (2018) developed a CFD model of
a commercial dairy holding area that simulated the movement of heat and gases. They evaluated
their model with experiment measurements of air velocity and gas concentration. Their results
indicate that modifying the configuration of the side curtain openings and installing concrete
walls increases airflow uniformity and air speed. Another study simulated heat transfer by
modeling a typical cow posed in standing and reclining positions (Wang et al., 2018). They
reached two conclusions. First, airflow speed has a positive effect on the convective heat transfer
coefficient. Second, airflow direction affects the convective heat coefficient. The largest
coefficient was found in the cross-airflow case, and the lowest coefficient in the downward
airflow case. Moreover, the effect of cow posture on the convective heat transfer coefficient is
limited in a horizontal airflow, whereas it is more obvious in a downward airflow. Recently, Zhou
et al (2018) have addressed a common issue related to ventilation systems for cross-ventilated
dairy barns. To find the optimal placement of ventilation system baffles and enhance effective
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airflow throughout the animal occupied zone (AOZ) they developed a CFD model. Their results
confirm that CFD simulation results can be used to improve ventilation configurations.

2.2.3 Examples of CFD applications in poultry
The need to address indoor environment problems in poultry systems has encouraged
researchers to use CFD simulations to design better poultry housing ventilation systems. During
the early application of CFD tools, air motion and heat transfer were modeled in two-dimensions
for a laying hen house by van Ouwerkerk et al., (1994). Although the model had many
limitations, simulation results successfully identified effective locations for environment control
sensors within the house. Worley and Manbeck (1995) at Penn State University conducted a CFD
study that simulated the dispersion of contaminant particles in a highly turbulent flow regime
within a two-story stacked cage poultry house. Due to a lack of computational power, they
validated their computations with measurements taken from a 1/5 scale slot-inlet ventilation
poultry house. Nevertheless, their predicted air velocities were mostly within the 99% confidence
interval of measured velocities (Worely and Manbeck, 1995). Their evaluation of the
performance of ceiling inlet configurations showed that a multiple slotted ceiling inlet system and
a porous ceiling inlet system can provide excellent airflow performance, especially with regards
to contaminant removal. Continuous porous (perforated) ceiling inlets and a perforated floor
outlet are commonly used ventilation scheme in cleanroom systems for dust sensitive industries
such as hospitals, micro-electronics industries and some chemical and pharmaceutical industry
applications. Mistriotis and Jong (1997) used a two-dimensional CFD model to study a broiler
house with natural ventilation. Their aim was to maintain adequate levels of ventilation for days
under conditions of high solar radiation coupled with low wind speeds. In their study, birds were
modeled as a constant heat flux and represented by a heated floor. They found that employing a
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solar chimney, instead of conventional housing practices, improved indoor temperature and air
velocity, maintaining both within the animal comfort range (Mistriotis and Jong, 1997). Korean
researchers Seo et al., (2009) studied airflow, indoor air temperature, and the ventilation
efficiency of a naturally ventilated broiler house equipped with four modified ventilation systems.
After studying four different types of vent openings during the cold season, they found that the
optimum model performance used a diffuser beneath the chimney inlet. Chinese researchers
optimized a ventilation system particularly for winter (Zhu et al., 2012). During cold weather the
tradeoff between heat preservation and adequate airflow to maintain good air quality is a
challenge. Zhu and his group optimized specific parameters of ventilation and simulated the
airflow performance of different configurations. According to their CFD simulation, the height of
inlets above the litter surface had little effect on the performance of contaminant removal, while
larger air inlets and more of them produced better airflow efficacy.
Modern CFD studies have evolved by incorporating dynamic models that better represent
heat and mass transfer (Gebremedhin and Wu, 2003; Aerts and Berckmans, 2004) and include
parameter detail (Gebremedhin and Wu, 2005). To assess the dynamics of a broiler house, Rojano
et al. (2015) used a two-dimensional CFD model to investigate sensible and latent heat as well as
mass transport and radiative energy transfer, related to the broiler house environment. Their
predicted values for temperature, absolute humidity and CO2 agreed well with experimental data.
For instance, Rojano et al. (2015) obtained a root-mean-square error (RMSE) of 1.0 °C, 0.3 g
[H2O] kg-1 [dry air] and 134 ppm, for temperature, absolute humidity and CO2, respectively. To
investigate the impact of the outside climatic parameters on the internal climate of a poultry
house the same group analyzed parameters such as animal heat, water vapor generation, radiative
heat transfer, and ventilation rate (Rojano et al., 2016). In three case studies they developed a
three-dimensional CFD model of a naturally ventilated poultry barn and validated it using
experimental data p-values and RMSE.
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CFD models that simulate air emissions (odor, ammonia, particulate matter, etc.) from
poultry facilities that are particularly cumbersome to measure directly. Osorio-Saraz et al. (2011)
used CFD modeling to predict the emissions of ammonia in a Brazilian uninsulated broiler house
with natural ventilation. The significance difference between the simulated and experimental data
was assessed by analysis of variance (ANOVA) at the 5% level. Finding that values of NMSE
were less than 0.25, indicating a good agreement, they concluded that CFD models can predict
real time emissions of ammonia from poultry facilities (Osorio-Saraz et al., 2011). Later, the
same team carried out another CFD study of ammonia emissions in naturally ventilated broiler
houses, but in this case they factored in spatial arrangements to investigate the influence of these
houses on neighboring barns (Osorio-Saraz et al., 2012). Based on their simulation results, they
identified spatial arrangements that reduce the accumulated effects on downwind barns. It is
known that numerical models that simulate ammonia concentrations can be used to supplement
the physical monitoring of ammonia emissions. Similar to this comprehensive investigation, other
studies have combined computational studies and experimental measurements (Wheeler et al.,
2001; Wheeler, 2004; Liang et al., 2005; Liang et al., 2006).
CFD models also can be used to improve the likelihood that disease outbreaks will be
contained, although few studies of disease spread have been carried out, despite the topic’s
fundamental importance. The use of CFD models plays a critical role in exploiting the spread of
diseases by simulating airflow because many avian viruses are airborne. A previous study
modeled the mass flux profile of virus particles in two different hen house ventilation schemes
that featured opposite airflow directions in two dimensions (Pawar et al., 2007). More recently, a
group of Korean researchers used a CFD model to estimate the spread of an airborne highly
pathogenic avian influenza virus (HPAI) (Seo and Lee, 2013). Conducted in a three-dimensional
topography that included locations, road networks and related facilities, and assisted by the use of
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a geographic information system (GIS), the researchers simulated different weather conditions.
Their results could advance preventative measures against epidemic outbreaks.

2. 3 Computational fluid dynamics

2.3.1 Introduction
This study uses CFD models to simulate the flow of air and contaminants, such as
ammonia and virus particles, and to quantify the effectiveness of ventilation systems in
maintaining suitable, uniform living conditions at the bird level. CFD modeling is widely used
because it effectively verifies fluid flow, such as the aerodynamic designs for airplane wings, the
thermal analysis of combustion engines, and for improvements of the airflow performance within
poultry buildings (Norton et al., 2007 Blanes-Vidal et al., 2008; Bustamante et al., 2013; Bjerg et
al., 2013). As noted above, model results in many studies have good agreement with real data.
During past decade, CFD modeling for animal facilities has developed dramatically because of
advancements in computer power.

2.3.2 Fundamental motion equations
As a theory-based and process-based method (Rong et al., 2016), CFD modeling is
formed on the basis of fundamental equations of fluid dynamics, such as the Navier-Stokes
equation. For a steady laminar flow of a viscous, incompressible, Newtonian fluid without freesurface effects, the equations of motion include the continuity equation:
#⃗ ∙ 𝑉
#⃗ = 0
∇

(Equation 1)
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where
•

#⃗ is divergence,
∇

•

#⃗ is the velocity of the fluid.
𝑉

And the Navier-Stokes equation:
1
#⃗ ∙ #∇⃗*𝑉
#⃗ = − #∇⃗𝑃 / + 𝜐∇2 #V⃗
)𝑉
𝜌

(Equation 2)

𝑃 / = 𝑃 + 𝜌𝑔𝑧
𝜐=

𝜇
𝜌

where
•

𝜌 is fluid density

•

𝑃 / is modified pressure

•

𝜇 is fluid viscosity

•

𝜐 is fluid kinematic viscosity

Equation 1 is a conservation and scalar equation, while Equation 2 is a transport and
vector equation that represents the transport of linear momentum throughout the computational
domain. A modified pressure that absorbs the effect of hydrostatic pressure is used so that the
Navier-Stokes equation has no gravity term. For the case in which 𝑧 is defined vertically upward
(opposite to the direction of the gravity vector), and in which arbitrary reference datum plane at
𝑧 = 0. Because there are no free-surface effects, the modified pressure 𝑃 / can be used, thereby
eliminating the gravity term (Cengel and Cimbala, 2013). Note that both equations apply only to
incompressible flows, when both 𝜌 and 𝜐 are assumed constants. Therefore, for three-dimensional
(3-D) flow in Cartesian coordinates, three differential equations are generated that correspond to
momentum along each axis. Four unknowns 𝑢, 𝑣, 𝑤, and 𝑃′, are solved using the three-coupled
equations (Equation 4 – 6) and the continuity equation (Equation 3). For compressible flow,
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Equation 1 and 2 need to be modified appropriately. Note that liquid flows can almost be treated
as incompressible, while gas that is at a low enough Mach number (< 0.3) also behaves as a
nearly incompressible fluid.
𝜕𝑢
𝜕𝑥

+

𝜕𝑣
𝜕𝑦

+

𝜕𝑤
𝜕𝑧

=0

(Equation 3)

𝑢

𝜕𝑢
𝜕𝑢
𝜕𝑢
1 𝜕𝑃 /
𝜕2𝑢 𝜕2𝑢 𝜕2𝑢
+𝑣
+𝑤
=−
+ 𝜐 @ 2 + 2 + 2A
𝜕𝑥
𝜕𝑦
𝜕𝑧
𝜌 𝜕𝑥
𝜕𝑥
𝜕𝑦
𝜕𝑧

(Equation 4)

𝑢

𝜕𝑣
𝜕𝑣
𝜕𝑣
1 𝜕𝑃 /
𝜕2𝑣 𝜕2𝑣 𝜕2𝑣
+𝑣
+𝑤
=−
+ 𝜐 @ 2 + 2 + 2A
𝜕𝑥
𝜕𝑦
𝜕𝑧
𝜌 𝜕𝑦
𝜕𝑥
𝜕𝑦
𝜕𝑧

(Equation 5)

𝜕𝑤
𝜕𝑤
𝜕𝑤
1 𝜕𝑃 /
𝜕2𝑤 𝜕2𝑤 𝜕2𝑤
+𝑣
+𝑤
=−
+𝜐@ 2 +
+
A
𝜕𝑥
𝜕𝑦
𝜕𝑧
𝜌 𝜕𝑧
𝜕𝑥
𝜕𝑦 2 𝜕𝑧 2

(Equation 6)

𝑢

2.3.3 Solution procedures
To solve the above equations numerically, the following steps are performed according to
Cengel and Cimbala’s book (2013).
1.

Choose a computational domain and generate grids (also called meshing) in this domain.
The goal is to divide the domain into many small elements (cells). For two-dimensional
(2-D) domains cells are areas, while for 3-D domains the cells are represented as
volumes. Note that the quality of a CFD solution is highly dependent on the quality of
meshing. Commonly, finer meshing contributes to a more accurate result. However, a
large number of cells always requires enormous computer power.

2.

Specify boundary conditions on each edge/face/volume of the computational domain.
This step is critical for a successful CFD solution.

3.

Specify the type of fluid (water, air, gasoline, etc.) along with fluid properties, such as
temperature, density, viscosity, etc.
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4.

Select numerical parameters and solution algorithms. Specific settings are required that
correspond to practical problems in commercial CFD codes.

5.

Specify starting values of flow field variables for each variable for each cell. Usually
called initial conditions, which may not be correct, these values are indispensable when
starting the iteration process. Note that for unsteady-flow calculations, the initial
conditions must be correct.

6.

With the starting values, relevant equations such as Equations 3 – 6 are appropriately
discretized and solved interactively for each cell, usually at the center. An important term
“residual” is defined as the sum of all the elements of Equation 2 that were put on one
side of the equation. If residuals were zero for every cell in the domain, the solution
would be called an “exact solution” or an “analytic solution.” However, a CFD solution is
never zero, although the residuals decrease with progressive iterations. Considerable
calculations result in a small averaged residual that meets the user-defined convergence
criterion on the final solution.

7.

Once the solution has converged, flow field variables, such as velocity and pressure, are
plotted and analyzed graphically.

8.

From the converged solution, calculations are accessible for global properties such as
pressure drops, and integral properties, such as forces and moments that act on a body.
In addition, supplemental equations that pertain to specific problems can apply. For

instance, if energy conversion or heat transfer is important in the problem, then the energy
equation must also be solved; if temperature differences lead to significant changes in density, an
equation of state (such as the idea-gas law) is used; if buoyancy is significant, then the effect of
temperature on density is reflected in the gravity term (it must then be separated from the
modified pressure term in Equation 2) (Cengel and Cimbala, 2013).

23
2.4 Typical approaches to running CFD simulations

2.4.1 Introduction
In practical engineering, including the engineering of both indoor and outdoor airflow,
the flow always has turbulence, while a CFD solution of a turbulent flow is more complicated
than that of a laminar flow. A laminar flow CFD solution approaches an “exact solution” directly.
Its quality is limited only by user-defined settings and parameters (e.g. the accuracy of the
discretization scheme used for the equations of motion, the level of convergence, and the degree
to which the grid is resolved). Although a turbulent flow simulation might be able to follow the
same path if the grid could be fine enough to resolve all the unsteady, three-dimensional turbulent
eddies, this ideal condition could never be accomplished in practical engineering applications due
to limitations in computing power. Hence, additional approximations are made in the form of
turbulence models so that turbulent flow solutions are possible. Because most indoor and outdoor
flow is turbulent, it is critical that CFD users select the appropriate turbulence models during the
modeling process.

2.4.2 DNS, LES, and RANS techniques for including turbulent flow
One CFD method of calculating turbulent flow is direct numerical simulation (DNS), in
which an attempt is made to resolve the unsteady motion at all the scales of the turbulent flow.
DNS solves the Navier-Stokes equations directly down to the smallest length and time scales
without any assumptions and/or sub-models. However, DNS solutions require extremely fine and
fully 3-D grids, large computers, and an enormous amount of CPU time. Moreover, when the
Reynolds number increases, the difficulties of DNS calculations increase drastically. Reynolds
number is a dimensionless number that depicts the ratio of inertial (resistant to change or motion)
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forces to viscous forces. High values of Reynolds number indicate that viscous forces are small
and the flow is essentially inviscid. Thus, using today’s computers, it is not feasible to use the
DNS approach to simulate practical engineering problems with a high Reynolds number turbulent
flow.
To simulate complex, high Reynolds number, turbulent flow fields, some simplifying
assumptions must be made. The next level of sophistication technique below DNS is large eddy
simulation (LES). This method resolves large unsteady features of turbulent eddies, while
modeling small-scale dissipative turbulent eddies. LES employs a filter in the Navier-Stokes
equation, through which eddies larger than a certain filter size is directly resolved while those
eddies smaller than the filter size are assumed to be isotropic. In this way, the smallest eddies in
the flow field are eliminated, which saves significant computer resources relative to DNS. For
now, the computer requirements for practical analysis using LES are still formidable.
The next level of sophistication is to model all the unsteady turbulent eddies with a
pertinent turbulence model. The turbulence models generate additional transport equations that
model the enhanced mixing and diffusion of turbulence. These additional transport equations
must be solved along with those of mass and momentum (Cengel and Cimbala, 2013). No attempt
is made to resolve the unsteady features of any turbulent eddies. When using a turbulence model,
all the turbulent eddies are modeled, and the steady Navier-Stokes equation is replaced by
Reynolds-averaged Navier-Stokes (RANS) equation. During this process, only Reynoldsaveraged flow properties are calculated. Equation 7 shows a steady RANS equation for
momentum. Unlike Equation 2, Equation 7 has an additional term on its right side that accounts
for the turbulent fluctuations. Herein, 𝜏CD,EFGHFIJKE is known as the specific Reynolds stress tensor.
1
#⃗ ∙ #∇⃗*𝑉
#⃗ = − #∇⃗𝑃 / + 𝑣∇2 #V⃗ + #∇⃗ ∙ (𝜏CD,EFGHFIJKE )
)𝑉
𝜌

(Equation 7)
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2.4.3 Other approaches for including turbulent flow
Beyond DNS, LES, and RANS techniques, a method called Scale-Resolving Simulation
(SRS) has been developed that improves the accuracy of turbulent flow calculations beyond what
can be achieved by RANS. It achieves this by resolving certain portions of the turbulent field in
the computational domain.
When dealing with universal situations that account for unsteady flows, the governing
equations for airflow, energy transport, mass-fraction distribution, and other related variables,
such as turbulence can be expressed by a general transport equation. Equation 8 shows a general
form of the governing equation, in which 𝜙 denotes variables, 𝛤P,JQQ denotes the effective
diffusion coefficient, 𝑢D is the velocity component in 𝑗 direction and 𝑆P denotes the source term of
an equation. In the Navier-Stokes equations, 𝛤P,JQQ is 𝜇JQQ (effective viscosity) which is the sum
of laminar kinetic or dynamic viscosity (𝜇) and eddy viscosity (𝜇E ).
𝜌

𝜕𝜙T
𝜕𝜙T
𝜕
𝜕𝜙T
+ 𝜌𝑢WV
=
@𝛤P,JQQ
A + 𝑆P
𝜕𝑡
𝜕𝑥D 𝜕𝑥D
𝜕𝑥D

(Equation 8)

2.5 Turbulence models

2.5.1 Introduction
As mentioned in the previous section, to achieve an accurate simulation the analyst must
choose an appropriate turbulence model for the RANS approach. Turbulence models are divided
into two primary categories: eddy viscosity models and Reynolds stress models (RSM). Eddy
viscosity models are normally classified according to the number of transport equations
employed.
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2.5.2 Various turbulence models
The zero-equation turbulence model is also called an algebraic model, and in it the eddy
viscosity is defined as a constant number or denoted as an algebraic equation that does not
involve any turbulence transport equation. One-equation turbulence models use additional
variables, such as the turbulent kinetic energy 𝑘 to calculate eddy viscosity. In addition to the 𝑘
equation, two-equation eddy viscosity models solve a second partial differential transport
equation to represent additional turbulence physics. The widely used 𝑘 − 𝜀 and 𝑘 − 𝜔 models are
representative of two-equation turbulence models that add two more transport equations that must
be solved simultaneously with the equations of mass and linear momentum. The most popular
model is the model standard 𝑘 − 𝜀 turbulence model with wall functions. Two variables 𝑘
(turbulent kinetic energy) and 𝜀 (turbulent dissipation rate), need to be specified to solve two
transport equation (Launder and Spalding, 1974). The 𝑘 − 𝜔 turbulence model solves a modified
version of the 𝑘 equation used in the 𝑘 − 𝜀 model and a transport equation for 𝜔, which is an
inverse time scale that is associated with the turbulence (Wilcox, 1988). Both models have their
advantages and disadvantages. The advantage of the standard 𝑘 − 𝜀 model is its simple format
and robust performance, but it is valid only for fully developed turbulent flow, which cannot be
always fulfilled in the ventilated room. The standard 𝑘 − 𝜔 model is better at predicting
equilibrium adverse flows, but it is less robust than the standard 𝑘 − 𝜀 model in weak regions and
in the case of free-shear flows (Menter, 1992). Therefore, many modified models based on both
standard models, such as the RNG 𝑘 − 𝜀 model, the realizable 𝑘 − 𝜀 model, and the shear stress
transport (SST) 𝑘 − 𝜔 models, have been developed (Yakhot and Orszag, 1986; Shih et al., 1995;
Menter, 1994). Note that the two-equation models introduced in this dissertation assume the
turbulence isotropic. If flow, such as swirling flows, is highly anisotropic, the model could fail to
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produce the appropriate predictions. In addition to two-equation models, the subcategory of eddy
viscosity models includes multiple-equation models, such as v2f models (Durbin, 1995).
Rather than calculating turbulence viscosity, the RSM allows for the development of
transport and individual Reynold stresses and fluxes. Thus, RSM is a seven-equation model that
includes six transport equations for the Reynolds stress and one transport equation for the
dissipation rate of turbulence energy (Gebremedhin and Wu, 2003; Sørensen and Nielsen, 2003;
Zhai et al., 2007; Rong et al., 2016). The RSM model is advantageous when simulating complex
flows such as cyclone flows, swirling flows, rotating flows, secondary flows, and flows that
involve separation, and in connection with the ventilation flow in a 3-D wall jet ((Schälin and
Nielsen, 2004).
Due to the rapid development of computer speed and power, those interested in modeling
flows have paid increased attention to LES models. LES solves filtered (transformed) NavierStokes equations for large-eddies while modeling small-scale eddies. Because of its rich dynamic
details relative to those of RANS models, LES has increasingly been applied to model airflows in
enclosed environments. As has been widely demonstrated, the LES model provides a more
detailed and accurate prediction of air distributions than the RANS models. However, because it
requires exceptional computing time and user knowledge, LES continues to be used for research,
while the RANS is used primarily for development purposes (Zhai et al., 2007).
The Detached-Eddy simulation (DES) method represents an emerging method in
turbulence modeling. It couples the RANS and LES models to solve problems in cases where
RANS is not sufficiently accurate and LES is not affordable. Recent studies identify DES as a
promising model that can provide the best velocity agreement and overall good agreement with
measured Reynolds stresses. However, the LES and DES eddy resolving approaches demand
extremely high computational costs and computer power. Hence, more studies must be carried
out before DES can be widely used for indoor airflow predictions.
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In summary, this introduction to primary turbulence models that have been used for CFD
simulation illustrates each turbulence model has its own pros and cons. When choosing
turbulence models for indoor airflow simulation, there are no universal preferences. Selection is
largely determined on the basis of the accuracy needed and the affordability of computational
costs.

2.5.3 Applying turbulence models in livestock housing
The standard 𝑘 − 𝜀 turbulence model is the predominant choice in CFD studies of airflow
in enclosed environments. In the context of CFD applications in livestock housing, the standard
𝑘 − 𝜀 turbulence model is dominant relative to other turbulence models. Worley and Manbeck
(1995) conducted a CFD study to simulate the dispersion of contaminant particles in a highly
turbulent flow within a two-story stacked cage poultry house. The airflow patterns through the
system were obtained using the 𝑘 − 𝜀 turbulence model. The predicted air velocities were mostly
within the 99% confidence interval of measured velocities (Worely and Manbeck, 1995). At
almost the same time, Harral and Boon in the UK (1997) conducted a CFD study that simulated
airflow in a mechanically ventilated livestock building without animals. This study, also, used
standard 𝑘 − 𝜀 turbulence model. The calculated mean air velocities were found to be in close
agreement with their experimental measurements.
One of the most significant advantages of the standard 𝑘 − 𝜀 turbulence model is that it
saves computer power and provides robust performance. Recently, a CFD study focused on
ammonia was conducted by characterizing NH3 concentration and mass flux in natural ventilated
poultry houses (Osorio-Saraz et al., 2016), using the standard 𝑘 − 𝜀 turbulence model. In
Denmark, a CFD model that used a standard 𝑘 − 𝜀 turbulence model and enhanced wall treatment
predicted the ammonia emissions of scaled pig barns (Rong et al., 2015). A more recent study of
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convective heat transfer in a virtual wind tunnel adopted the Menter’s SST 𝑘 − 𝜔 turbulence
model in its CFD simulations (Li et al., 2016). In many studies, the SST 𝑘 − 𝜔 model has shown
good performance, such as bluff body for aerodynamics and heat/mass transfer (Rong et al.,
2010; Defraeye et al., 2013). Analysist selects turbulence models to address specific problems in
CFD simulations. For example, a CFD study carried out by Gebremedhin and Wu (2003)
simulated the flow field of a ventilated space occupied by ten cows positioned at random. Five
different turbulence models were evaluated: the standard 𝑘 − 𝜀; the RNG 𝑘 − 𝜀; the LowReynolds-Number 𝑘 − 𝜀 model; the 𝑘 − 𝜔 model and the RSM. They identified the RNG 𝑘 − 𝜀
model as the most appropriate model for their study. In later research, they used the same
turbulence model to simulate airflow in a similar ventilated space that contained more cows
(Gebremedhin and Wu, 2005). The heat exchange rate between the object and the environment
was critical in both studies, which probably explain why they employed the RNG 𝑘 − 𝜀 model.

2.5.4 Summary of turbulence models
The standard 𝑘 − 𝜀 turbulence model is widely preferred over other models, particularly
in studies that simulate airflow inside livestock buildings. In fact, choosing an appropriate
turbulence model is highly dependent on the object of the study, the expected accuracy of the
result, and the affordability of computational costs. For some specific problems, models other
than the standard 𝑘 − 𝜀 model can have better performance. However, these models require
particularly high-capacity computer power and a deep understanding of the model. Today, CFD
modeling is a popular means of studying indoor air quality, yet no universal rules have been
established for the selection of turbulence models.
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2.6 Animal models

2.6.1 Introduction
In addition to the problem of choosing a pertinent turbulence model, modeling animals is
a significant challenge for CFD studies of housing systems because of the computational costs. In
general, the size and the complexity of the computational domain determine how difficult the
meshing will be. In general, the size of individual cells should be small enough to assure good
meshing quality, or even finer at particularly locations of critical geometries. Note that more cells
take correspondingly more time to complete the simulation work. Most of today’s CFD studies
are three-dimensional and realistic dimensions are employed to assure the best adherence to
reality. This results in enormous quantities of cells, which requires a significant computational
resource.
Modeling animals with realistic dimensions and shapes has nonnegligible importance and
requires considerable computer power. Consequently, and in response to limitations in computing
capacity, some previous studies have modeled the indoor environments of livestock barns that
without the animal present (Harral and Boon, 1997). Nevertheless, animals must be included in
studies of indoor air quality and thermal environments because they are sources of air turbulence,
heat, moisture and gases, and their presence influences the indoor climate. A comprehensive CFD
model is supposed to include animals as an essential component of analysis. Furthermore, CFD
models are applied to studies of animal housing that investigate optimal design for animal
comfort – designs that eventually benefit production. Environmental parameters at the animal
level are needed to evaluate the ventilation performance, such as temperature, airflow rate, and
contaminant concentrations. Thus, to achieve a realistic simulation, animals must be included.
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At the heart of the issue of including animals in a CFD model is both the complexity of
geometry and the number of animals that need to be modeled in a practical study. Most
commercial livestock facilities today house many animals. A typical laying hen house has over
hundred thousand birds. Finding a way to incorporate a pertinent quantity of animal units into the
CFD model while using affordable computer power becomes the key to resolving the problem of
air quality in livestock facilities.

2.6.2 Modeling individual animals
Currently, two major approaches are widely employed to model animals in CFD analyses
of the housing environment. In the first approach, a single animal model is constructed with a
detailed geometry and the number of the single animal models is increased to the pertinent
amount. In the second, the animal occupant zone (AOZ) is treated as one unit or a few units, and
it is assumed that the units are fully occupied by animals and that are no void spaces. Either
approach has its strengths and deficiencies. Individual animal models more intuitively represent
realistic geometries. Rather than model the entire AOZ, it is easier to develop an individual
animal model that is based on body references, such as animal surface area, heights and widths,
and body volume. Another benefit is the user can easily define explicit boundary conditions for
animals, such as heat flux at the surface, body temperature, and mass fractions of certain
particles, without complicated calculations or assumptions. In many studies, individual animal
models have been applied in CFD modeling of livestock housing. Some of these studies have
used realistic geometries to model large animals, such as cows (Gebremedhin and Wu, 2003;
Mondaca and Choi, 2016; Wang et al., 2018; Zhou et al., 2018).
Yet realistic geometries have mostly been used in small-scale studies, indicating that
studies of full-scale commercial livestock houses need to better model more animals. Thus,
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proper simplifications of animal geometries become critical to maintain computational efficiency.
Hence, simplified geometries are designed to minimize the number of computational cells by
making outlines of animal shapes more simplified (Fig. 2-1 & Fig. 2-2). A number of studies
have been conducted to explore the simplified animal geometry for cows, pigs and layers and
assess the accuracy of CFD simulations, using those simplified animal models (Mondaca and
Choi, 2016; Cheng et al., 2018). Research has demonstrated that a full-scale facility that features
hundreds or even thousands of animals could be modeled using simplified geometries with
today’s computational technology (Seo et al., 2012; Li et al., 2016).

Figure 2-1. Simplification process for pig geometries used in a CFD study (Seo et al., 2012).

Figure 2-2. Geometries of a layer model. (a) Full-geometry model, (b) body model, and (c)
ellipsoidal model (Cheng et al., 2018).
Another challenge encountered when applying individual geometries in the CFD
simulation is the design of layout and gestures for animal models. Studies that deal with a small
number of animals were more likely to use a random layout of animals, and the distribution of
animals is usually obtained from a photo analysis. For example, Gebremedhin and Wu (2003)
conducted a CFD study of cow barns with ten cows positioned at random locations (Fig. 2-3:
Gebremedhin and Wu, 2003). Considering the load of work, for a study with a realistic number
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of animals, it would be extremely difficult to use the same strategy as modeling a small-scale
animal house. Hence, large-scale livestock houses in CFD studies mostly assumed that animals
were distributed uniformly or repetitively, following certain patterns. Another study developed a
CFD model on a full-scale pig house with 648 individual pigs modeled (Seo et al., 2012). Twelve
simplified pigs were randomly placed in each pen, following a photo analysis. Pigs in the other
pens were assumed to be arranged in the same pattern (Fig. 2-4). In fact, the distribution of
animals is highly associated with indoor climate, as a reflection of animal behavior. Note that the
distribution of animals are dynamically based on the transient environmental conditions.
Meanwhile, the distribution of animals may also influence the indoor environment reversely.
Cheng et al. (2018) investigated the influence of the design of laying hen models on indoor
airflow using CFD simulations. The study showed significant effects of animal model parameters
(geometry, distribution, body weight) on flow resistance and provided resistance coefficients that
could be applied to relevant studies. Similarly, Wang et al. (2018) simulated a standing cow and a
reclining cow with a virtual wind tunnel and analyzed the effect of airflow speed and direction on
convective heat transfer for both cases (Wang et al., 2018). Their findings included the effect of
posture which was relatively significant in a downward airflow compared to a horizontal airflow.
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Figure 2-3. Ten cows were modeled in random position based on a photo analysis (Gebremedhin
and Wu, 2003).

Figure 2-4. Modeling individual animals for a large-scale study. The model assumes that the
distribution of pigs in each pen is identical (Seo et al., 2012).
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Figure 2-5. Three layouts of the hen distribution modelled in a study of the influence of animal
distribution on airflow resistance (Cheng et al., 2018).
The model of individual animals has evident advantages in the presentation of realistic
animal geometries with descriptive parameters. Nevertheless, a major limitation of the application
of individual geometries in CFD models is the tremendous demand for computational resources
required in for full-scale studies. Even when today’s super computers are used, it is necessary to
simplify the geometries. Moreover, the distribution of animals and the gesture of individual
animals in the model have to date been implemented under preconditions. Consequently,
researchers have investigated alternative approaches to modeling animals in CFD simulations and
assessed the accuracy with more affordable computational costs.

2.6.3 Modeling animal occupant zone (AOZ)
Modeling animals as one or few units of a simplistic shape, provides an option to
incorporate animals with a distinct strategy, compared to modeling realistic individual
geometries. The biggest advantage of this approach is a dramatic reduction in aggregate number
of computational cells in the mesh, thereby lessening computational costs. However, there is a
variety of forms in modeling AOZ, depending on specific problems.
One representative implementation is modeling the AOZ as part of the floor by defining
pertinent thermal properties to the surface. Seo et al., 2009 aimed to improve ventilation
performance for a naturally ventilated broiler house in the cold weather, although no specific
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“animal zone” was defined in this simulation. Investigators assumed the entire ground was
occupied by birds with no void spaces. The heat production rate was determined based on
previous studies, while the resistance of the birds in the airflow was not discussed in this study.
This kind of simplification seems to assume the floor as a heating floor but doesn’t take the
geometry (and thus the increase in effective floor roughness) of animals into account.
In fact, the flow resistance created by animals cannot be ignored. Thus, many studies
have modeled the AOZ as solids, especially in the case of high-intensity facilities, such as caged
laying hen houses. In a study of a typical laying hen house, Pawar et al. (2007) modeled caged
hens as solid, heated rectangular blocks. Adopting a similar modeling strategy for caged birds,
Hui et al. (2016) studied the effect of installing cooling pads in a caged layer house. In the model
of Pawar et al. (2007), the spaces inside each cage that surround the “animal block” are porous
media (Fig. 2-6). In Hui’s work, cages and birds are simplified as one solid unit – an approach
that precludes the exploration of air movement and thermal exchanges in such spaces.

Figure 2-6. Modeling hens as solid blocks with a constant heat flux rate in a two-dimensional CFD
study (Pawar et al., 2007).
Modeling AOZ as solid objects takes into account flow resistance and the overall heat,
gas, and moisture production, and, thus, it provides a more powerful and realistic result rather
than merely defining a “heating ground.” However, this form of AOZ model omits the internal
airflow because it models only one overall unit. In addition, defining the thermal property in a
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large solid AOZ is challenging, and the outcome can include a loss of accuracy in the simulation.
Representative studies modeled AOZ as one solid volume that has an above-ground height of 0.2
m are shown in Fig. 2-7 and Fig. 2-8. (Rojano et al., 2015; Cao et al., 2017).

Figure 2-7. Dimensions of a typical broiler house in France, which was modeled using CFD to
study indoor heat and mass transfer. An area of animals was modeled as one solid block (Rojano
et al., 2015).

Figure 2-8. The green layer above the ground (3) is a solid volume with a height of 0.2 m,
representing AOZ (Cao et al., 2017).
To solve problems of modeling AOZ as a solid block, porous media were introduced and
investigated by many studies (Bjerg et al., 2008; Wu et al., 2012; Rong et al., 2015; Drewry et al.,
2018). The porous media in most CFD packages allow the user to define a cell zone (in a threedimensional model) that has flow resistance and causes a pressure loss in the flow. Applying
porous media in livestock buildings to model AOZ has been demonstrated to achieve greater
simulation performance. A CFD model of a commercial dairy barn holding area was developed
by Drewry et al. (2018) from University of Wisconsin, Madison. The AOZ in their study was
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modeled using porous media. The model was evaluated against experimental data for air velocity
and gas concentration.
Applying porous media to model AOZ requires a critical input of resistance coefficients,
which are the correlation coefficients between inlet velocities and flow resistance. This input is
highly dependent on practical situations. For example, the species of animal, the number of
animals, the structure of buildings, and even the manure management, all influence the
coefficients. Thus, two studies have been conducted to study the resistance coefficients of
particular animal buildings. One of them characterized the resistance coefficients for modeling
caged laying hens (Cheng et al., 2018), which future investigations can use as helpful references
(Table 2-1 & Table 2-2). Modeling AOZ as porous media cannot present all physical parameters,
such as the heat generation, but it can provide information about airflow resistance.
Table 2-1. Viscous (Dx, Dy, Dz) and inertial (Cx, Cy, Cz) resistance coefficients for three hen
distributions (Fig. 2-5) in x, y, and z directions (Cheng et al., 2018).

Distribution 1
Distribution 2
Distribution 3

X-direction
Dx, m-2
Cx, m-1
7121.5
2.27
6585.6
2.04
8784.5
1.43

Y-direction
Dy, m-2
Cy, m-1
11381.2
0.82
10359.1
1.51
2033.1
1.86

Z-direction
Dz, m-2
Cz, m-1
22005.5
3.23
18801.1
4.35
19850.8
3.79

Table 2-2. Viscous (Dx, Dy, Dz) and inertial (Cx, Cy, Cz) resistance coefficients for three hen body
weights in x, y, and z directions (Cheng et al., 2018).

2.0 kg
1.8 kg
1.5 kg

X-direction
Dx, m-2
Cx, m-1
7121.5
2.27
1281.8
2.08
10149.2
1.60

Y-direction
Dy, m-2
Cy, m-1
11381.2
0.82
9458.6
0.70
7276.2
0.56

Z-direction
Dz, m-2
Cz, m-1
22005.5
3.23
23922.7
2.30
15922.7
1.60

2.6.4 Summary of animal models
Modeling individual geometries of animals and modeling the AOZ have advantages and
limitations. Individual geometries more closely resemble realistic animal shapes, and they better
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define relevant parameters. Moreover, proper simplifications have been created to minimize
computational costs without diminishing the accuracy. Although the assumption of random or
fixed animal positions as well as potential impacts on simulation results from animal gestures are
still concerns of applying individual animal geometries in CFD models, this approach has been
demonstrated to be reliable and feasible. Modeling large numbers of individual animals might not
be held back by the limitation of computer power any longer with today’s advancing computer
techniques. In the meanwhile, modeling AOZ provides investigators an alternative to
incorporating animal influences in CFD models. Computer cost saving is the major reason that
AOZ models became prevalent, especially for full-scale or large-scale studies. Modeling AOZ as
solid walls can define multiple properties, such as temperature and gas concentrations, although it
ignores internal airflow. Similarly, applying porous media to model AOZ allows the analyst to
represent flow resistance from animal bodies, however, it excludes from the analysis all other
relevant physics, such as heat production and gas emissions. In summary, both approaches
(individual geometries and AOZ models) successfully advance livestock housing studies,
although both have obvious limitations.
Another approach is to combine the two strategies. The individual geometries of animals
could be modeled to present the airflow resistance and the source of gas, heat, moisture and other
parameters, while the spaces around individual animal models could be modeled as porous media
with proper flow resistances. If computational costs were affordable, this “hybrid approach”
could provide greater performance than either individual application. While defining the
dimensions of cell zones with porous media and the appropriate resistance coefficients challenges
could still be challenging, recent studies have used both porous media and individual animal
geometries in dairy housing studies (Zhou et al., 2018), which suggests, researchers are starting to
think about new forms of modeling animals in CFD simulations.
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2.7 Model integrity

2.7.1 Skewness
Skewness is one of the primary quality measures for evaluating a mesh, which determines
how close to ideal (equilateral or equiangular) a face or cell is. According to the definition of
skewness, a value of 0 indicates an equilateral cell (best) and a value of 1 indicates a completely
degenerate cell (worst). Degenerate cells (slivers) are characterized by nodes that are nearly
coplanar (colinear in 2D). Highly skewed faces and cells are unacceptable because the equations
being solved assume that the cells are relatively equilateral/equiangular. A range of skewness
values and the corresponding cell quality is listed in Table 2-3. Although the average value of
skewness is important for evaluating the mesh quality, the maximum skewness should not exceed
0.9 (Seo et al., 2012; Piscia et al., 2012).
Table 2-3. A range of skewness values and corresponding cell quality (ANSYS, 2009).
Value of Skewness Cell Quality
0.98 – 1
Unacceptable
0.95 – 0.97
Bad
0.80 – 0.94
Acceptable
0.5 – 0.8
Good
0.25 – 0.5
Very good
>0 – 0.25
Excellent
0
Equilateral

2.7.2 Mesh-convergence study
Refining the mesh helps improve the mesh quality in most cases since CFD is a
numerical method used to solve the coupled partial differential equations by discretizing the
computational domain. In fact, the CFD simulation results should ideally be independent of the
mesh. However, generating a mesh-independent solution is almost impossible due to the
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limitation of the computer power and time. Thus, a mesh-convergence study is necessary to prove
that further refinement will not improve the accuracy significantly.
One of the many methods to conduct a mesh-convergence study is applying uniform Grid
Convergence Index (GCI), which was proposed by Roache (1994) to report the grid (mesh)
refinement in CFD. The GCI is based on a mesh refinement error estimator derived from the
theory of generalized Richardson Extrapolation, which provides an objective asymptotic
approach to quantify uncertainty of mesh-convergence. Equations to calculate GCI are listed in
Equations 9 to 11.
𝐺𝐶𝐼 = 3|𝜀|/(𝑟 b − 1)

(Equation 9)

𝜀 = (𝑓2 − 𝑓d )/𝑓d

(Equation 10)

𝑟 = ℎ2 /ℎd

(Equation 11)

In Equation 10, a relative error indicator 𝜀 is presented, where 𝑓d is the variable value
calculated using fine mesh, and 𝑓2 is the variable value at the same point calculated using coarse
mesh. In Equation 11, the mesh refinement ratio 𝑟 is calculated, where ℎ2 is the representative
size of a cell generated from the coarse mesh and ℎd is that of a cell from the fine mesh. In
addition, 𝑝 in Equation 9 denotes the numerical scheme order of accuracy.
An important theory is for a doubling refinement (𝑟 = 2) with a second order method
(𝑝 = 2) and the calculations are considered within the asymptotic range of convergence. Then the
relative error estimator 𝜀 can be accepted by most CFD practitioners as one that provides a
reasonable confidence interval (Kline and McClinstock, 1953; Roache, 1994).
The idea of GCI is to approximately relate the 𝜀 that is obtained by any mesh refinement
study (whatever 𝑟 and 𝑝 is) to the 𝜀 that would be expected from a mesh refinement study of the
same problem with the same fine grid using 𝑟 = 2 and 𝑝 = 2; i.e., a doubling of refinement with
a second order method. The relation is based on equality of the error estimates. Given an 𝜀 from
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an actual mesh-convergence test, the GCI is derived by calculating the error estimate using
Equation 10 and 11. Note that GCI = |𝜀| when 𝑟 = 2, 𝑝 = 2 as intended.
Although the doubling grid refinement is preferable (𝑟 = 2), it is impractical when the
CFD model is three dimensional and complex. Therefore, smaller changes in mesh resolution are
recommended for some cases. However, a rule of thumb is 𝑟 should be over 1.1 to avoid the
“noise” of incomplete iterative convergence and machine round-off error.
Another challenge to apply GCI in practice is that this method was developed based on
the uniform mesh (Roache, 1997). Fortunately, an alternative format for calculating the mesh
d/m

refinement ratio 𝑟 is 𝑟 = )𝑁QCKJ /𝑁ijkGlJ *

, where 𝑁QCKJ and 𝑁ijkGlJ is the total number of cells

of the fine and coarse mesh, respectively. If the value of GCI decreases with finer mesh at the
same order of numerical accuracy, it indicates that the mesh refining is functioning. (Rong et al.,
2016).
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Chapter 3

Methodology

3.1 Introduction
In this study, a series of computational fluid dynamics (CFD) models was developed to
simulate air movement and temperature distribution and to monitor the flow of simulated virus
particle contaminants to assess the performance of ventilation designs. A floor-raised layer house
was modeled by specifying the pertinent geometry (e.g. atmospheric conditions, dimensions,
materials, ventilation schemes, animal impacts), and then the physics of momentum, thermal
dynamics, etc., was used to simulate the ventilation performance at a steady state. The power of
CFD modeling allows us to make relatively simple changes to the geometry to explore new
ventilation options.
A commercial software package (ANSYS® Inc., Canonsburg, PA) was used to
implement the simulations. In addition, High Performance Computing (HPC) resources from the
Institute for CyberScience at The Pennsylvania State University provided technical support to this
study, including access of the software and sufficient computing power.
The following are key components outlined to develop the CFD model and implement
the simulation.
•

Modeling the geometry of the target poultry house

•

Modeling the geometry of animals

•

Meshing

•

Defining boundary conditions to fully describe the computational domain

•

Setting up solvers and controls for calculation

•

Implementing CFD codes
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•

Analyzing outputs of interests

•

Changing geometries of the target house to evaluate improved ventilation
performance.

In addition, a brief introduction of the ANSYS-Fluent and HPC facilities is provided in
the following paragraphs. Specific models, results and the discussion can be found in Chapter 4,
Chapter 5, and Chapter 6, respectively.

3.2 Implementation of CFD simulations

3.2.1 Actual dimensions of a floor-raised layer house
The real poultry house for this research is a floor-raised layer house that has a typical
ventilation system located in Lititz, Pennsylvania. The barn is 162.15 m (532 ft) long and 13.72 m
(45 ft) wide. The height of walls is 2.73 m (8.96 ft) and the thickness is 0.19 m (7.5 inches). It has
a ceiling and shallow 4/12 roof slope. An aerial view of the target barns is shown in Fig. 3-1.
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Figure 3-1. The aerial view of two floor-raised hen houses. One was modeled for ventilationperformance analysis in this study (Google, n.d.).
The current number of birds is 19,950 per house. The stocking density is approximately
0.11 m2/bird (1.2 ft2/bird) (Fig. 3-2). Colony nesting areas are located at the midline with a square
footage of 232.26 m2 (2,500 ft2), including 250 compartments. Litter area in this house is 691.94
m2 (7,448 ft2), which is 31% of total floor space. There are 2,076 feeders available and the feeder
space available to each bird is 0.03 m (1.25 inches). The total number of nipple-drinkers is 2,249,
which means one drinker is shared by 8.87 birds on average.

Figure 3-2. Interior images of the study floor-raised hen house.

46
Perching space is required for cage-free hen houses, and the total perching area in the
study hen house is 483.21 m (19,024 inches) and 29.63% is elevated perching. The averaged
perching space for single birds is 0.29 m (11.44 inches). In addition, an outdoor access space is
available to the birds in this house (Fig. 3-3), however, this is not included in the analysis in this
study.

Figure 3-3. Outdoor activity areas of the study layer house.
There are 84 rectangular ventilation inlets in total [1.17 m (46 inches) by 0.20 m (8
inches)] on both sides of the ceiling where baffles are hinged beneath to control the opening area.
Four exhaust fans with 0.91 m (36 inches) in diameter are located along one sidewall of the barn
(Fig. 3-4) and used for brooding, cold and mild weather ventilation. The side-wall fan is designed
to provide 5.50 m3/s (11,660 ft3/m) under a static pressure of 12.44 Pa (0.05-inch water column)
as shown in Fig. 3-5. For warm and hot weather, a tunnel ventilation system is employed (not
modeled in this study).
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Figure 3-4. Ventilation inlets are hinged beneath the ceiling and baffles are installed to control the
opening area for the study hen house.

Figure 3-5. Nest-boxes and an exhaust fan at the sidewall.

3.2.2 Modeling the floor-raised hen house
A three-dimensional model of the study floor-raised hen house was developed at fullscale for one-eighth of the actual length. The house was modeled using actual dimensions
according to blueprints accessed from collaborators (Appendix C and D). The internal structures
of the house were modeled, along with the ventilation scheme that includes 10 symmetric inlets at
the eaves (roughly 1/8 of total inlets) and one of the four sidewall exhaust fans at the rightsidewall. Note only half of the exhaust fan was modeled to take full advantage of symmetry.
A two-dimensional geometry was first established to study the indoor air conditions at
the beginning of this study. However, the ventilation performance of the real hen house cannot be
accurately reflected by two-dimensional simulations. For example, it is not reasonable to have
both inlets and an exhaust fan at the same two-dimensional slice for analysis. Therefore, a threedimensional model was developed for subsequent work with the purpose of accomplishing more
accurate and realistic results.
The length of the modeled hen house was 20.3 m (798 inches), while the width was 14 m
(552 inches) including the thickness of walls (Fig. 3-6). The width of the nesting area was 1.5 m
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(60 inches) at the center of the house. Two symmetric slatted floor areas were on both sides of the
nesting area each with a width of 4.1 m (162 inches). Similarly, the litter area was modeled with a
width of 1.9 m (76.5 inches) symmetrically, adjacent to each sidewall. Half of a 36-inch exhaust
fan was positioned at the sidewall at a height of 0.61 m (24 inches) above the ground. The
elevation of the slatted floor and the nesting area was 0.46 m (18 inches) and 0.94 m (37 inches),
respectively.

Figure 3-6. A three-dimensional view of the modeled hen house with birds (above). An end view
of with dimensions labeled without birds (bottom).
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Inlets are one of the most critical ventilation features. The inlet in this study is
rectangular, 1.17 m (46 inches) long by 0.20 m (8 inches) wide, according to the blueprint. The
depth of the inlets was modeled equal to the thickness of the sidewall, which was 0.19 m (7.5
inches). Inlets were positioned at the top of the sidewall (Fig. 3-7), which was slightly different
from the actual position. The baffle was hinged at the bottom of the inlets with a size of 1.17 m ´
0.20 m ´ 0.03 m (46 inches ´ 8 inches ´ 1 inch). In addition, two fixed sidewalls 0.20 m ´ 0.20 m
´ 0.03 m (8 inches ´ 8 inches ´ 1 inch) were drawn on both sides of each inlet.

Figure 3-7. Left: five inlets and their locations at the sidewall. Right: a close-up wireframe image
for a single inlet.

3.2.3 Modeling the birds
The simplified shape of individual hens can be summarized as a combination of ellipsoid
and two cones (Fig. 3-8). The height of one simplified hen shape is 0.20 m (8 inches), the width is
0.15 m (6 inches), and the surface area is 0.11 m2 (178 in2). That is equivalent to a body weight of
approximately 1.6 kg (3.5 lb) based on the relationship between body weight and surface area
(Equation 12). In addition, its surface was defined as solid walls with a constant temperature 42
°C (107.6 °F) and a heat generation rate of 4467 W/m3 was assigned to the volumes (Pawar et al.,
2007).
𝑀=

r.sst

o𝑆/0.081

(Equation 12) (Walsberg,1978)
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Figure 3-8. Simplified shape modeled for a single hen. The bigger cone-shape component
represents the hen’s head and neck, while the smaller cone-shape represents the hen’s tail.
As mentioned in the previous chapter, modeling animals is challenging in the application
of CFD modeling on livestock housing systems. Herein, 2,365 birds were modeled with
simplified three-dimensional shapes. In addition, an estimated distance between birds was
calculated based on the stocking density. The distance between the bottom of the shape of a
single bird and the ground was set as 7 cm (2.76 inches) according to references (Cheng et al.,
2018). The distance between two adjacent birds side-to-side was 15 cm (6 inches), and 11 cm (4.4
inches) was the distance from the back of a bird to the front of the following bird in the same
column (Fig. 3-9).
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Figure 3-9. Top view of 12 hen models as an illustration. All birds are evenly distributed.

3.2.4 Modeling airborne contaminant dispersal
In this study, ammonia (gaseous) was selected as the contaminant species to simulate the
indoor circulation in this study. The spread of small airborne contaminant particles, such as virus
particles, was considered to be analogous to the diffusion of a tracer gas like ammonia. To study
the behavior of contaminant dispersal inside the hen house, the ammonia was introduced from
upwind inlets via incoming ventilation air. The surfaces of surrounding walls for five inlets at the
upwind side were assumed to be coated with 100% ammonia (mass fraction of 1) (Fig. 3-10).
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Figure 3-10. The surround wall of an inlet at the upwind side of the house was coated with 100%
ammonia.

3.2.4 Assumption and justification
In this study, several assumptions have been made to implement precise and efficient
CFD simulations for specific objectives. One-eighth of the entire house was modeled to take
advantage of construction symmetry to reduce computational effort.
Ten inlets were modeled for the hen house, which represents approximately 1/8 of the
actual entire number (84 inlets). The location of an inlet in the model was placed at the top of the
sidewall, although its actual position is at the ceiling close to the eave joint of the sidewall. Two
very thin walls (2.5 cm; 1-inch thickness) were modeled at both sides of an inlet in all models to
avoid lateral airflow leaking, although they were not observed at the actual floor-raised hen
house.
Note one crucial assumption in this study is that hens are uniformly distributed (Fig. 3-6).
In fact, hens utilized all spaces as observed inside the barns (Fig. 3-2). Thus, the estimated
number of hens in this study was 2,365 based on the total number of hens and the portion of the
barn that was modeled (1/8). Furthermore, the distance between adjacent birds was also
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calculated based on the same assumption. In addition, the weight of an individual layer hen was
assumed to be 1.59 kg (3.5 lb).
Cold weather was selected for simulations in this analysis by assuming the atmospheric
temperature was 0 °C (32 °F). Cold weather tends to be the condition when maintaining good air
quality in the hen house is more challenging since minimum ventilation rates are used in order to
also maintain comfortable temperature conditions for the birds. The weather condition determines
the approximate ventilation rates needed for the layer house should above 800 cfm but no more
than 4200 cfm according to the mechanical ventilation rate guideline (Table 3-1). The ventilation
rate played a critical role in assessing and comparing the performance for different ventilation
schemes. In addition, this parameter was used to decide the proper inlet opening size and settings
for the fan.
The common inlet sizing recommendation suggests 1.7 ft2 of inlet area per 1000 cfm of
air exchange fan capacity to provide adequate airflow at an appropriate static pressure difference
(Fabian, 2016a). Therefore, the entire inlet openings should be in the range of 1.4 – 7 ft 2. An
important assumption is that all inlets in this study have the same opening size. Thereby, a
uniform parameter for the inlet is essential for all simulating tasks. In the latter part of this
chapter, a few testing simulations were performed to determine the proper opening size for
modeling inlets.
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Table 3-1. Mechanical ventilation rates guidelines for poultry (Fabian, personal communication,
November 1, 2017).
Poultry species

Layers 1.27 – 1.59 kg (2.8 – 3.5 lb)

Unit

Ventilation rate (ft3/m /unit) vs. weather
Cold

Mild

Hot

lb

0.1 – 0.5

0.5 – 1.0

1.6 – 2.0

Head

N/A

N/A

5–7

The exhaust fan at the sidewall was assumed to be operating continuously to keep the
desired ventilation rate in this study. Inputs for the exhaust fan, such as dimensions and the flow
rate were provided by the collaborator. Other parameters were extrapolated from the reference
(Heymsfield, 2018). Herein, the fan was assumed to work against a constant pressure difference.
The hen house was assumed ideally insulated in this study. The sidewall was modeled
with two solid surfaces to represent the thickness, while the space between those two wallsurfaces was carved from the computational domain. Therefore, thermal conduction across
sidewalls and the roof should be zero. This is not realistic yet during cold weather conditions the
primary heat loss from a hen house would be via convection ventilation exhaust of warm house
air. Important outputs, such as air speeds, temperatures, pressure and mass fractions of ammonia
within each zone, were exported to MicrosoftÒ Excel files for statistical analysis.
Note that data points sampled at the surface of the hen models, which would be close to
a hen model’s body temperature of 42 oC, were eliminated prior to the calculation of means and
standard deviation.

3.2.5 Computational domain and boundary conditions
The computational domain is much larger than the house itself for modeling airflow
inside and outside the hen house (Fig. 3-11). The height of the computational domain is 24.4 m
(80 ft) and the width is 128.2 m (420.6 ft). Wind speed is set at 2.0 m/s blowing from left to right.
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Note the distance between the left end of the domain and the house is much shorter than that of
the right end to the house (Fig. 3-12), because an extended domain far from the target hen house
can avoid reverse flow conditions at domain boundaries, especially for the downwind side (Pawar
et al., 2007).

Figure 3-11. The modeled hen house within the computational domain.

Figure 3-12. The front view of computational domain with dimensions.
Six kinds of boundary conditions were adopted in the CFD simulation inside and outside
the hen house. “Wall” boundary conditions included ground, ceiling, roof, slatted floor, nesting
area, litter area, inlet baffles, sidewalls, animal surfaces, and the top surface of the computational
domain. Note that all walls were defined as non-slip walls except for the top surface of the
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computational domain that was defined as a zero-shear stress wall that has no resistance along the
surface. The zero-shear stress wall benefits simulating a uniform wind speed high above the
house.
In addition, each hen model was defined as a solid volume (but no materials inside the
volume), and its surface defined as solid wall with a constant temperature 42 °C (107.6 °F). A
heat generation rate of 4467 W/m3 assigned to the hen volumes.
The front and the end surfaces of the computational domain along the z-axis were defined
as “symmetry”, including both near and far end of the house (Fig. 3-13). Symmetry is a boundary
condition used when the physical geometry of interest and the expected pattern of the
flow/thermal solution have mirror symmetry. Because those surfaces represented internal faces
that account for 1/8 of actual scenario, a symmetry boundary was considered pertinent herein.
The left end surface of the computational domain was defined as a “velocity inlet” with a
specific magnitude of 2.0 m/s, along the positive x-axis (Fig. 3-13). Other velocities can be used
to simulate different wind speeds if needed. The temperature of the atmosphere was specified as 0
°C (32 °F).

Figure 3-13. Boundary conditions of the “velocity inlet,” “wall,” and “symmetry.”
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The right end surface of the computational domain was assigned a boundary condition of
“pressure outlet” through which flow exits to atmospheric pressure (Fig. 3-14). Thus, the pressure
was specified as zero gage pressure (atmospheric pressure) and the temperature at the outlet was
defined as 273 K for this study.

Figure 3-14. Boundary conditions of “pressure outlet,” “wall,” and “symmetry.”
Two faces of inlets perpendicular to the wind direction were assigned boundary
conditions of “interior” to represent an interior portion of the computational domain where air
could flow through (Fig. 3-15). To study the spread of contaminants, a mass fraction of 1 for the
ammonia was assigned to all the four surrounding walls of each inlet at the upwind side (left
side).
The exhaust fan (Fig. 3-15) in the right-sidewall of the hen house was defined as a “3D
fan zone.” Unlike the boundary condition of a fan that is considered infinitely thin and a
discontinuous pressure rise, 3D fan zones are fluid cell zones that simulate the effect of an axial
fan by applying a distributed momentum source in a fluid volume.
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Figure 3-15. Boundary conditions of “interior,” “wall,” and “symmetry.”
A 3D fan zone is modeled as a special type of fluid zone. The cell zone is supposed to
match the blade-swept volume of the fan that is modeled. Thereby, the geometry and critical
properties for the fan need to be specified (Fig. 3-15). Also, the 3D fan zone should have at least
two boundary zones of type interior that border another fluid cell zone and act as the fan inlet and
outlet (Fig. 3-15). Hence, the modeled fan zone in this study has two identical faces defined as
interior.
The input for defining the fan zone are shown below. Because actual measurements were
unavailable when the simulation was performed, parameters related to the geometry and the
angular velocity were extrapolated from relevant work (Heymsfield, 2018). An axial source term
was checked in the dialog window (Fig. 3-16) to enable momentum at the specific direction. A
constant pressure jump was set to apply the specified pressure difference for all the cells in the
fan zone. The constant pressure jump should be set with cautious because the volumetric flow
rate of the fan was highly dependent on the input.
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Figure 3-16. Dialog window for the 3D fan zone settings.
When simulating various ventilation models in this study, the ventilation rate is
predominantly determined by two major parameters: the inlet opening size and the pressure jump
for the fan. The inlet opening is fixed in this study. Therefore, multiple trials of defining the
pressure jump were evaluated to obtain a reasonable output that meets the desired ventilation
criteria, although those trials are not described in detail in this thesis.

3.2.6 Mesh and solver settings
The meshing process in this study was performed using ANSYS-Meshing. The entire
geometry was set as one part prior to meshing. Meshing settings were made with the goal of
making the process more uniform and computational affordable. The physics preference was set
CFD, and the solver preference was Fluent. In addition, the Standard export format was used.
Quadratic was selected as the element order. The global size function employed Proximity and
Curvature, which enables combined functions from both methods. The relevance center selected
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Coarse, and transition was set to Slow. In addition, Span angle center was defined as Fine.
Proximity size function sources were assigned with Faces and Edges.
All the simulations that were conducted in this study have the same settings for the
“Solver” in ANSYS-Fluent. In general, the pressure-based solver was employed. The coupled set
of governing equations was discretized in time for steady calculations by assuming time marching
proceeds until a steady-state solution is reached. In addition, gravity was activated with a
magnitude of 9.8 m/s2 towards the negative y-axis (down).
Two-equation standard 𝑘 − 𝜀 turbulence model was selected as the viscosity model
(turbulence model) with enhanced wall functions. The 𝑘 − 𝜀 turbulence model family is not
designed to solve the flow near the wall, thereby it requires the damping function to simulate the
near wall effect. There is an important parameter called 𝑦 w , which is defined as: 𝑦 w = 𝑢∗ 𝑦/𝜈,
where 𝑢∗ denotes friction velocity (m/s), 𝑦 stands for the distance of the first node to the nearest
wall (m), and 𝜈 is the local fluid kinetic viscosity (m2/s). Commonly, 𝑦 w varies with location and
it is difficult to generate a mesh that ensures the value of 𝑦 w within the required range. The
enhanced wall function implements the hybrid wall functions for varying 𝑦 w in CFD simulation.
Also, an energy equation was enabled for thermal analysis. To analyze the spread and distribution
of contaminants, the species model was selected as well.
Settings for solution methods include two major categories: pressure-velocity coupling
methods and spatial discretization methods. In this study, SIMPLE was chosen as the pressurevelocity coupling scheme to perform calculations under steady-state. The SIMPLE algorithm used
a relationship between velocity and pressure corrections to enforce mass conservation and to
obtain the pressure field using a guessed pressure.
Settings of the spatial discretization scheme involve a few components. The gradient
(∇𝜙) of a given variable (𝜙) is defined to discretize the convection and diffusion terms in the
flow conservation equations. By default, in ANSYS-Fluent discrete values of the scalar are stored
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at the cell centers, while face values must be interpolated from the cell center values for
calculating the convection terms. Hence, an upwind scheme is employed to accomplish this
operation. “Upwinding” means that the face value is derived from quantities in the cell upstream,
or “upwind,” relative to the direction of the normal velocity. There are several upwind schemes
available in ANSYS-Fluent. For example, the First Order Upwind algorithm assumes that the
cell-center values of any field variable represent a cell-average value and hold throughout the
entire cell. Therefore, the face quantities are identical to the cell quantities when first-order
scheme was employed. The Second Order Upwind algorithm uses a multidimensional linear
reconstruction approach to compute quantities at cell faces. By using this approach, higher-order
accuracy is achieved at cell faces through a Taylor series expansion of the cell-centered solution
about the cell centroid (ANSYS, 2009).
In this study, Least Squares Cell-Based was chosen in ANSYS-Fluent to compute the
gradients. The governing equations were discretized using the Second Order Upwind scheme,
thus mass, momentum, energy, and species (NH3) were solved with higher-order accuracy. The
First Order Upwind scheme was adopted to calculate turbulent kinetic energy and turbulent
dissipation rate.
The fluid materials were defined before simulation, such as air and gaseous contaminants
(NH3 vapor), mixture of these two fluids, as well as solid materials, including steel, wood, ashsolid, and layer-body. All gaseous materials were defined as incompressible ideal gases. A
designated material was created to represent the surface of the hens (Fig. 3-17), which was named
“layer-body” with parameters retrieved from relative thermal and physiological references (Mutaf
et al., 2008).
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Figure 3-17. A new solid material was created to represent surfaces of hen bodies.

3.2.7 Convergence criteria
Settings for the number of iterations and values of residuals must be defined before
starting a CFD simulation. To obtain a sufficiently converged solution, the value of each residual
is often preferred to be set lower than the default value provided by the software. In addition,
values of important variables need be monitored during the simulation to tell if the solution is
converged.
In this study, the scale of residual was set 10-3 for most equations such as continuity,
momentum, turbulence, and the species transport equation. The energy equation was set with 10-6
for the scale of residual. Additionally, monitoring points were defined for observing solution
convergence. The convergence criteria were not met until both the monitoring variable at selected
points and the residual values were stabilized. For example, the value of velocity should obtain a
relative difference smaller than 0.1% between two continuous iterations steps (Li et al., 2016).
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The convergence time depends on the number of cells, the mesh quality, the complexity
of computational domain, the equation enabled for the calculation, and the accessible
computational power.
For each simulation in this study, 2500 iterations were applied as all the meshing files
were generated with a similar size (except for meshes generated for the mesh-convergence study).
The mesh quality was checked and improved before simulation started. Therefore, a uniform
number of iterations was used to keep the consistency. Note that a calculation of 5000 iterations
was first conducted to observe the convergence behavior. There were no changes observed for the
scale of each residual after 2500 iterations. Thereby, 2500 iterations was sufficient for a fully
converged solution.

3.2.8 Mesh quality and mesh-convergence study
A good mesh should meet mesh quality criteria as assessed by mesh metric information
provided by ANSYS-Meshing. Usually, there is a correct range for a specific mesh metric. Once
a mesh is generated, a few metrics check the mesh quality for the correct ranges, such as element
quality, aspect ratio, warping factor, parallel deviation, skewness, and orthogonal quality.
In this dissertation, the Relevance option in ANSYS-Meshing was used to control global
fineness of the mesh. The skewness was chosen to assess meshing quality before starting a CFD
simulation by reviewing the report of the skewness values. Moreover, cells with maximum
skewness can be repaired by using the repair-improve and improve-quality text command that
adjusts positions of interior nodes to fix problematic meshes.
A mesh-convergence study was performed and GCI was applied for analysis. Three mesh
files with corresponding numbers of 6.89, 12.09, and 20.69 million cells were generated using
ANSYS-Meshing. Thereby, 𝑟 = 1.21 is the mesh refinement ratio from the middle mesh to the
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coarse mesh, and 𝑟 = 1.44 is the mesh refinement ratio from the fine mesh to the coarse mesh.
The GCI at three selected points were analyzed and compared (Table 3-2). Note the variable used
for calculating GCI at three points are air speed, temperature, and pressure respectively.
Table 3-2. GCI calculated for common values of mesh refinement ratio (𝑟) with second order
upwind scheme.
Points
P1
P2
P3

x
252
0
0

Location
y
105
50
85

z
108
373
500

GCI
𝑟 = 1.44 𝑟 = 1.20
121.75%
224.07%
1.99%
4.06%
5.02%
6.73%

The GCI value decreased when 𝑟 increased from 1.2 to 1.44, indicating the mesh refining
was on the right track. However, the largest number of mesh demanded excessive computer
power, which was not feasible and affordable practically. Therefore, the middle mesh with a
number around 12 million cells was adopted in this study.

3.2.9 Data visualization
Three representative two-dimensional planes were created to analyze the result of the
simulations (Fig. 3-18). These parallel cross-sectional slices along the z-axis represent locations
in the house with various ventilation features. Plane 1 is located at z = 2.7 m (108 inches) with
two inlets. Plane 2 is located z = 9.5 m (373 inches) with no ventilation feature. Plane 3 crosses
the exhaust fan at a location where z = 20.1 m (790 inches). Note that all three planes cross a row
of animal models with the purpose of analyzing the performance of ventilation at the animal
level. Three planes represent all locations in the entire computational domain because there are
only the three types of two-dimensional planes. In addition, the percentage area of each plane
type 1, 2 and 3, is 29%, 69%, and 2% respectively.
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Figure 3-18. Three two-dimensional planes were created to visualize and analyze simulation
results.
Five zones were created to characterize the ventilation performance at the animal level
(Fig. 3-19). Zone-1 and Zone-5 are symmetric with a dimension of 1.78 m (70 inches) wide by
0.25 m (10 inches) tall. Similarly, Zones 2 and 4 are identical, whose dimensions are 3.94 m (155
inches) wide by 0.25 m (10 inches) tall. Zone-3 is the only zone representing animals at the
middle of house (nest-boxes area), whose size is 1.52 m (60 inches) by 0.25 m (10 inches). Those
five zones play an important role at evaluating indoor air movement and air quality from the
perspective of the hens, accompanying the three two-dimensional planes.

Figure 3-19. Five zones that represent areas at the hen level are highlighted with different colors (a
house with the standard ventilation configuration).

66
To evaluate those output data, criteria corresponding to important parameters are
summarized in Table 3-3. All the simulation data exported for analysis would be assessed
according to these criteria to determine whether a modeled ventilation system provided suitable
conditions for hens.
Table 3-3. Criteria for evaluating environmental conditions at the bird level.
Parameters
Ventilation rate
Temperature
Air speed
Static pressure

Unit
cfm/lb
°C
m/s
Pa

Comfort range for birds
0.1 to 0.5
18 – 24
0.25 to 1.0
-25 to -10

3.3 Inputs for inlet openings
Six pairs of the opening size of an inlet and the pressure jump for the fan were created to
find appropriate inputs to define both critical parameters (Fig. 3-20). To test their ventilation
performance, six separate CFD simulations were conducted with the standard ventilation scheme
(Top-Wall Inlet Sidewall Exhaust (see next section)). The total number of cells generated for
each case was similar at about 12 million cells. Additionally, 2500 iterations were conducted for
each simulation to obtain a satisfactory convergence.
There are three important outputs to evaluate the performance of a ventilation scheme in
this study: the ventilation rate for the hen house, the indoor static pressure, and the maximum
magnitude of air velocity at the inlet opening. For each of them, there is a reasonable range that
can be used as standards.
As mentioned previously, the ventilation rate for this particular hen house should be
maintained between 800 to 4200 ft3/min for the cold weather. The static pressure difference
should be -10 to -25 Pa for a common hen house with negative-pressure ventilation (Fabian,
2016a). Incoming air speeds at the inlet open area should reach at least 800 ft/min to ensure the
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air jet could reach the center of the house. Moreover, a good ventilation scheme should meet all
these criteria simultaneously. In other words, proper inputs for defining the inlet and the fan in a
CFD model should ensure all three values are within the correct range so that the simulation
output is considered viable.
The ventilation rate was obtained by calculating the volume flow rate through the surface
of the house’s outlet, the exhaust fan. For static pressure, the average value at Plane 2 (z = 373
inches) was calculated because the indoor pressure was relatively uniform except for immediately
adjacent to the inlets and fan; additionally, the location of this plane represented the majority of
area inside the hen house.
However, it was not straightforward to get an approximate average value of the air speeds
at inlets. Simple two-dimensional planes did not adequately capture sufficient nodes inside
incoming air jets, so analyzing three-dimensional volumes was more viable and inclusive. Five
volumes with a width of 108 cm (42.5 inches) were created that included two inlets each (Fig. 319). Approximately 92.4% of the opening area of incoming air jets were included in those
volumes. The maximum value of air speeds in each volume was captured using the ANSYS CFDPost. An average value was then calculated from all the five volumes (Table 3-3). Comparisons
can be made between various cases that had different inlets and fan combinations. This method of
calculating maximum representative air speeds was more reliable and convincible than
calculations using a single cross-sectional plane because almost all the nodes inside incoming air
jets were included.
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Figure 3-20. Five volumes created to calculate the average maximum air speed.
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Comparisons between six cases were conducted by analyzing their simulation outputs of
the volume flow rate, the average maximum air speed (at the inlet open areas), and the average
indoor static pressure with the purpose of finding the proper model inputs for inlets and the fan
(Table 3-4). First criterion is that the ventilation flow rate should not exceed minimum
ventilation, cold weather 4200 ft3/m, therefore Case 1, Case 3, and Case 4 were excluded since
the flow rate was too high. Second, the maximum air speed should be at least 800 ft/m, which
was satisfied by all the remaining three cases (Case 2, Case 5, and Case 6).
Table 3-4. Simulation results from six combinations of inlets and the fan with different inputs. Note
the unit of volume flow rate is ft3/min (cfm), the unit of air speed is ft/min (fpm), and the indoor
static pressure is negative since the ventilation scheme is negative-pressure type.
Cases

Inlet Opening
Size (inch)

Fan Pressure
Jump (Pa)

Volume Flow
Rate (cfm)

1
2
3
4
5
6

1.78
1.78
1.5
1.5
1.5
1.1

24
14
24
20
18
14

5107
3920
4810
4407
4174
3708

Average
Maximum Air
Speed (fpm)
1271
998
1394
1279
1218
1108

Average
Indoor Static
Pressure (Pa)
-24.9
-14.9
-32.1
-27.1
-24.2
-19.2

However, Case 5 and Case 6 were preferred over Case 2 because they delivered higher
average incoming air speeds. The last assessing criteria was the indoor pressure, and both cases
successfully maintained reasonable indoor pressure (-25 to -10 Pa). Considering the mesh level of
simulations were around 12 million consistently in this study, the number of nodes generated at
the tight inlet opening area in the simulation with smaller inlet openings was fewer than that of
simulations with greater openings, which may sacrifice the accuracy of simulation results.
Therefore, the larger inlet opening used in Case 5 was chosen as the final setting for simulations.
To maintain consistency, all the inlets modeled in this study had 3.81 cm (1.5 inches) openings.
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3.4 Introduction of four models
In this study, four models were developed corresponding to four different ventilation
schemes for the typical floor-raised, cage-free hen house that was described earlier in the chapter.
To keep the consistency, some model settings and input values were constant for each model
(Table 3-5). However, there were also differences among the four models, such as the total cells
generated in mesh and the input for defining the fan zone, which are described in the individual
models in Chapters 4 to 7.
Table 3-5. A summary of critical model settings and inputs used in all four ventilation models.
Terms
Size of model
Size of inlet openings
Turbulence model
Global size function for mesh
Atmospheric temperature
Surface temperature for hens
Wind
Atmospheric pressure
Ammonia mass fraction

Values or contents
128.2 x 24.4 x 20.3 (m)
1.5 (inch slot height)
Standard 𝑘 − 𝜀 turbulence model with enhanced wall functions
Proximity and curvature
0 (°C)
42 (°C)
2 (m/s from left side of model)
0 (Pa)
1 (at contaminant release point)

The first model depicted the standard ventilation configuration of Top-wall Inlet Sidewall
Exhaust, which was abbreviated TISE. This model was developed to represent the current and
widely used ventilation system for hen houses in the U.S. In addition, three other models were
developed with alternative ventilation schemes that shifted the location of inlets and exhaust fan:
mid-wall inlet ceiling exhaust (MICE), mid-wall inlet ridge exhaust (MIRE), and mid-wall inlet
attic exhaust (MIAE). These additional models represented alternative ventilation designs
evaluated in the same house construction and hens. The performance of each model was
simulated and evaluated in following chapters.
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3.5 Statistical analysis
This thesis studied four different models and evaluated the simulation result for each
model. To quantitatively compare their results, three planes were created to analyze the data.
Furthermore, five different animal-occupied zones were created on each plane to compare the
value of important environment parameters at the bird level. Those data points were assumed as
repeated measures captured in each zone. To simplify the statistical model, the procedure was
divided to two parts: statistical analysis for a single model, and statistical analysis at a single
plane. Therefore, the simulation data was fit to a mixed-effects model as shown in Equation 13:
𝑦CD{ = 𝜇 + 𝜏C + 𝛽D + (𝜏𝛽)CD + 𝜀CD{

(Equation 13)

𝑖 = 1, … , 𝑎€ ; 𝑗 = 1, … , 𝑏€ ; 𝑘 = 1, … , 𝑐€
𝜀CD{ i.i.d. 𝑁(0, 𝜎dd )
From Chapter 4 to Chapter 7, the statistical analysis focused on data of an individual
model, while the data was from five different zones at a specific plane. There were three separate
planes: Plane 1 (inlets), Plane 2 (no ventilation features), and Plane 3 (fan). Thus, Equation 13
can be interpreted as: 𝜇 was the mean of a parameter (air speed, temperature, pressure, ammonia
mass fraction), 𝜏C was the effect of the 𝑖th plane, 𝛽D was the effect of the 𝑗th zone, (𝜏𝛽)CD was the
interactive effect of plane and zone, and 𝜀CD{ was the random error for the 𝑘th data point that was
independent and identically distributed (i.i.d). Herein, 𝐸 took a value in {1,2,3, 4} and referred to
the number of a particular model. The values 𝑎€ and 𝑏€ represented the number of levels of
factors: plane and zone, which equaled 3 and 5, respectively. The value of 𝑐€ referred to the
number of levels of the data points, which varied over the four models. In those chapters, the
primary interest was to verify whether changing planes and zones had effects on the results of
parameters of interests. From a statistical perspective, such comparison only made sense when the
data rejected null hypotheses for the following overall significance test:
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𝐻‰ : There is no difference in the means of factor Plane
𝐻‰ : There is no difference in the means of factor Zone
𝐻‰ : There is no interaction between factors Plane and Zone
The hypotheses were tested using analysis of variance (ANOVA). The results of four
ANOVA procedures, corresponding to data sets for four important parameters are presented in
Chapter 4 – 7.
In Chapter 8, the primary interest changed to test whether different models had different
results at the same plane. Thus, the interpretation for Equation 13 would be changed: 𝜏C was the
effect of the 𝑖th model, 𝛽D was the effect of the 𝑗th zone, (𝜏𝛽)CD was the interactive effect of
model and zone, and 𝜀CD{ was the random error. In addition, 𝐸 took a value in {1,2,3} and referred
to the number of a particular plane. The values 𝑎€ and 𝑏€ represented the number of levels of
factors: model and zone, which equaled to 4 and 5, respectively. The value of 𝑐€ referred to the
number of levels of the data points, which varied over the three planes. Furthermore, the null
hypotheses would be modified to:
𝐻‰ : There is no difference in the means of factor Model
𝐻‰ : There is no difference in the means of factor Zone
𝐻‰ : There is no interaction between factors Model and Zone
The hypotheses were also tested in ANOVA procedures. A p-value would be
reported corresponding to each factor. The significance level 𝛼 = 0.05, was used for determining
whether 𝐻‰ would be rejected.
After 𝐻‰ was rejected, it was rational to discuss whether any pair-wise differences
were statistically significant between some comparisons of interests. Therefore, Tukey’s multiple
comparison method was adopted (Kutner et al., 2004). All statistical analyses in this dissertation
were implemented using R software (Venables and Ripley, 2002).
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3.6 Summary of CFD simulations
In this chapter, a comprehensive description of CFD methodology was presented with
details and illustrations. Many components of methods are uniform through the entire study. For
example, the layout and dimensions of computational domain, geometries of birds, definitions for
boundary conditions and materials, settings for meshing and the ANSYS-Fluent solver. In
addition, a hybrid initialization method was used for all simulations in this study. Hybrid
initialization solves Laplace’s equation to determine the velocity and pressure fields. All other
variables were automatically patched based on averaged domain values or a particular
interpolation recipe. The following chapters focus on results of simulations for individual CFD
models that include four ventilation configurations: the standard one and three alternative
designs.
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Chapter 4

Simulating a Standard Ventilation Configuration: Top-Wall Inlet; Sidewall
Exhaust (TISE)

4.1 Model development and simulation

4.1.1 Model development
The model of this typical floor-raised hen house with top-wall inlet, sidewall exhaust
(TISE), was developed using ANSYS-DesignModeler (Fig. 4-1). The house was drawn with the
(TISE) ventilation system that has been described in early chapters. Inlets were at the top of both
sidewalls at a location of 2.5 m (99 inches) above the ground with an exhaust fan at the rightsidewall. The distance between the lower edge of the fan and the ground was 0.60 m (24 inches).
Only half of the fan was included to make full use of symmetry for model efficiency. An
overview of the entire computational domain is shown in Fig. 4-2.

Figure 4-1. The model of a floor-raised hen house with the standard ventilation configuration TISE.
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Figure 4-2. A view of full computational domain of the TISE model.
The fan was highlighted (Fig. 4-3) and defined with a hub radius of 5 cm (2 inches), a tip
radius of 46 cm (18 inches), and a thickness of 5 cm (2 inches). The inflection point of the fan
was set at default value 0.83. Rotational direction was positioned with an operating angular
velocity of 60 rad/s. The constant pressure jump was set 18 Pa for the model of TISE, which
resulted in a simulated ventilation rate of 1.97 m3/s (4174 ft3/min) for the hen house.

Figure 4-3. A close-up view of inlets and the fan at the right-sidewall of the TISE model. The red
label describes the height of an inlet is 2.5 m (99 inches).
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4.1.2 Meshing
Mesh for the model of TISE was generated in ANSYS-Meshing, while the mesh quality
was also improved using ANSY-Fluent. The entire volume of TISE was approximate 60,000 m3
(Fig. 4-4). The minimum cell generated in mesh was 1.5 e-6 m3, and the maximum volume was
23.4 m3. The minimum face area was 2.1 e-4 m2, and the maximum face was 18.1 m2. A total
number of 12,091,587 cells, 24,573572 faces, and 2,205,052 nodes were generated for this model
(Fig. 4-5 & Fig. 4-6). The average skewness was 0.21, and the maximum skewness was 0.76.
Therefore, the quality of the mesh for the model of TISE was suitable for calculating (ANSYS,
2009; Seo et al., 2012; Piscia et al., 2012).

Figure 4-4. Overall meshes of the full computational domain of the model of TISE.
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Figure 4-5. The mesh of the hen house of in the model of TISE.

Figure 4-6. The mesh at the right-sidewall with inlet and exhaust fan in the model of TISE.

4.1.3 Simulation process
The definition of boundary conditions and all settings for the ANSYS-Fluent solver have
been described in Chapter 3. A hybrid initializing method was applied, and 2500 iterations of
calculations were performed to ensure all residuals were fully converged. The residual of energy
reached a level of 10-7. Residuals associated with momentum equations reached the level of 10-5
to 10-4. Residuals regarding turbulence models reached the level of 10-4. In addition, the residual
for species transportation equation reached the level of 10-5. The residual of continuity equation
was maintained at the level of 10-2 as it had the most difficulty in achieving convergence.
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Figure 4-7. The relationship between the magnitude of each residual versus iterations of calculation
for the model of TISE.

4.2 Air velocity analysis
Contours of air velocity magnitudes plus plots of air velocity vectors have been created to
visualize the patterns of airflow. With the aid of three two-dimensional planes, airflow patterns at
locations, inside and outside the house, can be visualized and analyzed with respect to specific
ventilation features (Fig. 4-8). A uniform legend of colors was adopted for quantifying the
magnitude of air velocity with a range from 0 to 5 m/s to achieve good visualization and ease of
comparisons.
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Figure 4-8. The contour of air velocity magnitudes at three planes (from top to bottom: z = 108
inches, z = 373 inches, z = 790 inches) for the model of TISE.
The house blocked the wind, therefore an area with lower air speeds (some were zero)
was formed at the downwind side of the hen house. However, a high-speed air jet exhausted from
the fan was observed from Plane 3. Also, a yellowish area was observed at the top of the house,
indicating the air speed increased to 3 to 4 m/s. Although the air speed changes can be seen inside
the house while looking at the whole computational domain, detailed views of indoor airflow
patterns are necessary to evaluate indoor conditions. Therefore, indoor air movements were
observed by viewing air velocity vectors at three planes. The location of the selected plane and an
overview of indoor airflows were illustrated (Fig. 4-9).
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Figure 4-9. Three selected planes and overall airflows inside the hen house for the TISE model.
To visualize indoor airflow patterns at Plane 1, air velocity vectors were plotted (Fig. 410). Fast incoming air jets were observed from both inlets, especially at the upwind side (left).
The air speed decreased gradually when approaching the center of house. The upwind inlet
introduced air that maintained higher speeds to the middle of the house, which was highly desired
for air mixing (Fabian, 2016a). Although the air speed from the downwind inlet was not as high
as the upwind inlet, expected air circulation patterns were observed throughout the house,
particularly at areas close to both sidewalls. Airflow with lower speeds were observed at the bird
level except for the location at the central nest-boxes, which had some inlet fresh airflow.
Additionally, some tiny arrows indicated the direction of the velocity vector was not always
inside this plane. They might be outside of the plane or even perpendicular to it, which was
reasonable and was consistent with actual observations.
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Figure 4-10. Indoor air velocity vectors for the model of TISE at Plane 1.
A similar plot of air velocity vectors was created to visualize indoor airflow patterns at a
plane that has no ventilation feature (Plane 2). Although no incoming air jets existed at this plane,
strong air movements were observed throughout the house (Fig. 4-11). Airflows with magnitudes
around 1.5 m/s moved from the upper right to the lower left of the house. In addition, two
obvious air circulations formed at both sides of the house. The one at the left was close to the
ceiling, and the other was above the birds between the right sidewall and the nest-boxes. The
patterns at this plane indicated sufficient airflow mixing at suitable velocity.

Figure 4-11. Indoor air velocity vectors for the model of TISE at Plane 2.
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Air velocity vectors were also plotted at Plane 3 (Fig. 4-12) with the exhaust fan. The
maximum air speed was 7.6 m/s (1496 ft/min) at the fan discharge, although all values over 5 m/s
were colored in red. The air movement is from the middle of the house to the fan within the right
side, and its speed increased gradually at the fan area. However, a strong horizontal air movement
can also be found towards the left sidewall in that portion of the house. Interestingly, the air
speeds at the left side of the house were higher than that of the right side despite the fan’s
influence. Moreover, the air movement trajectory shown at this plane was almost symmetric,
starting from the middle to both sides. Simulations confirm the importance of inlets in
determining airflow patterns within the house more than exhaust fan location.

Figure 4-12. Indoor air velocity vectors for the model of TISE at Plane 3.

4.3 Temperature analysis
Temperature is another essential output for evaluating the performance of a ventilation
system. Therefore, temperature contours were created to visualize the distribution of temperatures
at a particular plane (Fig. 4-13). A legend with a scale of color representing temperature ranges
from 0 to 28 °C was employed to evaluate the magnitude of temperature. The indoor temperature
was much higher than the outdoor temperature (Fig. 4-13) due to the addition of bird body heat.

83
A trajectory with light blue color was observed at Plane 3 indicating the warm air exhausted by
the fan.

Figure 4-13. The contour of temperatures at three planes (from top to bottom: z = 108 inches, z =
373 inches, z = 790 inches) for the model of TISE.
At Plane 1, the incoming ventilation air was dark blue indicating 0 °C at the inlet then
turned to warmer green and yellow on the temperature color scale after mixing with the indoor air
(Fig. 4-14). Warm color-temperatures were found at the animal level and the ceiling at the middle
of the house at Plane 1. The indoor temperature distribution at Plane 2 was illustrated in Fig. 4-15
where the green color was observed at the upper location (close to the ceiling) and bird level at
the left side between the sidewall and the nest-boxes. The average temperature of the house was
21.3 °C and 18.9 °C for Plane 1 and 2, respectively.
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Figure 4-14. Indoor temperature contours at Plane 1 for the model of TISE.

Figure 4-15. Indoor temperature contours at Plane 2 for the model of TISE.
The temperature contour at Plane 3 suggested large areas of relatively low temperature
(10 – 16 °C) thereby the majority of house was filled by green on the color-temperature scale
(Fig. 4-16). Warmer air temperatures were observed at the area close to the sidewall, especially at
the right side. The average temperature was 16.9 °C for this portion of the house. By viewing the
temperature contour, Plane 3 provided the most uniform distribution of indoor temperatures
among those three planes, however, the average temperature was the lowest at Plane 3.
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Figure 4-16. Indoor temperature contours at Plane 3 for the model of TISE.
By visualizing temperature contours at three planes, it can be seen that indoor
temperature was influenced by the airflow pattern. The lower average temperature and large
green areas at Plane 2 and 3 indicated vigorous air movement inside the house. Although the
inlets introduced cold air to the house at Plane 1, the indoor temperature was not cooled down
uniformly by air mixing. One reason might be the incoming air speed was not strong enough for
good mixing. Another possibility was the incoming air was distributed in non-uniformly
immediately after entering the house, hence there might not be uniform mixing at the exact
location of Plane 1.

4.4 Pressure analysis
Pressure was analyzed by creating pressure contours at the same three planes (Fig. 4-17).
The scale of gauge pressure was set -30 to 0. The atmospheric pressure was set 0 Pa, thus the
indoor pressure was negative under the negative-pressure, exhaust ventilation system. The
pressure-color outside the house was entirely red, indicating 0 Pa, except for some areas close to
the roof and the downwind side of the house. The indoor pressure color was light-blue generally
at -20 to -25 Pa and almost identical for all three planes.
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Figure 4-17. The contour of pressure at three planes (from top to bottom: z = 108 inches, z = 373
inches, z = 790 inches) for the model of TISE.
Indoor air pressure contours at Plane 1 were illustrated (Fig. 4-18). Pressure-color at both
inlets were red due to being attached to the adjacent atmosphere. The pressure was quite uniform
at Plane 1 with an average of -24.3 Pa. Similar values of indoor pressure were also observed from
the contours at Plane 2 (Fig. 4-19) where average indoor pressure was -24.2 Pa. Indoor pressure
at Plane 3 showed similar behaviors except for the location where the exhaust fan existed (Fig. 420). The static pressure was brought up drastically close to the fan. The white region at the fan
area suggested the magnitude of static pressure was higher than -30 Pa and up to -56 Pa.
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Figure 4-18. Indoor pressure contours at Plane 1 for the model of TISE.

Figure 4-19. Indoor pressure contours at Plane 2 for the model of TISE.

Figure 4-20. Indoor pressure contours at Plane 4 for the model of TISE.
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4.5 Ammonia-contaminant circulation analysis
The circulation of ammonia as an air contaminant was also simulated to assess the
ventilation performance. Contours of ammonia mass fractions in the computational domain were
illustrated at three planes (Fig. 4-21). The scale of contours was clipped to a range of mass
fraction between 0 and 0.03 to show detail of the findings. Since ammonia-contaminant was
introduced inside the hen house at the ventilation inlet, there was no ammonia in the outdoor
atmosphere except for at the fan exhaust in Plane 3. Indoor ammonia mass fraction was generally
0.01 to 0.02 for three planes.

Figure 4-21. Ammonia mass fraction contours at three planes (from top to bottom: z = 108 inches,
z = 373 inches, z = 790 inches) for the model of TISE.
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Indoor ammonia mass fraction contours at Plane 1 were created to visualize the
circulating behavior (Fig. 4-22). The white region at the left inlet (at the surrounding wall)
suggested the mass fraction was greater than 0.03, while there was no ammonia-contaminant
(dark blue) at the right inlet. A value of 0.017 was reported for the average indoor ammonia mass
fraction at Plane 1. The left portion of the house presented warmer, higher-contamination colors
(green and yellow) than the right portion (blue and dark blue). In addition, approximately three
quarters of the entire Plane was filled with colors indicating mass fractions ranging between
0.015 to 0.02.

Figure 4-22. Indoor ammonia mass fraction contours at Plane 1 for the model of TISE.
At Plane 2 the average ammonia mass fraction was 0.016. The contours suggested the left
portion of the house tended to have greater ammonia compared to the right portion (Fig. 4-23).
From the middle of the house to the left, the level of ammonia was observed as approximately
0.015 to 0.025. However, the ammonia mass fraction was between 0.006 to 0.015 for the rest of
the house (Fig. 4-23). The coldest color (light blue) at the plane was found at the ceiling of the
right side where the fresh air inlet may have had an impact.
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Figure 4-23. Indoor ammonia mass fraction contours at Plane 2 for the model of TISE.
Ammonia mass fraction contours at Plane 3 (Fig. 4-24) indicated the level ranged
between 0.006 and 0.018 with an average of 0.016. The contours implied a slightly higher level of
ammonia-contaminant on the left side of the house (from the nest-boxes area) compared to the
rest of the house. In general, ammonia level was relatively uniform at Plane 3.

Figure 4-24. Indoor ammonia mass fraction contours at Plane 3 for the model of TISE.

4.6 Animal zone analysis
To assess the performance of a ventilation system for hen houses, evaluating indoor air
conditions at the animal level is of great importance. In this study, five separate zones were
created to characterize the parameters at the animal level. Although Zone-1 and 5, and Zone-2
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and 4, are symmetric to each other, their simulated outputs may be heterogeneous due to the
variation in airflow patterns that have been discussed in the chapter.
A thorough statistical analysis suggested that, for all parameters, the effects of plane,
animal zone, and the interaction of plane and zone were statistically significant. The results of
four ANOVA procedures, corresponding to data sets achieved from the simulation, are
summarized in Table 4-1. For each parameter, the p-value corresponding to each factor was so
small that the null hypothesis would be rejected at any sensible significance. Because each factor
was verified statistically significant for the simulation results, it is natural to discuss whether any
pairwise differences exist. Therefore, Tukey’s multiple comparison procedure was used (Kutner
et al., 2004).
Table 4-1. Analysis of variance (ANOVA) of air speed, temperature, pressure, and ammoniacontaminant mass fractions from five animal-zones at three planes for the model of TISE.
Parameter
Air speed

Temperature

Pressure

Ammonia

Factor
Plane
Zone
Plane x Zone
Residuals
Plane
Zone
Plane x Zone
Residuals
Plane
Zone
Plane x Zone
Residuals
Plane
Zone
Plane x Zone
Residuals

df
2
4
8
25856
2
4
8
25856
2
4
8
25856
2
4
8
25856

Sum of Squares
109
52
120
295
36403
24476
22437
590049
218
2604
36
291
0.02
0.09
0.03
0.02

Mean Square
55
13
15
0.01
18202
6119
2805
23
109
651
5
0.01
0.009
0.02
0.004
7 e-7

F-Value
4776
1148
1316

Pr (>F)
< 2.2 e-16
< 2.2 e-16
< 2.2 e-16

798
268
123

< 2.2 e-16
< 2.2 e-16
< 2.2 e-16

9716
57931
396

< 2.2 e-16
< 2.2 e-16
< 2.2 e-16

13061
33665
5985

< 2.2 e-16
< 2.2 e-16
< 2.2 e-16
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Air speed varied at different zones and different planes as illustrated in Fig. 4-25.
Statistical significance of the pair-wise difference was evaluated using the Tukey’s multiple
comparison method. Zone-3 was observed to have the highest air speeds at Plane 1, compared to
the other four zones. Zone-1 and Zone-2 at Plane 1 had quite similar average air speeds with no
statistically significant difference, which were also the lowest of the five animal-occupied zones
(Fig. 4-25).
At Plane 2, Zone-2 was observed with the highest value of air speeds, while Zone-5 was
the lowest. Average air speeds at Zone-3 and Zone-4 were not statistically different, but they
experienced the second highest velocities within Plane 2 (no ventilation features).

Figure 4-25. Average air speeds of five zones at three planes for the model of TISE. Error bars
indicate standard deviations of data points in each zone. Cross bars indicate no statistically
significant differences are found at 95% family-wise confidence level for the comparison.
Otherwise, the difference is statistically significant.
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Within Plane 3 the highest average air speed was found in Zone-5, which may be
explained by the influence from the exhaust fan. In addition, a large standard deviation was
observed with the air speed data of Zone-5 for the same reason. Air speeds from Zone-2 and
Zone-4 had no statistically significant differences. Air speed from Zone-3 was slightly lower than
that of Zone-5. Zone-1 had the lowest average air speed at Plane 3.
The average air speed from the same zone, yet at different planes was compared and
analyzed. Because the existence of incoming air jets at Plane 1, Zone-1 tended to have the highest
average air speeds compared to that of Plane 2 and 3. Although no ventilation features were
included at Plane 2, Zone-2, Zone-3, and Zone-4 in the middle of the house had the highest
average air speeds indicating sufficient air circulations at this plane. Zone-5 had the largest air
speed at Plane 3 due to the influence from the nearby fan.
The temperature pattern of each zone was affected by airflow patterns within each plane.
Statistical analyses demonstrated some temperature differences had no statistical significance
(Fig. 4-26). The temperature at Zone-3 was the lowest at Plane 1 while the average temperature of
the other four zones were not statistically different (Fig. 4-26). Zone-2 was observed with the
lowest temperatures on average at Plane 2, while the highest value was found in Zone-5. The
findings at Plane 2 provided evidence that the airflow in the middle of the house was more
vigorous along the two sides. However, at Plane 3 Zone-5 had the highest average temperature as
the warm air inside the house was exhausted from the fan. Temperatures of Zone-1 were the most
consistent among the three planes.
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Figure 4-26. Average temperatures of five animal-occupied zones at three planes for the model of
TISE. Error bars stand for standard deviations of data points in each zone. Cross bars indicate no
statistically significant differences are found at 95% family-wise confidence level for the
comparison. Otherwise, the difference is statistically significant.
Indoor static pressure at animal levels was also averaged and compared. The pressure
output at all five zones was quite similar (Fig. 4-27). Small standard deviations were found for
each zone at different planes. Although the statistical analysis suggested the difference between
each comparison was statistically significant, the magnitude of difference was small. In general,
the indoor static pressure range was between -24 to -26 Pa over all five zones at three planes,
which falls in the normal range of static pressure difference for a negative pressure ventilation
system (Fabian, 2016a).
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Figure 4-27. Average static pressure of five zones at three planes for the model of TISE. Error bars
stand for standard deviations of data points in each zone. Cross bars indicate no statistically
significant differences are found at 95% family-wise confidence level for the comparison.
Otherwise, the difference is statistically significant.
Average mass fractions of ammonia-contaminant and standard deviations were calculated
and plotted (Fig. 4-28). The data of mass fractions had small variations in general. At Plane 1,
Zone-3 had the highest ammonia contamination, which was slightly higher than that of Zone-2.
Zone-5 at Plane 1 had the lowest ammonia level, indicating the right portion of the house was less
contaminated. At Plane 2, small differences were found between the ammonia level of Zone-1,
Zone-2, and Zone-3. The highest mass fraction was found from Zone-3. The lowest level of
ammonia at Plane 2 was observed from Zone-5, and the level of Zone-4 was slightly higher than
that of Zone-5. These findings implied the right portion obtained less contamination, generally.
Zones followed this pattern at Plane 3, although the ammonia level of Zone-5 was relatively high
due to the exhaust fan’s function. Since the left inlet introduced ammonia to the house, the
ammonia level at Plane 1 was the highest for each zone mostly except for Zone- in Plane 3 with
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the exhaust fan. This is consistent with the anticipated air flow path of ammonia-contaminant
from where it was introduced at the left inlet, mixing through the house and finally to exhaust.

Figure 4-28. Average ammonia mass fractions of five zones at three planes for the model of TISE.
Error bars stand for standard deviations of data points in each zone. Cross bars indicate no
statistically significant differences are found at 95% family-wise confidence level for the
comparison. Otherwise, the difference is statistically significant.
Based on interpretations of simulation results and follow-up analyses, the model of TISE
was able to provide sufficient airflows inside the hen house. Circulations can be observed by
velocity contours throughout the house at different planes. Data from five zones proved that the
average air speed was around 0.26 m/s (51 ft/min) at the bird level for all three planes.
Temperature distributions inside the house were analyzed by visualizing temperature contours.
The temperature uniformity of the majority of the hen house was excellent. Indoor temperatures
at the animal levels had small variations and fell within the range of 18 to 24 °C, which was
comfortable for birds even on a freezing day with ventilation rate on the high-end of the
recommended minimum ventilation range. Static pressure of the hen house was stable and

97
uniform with an average about -25 Pa, implying the negative ventilation scheme should be
functioning well. For the study of ammonia-contaminant circulation, a pattern revealed the
ammonia level at the left portion of house (Zone-1 and Zone-2) ,where the contaminant was
introduced, was 28.5% higher than that of the right portion (Zone-4 and Zone-5) on average.
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Chapter 5

Simulating an Alternative Ventilation Configuration: Mid-Wall Inlet; Ceiling
Exhaust (MICE)

5.1 Model development and simulation

5.1.1 Model development
The model of a floor-raised hen house with mid-wall inlet, ceiling exhaust (MICE), was
developed based on the target hen house using ANSYS-DesignModeler (Fig. 5-1). The house was
equipped with an alternative ventilation system that has inlets positioned mid-way up the
sidewall, rather than being at eave junction, and an exhaust fan with duct in the ceiling, rather
than being the more common sidewall exhaust location.

Figure 5-1. The model of a floor-raised hen house with an alternative ventilation design MICE.
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The inlets similar in construction to those used in the conventional ventilation design,
TISE, with two changes. Inlets are positioned with the base 1.5 m (60 inches) above the floor and
have a wall-plate at the top (Fig. 5-2) to direct incoming air horizontally from the inlet opening
baffle. The exhaust fan of MIRE was positioned at the middle of the ceiling cross section at Plane
3. Note that the fan zone has an attached duct whose length is 2.9 m (112.5 inches). Only half of
the fan was drawn to take advantage of symmetry in a full-scale 1/8 house (Fig. 5-3).

Figure 5-2. A close-up view of the geometry of an inlet for the model of MICE.

Figure 5-3. A view of full computational domain of the model of MICE.
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5.1.2 Meshing
For the model of MICE, the total volume was approximate 60,000 m3. The maximum
volume of a cell generated in ANSYS-Meshing was 21.3 m3, and the minimum was 1.4 e-6. The
maximum face area was 17.5 m2, and the minimum face was 1.7 e-4 m2. A total number of
12,445,452 cells were generated, including 25,286,759 faces, and 2,661,111 nodes (Fig. 5-4 to 56). The average skewness of mesh was 0.21 for MICE. The maximum value of skewness was
0.78 after being improved in ANSYS-Fluent. Therefore, the mesh quality was satisfactory and
ready for calculating (ANSYS, 2009; Seo et al., 2012; Piscia et al., 2012).

Figure 5-4. Overall meshes of the full computational domain of the model of MICE.
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Figure 5-5. The mesh of the hen house in the model of MICE.

Figure 5-6. The mesh at the right-sidewall in the model of MICE.

5.1.3 Simulation process
The fan zone used in the model of MICE was highlighted in Fig. 5-7 The hub and the tip
radius of the fan was set 5 and 46 cm (2 and 18 inches), respectively. The thickness of the fan was
defined 8 cm (3 inches) for the model of MICE. The inflection point was set as default with a
value of 0.83. Operating angular velocity was defined 60 rad/s. A constant value of 20 Pa was
adopted to define the pressure jump for the fan since the simulated ventilation rate was 1.93 m3/s
(4089 ft3/min), which fell in the desired range for the hen house. Other than the fan settings, all
the other boundary condition settings were consistent with the previous simulation.
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Figure 5-7. The location of the fan in the model of MICE.
After hybrid initializing, 2500 iterations of calculations were completed to receive the
convergence of each residual. A plot indicating the converging behavior of each residual is shown
in Fig. 5-8. The residual of energy reached a level of 10-7. Residuals associated with momentum
equations reached the level of 10-5 to 10-4. Residuals regarding turbulence models reached the
level of 10-4. In addition, the residual for species transportation equation reached the level of 10-5.
The residual of continuity equation was maintained at the level of 10-2 as it was the hardest one to
get converged.
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Figure 5-8. The relationship between the magnitude of residuals versus iterations of calculation for
the model of MICE.

5.2 Air velocity analysis
Airflow at selected locations inside and outside the hen house was visualized with the aid
of velocity contours (Fig. 5-9). The location of the selected plane and an overview of indoor
airflows were illustrated (Fig. 5-10). The same scale (0 – 5 m/s) was used for evaluating the air
speed. Most of the atmosphere velocity-color was green, indicating a wind speed of 2m/s, though
obstruction to airflow from the hen house was obvious. Red color was found in the entire duct
where the indoor air was exhausted through the fan. Although some light blue areas can be found
inside the house, it is difficult to visualize indoor airflow pattern details.
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Figure 5-9. The contour of air velocity magnitudes at three planes (from top to bottom: z = 108
inches, z = 373 inches, z = 790 inches) for the model of MICE.

Figure 5-10. Three selected planes and overall airflows inside the hen house for the model of MICE.
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Therefore, air velocity vectors were created to visualize the patterns of indoor air
movements at Plane 1 (Fig. 5-11). Two strong air jets with speeds around 1.5 m/s were observed
from both inlets, and their magnitudes decreased gradually as both approaching the center of the
house. Circulating air was observed in the entire house, especially at the central area above the
nest-boxes. Some airflows were observed moving in directions outside the evaluation Plane as
smaller arrows indicated.

Figure 5-11. Indoor air velocity vectors for the model of MICE at Plane 1.
A plot of air velocity vectors was also created to visualize patterns of indoor airflow at
Plane 2 (Fig. 5-12). Airflows with high magnitudes (light blue colors) were found at the upper left
corner, and the right portion in the house between the nest-boxes and the sidewall. Although no
direct incoming air was introduced at this plane, strong airflows implied the air circulation should
be quite vigorous inside the house. In addition, obvious circulating air can be found throughout
the house.
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Figure 5-12. Indoor air velocity vectors for the model of MICE at Plane 2.
Airflow patterns inside the hen house at Plane 3 were also analyzed with the plot of
velocity vectors (Fig. 5-13). The magnitude equal to and greater than 5m/s was observed in most
of the duct and the fan, excluding the small area close to the wall in both regions. At the center of
the house, air speed increased gradually from bottom to top due to the fan’s influence. A clear
direction of air movements was observed towards the ceiling of house. After bouncing from the
ceiling, circulating air was observed at the left sidewall and a location close to the ceiling at the
right side of the house.
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Figure 5-13. Indoor air velocity vectors for the model of TISE at Plane 3.

5.3 Temperature analysis
Temperature contours were created at three planes to visualize the distribution of
temperatures in the entire computational domain (Fig. 5-14) with a color legend ranging between
0 and 28 °C. The atmosphere was observed full of dark blue, indicating a value of 0 °C. Due to
the assumption of ideal insulation for the hen house, the outside air surround the house was not
heated up by the house. Indoor area was observed with colors of a combination of yellow and
green. A light blue area can be found from the duct of the house at Plane 3 and disappeared in the
dark blue gradually, which indicated warm air from the hen house was exhausted to ambient air
and dissipated in the atmosphere quickly.
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Figure 5-14. The contour of temperatures at three planes (from top to bottom: z = 108 inches, z =
373 inches, z = 790 inches) for the model of MICE.
The indoor temperature contours at Plane 1 suggested the incoming air from both inlets
introduced cold air to the house (Fig. 5-15). Each inlet was fully filled with dark blue freezing air,
while trajectories of light blue and dark green were observed from both inlets, representing
incoming cooler air jets. The colder airflow dropped towards the ground as it mixed with the
warm air heated by birds. Therefore, the green color temperature turned to yellow then being hard
to distinguish any temperature pattern as the house appears fairly uniform.
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Areas close to both sidewalls tended to have higher temperatures since the incoming air
jet didn’t reach those areas directly. Few areas of red and orange can be found close to the
sidewall, indicating the temperature was over 20 °C.

Figure 5-15. Indoor temperature contours at Plane 1 for the model of MICE.
Because the birds were the only sources of heat in the house, and there was no
conduction heat loss, relatively higher temperatures were observed at Plane 2 (Fig. 5-16) than in
Plane 1. At the nest-boxes area and areas close to both sidewalls, the temperature was over 24 °C.
Although there was no inlet at Plane 2, an obvious green, cooler temperature area was seen at the
right portion of the house from the right sidewall to the ground, indicating the temperature was
between 12 and 16 °C. This finding was coincident with velocity features observed in Fig. 5-12
as an evidence of strong fresh air circulations inside the house.
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Figure 5-16. Indoor temperature contours at Plane 2 for the model of MICE.
The indoor temperature contours at Plane 3 (Fig. 5-17) showed warmer air temperatures
at both sides of the house. Temperatures over 20 °C (yellow) were observed in both litter areas
(close to the sidewall) and the space above the litter area. At the center area of the house, the
temperature tended to be lower as implied by the green color. The uniform color inside the fan
and the duct indicated the temperature was quite consistent there with a value about 18 °C at
exhaust.

Figure 5-17. Indoor temperature contours at Plane 3 for the model of MICE.
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5.4 Pressure analysis
Static pressure was analyzed by creating contours at three planes (Fig. 5-18). The scale
of gauge pressure was set from -30 to 0 Pa for evaluation since the indoor pressure was supposed
to be negative due to the type of ventilation (exhaust). Blue pressure regions represented the
indoor area were evaluated. Pressure of the outdoor environment was affected by the wind
interaction with the hen house, which was reasonable. The fan exhaust duct was filled with red
and orange, indicating the pressure varied between -5 to 0 Pa in general. However, more specific
contours were indispensable for thorough views of pressure changes inside the house.

Figure 5-18. The contour of pressure at three planes (z = 108 inches, z = 373 inches, z = 790 inches)
for the model of MICE.
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Contours of indoor pressure at Plane 1 are depicted in Fig. 5-19 based on simulation
results. Pressure at both inlets was positive because the air was adjacent to outdoor atmosphere.
In general, the distribution of indoor pressure was quite uniform. Similar patterns were also
observed from the simulated results for indoor pressure at Plane 2 (Fig. 5-20). In general, the
static pressure was maintained at a range between -23 to -21 Pa, which fell in the normal range
for a hen house (Fabian, 2016b).

Figure 5-19. Indoor pressure contours for the model of MICE at Plane 1.

Figure 5-20. Indoor pressure contours for the model of MICE at Plane 2.

113
A plot of pressure at Plane 3 suggested a similar pattern with that of the other two planes
except for the fan zone (Fig. 5-21). Here, the static pressure decreased drastically closer to the fan
at the blue color (-30 Pa) and into the white region that had magnitudes of static pressure up to 59 Pa. The static pressure within the duct became less negative gradually, and the static pressure
was close to 0 Pa near the duct exit.

Figure 5-21. Indoor pressure contours for the model of MICE at Plane 3.

5.5 Ammonia circulation analysis
The circulation of ammonia as a contaminant inside the house was analyzed for the
model of MICE. Firstly, mass fraction contours illustrating the distribution of ammonia were
created at three selective planes (Fig. 5-22). The scale was set with a range from 0 to 0.03 for
easier visualization. The entire atmosphere had zero ammonia at Plane 1 and 2, which was
completely dark blue as expected. However, some ammonia was exhausted into the ambient air
through the fan and the duct, which can be observed at Plane 3. Ammonia level inside the house
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varied slightly at three planes by viewing Fig. 5-22. Green and light blue areas can be observed
for Plane 1 and 2, although the blue area was a bit greater at Plane 1. At Plane 3, there was an
obvious yellow area at the left portion of the house, indicating higher level of ammonia. To be
precise, it is necessary to view the data using indoor ammonia contours from each plane.

Figure 5-22. Ammonia mass fraction contours at three planes (from top to bottom: z = 108 inches,
z = 373 inches, z = 790 inches) for the model of MICE.
The mass fraction contour of ammonia inside the house at Plane 1 is shown in Fig. 5-23.
Because the scale of contour was clipped to a range of mass fraction value between 0 to 0.03, the
white region at the left inlet suggested a region with a value of mass fraction greater than 0.03
where the ammonia mass fraction was introduced at a value of 1.
At Plane 2, the left portion of the house tended to have higher levels as most of the area
was green (Fig. 5-24), indicating the mass fraction was around 0.015. Nonetheless, there was a
small yellow area at the upper left corner of the house, implying an ammonia level of 0.02,
approximately. While for the right portion of the house, the ammonia level was below 0.01 in
general. This evidence can also be explained by the vigorous air movement at this region.
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Figure 5-23. Indoor ammonia mass fraction contours for the model of MICE at Plane 1.

Figure 5-24. Indoor ammonia mass fraction contours for the model of MICE at Plane 2.
Ammonia levels at Plane 3 were dramatically different at the left portion versus the right
portion (Fig. 5-25). The left portion suggested the ammonia level was around 0.022 in general,
while the right portion only had ammonia around 0.01. In other words, ammonia at the left
portion doubled the concentration of the right portion, which may be explained by the influence
fromm the exhaust fan. Ammonia inside the fan and the duct showed a quite uniform distribution
that was around 0.015.
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Figure 5-25. Indoor ammonia mass fraction contours for the model of MICE at Plane 3.

5.6 Animal zone analysis
In total 25,822 data points were selected from five zones at three planes, and four
important parameters: air speed, temperature, pressure and ammonia contaminant, were analyzed
and plotted. To quantify the difference, means of parameters and standard deviations were
calculated and used for making plots. In addition, ANOVA was performed to test the statistical
significance for two factors, the plane and the zone, and their interactive effects.
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After conducting a series of ANOVA, for all parameters, the effects of plane, zone, and
the interaction of plane and zone were statistically significant. The results of four ANOVA
procedures, corresponding to data sets from the simulation, were summarized in Table 5-1. For
each parameter, the p-value corresponding to each factor was so small that the null hypothesis
would be rejected at any sensible significance. Because each factor was verified statistically
significant for the simulation results, it was natural to discuss whether any pairwise differences
exist between some comparisons. Therefore, the Tukey’s multiple comparison procedure was
used in follow-up analyses (Kutner et al., 2004).
Table 5-1. Analysis of variance (ANOVA) of air speed, temperature, pressure, and ammonia mass
fractions from five zones at three planes for the model of MICE.
Parameter
Air speed

Temperature

Pressure

Ammonia

Factor
Plane
Zone
Plane x Zone
Residuals
Plane
Zone
Plane x Zone
Residuals
Plane
Zone
Plane x Zone
Residuals
Plane
Zone
Plane x Zone
Residuals

df
2
4
8
25807
2
4
8
25807
2
4
8
25807
2
4
8
25807

Sum of Squares
39
157
72
443
26092
38326
8951
540875
36
2554
22
309
0.02
0.4
0.02
0.02

Mean Square
19
39
9
0.02
13046
9582
1119
21
18
639
3
0.01
0.1
0.1
0.003
e-6

F-Value
1126
2283
523

Pr (>F)
< 2.2 e-16
< 2.2 e-16
< 2.2 e-16

622
457
53

< 2.2 e-16
< 2.2 e-16
< 2.2 e-16

1509
53342
230

< 2.2 e-16
< 2.2 e-16
< 2.2 e-16

122495
113316
3308

< 2.2 e-16
< 2.2 e-16
< 2.2 e-16

Air speeds in each zone at different planes were plotted and compared with averages
(Fig. 5-26). Air speeds varied with zones and were also influenced by the type of planes. Zone-5
was observed with the lowest air speeds on average at Plane 1. Although the value of Zone-2 was
the highest, a high standard deviation was observed. Zone-4 and Zone-3 had the second and the
third highest speeds on average, yet both with large standard deviations. All those zones (Zone-2,
Zone-3, Zone-4) that had large standard deviations were at the center region of the house, which
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were influenced by the incoming air jets. Zone-1 had quite similar average air speeds with that of
Zone-5, which might be explained by a weak airflow at both locations according to Fig. 5-11.

Figure 5-26. Average air speeds of five zones at three planes for the model of MICE. Error bars
indicate standard deviations of data points in each zone. Cross bars indicate no statistically
significant differences are found at 95% family-wise confidence level for the comparison.
Otherwise, the difference is statistically significant.
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At Plane 2 (no ventilation feature), Zone-1, Zone-3 and Zone-5 obtained smaller air
speeds compared to the other two zones. Zone-4 was observed with the highest value of average
air speeds and the largest standard deviation due to active air movements at this region (Fig. 512). Similar to Plane 1, average air speeds at Zone-5 were observed with the smallest values.
Generally, air speeds were relatively lower at Plane 3, which can be explained by the lack
of air circulations that was observed at Fig. 5-13. In addition, Zone-1 and Zone-3 had fairly
similar air speeds with no statistical significance, which were also the lowest at Plane 3.
Air speeds at Zone-1 showed the highest magnitude at Plane 1, while the values at Plane
2 and 3 had no statistically significant difference. Zone-2 had its highest air speeds at Plane 1, and
the lowest at Plane 3. Zone-3 had a similar behavior with Zone-1, which had the highest air
speeds at Plane 1 and the lowest at both Plane 2 and 3. However, the highest average air speed of
Zone-4 appeared at Plane 2, and the lowest was Plane 3. Interesting, no statistically significant
differences were found among the means of air speeds for Zone-5 at each planes.
In general, the average temperature relatively was uniform within the animal-occupied
zones at all three planes, ranging from 19 to 25 ° C. For instance, at Plane 1 the highest average
temperature was from Zone-5 and the lowest was Zone-4. The difference between Zone-5 and
Zone-4 was 3.4° C, which was statistically significant. Some changes of temperatures at
individual zones are likely impacted from changes of airflow patterns since animal density is
uniform. Zone-5 was observed with the highest temperatures compared to the other zones at
Plane 3 because of low air speeds (Fig. 5-26). Similarly, at Plane 2, Zone-4 showed the lowest
temperatures due to higher air speeds at that location.
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Figure 5-27. Average temperatures of five zones at three planes for the model of MICE. Error bars
indicate standard deviations of data points in each zone. Cross bars indicate no statistically
significant differences are found at 95% family-wise confidence level for the comparison.
Otherwise, the difference is statistically significant.
For all five zones the temperature at Plane 1 was the lowest, compared to the other two
planes. In addition, the average temperature at Plane 3 was the highest for four of the five zones,
except for Zone-3. The value at Plane 2 was the highest for Zone-3, although the difference was
1.3 ° C.
Indoor average static pressure was also compared at each zone at three planes. Unlike
temperatures and air speeds, the static pressure within five zones was maintained at a quite stable
level, ranging between -22.5 Pa and -21.4 Pa (Fig. 5-28). Standard deviations were extremely
small for each zone’s values. However, the slight difference can be statistically significant.
Moreover, the static pressure over all five zones at three planes falls in the normal range of static
pressure for a negative pressure ventilation system (Fabian, 2016a).
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Figure 5-28. Average static pressure of five zones at three planes for the model of MICE. Error
bars indicate standard deviations of data points in each zone. Cross bars indicate no statistically
significant differences are found at 95% family-wise confidence level for the comparison.
Otherwise, the difference is statistically significant.
Averages of mass fractions of ammonia contaminant were calculated and compared at
five zones (Fig. 5-29). Mass fraction data had small variations in general. Zone-1 and Zone-2
were found with much higher contaminant than the other three zones according to the analysis at
all three planes. In other words, the left part of house was found with obviously higher mass
fractions of ammonia than the rest of the house since the source of ammonia was at the left
portion, upwind side. Additionally, for each zone, the ammonia level followed the same trend,
which was the level at Plane 1 was the lowest and the highest level was at Plane 3. The reason
might be the draw of house air toward the exhaust fan location of Plane 3. Therefore, the air of
Plane 3 was likely to have higher mass fractions of ammonia.
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Figure 5-29. Average ammonia mass fractions of five zones at three planes for the model of MICE.
Error bars indicate standard deviations of data points in each zone. Cross bars indicate no
statistically significant differences are found at 95% family-wise confidence level for the
comparison. Otherwise, the difference is statistically significant.
In summary, the model of MICE provided an airflow path from middle of sidewall inlets
to a middle of house fan exhaust compared to the TISE model where air had a more downward
flow from inlets near the eave to sidewall fan on one side. MICE had a strong performance in
maintaining sufficient fresh and house air mixing and circulations inside the hen house according
to the simulation results. Sufficient air movements were observed at different locations across the
house by providing airflows with an average speed of 0.22 m/s (43 ft/min) at the bird level, which
would not be chilling during cold weather. The temperature was maintained at a comfortable and
relatively uniform level for birds at the animal level between 19 to 25 °. In addition, the static
pressure was kept in a range of -22.5 Pa and -21.4 Pa. Both ranges were ideal for birds and
desired for a commercial layer hen house (Fabian 2016a; Fabian 2016b). Furthermore, the right
portion of the house was observed to have 40% lower mass fractions of ammonia contaminant
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than the left portion, on average, indicating a benefit in limiting disease vector transmission
throughout the hen house.
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Chapter 6

Simulating an Alternative Ventilation Configuration: Mid-Wall Inlet; Ridge
Exhaust (MIRE)

6.1 Model development and simulation

6.1.1 Model development
The model of an alternative ventilation system: mid-wall inlet, ridge exhaust (MIRE) was
developed using the ANSYS-DesignModeler (Fig. 6-1). In general, features of this ventilation
system include inlets installed at the middle of both sidewalls and exhaust fans placed at the top
of the roof ridgeline. In addition, no ceiling was included in this ventilation configuration. Inlets
are positioned at a distance of 1.5 m (60 inches) from the ground, and the exhaust fan for the 1/8th
model portion was located at the middle of the roof at a distance of 3.3 m (131 inches) above the
nest-boxes (Fig. 6-2). Note the fan has a short duct length of 1.6 m (64.5 inches). This
configuration resembles some ventilation designs more common in European construction.

Figure 6-1. The model of a floor-raised hen house with an alternative ventilation design MIRE.
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6.1.2 Meshing
For the model of MIRE, the total volume was approximate 60,000 m3. The maximum
volume of a cell generated in ANSYS-Meshing was 24.4 m3, and the minimum was 1.1 e-6. The
maximum face area was 18 m2, and the minimum face was 1.8 e-4 m2. A total number of
12,250,468 cells were generated, including 24,893,858 faces, and 2,230,834 nodes (Fig. 6-2 to 64). The average skewness of mesh was 0.22 for MIRE. The maximum value of skewness was
0.80 after being improved in ANSYS-Fluent. Therefore, the mesh quality was satisfactory and
ready for calculating (ANSYS, 2009; Seo et al., 2012; Piscia et al., 2012).

Figure 6-2. Overall meshes of the full computational domain for the model of MIRE.

Figure 6-3. The mesh of the hen house in the model of MIRE.
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Figure 6-4. The mesh at the front end in the model of MIRE.

6.1.3 Simulation process
The hub and the tip radius of the fan was set 5 and 46 cm (2 and 18 inches) for the MIRE
model. The thickness of the fan was defined 5 cm (2 inches). The inflection point was set 0.83 as
default and the operating angular velocity was defined 60 rad/s. A constant value of 16 Pa was
used to define the pressure jump for the fan as the simulation result suggested a ventilation rate of
1.96 m3/s (4153 ft3/min), which satisfied the demand for the hen house. Definitions of other
boundary conditions were consistent with the other models.

Figure 6-5. The location of the fan zone in the model of MIRE.
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After hybrid initializing, 2500 iterations of calculations were completed to receive the
convergence of each residual. A plot indicating the converging behavior of each residual was
created (Fig. 6-6). The residual of energy reached a level of 10-7. Residuals associated with
momentum equations reached the level of 10-5 to 10-4. Residuals regarding turbulence models
reached the level of 10-4 to 10-3. In addition, the residual for species transportation equation
reached the level of 10-5. The residual of continuity equation was maintained at the level of 10-2 as
it was difficult to reach steady convergence.

Figure 6-6. A plot reflects the relationship between the residual versus the iterations of calculation
for the model of MIRE.
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6.2 Air velocity analysis
Contours of air velocity and vectors were created to visualize airflow patterns. With the
assistance of three planes, airflow at locations inside and outside the house can be evaluated and
analyzed with respect to ventilation features.
The same scale was used for visualizing the magnitude of air velocity within the entire
computational domain at three selective planes (Fig. 6-7). The location of the selected plane and
an overview of indoor airflows were illustrated (Fig. 6-8). Most of the atmosphere was illustrated
with air speeds of 2 m/s except for some regions influenced by the house. Most dark blue regions
of slowing air velocity were located at the downwind side, and a small area in front of the house.
The light green and yellow region was found at the top of the house indicating this region had a
higher air speed, greater than 2 m/s. Red regions at the exhaust fan duct suggested high air speeds
and quickly dissipated in the ambient air. Although some indoor airflows with higher speeds can
be seen from Fig. 6-7, air velocity vector contours were necessary to visualize the patterns with
details.
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Figure 6-7. The contour of air velocity magnitudes at three planes (from top to bottom: z = 108
inches, z = 373 inches, z = 790 inches) for the model of MIRE.

Figure 6-8. Three selected planes and overall airflows inside the hen house for the model of MIRE.
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Two strong air jets were observed from both inlets at Plane 1 by visualizing the velocity
vectors (Fig. 6-9). Air velocity magnitudes decreased gradually as both incoming jets approached
the center of house. The air jet at the left side tended to travel a longer distance before reaching
the ground compared to the right one. Various air circulations formed throughout the house,
especially at the center region where two large air circulations mixed with each other.

Figure 6-9. Indoor air velocity vectors at Plane 1 for the model of MIRE.
Indoor airflow patterns at Plane 2 were illustrated by plotting air velocity vectors (Fig. 610). Although there was no incoming air from the inlet directly, strong airflows were observed at
the left portion of the house, which had long trajectories from the left sidewall to the nest-boxes.
After the airflow reached the nest-boxes area, it moved upwards and formed circulations. In
addition, vigorous air circulations were also observed at the right portion of the house. Small
arrows indicate lateral air flow direction out of this plane into neighboring plane along the center
of most circulations.
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Figure 6-10. Indoor air velocity vectors at Plane 2 for the model of MIRE.
Indoor air velocity vectors at Plane 3 were also plotted to analyze the airflow patterns
(Fig. 6-11). The magnitude equal to and greater than 5m/s was observed in most of the duct and
the fan, excluding the small area close to the wall in both regions. At the center, top of the house,
air speeds increased gradually at the fan region. A clear pattern showed air movements towards
the top of the house because of the air flow path and driving force from the exhaust fan.
Interestingly, no obvious circular or swirling air circulations were observed at this exhaust fan
plane 3.
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Figure 6-11. Indoor air velocity vectors at the Plane 3 for the model of MIRE.

6.3 Temperature analysis
Plots of temperature contours have been created in three planes to visualize the
distribution of temperatures for the model of MIRE (Fig. 6-12). The same scale of color legend,
ranging between 0 and 28 °C, was employed to visualize the magnitude of temperatures. The
entire region outside the house was dark blue at Plane 1 and 2 because the atmospheric
temperature was set 0 °C and the house was assumed ideally insulated. Indoor air exhausted from
the fan was observed at Plane 3, and the color change suggested the exhausted air resolved in the
atmosphere gradually.
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Figure 6-12. Temperature contours at three planes (from to bottom: z = 108 inches, z = 373 inches,
z = 790 inches) for the model of MIRE.
Indoor temperature contours at Plane 1 (Fig. 6-13) showed the cold air was introduced
from both inlets. The light blue trajectory represented the path of each incoming air jet. The color
of the incoming air jet turned green completely after reaching the center region. Temperatures at
the bird level close to two sidewalls showed relatively high values, which was between 20 and 25
°C approximately. However, temperatures at the bird level in the middle of the house was
affected by incoming cooler air.
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Figure 6-13. Indoor temperature contours at Plane 1 for the model of MIRE.
The distribution of indoor temperature at Plane 2 varied with different locations (Fig. 614). Relatively higher temperatures were observed at the center area due to the lack of circulating
cooler air. However, there were obvious green temperature regions found at both sides of the
house. Moreover, these green regions were coincident with airflows shown in Fig. 6-12. One
explanation is the cold air at Plane 2 was circulated from neighboring inlets.
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Figure 6-14. Indoor temperature contours at Plane 2 for the model of MIRE.
The indoor temperature distribution at Plane 3 showed that warmer temperatures were
accumulated at the right corner of the house due to the heat generated from birds (Fig. 6-15).
Similarly, the region close to left sidewall were filled with yellow, orange and red temperature
colors. At this plane, the red color was easily observed at the surface of an individual bird model
indicating the body temperature. Due to the air movement towards the ridge exhaust fan, warmer
air was brought up, especially along two sidewalls where air seemed to travel laterally along the
model house.
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Figure 6-15. Indoor temperature contours at Plane 3 that has the exhaust fan in the model of MIRE.

6.4 Pressure analysis
Pressure was analyzed by creating contours of gauge pressure at three planes (Fig. 6-16)
The scale set at -30 to 0 Pa for interpretations of static pressure magnitudes. The atmosphere was
mostly red color pressure at 0 Pa except for some regions that were affected by the house
blocking wind airflow. Indoor areas were largely light blue, indicating values around -20 Pa. All
three planes seemed to have uniform indoor static pressure, except for the duct region at Plane 3.
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Figure 6-16. Pressure contours at three planes (z = 108 inches, z = 373 inches, z = 790 inches) for
the model of MIRE.
Contours of indoor pressure at Plane 1 showed atmospheric pressure at both inlets and the
distribution of indoor pressure was quite uniform (Fig. 6-17). Similar uniformity of indoor
pressure was also observed from the indoor pressure contours at Plane 2 (Fig. 6-18). Simulated
gauge pressure at Plane 3 (Fig. 6-19) suggested a similar pattern with that of the other two planes.
However, the magnitude of static pressure increased inside the fan zone up to 75 Pa, which was
illustrated in the white region. Also, the duct area was found with decreasing magnitudes of static
pressure until the value became zero atmospheric at the exit. In general, the static pressure was
within a range between -23 to -18 Pa for most indoor regions at three planes excluding the inlet,
the fan, and the duct.

138

Figure 6-17. Indoor static pressure at Plane 1 for the model of MIRE.

Figure 6-18. Indoor static pressure at Plane 2 for the model of MIRE.
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Figure 6-19. Indoor static pressure at Plane 3 for the model of MIRE.

6.5 Ammonia circulation analysis
Contours of ammonia contaminant mass fractions at three planes were used to assess
ventilation performance for the model of MIRE (Fig. 6-20). Because the source of ammonia was
provided at the surrounding walls of upwind inlets, there was no outdoor atmospheric ammonia
except for Plane 3 where some ammonia was exhausted from the hen house by the fan and
resolved in the ambient air gradually. Indoor regions were observed with large green and yellow
mass fraction areas in Planes 1 and 2 at 0.015 to 0.022 approximately. However, the right portion
of the house was filled with light blue, low mass fraction at Plane 3. Thereby, detailed
illustrations were needed for analyzing indoor circulations of ammonia.
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Figure 6-20. Ammonia mass fraction contours at three planes (from top to bottom: z = 108 inches,
z = 373 inches, z = 790 inches) for the model of MIRE.
Indoor ammonia mass fraction contours at Plane 1 were created to visualize the simulated
circulation of ammonia inside the hen house (Fig. 6-21). The surrounding wall of the left inlet
was assumed the source of ammonia with the concentration of 100%. Therefore, small white
areas were observed at the inlet since the color scale was clipped to 0.03. In addition, most of the
left portion in the house was dominated by mass fraction scale of yellow. The incoming ammonia
contaminated air plume was flat nearer the inlet then dropped when it became closer to the center
region. The plume was red within the inlet, then orange when entered the house and turned
yellow before blending into the house air. The right portion of the house was a less contaminated
green, in general, indicating less mixing of contamination on this side of the hen house A plume
of light blue fresh air with little contaminant was observed from the right inlet, indicating the
ammonia level was about 0.008. This observation demonstrated that fresh air without ammonia
was introduced from the inlet at the right side, which was one of the reasons why the left portion
of the house was less contaminated.
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Figure 6-21. Indoor ammonia mass fraction contours at Plane 1 for the model of MIRE.
Indoor ammonia level at Plane 2 had similar patterns with Plane 1 (Fig. 6-22). By
reviewing the mass fraction contour, regions from the nest-boxes to the right side wall were filled
with green, suggesting the mass fraction of ammonia was approximate 0.015. However, a plume
was found close to the left sidewall. The trajectory of the plume implied a downward trend, which
was consistent with the observations from Fig. 6-12 and Fig. 6-16. The higher ammonia mass
fraction near the left sidewall region was likely caused by the contaminated air introduced from
neighboring inlets and the air circulation.
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Figure 6-22. Indoor ammonia mass fraction contours at Plane 2 for the model of MIRE.
The circulating behavior of ammonia at Plane 3 was similar to that of Plane 2. The mass
fraction contour suggested higher levels of ammonia at the left portion of the house compared to
the right portion (Fig. 6-23). Although no plumes were noticed at Plane 3, a large yellow
contamination region was found between the nest-boxes and the left litter area. The yellow region
expanded upwards and reached the roof due to the upward airflows illustrated in Fig. 6-13.
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Figure 6-23. Indoor ammonia mass fraction contours at Plane 3 for the model of MIRE.

6.6 Animal zone analysis
In total 25,597 data points were analyzed from five zones at three planes for parameters
of air speed, temperature, pressure and the ammonia level. To characterize the difference, means
of parameters and standard deviations were calculated and used for data visualization. In addition,
a series of ANOVA were performed to test the statistical significance for the plane, the zone, and
their interactive effects on those four parameters.
The results of four ANOVA procedures, corresponding to data sets achieved from the
simulation, were summarized in Table 6-1. For each parameter, the p-value corresponding to each
factor was so small that the null hypothesis would be rejected at any sensible significance.
Because each factor was proved statistically significant for the simulation outputs, it was natural
to discuss whether any pairwise differences exist between comparisons. Therefore, the Tukey’s
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multiple comparison procedure was used in follow-up analyses (Kutner et al., 2004). Because the
size of the data set was quite large, many differences were statistically significant.
Table 6-1. Analysis of variance (ANOVA) of air speed, temperature, pressure, and ammonia mass
fractions from five zones at three planes for the model of MIRE.
Parameter
Air speed

Temperature

Pressure

Ammonia

Factor
Plane
Zone
Plane x Zone
Residuals
Plane
Zone
Plane x Zone
Residuals
Plane
Zone
Plane x Zone
Residuals
Plane
Zone
Plane x Zone
Residuals

df
2
4
8
25582
2
4
8
25582
2
4
8
25582
2
4
8
25582

Sum of Squares
145
145
60
602
36922
23928
14423
571683
6
2649
22
383
0.03
0.3
0.02
0.02

Mean Square
72
36
7.5
0.02
18461
5982
1803
22
3
662
3
0.01
0.1
0.09
0.002
e-6

F-Value
3075
1544
319

Pr (>F)
< 2.2 e-16
< 2.2 e-16
< 2.2 e-16

826
268
81

< 2.2 e-16
< 2.2 e-16
< 2.2 e-16

194
44286
184

< 2.2 e-16
< 2.2 e-16
< 2.2 e-16

14494.3
90848
2524

< 2.2 e-16
< 2.2 e-16
< 2.2 e-16

In Plane 1, Zone-5 had the lowest average air speed of 0.13 m/s with the smallest
standard deviation compared to the other four zones (Fig. 6-24). Air speeds of Zone-4 was the
highest at Plane 1 on average (0.45 m/s). Large standard deviations were observed from Zone-2,
Zone-3, and Zone-4, which indicated the influence from incoming air jets. Zone-2 tended to have
the second highest average air speed of 0.30 m/s and was slightly higher than that of Zone-3 (0.26
m/s). The air speed of Zone-1 was 0.24 m/s, which was slightly higher than Zone-5 and the
standard deviation was relatively small.
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Figure 6-24. Average air speeds of five zones at three planes for the model of MIRE. Error bars
indicate standard deviations of data points in each zone. Cross bars indicate no statistically
significant differences are found at 95% family-wise confidence level for the comparison.
Otherwise, the difference is statistically significant.
At Plane 2, Zone-1 had the smallest standard deviation compared to the other zones. The
average air speed of Zone-1 was 0.17 m/s, which was the lowest. Zone-2 was observed with the
highest value of average air speeds (0.43 m/s) and the largest standard deviation. The air speed of
Zone-4 was the second highest with a value of 0.41 m/s. The average air speed at Zone-3 was
0.27 m/s, which was slightly higher than that of Zone-5 (0.22 m/s).
However, average air speeds of five zones were relatively uniform at Plane 3. Even the
standard deviations were smaller compared to the other two planes. Zone-3 had the highest
average air speed of 0.20 m/s. Values of Zone-3 and Zone-4 were similar around 0.18 m/s with no
statistically significant difference. Zone-1 had a slightly higher average air speed (0.13 m/s)
compared to Zone-5, which was observed the lowest average air speed.
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The comparison of air speed in each animal-occupied zone at all three planes was
performed. Zone-1 and Zone-4 had the highest average air speed at Plane 1. For Zone-2, Zone-3,
and Zone-5, the highest values were at Plane 2. These findings suggest airflows of all zones were
quite vigorous at Planes 1 and 2. The smallest value of average air speed was at Plane 3 for all
five zones, indicating the overall airflow at this plane was relatively slow at the bird level.
The average temperature at five zones varied between 20 °C and 26 °C (Fig. 6-25). At
Plane 1, the highest temperature was Zone-5 about 24 °C, while the lowest average temperature
was 20 °C from Zone-4. At Plane 2, the highest average temperature was 23 °C observed at
Zone-3. The value of Zone-2 was 21 °C, slightly lower than that of Zone-3, yet no statistical
significance was found. The lowest temperature at Plane 2 was observed from Zone-4, which was
20 °C. The temperature at Plane 3 was higher in general. The highest average temperature was 26
°C from Zone-5, which can be visualized at Fig. 6-14. The lowest values were found from Zone-2
an Zone-3, which both had average temperatures about 23 °C with no statistically significant
differences. For each zone, the highest temperature was at Plane 3 and this pattern could be
explained by the lower airflows at this plane and movement of air toward the exhaust point.
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Figure 6-25. Average temperatures of five zones at three planes for the model of MIRE. Error bars
indicate standard deviations of data points in each zone. Cross bars indicate no statistically
significant differences are found at 95% family-wise confidence level for the comparison.
Otherwise, the difference is statistically significant.
Indoor static pressure of five zones was also compared with average values at each plane
(Fig. 6-26). The static pressure of five zones was maintained at a quite stable level, ranging
between -22 Pa and -23 Pa with small standard deviations. Although only pressure difference that
was not statistically significant was between the Zone-5 at Plane 1 and the Zone-5 at Plane 2, that
difference r was extremely small (Fig. 6-26). In general, the static pressure from all five zones at
three planes falls within the normal range for a hen house static with a negative pressure
ventilation system (Fabian, 2016a).
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Figure 6-26. Average pressure of five zones at three planes for the model of MIRE. Error bars
indicate standard deviations of data points in each zone. Cross bars indicate no statistically
significant differences are found at 95% family-wise confidence level for the comparison.
Otherwise, the difference is statistically significant.
Average mass fractions of ammonia were calculated and compared. Similar to the
pressure outputs, data of mass fractions had fairly small standard deviations (Fig. 6-27). Zone-2
had the highest level of ammonia mass fraction at Plane 1, compared to the other four zones,
which was around 0.022. Ammonia of Zone-1 was 0.021 on average, slightly lower than Zone-2.
The lowest mass fraction was observed from Zone-4, which was about 0.014. In addition, the
level of Zone-5 was 0.016, which was slightly higher than that of Zone-4. Moreover, the
ammonia level at Plane 2 and Plane 3 had similar trends: the left two zones (Zone-1 and Zone-2)
were found with higher mass fractions of ammonia than two zones at the right side of the house
(Zone-4 and Zone-5) since the ammonia was introduced from the left side. The level of Zone-3
suggested ammonia at this region was transitioning between the left and the right portion of the
house. Therefore, large standard deviations were observed.
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Figure 6-27. Average ammonia mass fractions of five zones at three planes for the model of MIRE.
Error bars indicate standard deviations of data points in each zone. All the pair-wise differences are
statistically significant at 95% family-wise confidence level.
In summary, the model of MIRE presented its capacity to maintain a decent indoor
environment for birds. Suitable air velocities with an average of 0.25 m/s at the bird level, were
visualized through analyses at three planes. The central portion of the house received more air
circulations compared to two sides. Temperatures were maintained within the desired range for
birds (18 to 24 °C) mostly, although Zone-5 was observed with relatively higher temperature (26
°C) on average. The static pressure was maintained at -22.5 Pa on average with extremely small
variations at the bird level. The MIRE model presented a similar performance with the model of
MICE in confining the circulation of ammonia contaminant. The average ammonia mass fraction
of Zone-4 and Zone-5 was almost 60% lower than the average of Zone-1 and Zone-2.
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Chapter 7

Simulating an Alternative Ventilation Configuration: Mid-Wall Inlet; Attic
Exhaust (MIAE)

7.1 Model development and simulation

7.1.1 Model development
The model of an alternative ventilation system, named MIAE (mid-wall inlet; attic
exhaust) was developed on the basis of the target hen house using ANSYS-DesignModeler (Fig.
7-1). In general, this new ventilation system had inlets installed at the middle of both sidewalls
and the exhaust fans were placed at the top of the building. In addition, a partial ceiling was
designed to separate the hen housing area with an adjacent attic space with an2.3 m (90 inch)
opening running the along the central length of the house. This design provided an attic space for
potentially treating exhaust air prior to discharge from the facility.

Figure 7-1. The geometry of a floor-raised hen house with an alternative ventilation design MIAE.

151
Indoor air enters the attic area through the long opening, and then is exhausted through
the fan. Mid-wall inlets were located at a height of 1.5 m (60 inches) from the ground and the
exhaust fan (highlighted in yellow) was positioned at the middle of the roof ridge at a distance of
2.4 m (95.5 inches) above the nest-boxes. Note that the fan zone has an attached duct whose
length is 2.5 m (100 inches).

7.1.2 Meshing
For the model of MIAE, the total volume was approximate 60,000 m3. The maximum
volume of a cell generated in ANSYS-Meshing was 19.8 m3, and the minimum was 1.3 e-6 m3.
The maximum cell face area was 18.1 m2, and the minimum face was 2.1 e-4 m2. A total number
of 14,252,843 cells were generated, including 28,957,608 faces, and 2,597,467 nodes (Fig. 7-2 to
7-4). Note the total number of meshes was slightly greater compared to the other three models
(TISE, MICE, MIRE) because the model of MIAE was more complicated and needed additional
refinement to ensure the mesh quality. The average skewness of mesh was 0.22 with the
maximum value of 0.85 after being improved in ANSYS-Fluent. Therefore, the mesh quality was
accepted and ready for calculating (ANSYS, 2009; Seo et al., 2012; Piscia et al., 2012).
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Figure 7-2. Overall meshes of the full computational domain of the model of MIAE.

Figure 7-3. The mesh of the hen house in the model of MIAE.
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Figure 7-4. The mesh at a the front end in the model of MIAE.

7.1.3 Simulation process
For the model of MIAE, the fan zone was highlighted below (Fig. 7-5). Inputs used for
defining the fan included 5 cm (2 inches) for hub radius, 46 cm (8 inches) for top radius, and 5
cm (2 inches) for the thickness. In addition, the inflection point was set 0.83 as default. The
rotational direction was set positive with an operating angular velocity of 60 rad/s. A value of 15
Pa was adopted for the constant pressure jump for the fan of MIAE as the simulated ventilation
rate with this particular value was 1.91 m3/s (4047ft3/min), which fell in the desired range.

Figure 7-5. The location of the fan in the model of MIAE.
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A hybrid initializing method was applied, and 2500 iterations of calculations were
performed to ensure all residuals were fully converged. The residual of energy reached a level of
10-7 (Fig. 7-6). Residuals associated with momentum equations reached the level of 10-5 to 10-4.
Residuals regarding turbulence models reached the level of 10-4. In addition, the residual for
species transportation equation reached the level of 10-5. The residual of continuity equation was
maintained at the level between 10-3 and 10-2 as it was the hardest one to achieve convergence.

Figure 7-6. A plot reflects the relationship between each residual versus iterations of calculation
for the model MIAE.
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7.2 Air velocity analysis
Contours of air speeds were created to visualize airflow patterns in the computational
domain (Fig. 7-7). The location of the selected plane and an overview of indoor airflows were
illustrated (Fig. 7-8). With the assistance of three planes, airflows inside and outside the house
were evaluated and analyzed with respect to ventilation features for the model of MIAE.
The color scale used for visualizing the magnitude of air velocities ranged from 0 to 5
m/s. Upwind regions of the atmosphere at three planes showed air speeds at 2 m/s, which was
equal to the defined wind speed. Regions on top of the hen house showed higher magnitudes of
air velocities, which was roughly 3 to 3.8 m/s. Those regions with higher air speeds were
generally located above the house and expanded to the downwind side. Additionally, a
continuous dark blue region was found at the downwind side of the hen house, extending to the
right end of the domain. The speed in this narrow region was rather low, which varied between 0
to 1 m/s approximately. However, clear indoor airflows were difficult to capture just relying on
Fig. 7-7.
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Figure 7-7. The contour of air velocity magnitudes at three planes (from top to bottom: z = 108
inches, z = 373 inches, z = 790 inches) for the model of MIAE.

Figure 7-8. Three selected planes and overall airflows inside the hen house for the model of MIAE.
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At Plane 1 (Fig. 7-9), two strong air jets were observed from both inlets and their
magnitudes decreased gradually as both air jets approached the center of house (the nest-box
area). Air circulations were observed throughout the slice, including both sides of the house and
the attic space. Strong circulating air was found at the end of incoming air jets close to the nestboxes, while several circulations were observed at the corner with tiny arrows that indicating the
airflow had a direction, perpendicular out of Plane 1. In addition, circulating air inside the attic
space was observed moving downwards through the gap of the ceiling.

Figure 7-9. Indoor air velocity vectors at Plane 1 for the model of MIAE.
Another plot of air velocity vectors was created to visualize indoor airflows at Plane 2
(Fig. 7-10). From the nest-boxes to its upper left and the center of the attic space, there were
many arrows and dots with small sizes, indicating those airflow directions were outside Plane 2.
Both the left and right portion in the house had continuous light blue regions with relatively
higher velocity magnitudes. The trajectory of those faster airflows was similar to that of an
incoming air jet from an inlet, though none existed at Plane 2. One possibility was those airflows
came from neighboring inlets, which resulted in higher airflows at this plane due to circulation.

158

Figure 7-10. Indoor air velocity vectors at Plane 2 for the model of MIAE.
At Plane 3, the air speed was increased gradually moving close to the fan (Fig. 7-11). A
clear direction of air movements was observed towards the ceiling of house, which would be
explained by the influence from the exhaust fan. Air movements inside the attic tended to be
upward in general, excluding some airflows bounced back because they hit the wall of the duct.
Interestingly, few air circulations were observed at this Plane except some circulations in the attic
area.
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Figure 7-11. Indoor air velocity vectors at a two-dimensional slice that has the exhaust fan in the
model of MIAE.

7.3 Temperature analysis
Temperature contours at three planes were created to visualize the temperature
distributions in the entire computational domain for the model of MIAE (Fig. 7-12) from 0 to
28°C. The atmospheric temperature stayed at the pre-defined 0 °C expect for some ambient air
close to the duct of the house at Plane 3. A light blue plume showing relatively warmer
temperatures (4 to 8 °C roughly), was observed at the exit of the duct and blended into one with
the dark blue freezing air temperature gradually.
The indoor temperature at each plane suggested distributions of yellow or light green
temperature scale. However, plumes with different colors were found at each plane. To better
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visualize the indoor temperature distribution, indoor contours with more details were created at
each plane.

Figure 7-12. Temperature contours at three planes (from top to bottom: z = 108 inches, z = 373
inches, z = 790 inches) for the model of MIAE.
Indoor temperature contours at Plane 1 suggested that most of the house had temperatures
between 18 °C and 20 °C as Fig. 7-13 illustrated. Two plumes with low temperatures were
observed with similar trajectories of incoming air jets from both inlets at two sides. Warmer
regions were at the litter area close to both sidewalls and the nest-boxes area, especially at the
bird level. Temperatures around 22 °C were found at the upper right corner of the house.
Additionally, the entire attic space had fairly uniform temperature, which was around 20 °C.
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Figure 7-13. Indoor temperature contours at Plane 1 for the model of MIAE.
The distribution of indoor temperature at Plane 2 was illustrated in Fig. 7-14. Although
no inlets were included at this plane, two green plumes at each side of the house were observed.
The cold air was likely from ambient inlets because of strong circulating. The trajectory of each
plume was coincident with the airflow patterns observed from Fig. 7-9. Relatively higher
temperatures were observed at the nest-boxes area and both litter area close to the sidewalls. The
temperature distribution in the attic space was quite uniform with the value around 20 °C.
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Figure 7-14. Indoor temperature contours Plane 2 for the model of MIAE.
Indoor temperature contours at Plane 3 (Fig. 7-15) depicted warmer air accumulated at
the right portion of house, especially the entire region close to the sidewall. Besides, most of the
bird level had warmer temperatures. A small green, cooler temperature area was located at this
plane close to the nest box-area. Additionally, the attic space, the fan zone, and the duct space all
had similar temperatures around 20 °C.
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Figure 7-15. Indoor temperature contours at Plane 3 for the model of MIAE.

7.4 Pressure analysis
Pressure was analyzed by visualizing pressure contours of the entire computational
domain at three planes (Fig. 7-16). The atmospheric pressure color was mostly red, except for
some regions close to the hen house. The pressures of those regions were slightly negative with
magnitudes ranging between 0 to 5 Pa. The indoor space and the attic space had negative static
pressure and was fairly similar at three planes. However, the magnitude of the pressure in the fan
duct space seemed less than the rest of the house.
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Figure 7-16. Pressure contours at three planes (z = 108 inches, z = 373 inches, z = 790 inches) for
the model of MIAE.
Contours of indoor pressure at Plane 1 are depicted at Fig. 7-17 based on simulation
results. Pressure at both inlets were positive since they were attached to the adjacent atmosphere.
The distribution of indoor pressure was quite uniform. Similar patterns were also observed from
the simulated results for indoor pressure at Plane 2 (Fig. 7-18). In general, the static pressure
varied between -18 to -20 Pa, which fell in the desired range for a hen house (Fabian, 2016a).
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Figure 7-17. Indoor pressure contours at Plane 1 for the model of MIAE.

Figure 7-18. Indoor pressure contours at Plane 2 for the model of MIAE.
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Indoor pressure contours at Plane 3 for the model of MIAE suggested a similar pattern
with previous two planes (Fig. 7-19). However, the static pressure was more negative at the fan
zone. The white region depicted the magnitude of static pressure was up to 73 Pa. In addition, the
magnitude of the pressure in the duct area decreased gradually towards the exit.

Figure 7-19. Indoor pressure contours at Plane 3 for the model of MIAE.

7.5 Ammonia circulation analysis
The mass fraction contours of ammonia contaminant for the model of MIAE were created
at three selective planes (Fig. 7-20). The scale of contour was clipped to a range of mass fraction
between 0 to 0.03. The entire atmosphere had zero ammonia at Plane 1 and 2, which was
completely dark blue as expected. However, some ammonia was exhausted into the ambient air
through the fan and the duct, which can be observed at Plane 3. Indoor ammonia level was
observed 0.01 to 0.02 in general for three planes. Some ammonia was exhausted to the ambient
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air by the fan at Plane 3. Indoor regions were observed with large green and yellow areas at Plane
1 and 2 with indication of ammonia level at 0.01 to 0.022 approximately. However, the right
portion of the house was filled with light blue at Plane 3. Thereby, a detailed illustration was
needed for analyzing indoor circulations of ammonia.

Figure 7-20. Ammonia mass fraction contours at three planes (from top to bottom: z = 108 inches,
z = 373 inches, z = 790 inches) for the model of MIAE.
Ammonia mass fraction contours were created to visualize the simulated spread of
contaminant ammonia inside the house at Plane 1 (Fig. 7-21). Small white areas observed inside
the left inlet suggested ammonia levels were greater than 0.03. A yellow plume was observed
from the left inlet. The plume was flat at the beginning then fell down towards birds when it
became closer to the center region. Additionally, the plume was yellow before blending into the
indoor air close to the nest-boxes, which was almost green. In contrast, the right portion of the
house was light blue in general, which demonstrated that the uncontaminated air was introduced
from the inlet at the right side. In addition, the entire attic space had quite uniform ammonia
levels, which was around 0.015.
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Figure 7-21. Indoor ammonia mass fraction contours at Plane 1 for the model of MIAE.
Indoor ammonia contamination had a similar pattern at Plane 2 (Fig. 7-22) compared to
Plane 1. By reviewing the mass fraction contours, regions from the nest-boxes to the right wall
was green and light blue, indicating the level of ammonia was between 0.008 and 0.015 roughly.
Nonetheless, a plume indicating high levels of ammonia was found at the location close to the left
sidewall. The trajectory was consistent with the observations from Fig. 7-10 and Fig. 7-14. The
higher contaminant level at this particular region was likely affected by the contaminated air
introduced from neighboring inlets and the air circulation.
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Figure 7-22. Indoor ammonia mass fraction contours at Plane 2 for the model of MIAE.
Ammonia levels at Plane 3 showed obvious difference between the left portion and the
right portion (Fig. 7-23). The left portion ammonia level was around 0.015 in general, including
the left portion of attic space. However, the right portion of the house and the nest-boxes area
only had mass fraction around 0.01. The ammonia contaminant of the right portion in the attic
was around 0.02. The distribution of ammonia contamination in Plane 3 was influenced by the
exhaust fan.
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Figure 7-23. Indoor ammonia mass fraction contours at Plane 3 for the model of MIAE.

7.6 Animal zone analysis
Since the model of MIAE had more cells generated during the meshing process than the
other three models, more data points (27,214 in total) were exported for analysis from five
separate zones at three planes. Statistical analysis was then performed to determine the
significance of effects from two factors, the plane and the zone, as well as their interactive effects
on the result of air speed, temperature, pressure, and the ammonia level.
Four ANOVA procedures were conducted to calculate the p-value, which were
summarized in Table 7-1. For each parameter, the p-value corresponding to each factor was so
small that the null hypothesis would be rejected at any sensible significance. Because each factor
was proved statistically significant for the simulation outputs, it was natural to discuss whether
any pairwise differences exist between particular comparisons. Therefore, the Tukey’s multiple
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comparison procedure was used in follow-up analyses (Kutner et al., 2004). The result of pairwise analysis was reflected in the bar graphs.
Table 7-1. Analysis of variance (ANOVA) of air speed, temperature, pressure, and ammonia mass
fractions from five zones at three planes for the model of MIAE.
Parameter
Air speed

Temperature

Pressure

Ammonia

Factor
Plane
Zone
Plane x Zone
Residuals
Plane
Zone
Plane x Zone
Residuals
Plane
Zone
Plane x Zone
Residuals
Plane
Zone
Plane x Zone
Residuals

df
2
4
8
27199
2
4
8
27199
2
4
8
27199
2
4
8
27199

Sum of Squares
163
199
57
601
19888
28967
14062
572767
4
2691
30
373
0.03
0.3
0.03
0.02

Mean Square
82
50
7
0.02
9944
7242
1758
21
2
673
4
0.01
0.02
0.08
0.003
e-6

F-Value
3696
2249
324

Pr (>F)
< 2.2 e-16
< 2.2 e-16
< 2.2 e-16

472
344
83

< 2.2 e-16
< 2.2 e-16
< 2.2 e-16
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49054
276

< 2.2 e-16
< 2.2 e-16
< 2.2 e-16

28200
147097
5902

< 2.2 e-16
< 2.2 e-16
< 2.2 e-16

Average air speeds in each zone were calculated and plotted (Fig. 7-24). Air speeds
varied within different zones and planes. One common pattern was found in all three planes,
which was Zone-5 had the lowest average air speeds in each plane, implying relatively static
airflows at that region. Another common trend was the large standard deviation for Zone-2, Zone3 and Zone-4 in all three planes. This finding indicated that the airflow was dynamic in those
zones. In addition, the highest average air speed was from Zone-2 for Plane 1 and Plane 2, which
was 0.46 m/s and 0.53 m/s respectively. Although the highest value of average air speed was
from Zone 4 at Plane 3, no statistical significance was found for the difference between the value
at Zone-4 and Zone-2.
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Figure 7-24. Average air speeds of five zones at three planes for the model of MIAE. Error bars
indicate standard deviations of data points in each zone. Cross bars indicate no statistically
significant differences are found at 95% family-wise confidence level for the comparison.
Otherwise, the difference is statistically significant.
The average temperature of five zones were plotted (Fig. 7-25). In general, the average
temperature was maintained between 19 °C and 25 °C at all three planes. At Plane 1, the highest
temperature was 23 °C from Zone-3 on average, while the lowest temperature was found from
Zone-2 (20 °C). At Plane 2, the highest average temperature was observed from Zone-1, which
was about 24 °C. The lowest value was 20 °C that was observed from Zone-4 at Plane 2. The
highest average temperature at Plane 3 was found from Zone-5, which was 25 °C. The lowest
temperature was from the region of Zone-3 with a value around 22 °C. The distribution of indoor
temperature suggested Zone-2 and Zone-4 had relatively lower average temperatures compared to
Zone-1 and Zone-5 at all three planes, which was determined by the different intensity of airflow.
However, the magnitude of those differences was quite small. Moreover, all the temperature from
five zones fell in the desired temperature for a layer house.
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Figure 7-25. Average temperatures of five zones at three planes for the model of MIAE. Error bars
indicate standard deviations of data points in each zone. Cross bars indicate no statistically
significant differences are found at 95% family-wise confidence level for the comparison.
Otherwise, the difference is statistically significant.
Indoor pressure (static pressure) of five zones was also compared with average values at
each plane (Fig. 7-26). The static pressure of each zone was maintained at a very uniform level,
ranging between – 20 Pa and -22 Pa with small standard deviations, which was desired for a
poultry house static with a negative pressure ventilation system (Fabian, 2016a). For individual
zones, small pressure differences were observed among different planes. However, the statistical
test result suggested most of those differences were statistically significant.
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Figure 7-26. Average indoor pressure of five zones at three planes for the model of MIAE. Error
bars indicate standard deviations of data points in each zone. Cross bars indicate no statistically
significant differences are found at 95% family-wise confidence level for the comparison.
Otherwise, the difference is statistically significant.
Averages of mass fractions of ammonia were plotted and compared for five zones with
respect to three planes (Fig. 7-27). The ammonia level of Zone-1 and Zone-2 had higher average
values around 0.018 than the other three zones at Planes 1and 3 with average values about 0.011.
In addition, all differences were statistically significant according to the results of Tukey’s tests.
At Plane 2, the ammonia level of Zone-3 was about 0.018 with a large standard deviation, which
was obviously higher from other observations from this zone. Zone-3 was the transitioning region
between the higher ammonia contaminant regions and the lower ammonia regions (Fig. 7-22). In
addition, air movements were quite dynamic within Zone-3 at Plane 2 (Fig. 7-10), therefore, the
standard deviation was relatively higher for Zone-3. Generally, the left portions of the house
including Zone-1 and Zone-2, presented higher levels of ammonia contaminant than the regions
of Zone-4 and Zone-5.
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Figure 7-27. Average indoor ammonia mass fractions of five zones at three planes for the model of
MIAE. Error bars indicate standard deviations of data points in each zone. Cross bars indicate no
statistically significant differences are found at 95% family-wise confidence level for the
comparison. Otherwise, the difference is statistically significant.
In this chapter the simulation outputs for the model of MIAE were analyzed by
visualizing contours of airflows, temperatures, static pressure, and the mass fraction of ammonia.
Data from the bird level was also analyzed and evaluated. Generally, the MIAE model was able
to provide suitable air circulations inside the house with an average air speed of 0.26 m/s (51
ft/min) at the bird level. The MIAE model had the capacity to maintain a comfortable indoor
temperature range at the bird level (19 to 25 °C) during the freezing weather. In addition, a
normal and stable static pressure around -21 Pa was observed inside the house, indicating the
negative ventilation system worked correctly. The circulation of ammonia contaminant inside the
house revealed a pattern that the left portion had higher ammonia levels than the rest of the house.

176
Chapter 8

Comparisons among Four Ventilation Configurations

8.1 Introduction
Four ventilation configurations: top-wall inlet sidewall exhaust (TISE), mid-wall inlet
ceiling exhaust (MICE), mid-wall inlet ridge exhaust (MIRE), and mid-wall inlet attic exhaust
(MIAE) were compared with perspectives of airflow, temperatures, static pressure, and the
ammonia contaminant mass fractions. Plots and contours from previous chapters were combined
for comparisons and evaluations in this chapter. The three selected planes still played critical
roles when comparing the performance of each ventilation design. The simulation data from five
animal-occupied zones was analyzed among models at each plane separately. Moreover,
statistical analysis was performed to demonstrate the significance of key factors’ effects on
simulation results.

8.2 Patterns of indoor airflows
The patterns of indoor airflows varied with the type of ventilation (Fig. 8-1 to Fig. 8-3).
At Plane 1, one distinguishable observation was the shape of the trajectory of an incoming air jet
(Fig. 8-1). The TISE model had two inlets at the top of the sidewalls along a flat ceiling, although
the left incoming air jet traveled longer distance than the right jet approaching the center of the
house.
Three alternatives, MICE, MIRE, and MIAE, had quite different trajectories of incoming
air jets (Fig. 8-2). The jet from the TISE model was generally flat because of traveling along the
ceiling. However, without the ceiling to direct incoming air jets, the fresh air trajectories in the
other three models more quickly dropped towards the bird occupied area after traveling fairly
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horizontal path for a short distance. Another observation was the incoming air from the right inlet
had relatively smaller size except for the model of MIAE. In addition, strong and numerous air
circulations were observed throughout the house in all models, particularly at the central area.

Figure 8-1. Indoor air velocity vectors at Plane 1 for all the four models (from left to right, top:
TISE and MICE; bottom: MIRE and MIAE).
Air movement patterns varied dramatically at Plane 2 for each model. Strong airflows
along the ceiling in the TISE model were observed from right to left and formed air circulations
at both sides of the house (Fig. 8-2). In the MICE model, strong air movements were observed at
the right portion of the house close to the side wall, although there was no inlet. High air speeds
were also observed at the upper left corner (Fig. 8-2). Obvious air circulations were formed in the
house with fairly symmetric patterns. The MIRE model had strong airflows, starting from the left
portion of the house, and the position and the trajectory of the airflows were similar to an
incoming air jet. Furthermore, strong airflows from both sides were observed in the MIAE model
(Fig. 8-2). Additionally, air circulations were rather vigorous in both MIRE and MIAE.
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Based on observations from three alternative models, the air movement was quite
dynamic. Although there were no inlets at Plane 2, the trajectory of air movement in those models
was identical to an incoming air jet. Those observations indicated powerful airflows inside the
house, likely influenced by air jets from adjacent inlets. Because the Plane 2 represented the
majority (69%) of cross-sectional locations in the hen house, air movements in this Plane would
be more representative of overall house conditions.

Figure 8-2. Indoor air velocity vectors at Plane 2 for all the four models (from left to right, top:
TISE and MICE; bottom: MIRE and MIAE).
The air movement patterns at Plane 3 exhibited the influence of exhaust fan on
performance of each model. The model of TISE presented distinctly different patterns compared
to the other three models (Fig. 8-3). Air movements in the TISE model followed two divergent
paths: at the right portion, airflows moved towards the sidewall mounted exhaust fan; from the
center to the left sidewall, airflows moved towards the left sidewall, actually away from the fan.
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For models of MICE, MIRE, and MIAE, uniform patterns of air movement were found
towards the upper portion of the house due to the driving force from the exhaust fan. However,
there were some skewed airflows in the MICE model with air moving from the nest-box area to
the upper left corner. In the model of MIAE, most of the attic space was filled with airflows
moving upwards, excluding some airflows close to the duct and fan areas. Air circulations were
observed largely in the MICE model and the attic area of MIAE. In the model of TISE, air
circulations formed close to the left sidewall. Compared to the other planes, air circulations were
fewer at Plane 3.

Figure 8-3. Indoor air velocity vectors at Plane 3 for all the four models (from left to right, top:
TISE and MICE; bottom: MIRE and MIAE).

8.3 Comparisons of indoor air temperatures
Temperature patterns varied within Planes for all four models. At Plane 1, the inlet of all
models was filled with dark blue indicating the cold atmosphere. However, in Plane 1 larger
regions of orange and yellow warmer temperatures were observed in the TISE model (Fig. 8-4),
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particularly in the middle, upper portion of the house. The buoyance lifted the warm air from
ground and then was not adequately mixing with the incoming cold air.
However, for all three alternative models, the incoming cooler air was introduced to the
hen-occupied slatted floor area at both sides of the nest-boxes (Fig. 8-4). Some portions at the
animal level in all the three alternatives were observed at temperatures (green or light blue) lower
than desirable. At the litter area close to both sidewalls, warmer air temperatures were observed
in the alternative models. There were some warm temperatures at the upper right corner in the
model of MIAE.

Figure 8-4. Contours of indoor temperatures at Plane 1 for all the four models (from left to right,
top: TISE and MICE; bottom: MIRE and MIAE).
The reason for those different patterns between the TISE model and the other three
models was the position of inlets. The inlet at a lower, mid-wall position in the house of MICE,
MIRE, and MIAE provided cold air that was quickly mixed with the warm air that was heated by
birds. Hence, the warm air would not have a chance to rise further due to the cooling. This
explained why the obvious warm region was not observed in the three models. The incomplete
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mixing of cold incoming air and warm house air in TISE left warmer air stratified near the ceiling
location of low airflow.
When reviewing temperature contours at Plane 2, larger regions with lower indoor
temperatures (dark green) were observed in the TISE model compared to the others (Fig. 8-5),
particularly at the upper portion. Three alternative models tended to have similar patterns that
shapes of warmer lighter green colors were found matching the airflows in the Fig. 8-4, because
the influence from incoming cold air from adjacent inlets.
One common pattern of all was warm temperatures at the bird level, although the orange
appeared at various locations in four models. For instance, the largest warm area in TISE located
close to the right sidewall, while the model of MICE had its warmest region close to the left
sidewall. However, one common issue for all models at Plane 2 might be the undesired low
temperature at some bird occupant areas, which were illustrated by green colors.

Figure 8-5. Contours of indoor temperatures at Plane 2 for all the four models (from left to right,
top: TISE and MICE; bottom: MIRE and MIAE).
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At Plane 3, the three alternative models had larger areas with warm temperature than the
TISE model. A large uniform green temperature region was found in the TISE model, indicating
temperatures around 15 °C (Fig. 8-6). Additionally, the bird occupied area at two sides were
warmer than the rest of bird areas in TISE. Interestingly, alternative models obtained warmer
temperatures at locations close to both sidewalls than the central region. Bird level received
relatively warm temperatures as illustrated. The fan zone and the duct space had temperatures
about 18 to 20 °C, and the distribution was quite uniform. In general, the uniformity of indoor
temperature of the TISE model was better than the other three models. However, the temperature
on average was warmer at the bird level in those three alternative models. Quantitative analysis
was conducted to interpret the difference in later section of the chapter.

Figure 8-6. Contours of indoor temperatures at Plane 3 for all the four models (from left to right,
top: TISE and MICE; bottom: MIRE and MIAE).
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8.4 Static pressure
The static pressure inside the hen house was highly dependent on the inlet opening size
and the input values for defining the exhaust fan, which reflected in the comparison of pressure
contours. Visible differences were found between four ventilation models at three planes (Fig. 8-7
to 8-9).
Regions of the inlet and the duct have the lower magnitude of static pressure due to being
exposed to the atmosphere. Additionally, static pressure magnitude greater than 30 Pa was
observed inside the fan zone consistently for all four models.
The uniformity of pressure was decent for individual models. However, slight differences
were detected between the upper portions of the house and ground level in the model of TISE,
MIRE and MIAE. The color demonstrated the TISE model had the largest magnitude of static
pressure for most of the indoor space about 24 Pa, while the MIAE had the smallest magnitude
about 18 to 22 Pa, approximately. The pressure of MICE and MIRE was also in the range of -20
to -24 Pa. All these outputs demonstrated each model was capable to maintain the indoor pressure
within the desired range for the hen house.
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Figure 8-7. Contours of indoor pressure at Plane 1 for all the four models (from left to right, top:
TISE and MICE; bottom: MIRE and MIAE).

Figure 8-8. Contours of indoor pressure at Plane 2 for all the four models (from left to right, top:
TISE and MICE; bottom: MIRE and MIAE).

Figure 8-9. Contours of indoor pressure at Plane 3 for all the four models (from left to right, top:
TISE and MICE; bottom: MIRE and MIAE).
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8.5 Ammonia circulation
At Plane 1, the TISE model had a higher level of ammonia at the central portion of the
house due to the effect from incoming air (Fig. 8-10). Because the only fresh air was introduced
from the inlet at the right-side, lower mass fractions of ammonia in green or blue colors, were
found at the right portion for all models, but this effect was more pronounced for the alternative
models.
Interestingly, no obvious yellow or orange contaminant regions were noticed in the
model of MICE, except for the left inlet area. And the region with low mass fractions of ammonia
were large in the MICE model. However, a larger yellow region was observed in the MIRE
mode, compared to the others, indicating high levels of ammonia (over 0.02). In the model of
MIAE, the yellow plume followed the pattern of incoming air from the left inlet (Fig. 8-10).
At the bird level, there were some yellow contaminant regions in the model of TISE,
MIRE, and MAIE, yet no obvious evidence was found in the MICE model.

Figure 8-10. Contours of indoor ammonia mass fractions at Plane 1 for all the four models (from
left to right, top: TISE and MICE; bottom: MIRE and MIAE).

186
At Plane 2 the left and the right portion still possessed distinguishable difference (Fig. 811) in ammonia mass fraction contamination. The model TISE had high levels of ammonia at the
upper left portion where the contaminant was introduced. A similar location was observed with
high mass fractions of ammonia in the MICE model, compared to the level in the rest of the
house for this model. The region with high ammonia levels followed the pattern of air movement
strongly in the model of MIRE and MIAE.
Although the right portion of the house had lower ammonia concentrations, the level
varied with models. For MICE and MIAE, there were some light blue regions noticed, indicating
the mass fraction was below 0.01. In the model of TISE, the light blue region was close to the
ceiling, yet the size was not as large as that of MICE or MIAE. However, no light blue was
detected in the model of MIRE, implying a higher average level of ammonia. Yellow regions of
modest contamination at the bird level were observed in the models MIRE and MIAE, though this
was not observed in the TISE and MICE models.

Figure 8-11. Contours of indoor ammonia mass fractions at Plane 2 for all the four models (from
left to right, top: TISE and MICE; bottom: MIRE and MIAE).
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By comparing the mass fraction contours at Plane 3, the TISE model presented the lowest
level of ammonia in general (Fig. 8-12). The alternative model MIAE was capable of maintaining
a similar level with TISE, which had an obvious light blue region at the right portion The other
two models, MICE and MIRE, both had large areas with high levels of ammonia at the left side
over 0.02, yet with quite low levels at the right-side since most of the contaminants were
exhausted from the fan to atmosphere.
At the bird level, the TISE had quite uniform levels of ammonia about 0.015. However,
the difference in the mass fraction of MICE, MIRE, and MIAE, was variable throughout the plane
with model MICE having the biggest contrast.

Figure 8-12. Contours of indoor ammonia mass fractions at Plane 3 for all the four models (from
left to right, top: TISE and MICE; bottom: MIRE and MIAE).

8.6 Analysis of parameters
To compare the performance of each model, critical outputs such as air speed,
temperature, static pressure, and the mass fraction of ammonia were analyzed from five zones at
separate planes. Because all these data varied by the type of planes, comparisons across four
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models were conducted on the same plane. Statistical analyses were performed to test the
significance of key factors’ effects on the simulation data, which included the type of model, the
zone, and their interactive effects.
At Plane 1, there were in total 35340 data points exported for thorough analysis. For each
parameter, ANOVA procedures were conducted and summarized in the Table 8-1. The p-value
corresponding to each parameter was so small that the null hypothesis would be rejected.
Therefore, effects of all the factors were statistically significant on the simulation data at Plane 1.
As a follow-up analysis, the Tukey’s test was applied in pair-wise comparisons for parameters of
interest. The result of Tukey’s test was reflected in the bar graphs later in the section and was
employed to compare the performance of individual models at the same plane.
Table 8-1. Analysis of variance (ANOVA) of air speed, temperature, pressure, and ammonia mass
fractions from five zones at Plane 1 in all four models.
Parameter
Air speed

Temperature

Pressure

Ammonia

Factor
Model
Zone
Model x Zone
Residuals
Model
Zone
Model x Zone
Residuals
Model
Zone
Model x Zone
Residuals
Model
Zone
Model x Zone
Residuals

df
3
4
12
35320
3
4
12
35320
3
4
12
35320
3
4
12
35320

Sum of Squares
32
155
161
928
24506
25069
26273
711278
64188
3419
69
520
0.4
0.4
0.08
0.03

Mean Square
11
39
13
0.03
8169
6267
2189
20
21396
855
6
0
0.1
0.09
0.006
e-6

F-Value
403
1474
510

Pr (>F)
< 2.2 e-16
< 2.2 e-16
< 2.2 e-16

406
311
109

< 2.2 e-16
< 2.2 e-16
< 2.2 e-16

1452264
58018
390

< 2.2 e-16
< 2.2 e-16
< 2.2 e-16

168988
107878
7772

< 2.2 e-16
< 2.2 e-16
< 2.2 e-16
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The designated five zones for analyzing air conditions at animal levels are employed to
compare the simulated outputs of four ventilation configurations. Bar graphs showing the average
values and the standard deviations of multiple variables (air speed, temperature, static pressure,
and the mass fraction of ammonia) for individual zones, were created and presented (Fig. 8-13).
Data of four ventilation models were included at the same plot.

Figure 8-13. Bar graphs of simulation outputs (from left to right, top: air speed and temperature;
bottom: static pressure magnitude and ammonia mass fraction) from five zones at Plane 1 for all
four models. Error bars indicate standard deviations of data points in each zone. Cross bars indicate
no statistically significant differences are found at 95% family-wise confidence level for the
comparison. Otherwise, the difference is statistically significant.
The data with the most variation across the animal-occupied zones, as expressed by
standard deviations, were the air velocity and temperature. At Plane 1, the models generally has
highest air speeds in the middle of the house, zones 2, 3 and 4. This makes sense as the inlet air
jets dropped into these areas after mixing with house air circulations. The highest average air
speed of Zone-1 was observed in the MIAE model, which was slightly higher than that of the
MIRE mode. However, the difference was not statistically significant. The lowest air speed was
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0.17 m/s observed in the model of MICE. For Zone-2, the model had fastest airflow in MIAE
with an average of 0.46 m/s, while the model of TISE was the slowest with an average air speed
of 0.23 m/s. MIAE had the slowest air speed of Zone-3, yet the TISE model was observed with
the highest air speed on average. For Zone-4, the highest average air speed was 0.45 m/s in the
MIRE model, and the lowest value was 0.27 m/s observed in the model of MICE. Air speeds
tended to be slow at the region of Zone-5 where the TISE model and the MIAE model had rather
close average air speeds with no statistically significant differences. The value of MIAE was
slightly higher than that of TISE. All air speeds were within the criteria of being below 1 m/s
(approx. 200 fpm) to avoid chilling drafts on the hens.
The temperature distribution at Plane 1 was quite similar among four models with
analysis showing many cross-bars indicating lack of statistical significance. All the models had
the same average temperature of Zone-1 as no statistically significant difference was found (Fig.
8-13). Zones 3 and 5 showed three of the four models with identical temperatures. For Zone-2,
the TISE model had the highest temperature of 23°C on average. The lowest temperature was
about 20 °C observed in MICE, which had no statistically significant difference with the MIAE
model. The highest temperature of Zone-3 on average was observed in the model of MIAE with a
value of 23°C, while the rest of three models had rather similar values. The model of MIRE had
the highest average temperature of 24 °C of Zone-5.
The comparison of static pressure at Plane 1 was quite straightforward since all the
differences were statistically significant. The TISE model had the largest magnitude of static
pressure, which was 25 Pa on average. [The magnitude and pattern of pressures among the zones
was nearly identical for all three planes.]
Ammonia contaminant levels were higher in Zones-1 and 2 for all models. At Plane 1,
bar graphs suggested the model of MICE had the lowest ammonia level on average for all the five
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zones. The highest level of ammonia was observed in the MIRE model for Zone-1, Zone-2 and
Zone-5. For Zone-3 and Zone-4, the highest level was in the model of TISE. Although the actual
values of the differences of ammonia mass fraction among each model was rather small, the
statistical analysis demonstrated they were statistically significant.
At Plane 2, in total 34986 data points were selected for analysis. The air speed,
temperature, pressure, and the ammonia mass fraction data were exported at each data point and
were used for statistical analysis. To characterize the statistical significance of the effect from the
factor of the model, the zone, and their interactive effects, four ANOVA procedures were
performed corresponding to each parameter, which were summarized in the Table 8-2. Since the
p-value for each analysis was so small, the null hypothesis would be rejected at any sensible
significance level. Therefore, effects of all those factors were demonstrated statistically
significant. As follow-up investigations, the Tukey’s test was employed to test the significance of
pair-wise comparisons of interests.
Table 8-2. Analysis of variance (ANOVA) of air speed, temperature, pressure, and ammonia mass
fractions from five zones at Plane 2 all the four models.
Parameter
Air speed

Temperature

Pressure

Ammonia

Factor
Model
Zone
Model x Zone
Residuals
Model
Zone
Model x Zone
Residuals
Model
Zone
Model x Zone
Residuals
Model
Zone
Model x Zone
Residuals

df
3
4
12
34966
3
4
12
34966
3
4
12
34966
3
4
12
34966

Sum of Squares
41
389
105
771
1637
47323
19390
606596
57891
3418
45
474
0.06
0.3
0.03
0.03

Mean Square
14
97
9
0.02
546
11831
1616
17
19297
855
4
0
0.02
0.08
0.003
e-6

F-Value
622
4408
399

Pr (>F)
< 2.2 e-16
< 2.2 e-16
< 2.2 e-16

31
682
93

< 2.2 e-16
< 2.2 e-16
< 2.2 e-16

142316
63049
278

< 2.2 e-16
< 2.2 e-16
< 2.2 e-16

28584
112142
3704

< 2.2 e-16
< 2.2 e-16
< 2.2 e-16
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In Plane 2 the average air speeds of Zone-2 and Zone-4 were generally higher and more
variable than that of the other three zones (Fig. 8-14). For Zone-1 and Zone-2, the highest air
speed on average was observed in the MIAE model with values of 0.29 m/s and 0.53 m/s,
respectively. The highest air speed of Zone-3 was observed in the TISE mode about 0.38 m/s. For
Zone-4, the MIRE model had the highest air speed on average, which was slightly higher than
that of the MICE. However, no statistically significant differences were found between the data of
MIRE model and MICE at Zone-4. The highest average air speed was 0.22 m/s for Zone-5, which
was in the model of MIRE. Interestingly, the model of MICE had the lowest average air speed of
Zone-1, Zone-2, Zone-3 and Zone 5 (statistically same as TISE in Zone 5).

Figure 8-14. Bar graphs of simulation outputs (from left to right, top: air speed and temperature;
bottom: static pressure magnitude and ammonia level) from five zones at Plane 2 for all four
models. Error bars indicate standard deviations of data points in each zone. Cross bars indicate no
statistically significant differences are found at 95% family-wise confidence level for the
comparison. Otherwise, the difference is statistically significant.
The temperature varied between 19 °C and 24 °C in general at Plane 2. For Zone-1, the
highest average temperature was observed in the MIAE model, while the lowest average was
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found in the model of MIRE. The model of MICE had the highest average temperature of Zone-2
with a value about 22 °C, while the TISE model had the lowest temperature on average. For
Zone-3, three alternative models had extremely similar temperature on average, and the
difference had no statistical significance. Zone-4 has the most uniform temperatures in Plane 2 as
three were statistically similar, TISE, MIRE and MIAE. The TISE model had no statistical
significant difference with the average temperature of MIAE. For Zone-5, the highest temperature
on average was also found in the model of TISE, while the lowest was in the MIRE model.
The static pressure of individual zones followed the same trend at Plane 2, which was the
TISE model had the largest magnitude of average pressure about 25 Pa. The model of MIAE
model had the smallest magnitude of indoor pressure on average, which was about 21 Pa.
Although the differences between models were within 4 Pa, they proved to have statistical
significance.
Ammonia contaminant mass fractions of each zone at Plane 2 reflected an interesting
pattern: the model of MICE had the smallest ammonia level on average for all five zones. The
value of ammonia level varied between 0.01 and 0.017 for the MICE model. For Zone-1, Zone-4,
and Zone-5, the MIRE model had statistically significant higher ammonia level than the other
models on average. The model of MIAE with a value of 0.02, was the highest average ammonia
level of Zone-2. In addition, the TISE model was found the highest ammonia mass fraction of
0.018 of Zone-3 on average. The magnitude of mass fraction in Plane 2 within each Zone was
more uniform than in Plane 1 plus a trend of less contamination on the fresh air, left side of the
hen house was visible.
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A total of 34178 data points were included for the analysis at Plane 3. Again, ANOVA
procedures were performed for four parameters to test the significance of three factors: the model,
the zone, and their interactive effects. The result was summarized at Table 8-3. The p-value
corresponding to each factor suggested the null hypothesis would be rejected at any sensible
significance level. In addition, following Tukey’s tests were conducted to characterize the
significance for pair-wise comparisons of interests.
Table 8-3. Analysis of variance (ANOVA) of air speed, temperature, pressure, and ammonia mass
fractions from five zones at Plane 3 all the four models.
Parameter
Air speed

Temperature

Pressure

Ammonia

Factor
Model
Zone
Model x Zone
Residuals
Model
Zone
Model x Zone
Residuals
Model
Zone
Model x Zone
Residuals
Model
Zone
Model x Zone
Residuals

df
3
4
12
34158
3
4
12
34158
3
4
12
34158
3
4
12
34158

Sum of Squares
3
27
30
243
64525
44765
12750
957499
53896
3573
83
361
0.05
0.4
0.1
0.03

Mean Square
1
6
3
0.007
21508
11191
1063
28
17965
893
7
0
0.02
0.10
0.008
e-6

F-Value
141
797
353

Pr (>F)
< 2.2 e-16
< 2.2 e-16
< 2.2 e-16

767
399
38

< 2.2 e-16
< 2.2 e-16
< 2.2 e-16

1701164
84583
656

< 2.2 e-16
< 2.2 e-16
< 2.2 e-16

22953
130070
11152

< 2.2 e-16
< 2.2 e-16
< 2.2 e-16

Simulation results at Plane 3 suggested all four models had fairly uniform air speeds
within the five animal zones (Fig. 8-1). All four models had statistically similar air speeds in
Zone-1. The MICE model had the highest average air speed of Zone-2. For Zone-3, the highest
value was observed in the TISE mode, while the other three models had statistically identical
results. The highest air speed for Zone 4 was found in the MIAE model. However, for Zone-5, the
TISE model had the highest average air speed and highest average airspeed of all models and
zones for Plane 3.
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Figure 8-15. Bar graphs of simulation outputs (from left to right, top: air speed and temperature;
bottom: static pressure magnitude and ammonia contaminant mass fraction) from five zones at
Plane 3 for all the four models. Error bars indicate standard deviations of data points in each zone.
Cross bars indicate no statistically significant differences are found at 95% family-wise confidence
level for the comparison. Otherwise, the difference is statistically significant.
Temperature results of all models and zones were the most variable among the three
planes. The warmest temperatures at Zone-1 were found in MICE and MIRE. At Zone-2, the
highest temperature on average was observed in the MICE model. The highest value at Zone-3
was found in the MIRE model, while the difference between the MIRE and the second highest
MIAE was not statistically significant. Similarly, the highest average temperature and the second
highest had no significant differences at Zone-4, which were in the model of MIRE and MIAE,
respectively. The model of MIRE was observed the highest average temperature at Zone-5.
Interestingly, the lowest temperature at all five zones was found in the model of TISE.
The static pressure data was consistent at each zone for an individual model, implying a
clear trend of the average magnitude of pressure from high to low: TISE, MIRE, MICE, and
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MIAE. The values varied from only 21 to 25 Pa, the difference among them had statistical
significance.
However, ammonia contaminant mass fractions were dynamic at each zone with different
models. At Zone-1 and Zone-2, the highest ammonia fraction was about 0.023 on average, which
was observed in the MICE model. From Zone-3 to Zone-5, the highest ammonia level decreased
to 0.015 on average approximately, which was all observed from the model of TISE. One
interesting finding from the bar graphs was the lowest ammonia level was observed in the MIAE
model for all five zones, although no statistical significance was found for the difference between
MIAE and TISE at Zone-2. This perhaps provides some evidence in using the partially separated
attic space for reduction of contaminant within the hen occupied areas.
In order to distinguish the performance of each model, statistical analysis was performed
with data from a single plane. Therefore, follow-up investigations using Tukey’s test were
continued to characterize the significance of the difference among models. Again, it was rational
to conduct the analysis on each plane separately.

8.7 Summary
At Plane 1, the differences among four models were evaluated and summarized in the
Table 8-4. The MIAE had more cells compared to the other models, in other words it had higher
density of nodes, which reflected in a larger number of data points. The air speed comparisons
suggested the MIAE model had the fastest air speed at Plane 1 generally. The average air speed of
MIAE at the bird level was 0.34 m/s, which was 30% higher than that of the TISE model.
However, the TISE model had the warmest overall temperature, which was about 22.9 °C. But
the difference of average temperatures for each model was not large. The lowest mean was 20.6
°C, which was observed in the MICE model. The static pressure magnitude of TISE was the
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highest on average, while the mean of MIAE was the lowest. For the ammonia level comparisons,
the MICE model had the lowest mean, which was about 44% lower than the highest. The model
of TISE and MIRE had the highest level of ammonia at the bird level, although their values had
extremely small differences, yet statistically different.
Table 8-4. Means of four important parameters for four models at Plane 1 in the bird-occupied
zones. Note all the differences are statistically significant (ANOVA and subsequent Tukey’s test,
p < 0.01) in this table.
Model
TISE
MICE
MIRE
MIAE

Number of data
points
8747
8737
8578
9278

Air Speed
(m/s)
0.26
0.28
0.31
0.34

Temperature
(°C)
22.90
20.64
21.16
21.53

Static Pressure
Magnitude
24.67
21.87
22.45
21.05

Ammonia
0.0182*
0.00957
0.0181*
0.0136

The result of Plane 2 revealed different patterns in general (Table 8-5). The average air
speed between the TISE and the MIRE model had no statistical significance. In addition, there
was no statistically significant difference between the TISE and the MIAE model. The MICE
model had the lowest average air speeds about 0.27 m/s. The average temperatures of each model
were similar at Plane 2. The highest mean temperature was in the model of MICE. Additionally,
no statistical significances were found in average temperature between the model of TISE and the
MIAE model nor between MIRE and MIAE. The static pressure magnitude of the TISE model
was 24.54 Pa on average, which was the highest among four models. The MIAE model had the
lowest mean of static pressure magnitude, which was only 2% lower than TISE. The level of
ammonia in the model of MIRE was the highest on average, which was about 31% higher than
the lowest value observed in the MICE model.
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Table 8-5. Means of four important parameters in the bird-occupied zone for four models at Plane
2. Note all the differences without annotation, are statistically significant (ANOVA and subsequent
Tukey’s test, p < 0.01).
Model
TISE
MICE
MIRE
MIAE

Number of data
points
8630
8646
8579
9131

Air Speed
(m/s)[1]
0.35 ab
0.27
0.34 a
0.35 b

Temperature
(°C)[2]
20.84 c
21.4
21.04 d
20.91 cd

Static Pressure
Magnitude
24.53
21.91
22.43
21.05

Ammonia
0.0159
0.0131
0.0167
0.0158

At Plane 3, the total data points from each model was quite similar compared to the
previous plane. The TISE model had a similar mean of air speeds with the MICE model, which
was about 0.19 m/s. Besides, the difference between them had no statistical significance. The
temperature of TISE was the lowest of the models on average with a value of 20.1 °C. The
highest average temperature was 23.65 °C in the model of MIRE. The static pressure magnitude
of TISE was still the highest at Plane 3. The ammonia level of the MICE model was the highest
around 0.017, while the lowest value was 0.013 observed in the MIAE model.
Table 8-6. Means of four important parameters for four models at Plane 3 in the bird-occupant
zones. Note all the differences without annotation, are statistically significant (ANOVA and
subsequent Tukey’s test, p < 0.01).
Model
TISE
MICE
MIRE
MIAE

Number of data
points
8494
8439
8440
8805

Air Speed
(m/s)[1]
0.19 a
0.19 a
0.17
0.18

Temperature
(°C)[2]
20.10
23.05 b
23.65
22.97 b

Static Pressure
Magnitude
24.45
21.96
22.47
21.02

Ammonia

The four ventilation models were compared in this chapter by evaluating their
performance in maintaining uniform and comfortable indoor air conditions for birds. By
visualizing the contours corresponding to each parameter, various and rational patterns were
observed in individual models. To further interpret the simulation results, the output data in five
zones representing the bird level was exported for analysis. Four parameters, air speed,
temperature, pressure, and ammonia mass fraction from each model were compared at three

0.0160
0.0168
0.0156
0.0135
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planes separately. Furthermore, the significances of vital factors and differences of interests, were
verified by statistical analyses. In summary, four models were more similar than different in
ability to create desired indoor conditions for layer a hen house.

Planes 1 and 2 had the most variability of air speeds due to the impact of fresh air inlet in
(plane 1) or adjacent (plane 2). The middle zones of each house (Zones-2, 3 and 4) in Planes 1
and 2 had the highest air velocities and largest variation in air velocities yet they were below the
threshold for being considered chilling drafts on the birds. Higher air speed in this central area
was a result of cooler, fresh incoming air circulating into that portion of the hen house. But
fortunately, there was not a trend toward cooler temperatures within those bird-occupied zones at
the middle of the house. Temperatures within the animal zones were variable across all zones
(high standard deviations) but on average showed reasonably uniform temperatures within each
model house and across model designs. Static pressure had the smallest variation among Planes
and Zones within a model. Pressure was consistent even if different among the model ventilation
schemes. Mass fraction of ammonia contaminant generally showed small variation within a
house Zone but there was a trend for reduced contamination in right-hand portions of the hen
house in the mid-wall inlet and vertical exhaust designs (MICE, MIRE and MIAE) than in the
standard ventilation design (TISE).

200
Chapter 9

Conclusions, Recommendations, and Future Scope
In this study, four CFD models were developed to simulate the ventilation performance
for a cage-free floor-raised hen house. These models included one standard ventilation
configuration (TISE) that was widely used in U.S., and three alternatives (MICE, MIRE, and
MIAE). Technical processes including drawing, meshing, solver specification, calculating, and
the post-processing, were performed using the commercial CFD code ANSYS-Fluent.
Performance of those ventilation configurations were evaluated by analyzing the simulation
outputs. Valuable results including visual contours and quantitative data were created for four
important parameters: air speed, temperature, static pressure, and the mass fraction of ammonia as
an example contaminant. Moreover, statistical analyses were conducted with the data at bird
level, providing vital evidence when comparing the ventilation performance.
The goal of this study was to provide practical recommendations for ventilation system
designs to provide excellent indoor air conditions for birds and improve the capability of
containing contaminants. According to simulation results, each model could provide the desired
conditions for a commercial hen house, although there were some interesting differences.
Three alternative models, MICE, MIRE, and MIAE, with mid-wall inlets and vertical
exhaust showed competitive performance compared with the standard model TISE, with eave top
of wall inlets and sidewall exhaust. The simulated ventilation rate of four models (TISE, MICE,
MIRE, MIAE) for the same hen house was 1.97 m3/s (4174 ft3/min), 1.93 m3/s (4089 ft3/min),
1.96 m3/s (4153 ft3/min), and 1.91 m3/s (4047ft3/min), respectively. These flow rates met the
demands for 2365 hens during minimum ventilation in cold weather. This ventilation rate was on
the higher end of recommended air exchange for hens during cold weather, which was
appropriate for the evaluation at 0oC.
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By observing indoor air velocity vectors, the MICE, MIRE, and MIAE models were able
to provide strong incoming air jets that can reach the central region of the house almost as well as
the TISE model. Furthermore, the alternative models provided indoor air movements similar to
the standard model, particularly at the bird level. Air speeds on average were maintained at 0.35
m/s (69 ft/min) at the bird level in the majority of the house for all models of TISE, MIRE, and
MIAE. Airflow pattern visualization showed two large circular air eddies that included the
incoming air jets in TISE whereas the alternative models had these large eddies along with more
numerous, smaller circulation patterns.
Temperature contours of individual models inside the house indicated the uniformity of
temperature distribution was satisfactory for a hen house. The entire indoor temperature was kept
above 15 °C assuming the house was ideally insulated. Nonetheless, all four models presented the
capacity to ensure birds comfortable temperatures. The average temperature at the bird level
varied within a range of 21 to 24 °C approximately for three alternative models, which matched
the comfort zone for birds perfectly (Norton et al., 2007). Furthermore, the average temperature
of three alternative models was slightly higher than that of the TISE model at a location without
any ventilation feature.
Performance within Zone 3, where nest boxes are located, should be of interest as the
TISE model offered higher air speed and lower temperatures (Planes 2 and 3) than the alternative
designs. Micro environment in and around the nest boxes may be used to encourage nest box use
by hens rather than in other parts of the house.
The static pressure of the house was quite stable for each model and within a normal
range. Slight differences between models up to 4 Pa were found. The TISE model had the largest
magnitude of static pressure around 25 Pa, while the MIAE model had the smallest magnitude of
static pressure. In addition, static pressure at different locations for the same model was very
consistent.

202
The three models MICE, MIRE, and MIAE showed comparable performance with the
TISE model in containing a contaminant. Ammonia contaminant mass fraction contours
suggested the three alternatives had the capacity to maintain ammonia at an even lower level at
the right portion of the house compared to the standard model., TISE Additionally, the data at
bird level indicated the level of contaminant was the lowest with the model MICE at the crosssection with and without inlets (Plane 1 and 2). At the cross-section with the exhaust fan (Plane
3), the MIAE model was capable of maintaining the ammonia at 0.013 on average, which was
19% lower than TISE.
For practical recommendations, many findings from this study can be connected to
details in ventilation system design for hen houses. First, the enclosure of the sides of an inlet is
crucial to guarantee a strong air jet entering the house. The lack of surfaces surrounding the side
opening of an inlet will result in a weak incoming “slot” air jet. In addition, a long enough surface
at the top of an inlet will assist the incoming air jet to travel a longer distance horizontally and
keep the trajectory straight. Another meaningful finding is the demonstration of how the exhaust
fan assembly impact inlet performance. In reality, inlets need to be adjusted to match the fan
capacity to keep a particular indoor pressure. While in this study, by modeling, the inlet opening
size was fine-tuned to corporate with the fan to obtain desired indoor air conditions. Last but not
least, the alternative design MIAE offered a concept of constructing ventilation configurations for
hen houses by providing a useful attic area. That attic area might be used for air treatment before
the air is exhausted since the ceiling segregates the attic area air from the rest of the house
according to the simulation result.
More work is needed and can be built up upon this study since CFD modeling is a
powerful tool to analyze ventilation performance and indoor microclimate (Mistriotis and De
Jong, 1997). The four models can be finetuned to assess other existing ventilation schemes for
various types of poultry houses. Follow-up work may also include extending applications of those
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models. For instance, the influence of upwind houses on downwind buildings. A large
computational domain can be used to evaluate the spread of contaminants in ambient air from the
target house and the impact on neighboring buildings. Additionally, although ammonia was
selected as the contaminant species to simulate its circulation behavior in this study, other
particles can also be employed for further investigation. Finally, it is also imperative to perform
the validation of CFD simulation. Because for a modeling study, verification means ‘solving the
equations right’, while validation means ‘solving the right equations’ (Roache, 1997).
In summary, making full use of CFD modeling enables investigators to solve practical
problems related to animal housing. In addition, it allows researchers to achieve deeper
understandings for ventilation system design. The work presented in this dissertation provided
insight for applying CFD modeling in cage-free hen houses. The author believes more valuable
ideas will be surely accomplished with this methodology in the future.
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Appendix A

Cage-free Hen Houses Profile Sheet
HERITAGE CAGE FREE HOUSE PROFILE
Producer Name:
House: 1
Housing Type - raised slat, high rise, shallow pit, aviary?
shallow pit w/ scrapers
Bird Age (in weeks)
Bird Breed and brown or white?
Floor Space (square feet)
23,940
Table Floor Space (square feet)
2,500
Total Floor Space (sq ft) = floor space + table floor space
26,440
Nest Boxes = total square feet (footprint)
2,500
Total Bird Space Available = floor space - nest boxes
23,940
Current Bird Number
19,950
Stocking Density (square feet/bird)
1.20
Nest Boxes - converted broiler-breeder?
no
Nest Boxes - individual or colony?
colony
Colony (total square feet)
1,667
Colony (square feet/100 birds)
8.356
Individual (total # of boxes)
Individual (# birds/box)
Litter Area (total square feet)
7,448
Litter Area (% of total floor space)
31%
# of Feeders - circular
double sided linear
2 dbl sided linear
Feeder Space (total linear feet)
2,076
Feeder Space (inches per bird)
1.25
Drinkers - bells or nipples?
nipples
Drinkers (total number)
2,249
Drinkers (birds/drinker)
8.87

Calculations:
Floor Space:
45' x 532' = 23,940 sq ft

Table Floor Space:
500' x 5' = 2,500 sq ft

Nest Box Square Footage (footprint):
500' x 5' = 2,500 sq ft

Colony Nesting Area - total square feet:
250 compartments (20" x 48")
250 x 1.67' x 4'
1,667 sq ft (Janson flat top nests)
Individual Nest Box - # of boxes:

Litter Area Square Footage:
532' x 7' x 2 areas = 7,448 sq ft
Feeder Space:
2 feeders x 515' long x 2 sides = 2,060'

Perch type - slats, A-frame, other?
water lines, feeders, table edge, slats
2 feeders x 4' ends x 2 sides = 16'
Slat Area Perching (total square feet)
16,068
total = 2,076'
Elevated Perching (total linear feet)
2,956
Total Perching
19,024 Drinkers:
Perching (total inches/bird)
11.44 (2 lines x 489') x 12" / 8" spacing = 1,467 nipples
Elevated Perching (% of required total perching)
29.63% (2 lines x 489') x 12" / 15" spacing = 782 nipples
Required Perch Space in linear feet
9,975
total = 2,249 nipples
Required Elevated Perch Space
1,995 Non-Elevated Perching:
Outdoor Access Space (total square feet)
40,05223,940' fl sp - 2,500' nests - 7,448' litter = 13,992'
Outdoor Access Space (square feet/bird)
2.01
feeder perching = 2,076'
Required Outdoor Access (2 sq ft/bird)
39,900
Stocking Density: (total floor space in ft2 - nest space in ft2) / number of birds in the house
Elevated Perching:
Required Perch Space: number of birds x 6 inches / 12 inches
4 water lines x 489' = 1,956'
Required Elevated Perch Space: required perch space x 0.2
nest edge pipe = 1,000'
Actual Perch Space: linear ft of perch space x 12 inches / number of birds
% of Elevated Perch Space: actual elevated perch space / required total perch space
Outdoor Access:
See map for dimensions
39,302
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Appendix B

ANSYS Workflow
ANSYS-Fluent is a leading commercial CFD code that has been widely used in industry
and academia. As the primary ANSYS product in the fluids discipline, ANSYS-Fluent is
engineered with broad physical models to model flow, turbulence, heat transfer, and reactions for
industrial applications.
One significant feature of ANSYS-Fluent is the integration of computer-aided design
(CAD). ANSYS-Fluent is fully integrated into the ANSYS-Workbench environment, which is a
platform designed for efficient and flexible workflows with CAD associativity and powerful
capabilities in geometry modeling and meshing. The built-in parameter manager enables rapid
exploration of multiple design options.
A geometry can be created or imported in ANSYS-DesignModeler for the fluid flow
analysis. ANSYS-DesignModeler provides unique modeling functions for simulation that include
parametric geometry creation, concept model creation, CAD geometry modification, automated
cleanup and repair, and several custom tools designed for fluid flow, structural and other types of
analyses.
Meshing is the process of creating discretized elements for a whole component prior to
performing the numerical analysis on the component. As mentioned before, creating the proper
mesh is always the foundation of high-quality CFD simulations. ANSYS-Meshing is
automatically integrated in the ANSYS-Workbench environment and has the pertinent standard to
create the proper mesh based on user’s demand. From different angles, meshing in ANSYS can
be classified as: assembly level meshing and part/body level meshing; meshing classified by
algorithms; meshing classified by element shape.
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Assembly meshing is the meshing of an entire model as a single mesh process compared
to part or body based meshing that occurs at the part or body level, respectively. A key difference
is in “part” based meshing, parts are meshed individually and have no connections unless
deliberately produced with mesh connections.
For meshing algorithms, two types of meshing can be found in ANSYS-Meshing: patch
conforming meshing and patch independent meshing. Patch conforming meshing is a meshing
technique in which all faces and their boundaries (patches) within a very small tolerance are kept
for a given part. Also, patch conforming meshing is invariant to the change of settings. Patch
independence meshing is a meshing technique in which the faces and their boundaries are not
necessarily respected unless there is a load, boundary condition, or other object scoped to the
faces or edges or vertices (topology). Patch independence meshing is more suitable for the
demand of gross defeaturing or when a very uniformly sized mesh is needed.
A variety of meshing types exist for element shapes. For instance, Tet Meshing, Hex
Meshing, Hex/Prism/Tet Hybrid Meshing, Cartesian Meshing, Quad Meshing, and Triangle
Meshing.
The mesh generation process in ANSYS-Meshing is fully automatic. Nevertheless,
considerable control over how the mesh elements are distributed can be made by the user to
obtain the best fluids solution with available computing resources. For example, the background
element size, type of mesh, and where and how the mesh should be refined are all user options.
In general, setting up the mesh attributes is a three-step process, including assigning a
suitable set of global mesh controls, overriding the default mesh type, and overriding the global
sizing or other controls locally on bodies, faces, and edges by scoping local mesh controls. After
finishing all these settings, then mesh can be generated.
In ANSYS-Fluent, two solver technologies are available: pressure-based and densitybased. Either solvers can be applied to solve a broad range of flows, although their performance
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may be different based on cases. These two approaches differ in the way of solving the
continuity, momentum, energy and species equations.
The pressure-based solver has been employed for incompressible and mildly
compressible flows. Two algorithms are available under the pressure-based solver in ANSYSFluent: a segregated algorithm and a coupled algorithm. The governing equations are solved
sequentially when the segregated algorithm is employed, while in the coupled algorithm the
momentum equations and the pressure-based continuity equation are solved in a coupled manner.
The coupled algorithm can generate an improved convergence speed compared to the segregated
algorithm, however, requiring more memory as a tradeoff.
ANSYS CFD-Post is a postprocessing application that allows users to visualize results of
simulations. ANSYS CFD-Post is powerful, particularly in generating high-quality images to
interpret the flow with any desired level of detail. Insightful illustrations, such as vector plots,
contours, streamlines, and flow animations, can be provided by ANSYS CFD-Post. These highquality visuals are invaluable in presenting results to audience and readers, benefiting the
explanation and understanding of complex flow phenomena.
Besides graphic outputs, ANSYS CFD-Post enables users to obtain all the data desired by
exporting them in a quick manner. For instance, weighted averages, mass flows, forces,
maximum/minimum values, and many other functions are available to analyze the result of CFD
simulations. In addition, datasets tabulation, chart plotting, special turbomachinery functionality,
and automatic report generation, are all accessible in ANSYS CFD-Post.
In addition, ANSYS CFD-Post allows users to create macros that can be saved in a
session file and re-used for similar cases. These codes can be employed to create images, charts,
tables and reports automatically for different results. Thus, ANSYS CFD-Post has a high level of
automation and is user-friendly for running completely in batch mode.
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By using HPC resources, ANSYS-FLUENT is capable of delivering CFD simulation
solutions even faster, improving the efficiency of the calculation. Also, quicker simulations
benefit users in making better decisions sooner in the workflow, especially when solving
complex, large-scale CFD simulations.
The Institute for CyberScience at The Pennsylvania State University provides HPC
resources for this study through the Advanced CyberInfrastructure (ICS-ACI) system. ICS-ACI is
Penn State’s HPC cloud, which supports Penn State research computing, is also located at the
University Park Campus. ICS-ACI operates more than 26,000 “Basic,” “Standard,” and “High”
memory cores. The system provides dual 10-core or 12-core Xeon E5-2680 processors for
“Basic” and “Standard” memory configurations and quad 10-core Xeon E7-4830 processors for
“High” memory configurations. The “Basic,” “Standard,” and “High” memory configurations are
128 GB, 256 GB, and 1 TB, respectively.
ICS-ACI operates and maintains a wide-range computing software stack, including
ANSYS v18.1.In this study, ANSYS v18.1 was employed to complete all the CFD simulations
through the ICS-ACI “Open Queue.” Up to 100-core executing jobs can be submitted using the
“Open Queue” at any time within 48-hour job wall-times.
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Appendix C

Blueprints of Cage-free Hen Houses (Basic Floor Plan )
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Appendix D

Blueprints of Cage-free Hen Houses (End View )
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