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Abstract

Improving the quality and quantity of livestock production can be achieved by creating a
comfortable and safe environment for animals. The use of closed-house pens is one of the methods
employed to control temperature, humidity, airflow, and the cleanliness of the living space for
animals. Close-house pens are equipped with Heating, Ventilation, and Air Conditioning (HVAC),
including the combination of an Evaporative Cooling Pad (ECP) and an exhaust fan. The
characteristics of the shape and material composition of the ECP components influence pressure
drop and the flow pattern entering the room. This research focuses on reviewing papers related to
the development of numerical simulation studies of close-house pens and ECP. The design of
numerical simulations and the selection of boundary conditions enhance the precision and error
level of predicting fluid flow distribution in closed-house cages. In addition to numerical
simulations, the application of energy management calculations provides recommendations
regarding the combination of HVAC design and environmental control parameters that need to be
considered.
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1.Introduction

Indonesia actively participates in achieving the Sustainable Development Goals (SDGs) as
agreed upon by nations worldwide. The SDGs aim to foster human prosperity while preserving
environmental sustainability. Developing the livestock sector is one of the steps toward achieving
the SDGs. Livestock development through intensification programs can help reduce hunger and
poverty. Chickens are a widely consumed livestock species, serving as an economical and accessible
source of animal protein for human nutrition. Poultry farming has been intensively developed using
both traditional and modern methods. Poultry farming is divided into broiler chicken farming and
laying egg farming. Broiler chickens are raised for their meat while laying hens produce eggs for
consumption. To obtain quality chickens, farmers must pay attention to the amount of nutrition,
cleanliness, and comfort of the animals in the coop. Some standards used to create comfort for
chickens include airflow, Temperature [1], Relative humidity [2], lighting intensity [3], and
hazardous gas accumulation [2]. The ideal environmental standards for broiler close-house cages
are shown in Figure 1. Pollution generated in the coop must be promptly removed to avoid
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Figure 1.
Ideal environmental
standards for broiler
chickens

Figure 2.

Broiler closed-house
cage problems due to
inappropriate HVAC
system design

Zain Lillahulhaq et al.

disrupting the development of chickens. Nutritional intake is adjusted according to the chicken's
development. Feeding high-protein diets causes chickens to produce higher body heat [4].
However, crude protein feed can reduce the percentage of ammonia the animals produce [5].

Ideal environment

Contaminant gas
limit
CH4: < 0.75%

—— Broiler — Broiler free-cage

+ Layingegg — Battery cage

Temperature : DOC 30-33° C, Growth 18-32°C —
RH : DOC 65-70%, Growth 60-70%
Velocity : DOC 0.3 m/s, Growth 0.35 - 1 m/s

» Light intensity : 5 to 20 Lux

CO0Z = 1000 ppm (0.35%)

NH3 : < 100 ppm (0.01%4)

+ particulate matters (PMs) < 1000 ppm —

=—  HVAC system

Livestock cages are classified into open-house, semi-open-house, and closed-house models.
Traditional farmers widely use the open house model with no enclosing walls, so the outside
weather influences air circulation. A semi-open cage has a specific height partition wall and
accessible windows. This design can reduce the effect of external wind speed on the chickens.
However, semi-open cages are not equipped with an insulation system, so the opening and closing
of windows must be regulated to prevent an increase in room humidity and temperature. The
development of closed-house cages is widely conducted to create an ideal environment for the
growth of livestock. Closed-house cage systems have ventilation systems such as misting, heaters,
exhaust fans, and ECP. The installation of Heating, Ventilation, and Air Conditioning (HVAC)
systems should consider Climate and weather conditions, Electricity consumption, room density,
geometry, and room design. HVAC design errors create a non-ideal environment with a low fresh
air supply and a high accumulation of contaminant gases. An unsuitable environment leads to

increased temperature and heat stress.

Higher environmental temperatures lead to heat release from the chicken to the
surroundings, indicating the onset of heat stress. Chickens do not have sweat glands; to regulate
body temperature and match the environmental temperature, chickens pant by opening their

HVAC Problem

Non-ideal
Enviroment
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‘ High mortality

Disease Low fresh air
transmission | supply
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‘ Weight loss ' Accumulation

Contaminant gas

4
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beaks, increasing respiration
rate. An increase in respiration
rate leads to increased

evaporation and decreased body
temperature. Elevated
respiration due to heat stress
disrupts the metabolism of
chickens. Heat stress activates
the pituitary glands,
characterized by increased
blood flow, and causes redness
in various parts of the chicken's
body. Chickens experiencing
heat stress undergo behavioural
changes, such as increased
water consumption. The
increased water intake results in
reduced food intake in chickens,
leading to decreased body
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weight [6]. Changes in chicken metabolism due to heat stress can result in higher mortality, lower
egg production, thinning of eggshells, and reduced egg size [1]. The negative effect of inappropriate
HVAC design in close-house cages is shown in Figure 2.

There are several expenses to operate an HVAC system in closed-house cages, including
heaters, room coolers, exhaust fans, and pumps. Broiler houses' ventilation and heating systems
require 75.5% of the total energy consumption. Meanwhile, ventilation and heating systems'
electricity requirement for laying hen houses is 58.9%, swine farms 50.2%, and cow farms 28.3%
of the total energy needed [7], [8]. In a broiler house, chickens can be kept free-cage or placed in
battery cages with multiple levels. The temperature and humidity in the cage affect the chicken's
habits and movement patterns. Free-cage chickens gather near the walls when the temperature
rises, whereas, in colder conditions, they flock in the middle of the room. The uneven number of
flocks causes unbalanced feed consumption distribution, leading to weight loss in chickens. To
guarantee that the airflow in the room has uniform temperature and velocity, farmers install HYAC
components such as exhaust fans [9], diffusers [10], evaporative cooling pads [11], shutter
windows [12], and slot window openings (flaps) [13]. Installing an exhaust fan function to create
negative pressure in the closed-house cage ventilation system. The cage has a lower pressure than
atmospheric pressure due to exhaust fans. The installation of HVAC components results in a
decrease in the speed of incoming air and creates a more uniform airflow pattern [13]. Weather
conditions outside the cage also influence airflow patterns inside. The air conditioning system in a
multiple-stage battery cage may be hindered due to a decrease in buoyancy force during cold air
temperatures. The warm air accumulates around the cage in winter due to the convective process
of the chicken's body heat. Contaminant gases (ammonia, carbon dioxide, volatile organic
compounds, odor gases, etc.) have a greater mass in cold conditions. In the winter, the air's
buoyancy force is less effective in pushing the contaminant gases upward in the cage. As a result,
a blocking effect occurs, hindering air circulation. Contaminant gases accumulate around the
animals, so the supply of fresh air around the chickens is decreased. The warm air inside the cage
must continue to circulate to reduce the blocking effect. Increasing air circulation in the cage can
be achieved by using heaters on the roof [14], earth-to-air heat exchangers (EAHE) installed
underground [15], [16], and preheating incoming air using double ducting [17].

The energy source required for developing a farm is primarily allocated to improving the
nutrition provided to animals. Based on energy audits conducted in the poultry sector, electricity
consumption in lowland farms is higher than in highland regions [18]. Electricity consumption
contributes the second-largest percentage at 29% [19]. The use of fuel is relatively lower at 11%.
Electricity consumption is required to regulate feeding, lighting, ventilation, cooling, and heating
systems in closed-house cages. The ventilation system requires the highest electricity consumption
due to its high-duty hours around 88% of total electricity consumption [20]. The HVAC design
affects the amount of energy consumed, so consideration is needed when choosing the
components to be utilized [21]. Therefore, Energy and economic audits are conducted, including
assessing the effectiveness of misting and HVAC systems in closed-house cages. A misting system
and negative pressure ventilation in closed-house cages can create uniform air and flow at lower
temperatures [22]. Sprinkle/misting cooling systems enhance cooling efficiency by up to 15.4%
compared to evaporative cooling pad [23]. Cooling systems with intermittent partial surface
sprinkle, mist, and fogging models can reduce body temperature by directly contacting the
chicken's head, skin, and feathers. However, this cooling system has a negative effect as it makes
litter, food, and equipment wet. This condition can lead to the development of bacteria and viruses
in closed-house cages [24]. HVAC is forced ventilation, which requires proper design to increase
efficiency and minimize electricity consumption. HVAC designs must be audited to achieve an
effective HVAC system, minimize energy consumption, and reduce heat loss. The HVAC design
process is conducted through numerical simulations to save time and costs in the analysis process.
As far as we are aware, there has been no research dedicated to exploring the advancement of
numerical studies on closed-house cage poultry, especially concerning evaporative cooling pads.
The majority of existing literature reviews primarily address the metabolic systems and health of
chickens. This research is conducted to understand the improvement of numerical simulations
study related to HVAC systems in closed-house cages. This research aims to give valuable insights
for future researchers in developing more precise numerical models with reduced error margins.
Additionally, the study aims to explore the development of evaporative cooling pads in HVAC
systems.
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2. Methods

The review was a study on journals published from 2000 to 2023 to comprehend the progress
in research about controlling air conditions in closed-house cages. In current developments, indoor
air conditions are more effective when represented by simulation results equipped with contour
and vector. The review process focuses on advancing numerical simulations, covering the
development of models, methods, boundaries, mathematical equations, and the impact of
additional HVAC components.

The criteria used in this review process are as follows:

The journals investigated the optimum environment for chickens in closed-house cages.
Simulation of closed-house cages with any livestock inside.

Simulation of broiler or laying egg chicken cages in closed-house cages.

Air conditioning system in closed-house cages.

The review process continues for journals associated with evolving research on ECP. The
implementation design needs to consider energy consumption and its economic viability. To do
that, this research also delves into energy audit software papers related to closed-house cages.

o0 oo

3.HVAC in Close House Cage

Climate change negatively affects animal health, welfare, energy consumption, and human
labor [25]. Temperature and relative humidity (RH) management is a climate control action
required to improve the quality and quantity of livestock production, especially in close-house
cages. The fluid streamlines transform due to changes in the installed air conditioning system and
external conditions, including weather, wind speed, and direction. Streamline transformation
inside close-hose cages can be illustrated through numerical simulation results. The fluid flow in
the cage is non-uniform due to the wall friction, fluid interactions with the Animal Occupied Zone
(AOZ), and buoyancy forces. When the exhaust fan operates at high speed, damaging and dead
zones are formed inside the cage [26]. The damaging zone is a heterogeneous high velocity near
the exhaust fan. This area has significant health risks to animals. On the other hand, the dead zone
is a low-velocity area trapped near the inlet by the high-speed backflow. This area has a high
percentage of harmful gas accumulation.

Several numerical studies were carried out to represent the flow streamlines in a closed
enclosure. A numerical Steady was performed to comprehend the effect of the operating condition
(on/off) exhaust fans in the closed-house cage. An experiment obtained by measuring velocity
within the room was conducted to validate and verify the CFD research model used. Simulation
results show that when all exhaust fans are operated, high flow speeds are created, which
widespread the damaging zones and dead zones. A simulation conducted by Ma et al. [27] on a
two-tier connected cage was run by Airpak software to investigate changes in THVI (Temperature,
Humidity, and Velocity Index) levels on each aisle of the cage. This study simulates some cases that
combine the location, speed, and size of the exhaust fan to determine the effect of fresh air
distribution in the close-house cage. The chicken flocks were defined as 85% porous media. The
roof and wall were considered as heat sources. The window was defined as a pressure inlet, and
the exhaust fans were set as the velocity outlet. The HVAC system delivered a non-uniform flow.
The simulation shows that high-velocity fluid was found near the exhaust fan, window, and air
leakage. Meanwhile, the upper floor of the cage has low wind speed, especially at the front wall.
Moreover, this study recommended symmetrical installation of exhaust fans at the front and back
of the cage in order to decrease speed and temperature to around 22.0% and 88.3% [27].

In the winter, the airflow inside the cage has non-uniform speed and temperature. During
winter, air circulation is obstructed due to a weakening buoyancy inside the room. Warm air
accumulates around the cage due to the heat generated by the chickens [28]. Contaminant gases
have heavier mass friction in cold air, so they can't be lifted out through ventilation. This condition
results in less fresh air supply, which leads to stress and health issues for chickens in battery cages,
especially in the lower tier [27]. Numerical flow simulations predict THVI conditions that represent
a safe and comfortable environment for broilers. Several factors must be considered in numerical
simulations:

* Defining the domain and geometry model;
* Selecting boundary conditions; and
* Choosing turbulence models and solvers.
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The adjustment of the domain and model geometry affects the type and number of meshes
used. The meshing process determines the numerical calculation time and the computer memory
capabilities required [29], [30]. Meanwhile, selecting an incompatible turbulence model can
propagate errors throughout the solution, impacting the overall accuracy of CFD results, especially
when coupled with inappropriate domain and boundary conditions. Moreover, these factors can
influence the sensitivity of simulation result estimations [31]-[33]. The use of uncertainty
coefficients may be considered to achieve more accurate results [34].

3.1. Defining Domain and Geometry Model

Internal flow in a closed-house cage can be simulated in 2D or 3D domains. A 2D domain
model requires less number mesh; thus, it saves cost and computational time. 2D numerical studies
illustrate airflow conditions along the centerline cage, representing average conditions inside the
room. Generally, the Simulations were conducted as an empty cage model to understand velocity
and temperature distribution without considering interactions between airflow and animals [35].
In a steady simulation study by Fabian et al. [35], the airflow distribution in a chicken cage with
natural ventilation was investigated using a 2D CFD simulation model. The result also illustrates
the condition outside the cage. The tear-drop shape denotes the animal (chicken). The simulations
cannot illustrate the turbulence flow comprehensively, especially the Jet flow around the exhaust
fan [35]. 3D simulations are conducted to get precise illustrations of air distribution, temperature,
and velocity profiles inside a close-house cage. A 3D model can illustrate the impact of HVAC
installation with or without depicting the Occupied Animal Zone (OAZ). This simulation was
conducted in OpenFOAM to simulate the effect of Heat Exchanger (HX) installation as a substitute
for propane lamps in the cage [36]. The results display secondary flow colliding with the wall. The
heat generated by HX increases the airflow velocity near the inlet and decreases buoyancy inside
the cage. The 3D layout can also highlight different airflow distributions caused by detailed building
structure configurations. A study was carried out to illustrate NH3 distribution across empty open
cages with and without pillars [37]. The 3D model can display a more uniform flow across the cages
with pillars.

The complex geometry model allows the researcher to capture the fluid flow profile around
animals. In a study by Wang et al. [38], 3D simulations were conducted to comprehend the fluid
flow around cows in different positions: standing, without legs, or sitting. A wall jet zone flow is a
wake region that forms around the animal, especially at the bottom of the legs. AOZs with different
alignments and animal body postures result in different amounts of drag force. The configuration
of the animal positions changes the pressure drop around the animals, which causes differences in
velocity and temperature near the animals [39]. Geometric complexity, size and body weight of
the animal model also influence the fluid flow profile, which results in differences in drag forces
and fluid flow resistance [40]. Simulation study by Li et al. [41] was conducted to determine the
convective heat release by chickens based on their size (mass) and the direction of the incoming
wind. The chicken was represented as a complex model and a simple spherical model. The research
showed that the spherical model could provide simulation results similar to the more complex
chicken model. Simplifying the geometry model is recommended to accelerate the meshing and
computation process. However, the heat transfer around the model is changed through the size of
the geometry surface area. The bigger chicken generates higher heat release during convection.
Fluid flow Inside the close-house cage can be simulated in several alternative simple solid
geometries, such as using spherical models [42], cuboid [43], cylindrical [39], [44], [45] and
rectangular blocks [46], [47]. Simple geometry results in similar flow patterns to complex models
and can represent airflow slightly further away from the animals [47].

Simulations of free-cage close-house chicken farms were depicted per individual to obtain
realistic results. Chickens are portrayed as a heat source wall with a 3D solid model featuring
aligned necks and tails [48]. Simulations were conducted to investigate the effect of inlet water
supply position in closed cages. The chickens are modeled individually as walls to obtain the
distribution of harmful gases from the chicken's nostrils. These fluent simulations illustrate
concentrations of harmful gases such as CO,, NH3, and specific humidity (w) [44]. The 3D ANSYS
software was conducted in steady conditions to determine the cage construction type that most
significantly reduces the spread of viruses among chickens [49]. Individual-based animal modeling
was employed to obtain detailed particle distribution from a specific point. Some researchers also
employed an individual chicken model with aligned rows [44], [49]. A single porous media can be
used to represent a group of animals. Using porous media can reduce the number of meshes and
the time required in the 3 Model computational process. A 3D simulation was conducted in a cattle
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cage to analyze changes in Air Change Hour (ACH) and animal density. Animal density refers to the
density of livestock within cages. The number of Animal density is used to calculate the values of
internal and viscous resistance. Livestock was defined as a box-shaped porous media generating
heat flux. Animal density was varied: AOZ Empty = 0 cow (empty cages condition), AOZ Low = 12.0
m?/cow, and AOZ High = 1.56 m?/cow. The simulation results show that airflow around livestock
has a lower velocity than inlet air. A cage with a high AOZ requires a higher ACH to create an
adequate environment for the livestock [50]. A porous media model was used as a substitute for
the Occupied Animal Zone (OAZ) and tested in a 2D simulation. The simulation showed that using
porous media to represent animals resulted in longer computational times for the 2D model.
However, porous media could better illustrate the aerodynamic force interactions around the
animal. A porous media can be combined with the DPM method to evaluate molecular distribution
in the cage. A Simulation was conducted to determine the distribution of aerosols in a cage with 4
rows [51]. This Simulation aims to understand the effect of wind speed on which enter the close-
house cage. The Solid building was defined as Porous Media: 96%. The barn door openings and
wind direction significantly affect the fluid flow inside the cage. Structural mesh can provide more
detailed and significant results [52]. The simplified geometry results in differences of up to 10%
compared to the complex geometry that is like actual conditions. However, the complex geometry
simulation requires a longer computation time [53], [54]. Based on these considerations,
adjustments to the model geometry selection should be made in aligned with the research
objectives. If the study aims to assess the general flow distribution, a simple 2D model may be
sufficient for the simulation. However, if the researcher intends to simulate the conditions of a
room in 3D, it may be recommended to represent the geometry using a symmetry model or apply
model simplifications to reduce computation time. Complex geometric representation in a 3D
model can be considered if the researcher aims to analyze the effect of airflow distribution around
livestock, particularly the turbulence changes around the animal surfaces.

3.2. Boundary Condition

The configuration of boundary conditions is the most crucial aspect of defining the limits of
mathematical computation. The preference for boundary conditions includes describing the
computational domain and inputting initial data. The preference of boundary conditions
determines the originality of the computation results. The selection of the type of boundary
condition in 2D and 3D simulations is influenced by the parameters and data measured from the
field. The size and dimensions of the geometry do not affect the type of boundary condition used.
In general poultry cases, both 2D and 3D geometries have similar boundary conditions. In the
simulation of a close-house cage, the inlet of the computational domain is defined as a "velocity
inlet" to describe the specific velocity of outside wind entering the room. The inlet boundary
condition is represented as "interior" to describe the plane of incoming wind traverses along the
domain room. "Pressure outlet" boundary condition is utilized when the air exits to atmospheric
pressure and interacts directly outside the simulation domain. The outlet is defined as a "fan" if
the air flows through to the exit plane of the cage model, but it is still inside the simulation domain
[35]. Another Boundary condition of inlet-outlet configuration in previous research is shown in
Table 1.

Inlet Outlet Refences Frequency

Velocity Inlet Pressure Outlet [35], [38], [41], [42], [441, (521,  [UVEVVEVELIEDEITTEnt
[55]-{60] RRRRRNARRRRAn

Velocity Inlet Mass flux rate [26] (1111
Pressure Inlet Velocity Inlet [28] [11]]
Pressure Inlet Outflow [17] [T
Pressure outlet  Exhaust Fan [27] (1111
Pressure Inlet Pressure Outlet [51] [T
Pressure atm Negative Velocity Inlet [61], [62] [T
Velocity Inlet Velocity Outlet [46] 1111
Velocity Inlet Pressure Jump [48] 1111
Volumetric Flow Velocity outlet [36] [11]]

Mechanical Engineering for Society and Industry, Vol.4 No.3 (2024) 373



Zain Lillahulhagq et al.

The boundary condition Velocity inlet—pressure outlet configuration is most often used in
close-house cage research. However, this configuration is difficult to apply to close-house cages
equipped with Evaporative cooling pads as porous media. Fresh air entering the ECP inlet creates
a uniform low-velocity airflow as the pressure drop effect.

In a simulation that conducted to understand the impact application of input-output
boundary condition configuration [63]. The simulations concern 4 close house cage models and 7
cases. The boundary conditions applied to each model were as follows:

* Case I: Atmospheric pressure at inlets; velocity inlet at outlets; fan as an outlet.
* Case ll: Velocity inlet at inlets; atmospheric pressure outlet at outlets.

* Case lll: Atmospheric pressure at inlets; pressure outlet at outlets.

* Case IV: Air velocity at inlets; fan at outlets.

In this simulation, the chickens are represented as heat source porous media. The Hosmer—
Lemeshow and chi-square (x?) method tests the simulation results. The chi-square (x?) values are
under the specified standard, which indicates that all configurations of boundary conditions are a
good fit to represent the actual condition. Scenario Ill, with the boundary conditions of Inlet -
atmospheric pressure inlet and Outlet - pressure outlet, has the lowest chi-square (x?) value than
another boundary. This boundary is most suitable to be applied in the following CFD studies [63].

Another CFD simulation was conducted to validate the accuracy of the boundary condition
configuration, initial value, and solution in numerical simulation [64]. The statistical analysis of the
stepwise second-order method was accomplished to determine the error between the real
measured of wind speed and the simulation result. The variations of boundary conditions used
were:

* Case I: Velocity Inlet (uniform) - Airflow

* Case IlI: Velocity Inlet (Real Measurement) - Airflow

 Case lll: Pressure Inlet (atmospheric) - Velocity (outlet), the outlet velocity value was
calculated in Cubic feet/minute (CFM)

* Case IV: Velocity Inlet (uniform) - Pressure Outlet: The pressure value was obtained from field
measurements.

The initial values for inlets and outlets are obtained from experimental measurements. The
study indicates that the best boundary for "Inlets" is "air velocity," and for "Outlets," it is
represented as "% Airflow."

3.3. Turbulence Viscous Model

The Reynolds-Averaged Navier-Stokes (RANS) equations are mathematical equations derived
to approximate turbulence phenomena of mean flow. The turbulence model has 4 equations
consisting of 3 momentum equations and 1 mass conservation equation. These equations are used
to find 10 unknown variables, including 3 mean velocities, 1 pressure, and 6 Reynolds stresses. The
equations utilize a mathematical approach to solve and illustrate the velocity profile. Various
turbulence models have been developed by the ANSYS program, including Spalart-Allmaras (One-
Equation), Standard k-g, RNG k-¢, Realizable k-& (Two-Equation Models), Standard k-w, SST k-w
(Three-Equation Models), 4-Equations v2f, Reynolds Stress Model k-kl-w Transition Model, SST
Transition Model, Detached Eddy Simulation, and Large Eddy Simulation.

The numerical simulation model of a close-house cage can detail temperature, humidity, and
velocity distribution. A simulation was performed by Gebremedhin and Wu [65] to compare the
impact of different turbulence viscous model selections on the airflow distribution. The cattle are
modeled as solid geometry in a randomly patterned standing position using PHOENICS 3.2
software. The simulations were conducted on turbulence models, including Standard k-g, RNG k-¢,
Low-Reynolds number k-g, k-w, and the Reynolds Stress Model. The study results show that the
RNG k-£ turbulence viscous model is most relevant to apply, especially in heat exchange cases. A
study by Cheng et al. [40] was conducted to compare turbulence models: standard k-g, RNG k-g,
realizable k-g, low-Re k-g, standard k-w, and SST k-w. The pressure-velocity equations were
discretized using the SIMPLE second-order scheme. The flocks are simulated as oval-shaped,
chicken-shaped, and oval-necked chicken models. The flock was also simulated in regular and
irregular chicken positioning during feeding. The research concluded that the RNG k-& turbulence
model is well-suited for simulating simple models with detailed, high-density meshing.

A star CCM+ simulation investigates the impact of fluid flow in the barn on variations in
porosity [56]. The turbulence models used were Standard k—¢, realizable k—¢, SST k-w, and v2f k—
€. Simulation results of Standard k—e and realizable turbulence viscous models are like actual
measured velocity. However, the realizable k—g, SST k-w, and v2f k—€ turbulence models did not
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provide adequate results. The simulation by Kigiliktopcu & Cemek [66] compares velocity and
temperature distribution by applying different turbulence viscous models Standard k-g, RNG k-¢,
and Realizable k-e. The results show that the RNG k-€ model accurately predicts velocity. The RNG
k-g offers higher accuracy than the Standard k- model [1], [66], especially in obtaining species
transportation distribution, such as CO,, NH3, and water vapor. However, the accuracy of
temperature distribution prediction of RNG k-¢ is inadequate [56]. The standard k-€ turbulence
viscous model proposes suitable precision and manageably convergence [26], [67]. This turbulence
viscous model can accurately predict areas far from the wall. However, this turbulence viscous
model provides up to 30% dissimilarities in close wall areas. The standard k-€ turbulence model is
acutely sensitive to grid density transformations. Modifying the standard k-& model provides better
accuracy in approaching predictions of the actual velocity [68]. An The turbulence viscous model
in previous research is shown in Table 2.

Category Turbulence viscous References
Poultry The turbulence model used is SST k-€. The pressure-velocity [10], [17], [26], [27], [38],
method SIMPLE is employed with a second-order upwind [41], [42], [44], [50], [52],
scheme discretization approach. [53], [55], [57], [61], [64],
[66], [69]-[73]
Poultry The turbulence model used is k-€ SIMPLE first order. [28]
Poultry The simulation is carried out using the k- Standard SIMPLE [74]
method.
Poultry The simulation was carried out using the RNG k-¢ turbulence [36]
model with standard wall functions and the SIMPLE method.
Poultry The turbulence model used is k-w SIMPLEC. The discretization [2]

equations for momentum and radiation are solved using the
Second Order Upwind (SOU) method, while the turbulence
and energy equations are solved using the First Order Upwind
(FOU) method.
Cattle The RNG k-€ turbulence model combined with SIMPLE was [75]
used in the simulation.

Solving the Navier—Stokes equations in livestock farming cases requires an additional
equation. The additional algorithm commonly used to solve this problem is SIMPLE or SIMPLEC.
This algorithm is employed to solve pressure and velocity coupling. In various studies, closed-house
cage simulations are completed mainly by a pressure-velocity coupling-based solver and a second-
order scheme for discretizing governing equations. However, employing a second-order scheme
discretization causes unstable results and time-consuming simulation than first-order schemes.
The instability is presumed to be caused by the high turbulence jet flow created by the incoming
fluid hitting the roof and wall. To enhance computational stability and achieve more precise results,
some researchers combine both first- and second-order discretization methods [2], [48], [49].
Additional equations manage more complex cases, such as when considering radiation and
buoyancy in heat exchange calculations. For instance, solar radiation is solved using the Discrete
Ordinate Method (DOM) equation [64]. The distribution of dust and hazardous particles such as
PM can be calculated through the Discrete Element Method (DEM) or Discrete Parcel Method
(DPM) [76], [77].

4.Water Sprinkle in Close-house Cage

Heat stress is a series of conditions experienced by the body that cannot get rid of excess
heat. In animals, this condition negatively affects the metabolism, including behavior changes, food
intake decrease, health disorders, and mortality. The effects of heat stress can be mitigated
through feeding strategies adaptation, genetic approaches, and housing system improvement.
Hot-humid air can raise cage temperature and potentially accelerate animal heat stress conditions.
Several steps are taken to control temperature and RH in the close-house cage, choosing the type
of litter [78], determining the number of exhausts [55], open and close window scheduling [1],
[28], setting inlets position [79] and determining the on/off system of exhaust fans [1], [26].

Natural ventilation of the housing system is improved by adjusting the building design based
on local climate conditions. The improvement involves adjusting the cage's height, roof slope, and
selection of insulation materials to suit the temperature of the animal's comfort level. Advanced
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Figure 3.

The application of
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Table 3.
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technology can be added to enhance animal comfort, including using exhaust fans, fogging roofs,
sprinkler systems, interior fans, air conditioners, cooling pads, and cooling perches [80]. Sprinklers
are considered more effective in reducing animal heat stress due to less energy consumption up

to 60% less than evaporative systems
[81]. The installation of sprinkle spray in
broiler close-house cage is shown in
Figure 3. Operating misting sprinklers
requires a pump to circulate water as a

Sprinkle

cooling medium. Sometimes, the
farmer used water mixed with
disinfectants or medications in the

sprinkle to effectively circulate into the
air. Various equipment can be used to
reduce the mist size, as indicated in the

following Table 3 [82].

Device Types of water particles Size
Humidification Dry fog <10 um
Disinfection Semi-dry fog 10 ~ 30 um
Venturi Fine mist 10 ~ 100 um
Pest Control Fine drizzle 100 ~ 300 um

Indoor cage temperature reduction is achieved through the misting process. Sprinklers are
more suitable to apply in high temperature open-house cage regions [83]. In a closed-house cage,
applying sprinklers causes wet walls and litter, which triggers fungi and bacteria growth. Hence,
ECP installation is more effective in improving animal comfort in closed-house cages [84]. The
sprinkles system can be modified to archive similar ECP effect. The study conducted by Cayli et al.
[85] compares the use of the Fan-Pad Evaporative Cooling System (FPES) with the Water Spray
Evaporative Cooling Systems (WSES). In this method, the fresh air is streamed into a chamber
outside the cage and sprayed with water mist to reach a certain humidity level. Then, the humid
air blows into the room through the windshield to achieve an effect similar to the ECP. Applying a
Fan-Pad Evaporative Cooling System (FPES) sometimes causes failures in the wetting process due
to blockages in the pipe holes. However, the use of the original Evaporating pad (FPES) is
considered more effective because it can reduce temperatures by up to 5.4-6.4 °C without a
drastic increase in Relative Humidity (RH) [85].

5. Evaporative Cooling Pads (ECP)
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Figure 4.

Evaporative cooling pad
in broiler close house
cage
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ECPs are used to decrease the room temperature after the chicken passes through DOC age.
ECP is a porous layer made of cellulose, and each layer is positioned at a specific angle. The
cellulose layer is coated with chemicals to improve strength, decomposition resistance, and wind
resilience. ECP Installation is carried out to reduce room temperature and create uniform low-

Water supply S—

Evaporate
Cooling pad

speed airflow inside the close-house
cage. The structure of the evaporative
cooling pad is shown in Figure 4.
Generally, ECP is installed in a closed-
house cage with a negative-pressure
ventilation system [86]. Humid air is
pulled into the closed house cage by a
high-pressure exhaust fan installed on
the outlet side. This conditioning
system is also known as tunnel
ventilation. The tunnel ventilation
system with ECP cannot operate in the
DOC ages or indoors below 15 °C. In the
DOC stages, particularly within the first
week, it is advisable to place the
chickens in a new cage with fresh litter.
During this stage, they require a warm
environment to facilitate their growth.

Implementing a positive ventilation system is more suitable due to the low emission rate at this
stage [87]. The ECP tunnel ventilation system is highly recommended for dry and hot regions like

the Mediterranean because the wet air circulates inside [88]. Climate and weather characteristics

in each area also result in differences in ECP cooling performance [89]. The ECP system's pump was
activated when the indoor air temperature exceeded 30 °C and deactivated when it fell below 29
°C. By employing this control method, fluctuations in indoor air temperature could be limited to 4
°C [90]. The stability of temperature and RH in ECP closed-house cages decreases mortality rates,
raises egg production, and improves egg weight. However, eggshells produced by chickens in ECP

close-house cages are more susceptible to cracking [91].

5.1. The Characteristic Evaporative Cooling Pads (ECP)

The performance of ECPs can be evaluated through some indicators, including Coefficient of
Performance (COP), power consumption, and cooling effectiveness [89]. Evaporative cooling pads
made from cellulose layers have a cooling effectiveness of up to 75.9% and effectively reduce

temperatures up to 4.4 °C in subtropical climates [92]. Several natural sources have been

developed as the ECP base material, such as wood shavings, aspen, loofah, specialized fibers, palm,

jute, and straw [93]. The Cooling Efficiency (n) values for natural cooling pad materials are as
follows: Aspen 71.6-97.7, Palm 38.9, Jute 57.0-87.0, Khus Fibre 64.2-82.0, Straw Fibre 71.9-90.0,

and Wood Savings 25.0-65.8, respectively [94]. The criteria of ECP alternative material selection
including porosity, permeability, water-holding capacity, thickness, and material structure.
Pressure differences on both sides of the ECP can cause deformation of the layers. Therefore, some
researchers suggest high-strength materials as ECP alternative materials, such as Coconut shell
pads, Burnt clay hollow brick pads, and Pumice stone. These materials endure high-pressure flow

from both sides despite having lower cooling effectiveness than cellulose ECPs. Lower cooling

effectiveness ECP has a lower pressure drop that minimizes the energy consumption for indoor air
circulation [94]. Porous Concrete Evaporative Cooling Pads (PCECP) is an advanced material

developed by porous concentrate brick with 21.6% and 22.45% porosities. These materials can

reduce surface temperatures by up to 20 °C and 12 °C, respectively [95]. Porous Concrete PCECP

[96].

were invented to obtain strong materials with high porosity with cooling effectiveness of up to 97%

The ECP performance is affected by the inlet velocity, thickness, reduction in pressure drop,
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and the water evaporation used to wet the ECP [97]. The increment of inlet air velocity reduces
the time for the air to absorb sufficient water content flow into the closed-house cage. High-
velocity fresh air minimizes the heat transfer inside the cage, which gives adequate time for
contaminant gas to leave the cage rapidly without causing any condensation. Meanwhile, ECP
thickness indicates pressure drop rise, causing lower saturation efficiency and relative humidity
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(RH). The deviation of saturation efficiency and RH is rising due to velocity increase in the frontal
area [98].

5.2. Evaporative Cooling Pads (ECP) Installation Position

The installation of ECP significantly influences the fluid flow patterns within the ECP barn
[42][99]. In a study by Wang et al. [99], the installation of ECP was varied in three models. Typically,
ECP installation is carried out at the back and beside the close house barn. The exhaust fan is
installed at the front of the house barn (model A). This model was compared with installing ECP
only at the back with the exhaust fan at the front (model B). In another model, ECP was installed
on both sides of the closed-house barn with exhaust fans placed at the front and back (model C).
3D simulations were conducted using the K-epsilon RNG turbulence model. The Evaporative
Cooling Pad (ECP) is described as an inlet velocity, and the exhaust fan is a pressure outlet.
Simulation results indicate that model B is more suitable for application in closed-house barns
because the temperature and air velocity inside the room are more uniform. The mass flow of
water wetting the ECP affects the saturation efficiency. An increase in the flow rate of water
indicates an improvement in saturation efficiency until the ECP is adequately moist. A lower mass
flow of water during the wetting of the ECP indicates an increase in saturation efficiency and results
in a high cooling energy value [100].

Increasing water contained in the ECPs layer can be done by direct evaporative cooling (DEC)
and indirect evaporative cooling (IEC) methods. The DEC method uses a small pipe that drips an
amount of water from the upper part of the ECP. DEC can be applied to single or multiple ECPs
arranged perpendicular to the direction of the wind. On the other hand, IEC is a configuration of
ECPs stacked parallel to the direction of the wind [101]. The installation of DEC is recommended
due to increased humidity and reduced temperature effectively. Besides, the DEC method has
lower energy consumption than the IEC.

The temperature and RH level of the close-house cage must be set up in ideal conditions,
around 26 °C and RH of 70%. A high-temperature level inside a close-house cage causes heat stress
for animals. Humid conditions indicate high-level RH creates an ineffective heat transfer from
animal body heat load and the surrounding air. Several scenarios can be implemented to maintain
ideal temperature and humidity. The combination of ECP and intermediate sprinklers is
recommended to operate when the temperature starts to warm up [102]. When the temperature
rises in the summer, the sprinkler operates at low pressure to create coarse water droplets.
Chickens bury their bodies in wet litter to reduce the heat load due to the heat stress. The
combination of ECP and intermediate sprinklers serves to wet the litter. Adding chemical
substances as a water mixture has a better cooling effect in wetting the ECP. The chemical
substances reduce reaction time between water vapour and indoor humidity to avoid dank
conditions. The chemical substances that can be mixed with water include CaCl and LiCl. Research
determinations show that LiCl is more effective [103]. Additionally, using ECP can be combined
with a dehumidifier to reduce humidity levels in the close-house cage [104].

5.3. The Setup of Evaporative Cooling Pads (ECP) Numerical
Simulation

Research on ECP is conducted through experimental and numerical simulation methods to
understand the characteristics of cooling performance. Seasonal changes affect chickens' health in
close-house cages. The rising temperature makes them susceptible to heat strokes during the
summer. In the winter, they are at high risk of a lack of fresh air supply due to air circulation
obstruction. A simulation by Kiicliktopcu et al. [66] illustrates the temperature distribution in a
contour inside a close-house cage during winter and summer. The cage has an HVAC system that
includes a heating system, an evaporating pad, and a circulating fan. The evaporative cooling pad
is an inlet humidity source with 94.7% porosity. The chickens are described as a heat source with
90% porosity. The result shows that ECPs can reduce the temperature up to 3 °C during summer.
Further, an exhaust fan is recommended to operate in order to eliminate stagnant air during the
winter. Another CFD simulation was conducted to illustrate the airflow in a multi-level pig barn.
Animals are represented as heat sources in porous media AOZ. In this study, the assumed outside
air conditions were 38.0 °C and 80.0%. After passing through the wet ECP, the conditions became
35.1 °Cand 96.7% (assuming a cooling efficiency of 85%). Installing exhaust on each floor was more
effective in supplying clean air in a closed-house barn [71].
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The simulation on ECP was run using the "porosity” menu on ANSYS to describe porosity
characteristics and pressure differences on both sides. Viscous and inertial resistance numbers
determine the porosity characteristic. The viscous and inertial resistance values were obtained by
experimental studies, which assembled quadratic equations graphs of the pressure drop as a
function of velocity [104]. The quadratic equation is shown in Figure 1 to Figure 3. The pressure
drop that occurs between the evaporating pads is expressed in the equation [74].

AP, < S 1
A ZDij:uvj"'ZCijEplvlvj (1)
¢ j=1 =1
3
AP; U
ax, =- Zav]- + ' Cyplv|y; (2)
j=1 j=1
3 3
AP,
ax, Zavj+Zb|v|vj (3)
j=1 j=1
Where viscous (1/a) and inertial (C,) resistance:
C,= ¢ -1
2= t.p m (4)
1_5b -2
a (5)

Where, D is matrices for viscous coefficients (m?2), C is matrices for inertial resistance
coefficients(m™), t is thickness (m), AP/Ax is pressure drop (Pa), a is viscous (1/m?), b is inertial
resistance (1/m), u is kinematic viscosity, p is density(kg/m3), v is velocity (m/s), and 1/« is viscous
resitance(1/m?). The viscous (1/a) and inertial (C,) resistance values which shown in equation 4 -5
will be incorporated into the available “porosity” menu in ANSYS Fluent.

Another simulation assessed the changes in pressure drop for fluid flow from various brands.
Numerical simulations were used to obtain mathematical models for inertial factors in evaporative
cooling pads with the following brands: 45—45° (100 mm) by G&R; 45-45° (100 mm) by Munters;
60-30° (100 mm) by Munters; 60—30° (50 mm) by Munters. Each brand has a design with specific
ECP angle characteristics. The simulation resulted in equations for pressure drop, permeability, and
cubic law inertial factor as follows [105].

AP = av® + bv (6)

w.l

K= (7)

yzﬂ_ (8)

b
.a
.p?

o~

Where :

AP : Pressure drop (Pa) b  :Inertial resistance (1/m)
: Forchheimer’s permeability (m?) Y :inertial factor

: kinematic viscosity L : ECP thickness (m)

: density(kg/m?3) 1/a : Viscous resitance(1/m?
: Velocity (m/s)

C O T R

The simulation result Eqg. (6) from the Franco et al. [106] is similar to Eq. (3) from the Cheng
et al. [74] experiment. Model quadratic (Eq. 3) dan cubic law equation (Eq. 6) resulting in a
difference of up to 10% [106]. Consequently, the quadratic law model is considered more suitable
for application in numerical simulations

In an experiment conducted by Salins et al. [107] to integrate experiment and numerical
study. There are several variations reviewed in this study, including ECP positioning ducting (cross
and counterflow), thickness and porosity in 0.062 - 0.083 kg/s. This experiment uses ECP with 100
x 100 x 100 mm wire filled with materials including Celdek, Wood Shavings, and Coconut Coir. The
experiment concluded that installing ECP in counterflow has better performance and cooling
efficiency coefficients than the crossflow type. The experimental result shows that Cellulose has
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the highest cooling effectiveness than Wood Shaving and Coconut Coir pad. Simulation research
was conducted based on experiment results to compare the performance of ECP made of cellulose
material with variations in porosity and thickness. In this simulation, the geometry model consists
of a block of a cooling pad and a test box. The 3D simulation applied the standard k-¢ model
turbulence. The simulation indicates that differences in the number of porosities have no
significant effect on cooling performance. The cooling performance varies due to the increased
speed and thickness of the ECP [93], [108].

6. Energy Management Calculation

Most energy consumption in broiler house farming is 32% for electricity and 35% for food
supply. The energy requirements increase along with the growing metabolism of broilers.
Metabolic requirements can be predicted based on weight, environmental temperature, and egg
mass [109]. A mathematical model of the energy equations required for broiler growth is essential
for understanding the total net energy consumed and the animal's metabolic system [110]. Animals
need a comfortable environment characterized by ideal temperature and RH to develop optimally.
A comfortable environment for animals can reduce heat stress and mortality rates. Animal comfort
is indicated by the temperature humidity velocity index (THVI) level. THVI can be determined from
Eq. (9) [27]:

THVI = (0.85t4;, + 0.15t,,,).v~0-0%8 ©)
or [83]:
THI = (1.8 X Ty, + 32) — [(0.55 — 0.0055 X RH) X (1.8 X Ty, — 26)] (10)

Based on THI calculations, the heat stress is divided into four categories: Normal (>74), Alert
(75-78), Danger (79-83), and Emergency (< 84). Farmers can operate HVAC equipment to maintain
ideal conditions, such as exhaust fans and evaporative cooling pads equipped with pumps or
heaters. The number of HVACs operated affects the electrical energy consumption. An energy audit
must be carried out to minimize electricity consumption. Farmers can decide on the HVAC
equipment to operate through an energy audit process. Energy use efficiency (EUE) is analyzed by
considering energy input and output. Energy consumption calculations are carried out by
considering mass and energy balance [15], [44]. The total energy consumption required by farmers
takes into heating energy requirement [8], [16], water flow rate [9], cooling capacity [104], heat
load produced by chickens [103], water evaporation rate[95], water consumption [100], lighting
[103] and heat loss [111]. Energy analyses can be calculated based on the pressure drop value of
the inlet and outlet mass airflow in a close-house cage [13], [23]. Profit (net return) is obtained
from the deviation between total energy and production costs [101].

7.Conclusion

An Evaporative Cooling Pad (ECP) is one of the HVAC systems that can be applied to increase
relative humidity (RH) and temperature in close-house cages. Using ECP can also create conditions
of uniform and low velocity air flow. The combination of ECP and exhaust fans suits dry and hot
environments. The impact of using ECP in closed-house cage can be depicted through numerical
simulation results. Some researchers use the k-epsilon RNG turbulence model to achieve high
accuracy. However, this turbulence model is highly sensitive to changes in mesh density, requiring
a dense mesh around the walls. Combining first- and second-order upwind discretization models
is recommended to obtain more stable results. The characteristics of the components making up
the ECP affect the pattern and pressure drop of fluid flow in close-house cages. Increasing the
thickness of the ECP arrangement leads to an increase in pressure drop, causing a decrease in
saturation efficiency and relative humidity (RH) as the flow velocity increases. Wetting the ECP is
recommended when the air temperature is above 28 °C and RH is below 75%. Economic efficiency
of the combination of HVAC design and ECP needs to be considered. The HVAC design in closed-
house cages results in differences in energy consumption. An energy audit of the HVAC design is
necessary to predict the incurred costs.

Acknowledgments

Mechanical Engineering for Society and Industry, Vol.4 No.3 (2024) 380



Zain Lillahulhagq et al.

The authors are grateful to Kementerian Pendidikan, Kebudayaan, Riset, dan Teknologi
(Center for Higher Education Funding-BPPT) and Lembaga Pengelola Dana Pendidikan (LPDP) for
supporting this research. The authors also express gratitude to the editor and reviewers for their
valuable contributions in refining up this manuscript.

Authors’ Declaration

Authors’ contributions and responsibilities - The authors made substantial contributions to the
conception and design of the study. The authors took responsibility for data analysis, interpretation,
and discussion of results. The authors read and approved the final manuscript.

Funding — Kementerian Pendidikan, Kebudayaan, Riset, dan Teknologi and Lembaga Pengelola
Dana Pendidikan (LPDP).

Availability of data and materials - All data is available from the authors.
Competing interests - The authors declare no competing interest.

Additional information — No additional information from the authors.

References

[1] X. Tong, S.-W. Hong, and L. Zhao, “CFD modelling of airflow pattern and thermal
environment in a commercial manure-belt layer house with tunnel ventilation,” Biosystems
Engineering, vol. 178, pp. 275-293, 2019, doi: 10.1016/].biosystemseng.2018.08.008.

[2] D. Fidaros, C. Baxevanou, T. Bartzanas, and C. Kittas, “Numerical study of mechanically
ventilated broiler house equipped with evaporative pads,” Computers and Electronics in
Agriculture, vol. 149, pp. 101-109, 2018, doi: 10.1016/j.compag.2017.10.016.

[3] Vikas, A. Yadav, M. Kumar Yadav, and S. Samir, “Phase change materials for comfort
management of poultry farms- A review,” Materials Today: Proceedings, vol. 56, pp. 2568—
2575, 2022, doi: 10.1016/j.matpr.2021.09.152.

[4] A. A. Saleh et al., “Effect of Low Protein Diets with Amino Acids Supplementation on Growth
Performance, Carcass Traits, Blood Parameters and Muscle Amino Acids Profile in Broiler
Chickens under High Ambient Temperature,” Agriculture, vol. 11, no. 2, p. 185, 2021, doi:
10.3390/agriculture11020185.

[5] W. Wu, Z. Tong, G. Zhang, A. Malkawi, X. Wang, and J. Benner, “An energy efficient hydraulic
system to cool manure and reduce ammonia emissions from livestock buildings,” Journal of
Cleaner Production, vol. 235, pp. 920-929, 2019, doi: 10.1016/j.jclepro.2019.07.036.

[6] V. 0. Sumanu, V. Naidoo, M. C. Oosthuizen, and J. P. Chamunorwa, “Adverse effects of heat
stress during summer on broiler chickens production and antioxidant mitigating effects,”
International Journal of Biometeorology, vol. 66, no. 12, pp. 2379-2393, 2022, doi:
10.1007/s00484-022-02372-5.

[7] A. Costantino, E. Fabrizio, A. Biglia, P. Cornale, and L. Battaglini, “Energy Use for Climate
Control of Animal Houses: The State of the Art in Europe,” Energy Procedia, vol. 101, pp.
184-191, 2016, doi: 10.1016/j.egypro.2016.11.024.

[8] A. Costantino, E. Fabrizio, A. Ghiggini, and M. Bariani, “Climate control in broiler houses: A
thermal model for the calculation of the energy use and indoor environmental conditions,”
Energy and Buildings, vol. 169, pp. 110-126, 2018, doi: 10.1016/j.enbuild.2018.03.056.

[9] Y. Wang, B. Li, C. Liang, and W. Zheng, “Dynamic simulation of thermal load and energy
efficiency in poultry buildings in the cold zone of China,” Computers and Electronics in
Agriculture, vol. 168, p. 105127, 2020, doi: 10.1016/j.compag.2019.105127.

[10] E. Bustamante, S. Calvet, F. Estellés, A. G. Torres, and A. Hospitaler, “Measurement and
numerical simulation of single-sided mechanical ventilation in broiler houses,” Biosystems
Engineering, vol. 160, pp. 55-68, 2017, doi: 10.1016/j.biosystemseng.2017.05.009.

[11] Y. Wang, W. Zheng, B. Li, and X. Li, “A new ventilation system to reduce temperature
fluctuations in laying hen housing in continental climate,” Biosystems Engineering, vol. 181,
pp. 52-62, 2019, doi: 10.1016/j.biosystemseng.2019.02.017.

[12] K. A. Saner and S. P. Shekhawat, “Design and Analysis of Ventilation System for Closed

Mechanical Engineering for Society and Industry, Vol.4 No.3 (2024) 381



(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

[21]

(22]

(23]

[24]

[25]

(26]

(27]

(28]

Zain Lillahulhaq et al.

Poultry House in Tropical Climate Conditions,” Journal of World’s Poultry Research, 2023,
doi: 10.36380/jwpr.2023.35.

G. Park, I. Lee, U. Yeo, T. Ha, R. Kim, and S. Lee, “Ventilation rate formula for mechanically
ventilated broiler houses considering aerodynamics and ventilation operating conditions,”
Biosystems Engineering, vol. 175, pp. 82-95, 2018, doi:
10.1016/j.biosystemseng.2018.09.002.

H. Fawaz, M. G. Abiad, N. Ghaddar, and K. Ghali, “Solar-assisted localized ventilation system
for poultry brooding,” Energy and Buildings, vol. 71, pp. 142-154, 2014, doi:
10.1016/j.enbuild.2013.12.021.

J. P. Harrouz, D. Al Assaad, M. Orabi, K. Ghali, D. Ouahrani, and N. Ghaddar, “Modeling and
optimization of poultry house passive cooling strategies in semiarid climates,” International
Journal of Energy Research, vol. 45, no. 15, pp. 20795-20811, 2021, doi: 10.1002/er.7139.

Y. Boutera, N. Boultif, A. Rouag, C. Beldjani, and N. Moummi, “Performance of earth-air heat
exchanger in cooling, heating, and reducing carbon emissions of an industrial poultry farm:
A case study,” Energy Sources, Part A: Recovery, Utilization, and Environmental Effects, vol.
44, no. 4, pp. 9564-9583, 2022, doi: 10.1080/15567036.2022.2132323.

Z. Yang, Y. Tu, H. Ma, X. Yang, and C. Liang, “Numerical simulation of a novel double-duct
ventilation system in poultry buildings under the winter condition,” Building and
Environment, vol. 207, p. 108557, 2022, doi: 10.1016/j.buildenv.2021.108557.

C. Baxevanou, D. Fidaros, T. Bartzanas, and C. Kittas, “Energy Consumption and Energy
Saving Measures in Poultry,” Energy and Environmental Engineering, vol. 5, no. 2, pp. 29—
36, 2017, doi: 10.13189/eee.2017.050201.

T. Kalhor, A. Rajabipour, A. Akram, and M. Sharifi, “Modeling of energy ratio index in broiler
production units using artificial neural networks,” Sustainable Energy Technologies and
Assessments, vol. 17, pp. 50-55, 2016, doi: 10.1016/j.seta.2016.09.002.

Y. Liang and T. Costello, “Measurement of Dynamic Electric Consumption Trend in a Broiler
House in Arkansas,” Applied Engineering in Agriculture, vol. 40, no. 1, pp. 143-150, 2024,
doi: 10.13031/aea.15869.

M. Setiyo et al., “Vapor compression refrigeration system with air and water cooled
condenser: Analysis of thermodynamic behavior and energy efficiency ratio,”
Teknomekanik, vol. 7, no. 2, pp. 112-125, Dec. 2024, doi:
10.24036/teknomekanik.v7i2.31972.

I. D. F. F. Tinoco, J. A. Osorio, F. A. Damasceno, R. S. Gates, K. S. Rocha, and O. L. Zapata,
“3D-CFD Modeling of a Typical Uninsulated and Internal Misting Tunnel Ventilated Brazilian
Poultry House,” 2010 Pittsburgh, Pennsylvania, June 20 - June 23, 2010. American Society
of Agricultural and Biological Engineers, 2010, doi: 10.13031/2013.29817.

J. P. Harrouz, E. Katramiz, K. Ghali, D. Ouahrani, and N. Ghaddar, “Comparative analysis of
sustainable desiccant — Evaporative based ventilation systems for a typical Qatari poultry
house,” Energy Conversion and Management, vol. 245, p. 114556, 2021, doi:
10.1016/j.enconman.2021.114556.

Y. Wang, W. Zheng, Q. Tong, and B. Li, “Reducing dust deposition and temperature
fluctuations in the laying hen houses of Northwest China using a surge chamber,”
Biosystems Engineering, vol. 175, pp. 206-218, 2018, doi:
10.1016/j.biosystemseng.2018.09.016.

A. Costantino, E. Fabrizio, and S. Calvet, “The Role of Climate Control in Monogastric Animal
Farming: The Effects on Animal Welfare, Air Emissions, Productivity, Health, and Energy
Use,” Applied Sciences, vol. 11, no. 20, p. 9549, 2021, doi: 10.3390/app11209549.

E. Bustamante, F.-J. Garcia-Diego, S. Calvet, A. Torres, and A. Hospitaler, “Measurement and
Numerical Simulation of Air Velocity in a Tunnel-Ventilated Broiler House,” Sustainability,
vol. 7, no. 2, pp. 2066—2085, 2015, doi: 10.3390/su7022066.

H. Ma, Y. Tu, X. Yang, Z. Yang, and C. Liang, “Influence of tunnel ventilation on the indoor
thermal environment of a poultry building in winter,” Building and Environment, vol. 223,
p. 109448, 2022, doi: 10.1016/j.buildenv.2022.109448.

Y. Wang, X. Cheng, Y. Li, X. Wang, and Y. Wang, “Cooling Effect of Minimum Fresh Air Volume
on a Super-Long Poultry House in Early Winter,” 2022 7th International Conference on

Mechanical Engineering for Society and Industry, Vol.4 No.3 (2024) 382



[29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

[40]

(41]

(42]

(43]

(44]

Zain Lillahulhaq et al.

Power and Renewable Energy (ICPRE). |EEE, pp. 1191-1199, 2022, doi:
10.1109/icpre55555.2022.9960558.

A. Bor, M. Szabo-Meszaros, K. Vereide, and L. Lia, “Application of Three-Dimensional CFD
Model to Determination of the Capacity of Existing Tyrolean Intake,” Water, vol. 16, no. 5,
p. 737, 2024, doi: 10.3390/w16050737.

A. Kianimogadam and J. L. Lapp, “Asynchronous GPU-based DEM solver embedded in
commercial CFD software with polyhedral mesh support,” Powder Technology, vol. 444, p.
120040, 2024, doi: 10.1016/j.powtec.2024.120040.

Z.Lu, M. H. A. Piro, and M. A. Christon, “Mesh and turbulence model sensitivity analyses of
computational fluid dynamic simulations of a 37M CANDU fuel bundle,” Nuclear
Engineering and Technology, vol. 54, no. 11, pp. 4296-4309, 2022, doi:
10.1016/j.net.2022.06.004.

T. Glatzel et al., “Computational fluid dynamics (CFD) software tools for microfluidic
applications — A case study,” Computers &amp; Fluids, vol. 37, no. 3, pp. 218-235, 2008,
doi: 10.1016/j.compfluid.2007.07.014.

W. Purwanto et al., “Optimal design of stator slot with semi-closed type to maximize
magnetic flux connection and reduce iron leakage in high-speed spindle drives,” Mechanical
Engineering for Society and Industry, vol. 4, no. 1, pp. 5-16, Apr. 2024, doi:
10.31603/mesi.10492.

A. Erb and S. Hosder, “Analysis and comparison of turbulence model coefficient uncertainty
for canonical flow problems,” Computers &amp; Fluids, vol. 227, p. 105027, 2021, doi:
10.1016/j.compfluid.2021.105027.

E. Fabian, L. Chen, D. Hofstetter, P. Patterson, and J. Cimbala, “Modeling Hen House
Ventilation Options for Cage-free Environment: Two-Dimensional Case,” 10th International
Livestock Environment Symposium (ILES X). American Society of Agricultural and Biological
Engineers, 2018, doi: 10.13031/iles.18-145.

F. Coulombe, D. R. Rousse, and P.-L. Paradis, “CFD simulations to improve air distribution
inside cold climate broiler houses involving heat exchangers,” Biosystems Engineering, vol.
198, pp. 105-118, 2020, doi: 10.1016/j.biosystemseng.2020.07.015.

J. A. Osorio Saraz, |. de F. Ferreira Tin6co, K. S. Olivera Rocha, L. Barreto Mendes, and T.
Norton, “A CFD based approach for determination of ammonia concentration profile and
flux from poultry houses with natural ventilation,” Revista Facultad Nacional de Agronomia
Medellin, vol. 69, no. 1, pp. 7825-7834, 2016, doi: 10.15446/rfna.v69n1.54750.

X. Wang, G. Zhang, and C. Y. Choi, “Effect of airflow speed and direction on convective heat
transfer of standing and reclining cows,” Biosystems Engineering, vol. 167, pp. 87-98, 2018,
doi: 10.1016/j.biosystemseng.2017.12.011.

J. D. Bustos-Vanegas, S. Hempel, D. Janke, M. Doumbia, J. Streng, and T. Amon, “Numerical
simulation of airflow in animal occupied zones in a dairy cattle building,” Biosystems
Engineering, vol. 186, pp. 100-105, 2019, doi: 10.1016/j.biosystemseng.2019.07.002.

Q. Cheng, W. Wu, H. Li, G. Zhang, and B. Li, “CFD study of the influence of laying hen
geometry, distribution and weight on airflow resistance,” Computers and Electronics in
Agriculture, vol. 144, pp. 181-189, 2018, doi: 10.1016/j.compag.2017.12.003.

H. Li, L. Rong, C. Zong, and G. Zhang, “A numerical study on forced convective heat transfer
of a chicken (model) in horizontal airflow,” Biosystems Engineering, vol. 150, pp. 151-159,
2016, doi: 10.1016/j.biosystemseng.2016.08.005.

F. Rojano, P.-E. Bournet, M. Hassouna, P. Robin, M. Kacira, and C. Y. Choi, “Computational
modelling of thermal and humidity gradients for a naturally ventilated poultry house,”
Biosystems Engineering, vol. 151, pp. 273-285, 2016, doi:
10.1016/j.biosystemseng.2016.09.012.

M. Jin, C. Wang, and P. Wang, “CFD NUMERICAL SIMULATION OF TEMPERATURE AND
AIRFLOW DISTRIBUTION IN PIGSTY BASED ON GRID INDEPENDENCE VERIFICATION,”
INMATEH Agricultural  Engineering, vol. 61, no. 2, pp. 241-250, 2020, doi:
10.35633/inmateh-61-27.

D. K. Al Assaad et al., “A sustainable localised air distribution system for enhancing thermal
environment and indoor air quality of poultry house for semiarid region,” Biosystems

Mechanical Engineering for Society and Industry, Vol.4 No.3 (2024) 383



(45]

(46]

(47]

(48]

(49]

(50]

(51]

(52]

(53]

(54]

(55]

(56]

(57]

(58]

(59]

(60]

Zain Lillahulhaq et al.

Engineering, vol. 203, pp. 70-92, 2021, doi: 10.1016/j.biosystemseng.2021.01.002.

J. L. Drewry, C. Y. Choi, J. M. Powell, and B. D. Luck, “Computational model of methane and
ammonia emissions from dairy barns: Development and validation,” Computers and
Electronics in Agriculture, vol. 149, pp. 80—-89, 2018, doi: 10.1016/j.compag.2017.07.012.

H. Xue et al., “Effect of cooling pad installation on indoor airflow distribution in a tunnel-
ventilated laying-hen house,” International Journal of Agricultural and Biological
Engineering, vol. 9, no. 4, pp. 169-177, 2016.

S. Zhang et al., “Simulation Analysis of a Ventilation System in a Smart Broiler Chamber
Based on Computational Fluid Dynamics,” Atmosphere, vol. 10, no. 6, p. 315, 2019, doi:
10.3390/atmos10060315.

L. Chen, E. E. Fabian-Wheeler, J. M. Cimbala, D. Hofstetter, and P. Patterson,
“Computational Fluid Dynamics Modeling of Ventilation and Hen Environment in Cage-Free
Egg Facility,” Animals : an open access journal from MDPI, vol. 10, no. 6, p. 1067, Jun. 2020,
doi: 10.3390/ani10061067.

L. Chen, E. E. Fabian-Wheeler, J. M. Cimbala, D. Hofstetter, and P. Patterson, “Numerical
Simulation of Airborne Disease Spread in Cage-Free Hen Housing with Multiple Ventilation
Options,” Animals : an open access journal from MDPI, vol. 12, no. 12, p. 1516, Jun. 2022,
doi: 10.3390/ani12121516.

M. R. Mondaca, C. Y. Choi, and N. B. Cook, “Understanding microenvironments within
tunnel-ventilated dairy cow freestall facilities: Examination using computational fluid
dynamics and experimental validation,” Biosystems Engineering, vol. 183, pp. 70-84, 2019,
doi: 10.1016/].biosystemseng.2019.04.014.

L. Du et al., “Investigation of bio-aerosol dispersion in a tunnel-ventilated poultry house,”
Computers and Electronics in Agriculture, vol. 167, p. 105043, 2019, doi:
10.1016/j.compag.2019.105043.

N. Tomasello, F. Valenti, G. Cascone, and S. M. C. Porto, “Development of a CFD Model to
Simulate Natural Ventilation in a Semi-Open Free-Stall Barn for Dairy Cows,” Buildings, vol.
9, no. 8, p. 183, 2019, doi: 10.3390/buildings9080183.

H. Li, L. Rong, C. Zong, and G. Zhang, “Assessing response surface methodology for
modelling air distribution in an experimental pig room to improve air inlet design based on
computational fluid dynamics,” Computers and Electronics in Agriculture, vol. 141, pp. 292—
301, 2017, doi: 10.1016/j.compag.2017.08.009.

A. Van Wagenberg, B. Bjerg, and G. Bot, “Measurement and simulation of climatic
conditions in the animal occupied zone in a door ventilated room for piglets,” 2004.

K. Ahmadi Babadi, H. Khorasanizadeh, and A. Aghaei, “CFD modeling of air flow, humidity,
CO2 and NH3 distributions in a caged laying hen house with tunnel ventilation system,”
Computers and Electronics in Agriculture, vol. 193, p. 106677, 2022, doi:
10.1016/j.compag.2021.106677.

T. Norton, J. Grant, R. Fallon, and D.-W. Sun, “Optimising the ventilation configuration of
naturally ventilated livestock buildings for improved indoor environmental homogeneity,”
Building and  Environment, vol. 45, no. 4, pp. 983-995 2010, doi:
10.1016/j.buildenv.2009.10.005.

C. Qin, X. Wang, G. Zhang, Q. Yi, Y. He, and K. Wang, “Effects of the slatted floor layout on
flow pattern in a manure pit and ammonia emission from pit-A CFD study,” Computers and
Electronics in Agriculture, vol. 177, p. 105677, 2020, doi: 10.1016/j.compag.2020.105677.

X. Wei et al., “Numerical Simulation of Airflow Distribution in a Pregnant Sow Piggery with
Centralized Ventilation,” Applied Sciences, vol. 12, no. 22, p. 11556, 2022, doi:
10.3390/app122211556.

J. Hu et al., “Experiment and numerical simulation on the fine particle migration behaviors
for the collection efficiency enhancement of a wire-plate electrostatic precipitator in pig
house,” Computers and Electronics in Agriculture, vol. 199, p. 107145, 2022, doi:
10.1016/j.compag.2022.107145.

B. Bjerg, “CFD Analyses of Methods to Improve Air Quality and Efficiency of Air Cleaning in
Pig Production.,” Chemistry, Emission Control, Radioactive Pollution and Indoor Air Quality.
InTech, 2011, doi: 10.5772/19302.

Mechanical Engineering for Society and Industry, Vol.4 No.3 (2024) 384



(61]

(62]

(63]

(64]

(65]

(66]

(67]

(68]

(69]

[70]

[71]

[72]

(73]

[74]

[75]

[76]

[77]

(78]

Zain Lillahulhaq et al.

E. Bustamante et al., “Exploring Ventilation Efficiency in Poultry Buildings: The Validation of
Computational Fluid Dynamics (CFD) in a Cross-Mechanically Ventilated Broiler Farm,”
Energies, vol. 6, no. 5, pp. 2605-2623, 2013, doi: 10.3390/en6052605.

L. Rong and A. J. A. Aarnink, “Development of ammonia mass transfer coefficient models
for the atmosphere above two types of the slatted floors in a pig house using computational
fluid dynamics,” Biosystems Engineering, vol. 183, pp. 13-25, 2019, doi:
10.1016/j.biosystemseng.2019.04.011.

L. Duetal., “Computational Fluid Dynamics aided investigation and optimization of a tunnel-
ventilated poultry house in China,” Computers and Electronics in Agriculture, vol. 159, pp.
1-15, 2019, doi: 10.1016/j.compag.2019.02.020.

F. Rojano, P.-E. Bournet, M. Hassouna, P. Robin, M. Kacira, and C. Y. Choi, “Modelling the
impact of air discharges caused by natural ventilation in a poultry house,” Biosystems
Engineering, vol. 180, pp. 168-181, 2019, doi: 10.1016/j.biosystemseng.2019.02.001.

K. G. Gebremedhin and B. X. Wu, “Characterization of flow field in a ventilated space and
simulation of heat exchange between cows and their environment,” Journal of Thermal
Biology, vol. 28, no. 4, pp. 301-319, 2003, doi: 10.1016/s0306-4565(03)00007-x.

E. KGguktopcu, B. Cemek, H. Simsek, and J.-Q. Ni, “Computational Fluid Dynamics Modeling
of a Broiler House Microclimate in Summer and Winter,” Animals : an open access journal
from MDPI, vol. 12, no. 7, p. 867, Mar. 2022, doi: 10.3390/ani12070867.

B. Bjerg et al., “Modelling of ammonia emissions from naturally ventilated livestock
buildings. Part 3: CFD modelling,” Biosystems Engineering, vol. 116, no. 3, pp. 259-275,
2013, doi: 10.1016/j.biosystemseng.2013.06.012.

T. Norton, D.-W. Sun, J. Grant, R. Fallon, and V. Dodd, “Applications of computational fluid
dynamics (CFD) in the modelling and design of ventilation systems in the agricultural
industry: A review,” Bioresource Technology, vol. 98, no. 12, pp. 2386—2414, 2007, doi:
10.1016/j.biortech.2006.11.025.

D. Janke et al., “On the feasibility of using open source solvers for the simulation of a
turbulent air flow in a dairy barn,” Computers and Electronics in Agriculture, vol. 175, p.
105546, 2020, doi: 10.1016/j.compag.2020.105546.

T. Norton, J. Grant, R. Fallon, and D.-W. Sun, “Assessing the ventilation effectiveness of
naturally ventilated livestock buildings under wind dominated conditions using
computational fluid dynamics,” Biosystems Engineering, vol. 103, no. 1, pp. 78-99, 2009,
doi: 10.1016/j.biosystemseng.2009.02.007.

X. Wang et al., “Effect of Fans’ Placement on the Indoor Thermal Environment of Typical
Tunnel-Ventilated Multi-Floor Pig Buildings Using Numerical Simulation,” Agriculture, vol.
12, no. 6, p. 891, 2022, doi: 10.3390/agriculture12060891.

Q. Yietal., “Modelling air change rate of naturally ventilated dairy buildings using response
surface methodology and numerical simulation,” Building Simulation, vol. 14, no. 3, pp.
827-839, 2020, doi: 10.1007/s12273-020-0697-z.

L. Rong, D. Liu, E. F. Pedersen, and G. Zhang, “The effect of wind speed and direction and
surrounding maize on hybrid ventilation in a dairy cow building in Denmark,” Energy and
Buildings, vol. 86, pp. 25-34, 2015, doi: 10.1016/j.enbuild.2014.10.016.

Q. Cheng, H. Feng, H. Meng, and H. Zhou, “CFD study of the effect of inlet position and flap
on the airflow and temperature in a laying hen house in summer,” Biosystems Engineering,
vol. 203, pp. 109-123, 2021, doi: 10.1016/j.biosystemseng.2021.01.009.

K. G. Gebremedhin and B. Wu, “Simulation of flow field of a ventilated and occupied animal
space with different inlet and outlet conditions,” Journal of Thermal Biology, vol. 30, no. 5,
pp. 343—-353, 2005, doi: 10.1016/j.jtherbio.2004.10.001.

S. M. Derakhshani, N. W. M. Ogink, B. A. P. Bos, and P. W. G. Groot Koerkamp, “Sensitivity
analysis of fine dust spreading from litter in poultry houses,” Biosystems Engineering, vol.
208, pp. 272-286, 2021, doi: 10.1016/j.biosystemseng.2021.06.004.

S.Zhang, L. Zhou, L. Jia, J. Li, B. Liu, and Y. Yuan, “Numerical Simulation on Particulate Matter
Emissions from a Layer House during Summer in Northeast China,” Atmosphere, vol. 13, no.
3, p. 435, 2022, doi: 10.3390/atmos13030435.

M. Toghyani, A. Gheisari, M. Modaresi, S. A. Tabeidian, and M. Toghyani, “Effect of different

Mechanical Engineering for Society and Industry, Vol.4 No.3 (2024) 385



[79]

(80]

(81]

(82]

(83]

(84]

(85]

(86]

(87]

(88]

(89]

[90]

[91]

[92]

(93]

[94]

Zain Lillahulhaq et al.

litter material on performance and behavior of broiler chickens,” Applied Animal Behaviour
Science, vol. 122, no. 1, pp. 48-52, 2010, doi: 10.1016/j.applanim.2009.11.008.

J. A. 0. Saraz, K. S. O. Rocha, F. A. Damasceno, I. F. F. Tinoco, R. Osorio, and J. C. A. Tobdn,
“A CFD approach to assess the effects of different opening combinations in poultry houses,”
Revista Brasileira de Engenharia Agricola e Ambiental, vol. 21, no. 12, pp. 852—-857, 2017,
doi: 10.1590/1807-1929/agriambi.v21n12p852-857.

S. Wasti, N. Sah, and B. Mishra, “Impact of Heat Stress on Poultry Health and Performances,
and Potential Mitigation Strategies,” Animals : an open access journal from MDPI, vol. 10,
no. 8, p. 1266, Jul. 2020, doi: 10.3390/ani10081266.

Y. Liang, G. T. Tabler, and S. Dridi, “Sprinkler Technology Improves Broiler Production
Sustainability: From Stress Alleviation to Water Usage Conservation: A Mini Review,”
Frontiers in veterinary science, vol. 7, p. 544814, Sep. 2020, doi: 10.3389/fvets.2020.544814.

D. Bae, K.-Y. Song, D. M. Macoy, M. G. Kim, C.-K. Lee, and Y.-S. Kim, “Inactivation of Airborne
Avian Pathogenic E. coli (APEC) via Application of a Novel High-Pressure Spraying System,”
Microorganisms, vol. 10, no. 11, p. 2201, Nov. 2022, doi:
10.3390/microorganisms10112201.

R. U. Khan et al., “Physiological dynamics in broiler chickens under heat stress and possible
mitigation strategies,” Animal Biotechnology, vol. 34, no. 2, pp. 438-447, 2021, doi:
10.1080/10495398.2021.1972005.

F. A. Obando Vega, A. P. Montoya Rios, J. A. Osorio Saraz, R. R. Andrade, F. A. Damasceno,
and M. Barbari, “CFD Study of a Tunnel-Ventilated Compost-Bedded Pack Barn Integrating
an Evaporative Pad Cooling System,” Animals : an open access journal from MDPI, vol. 12,
no. 14, p. 1776, Jul. 2022, doi: 10.3390/ani12141776.

A. Cayli, A. Akyliz, S. Ustiin, and B. Yeter, “Efficiency of two different types of evaporative
cooling systems in broiler houses in Eastern Mediterranean climate conditions,” Thermal
Science  and  Engineering  Progress, vol. 22, p. 100844, 2021, doi:
10.1016/j.tsep.2021.100844.

“Energy Consumption and Indoor Environment of Broiler Houses with Energy Recovery
Ventilators,” Applied Engineering in  Agriculture, pp. 751-759, 2013, doi:
10.13031/aea.29.9968.

K. A. O. Lima, D. J. Moura, T. M. R. Carvalho, L. G. F. Bueno, and R. A. Vercellino, “Ammonia
emissions in tunnel-ventilated broiler houses,” Revista Brasileira de Ciéncia Avicola, vol. 13,
no. 4, pp. 265-270, 2011, doi: 10.1590/s1516-635x2011000400008.

M. Dagtekin, C. Karaca, and Y. Yildiz, “Performance characteristics of a pad evaporative
cooling system in a broiler house in a Mediterranean climate,” Biosystems Engineering, vol.
103, no. 1, pp. 100-104, 2009, doi: 10.1016/].biosystemseng.2009.02.011.

A. Laknizi, M. Mahdaoui, A. Ben Abdellah, K. Anoune, M. Bakhouya, and H. Ezbakhe,
“Performance analysis and optimal parameters of a direct evaporative pad cooling system
under the climate conditions of Morocco,” Case Studies in Thermal Engineering, vol. 13, p.
100362, 2019, doi: 10.1016/j.csite.2018.11.013.

L. Rong, P. Pedersen, T. L. Jensen, S. Morsing, and G. Zhang, “Dynamic performance of an
evaporative cooling pad investigated in a wind tunnel for application in hot and arid
climate,” Biosystems  Engineering, vol. 156, pp. 173-182, 2017, doi:
10.1016/j.biosystemseng.2017.02.003.

B. Acar, N. Ugurlu, and S. U. Seyfi, “Production performance of caged layers in evaporative
cooling and mechanical ventilated housing,” 2013.

J. Xu, Y. Li, R. Z. Wang, W. Liu, and P. Zhou, “Experimental performance of evaporative
cooling pad systems in greenhouses in humid subtropical climates,” Applied Energy, vol.
138, pp. 291-301, 2015, doi: 10.1016/j.apenergy.2014.10.061.

A. Tejero-Gonzalez and A. Franco-Salas, “Optimal operation of evaporative cooling pads: A
review,” Renewable and Sustainable Energy Reviews, vol. 151, p. 111632, 2021, doi:
10.1016/j.rser.2021.111632.

F. A. Obando Vega, A. P. Montoya Rios, J. A. Osorio Saraz, F. A. Damasceno, and M. Barbari,
“Comparative Analysis of the Cooling Efficiency in Tropical Climate of Three Alternative
Materials for Evaporative Cooling Pads,” Applied Sciences, vol. 12, no. 1, p. 77, 2021, doi:

Mechanical Engineering for Society and Industry, Vol.4 No.3 (2024) 386



[95]

[96]

[97]

(98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

Zain Lillahulhaq et al.

10.3390/app12010077.

J. Wang et al., “Impacts of the water absorption capability on the evaporative cooling effect
of pervious paving materials,” Building and Environment, vol. 151, pp. 187-197, 2019, doi:
10.1016/j.buildenv.2019.01.033.

M. S. Rahman, S. MacPherson, and M. Lefsrud, “Experimental investigation of a novel
evaporative cooling pad made of cement-free porous concrete,” Building and Environment,
vol. 228, p. 109867, 2023, doi: 10.1016/j.buildenv.2022.109867.

M. Ghoname, “The Assessment of Pad-Fan Evaporative Cooling System in Broiler Housing
ol Zl0 (Sline (3 el wopid) d>950 — Bolug plas wlas 1205, Journal of Soil Sciences and
Agricultural ~ Engineering,  vol. 11, no. 8, pp. 455-466, 2020, doi:
10.21608/jssae.2020.114880.

A. Franco, D. L. Valera, A. Maduefio, and A. Pefia, “Influence of Water and Air Flow on the
Performance of Cellulose Evaporative Cooling Pads Used in Mediterranean Greenhouses,”
Transactions of the ASABE, vol. 53, no. 2, pp. 565-576, 2010, doi: 10.13031/2013.29571.

X. Wang and K. Wang, “Optimizing the Pad Cooling Ventilation System of Laying Hen Barn
Using CFD in Southeast China,” 2013 Kansas City, Missouri, July 21 - July 24, 2013. American
Society of Agricultural and Biological Engineers, 2013, doi: 10.13031/aim.20131620039.

M. S. Ghoname, “Effect of pad water flow rate on evaporative cooling system efficiency in
laying hen housing,” Journal of Agricultural Engineering, vol. 51, no. 4, pp. 209-219, 2020,
doi: 10.4081/jae.2020.1051.

S. Abdel-Rahman, “Performance Evaluation of Poultry Houses Under Different Evaporative
Cooling Systems,” Zagazig Journal of Agricultural Research, vol. 47, no. 4, pp. 999-1010,
2020, doi: 10.21608/zjar.2020.110328.

M. W. Dunlop and J. McAuley, “Direct surface wetting sprinkler system to reduce the use of
evaporative cooling pads in meat chicken production: indoor thermal environment, water
usage, litter moisture content, live market weights, and mortalities,” Poultry science, vol.
100, no. 7, p. 101201, Jul. 2021, doi: 10.1016/j.psj.2021.101201.

M. Jaradat et al., “Liquid desiccant systems for cooling applications in broilers farms in
humid subtropical climates,” Sustainable Energy Technologies and Assessments, vol. 51, p.
101902, 2022, doi: 10.1016/j.seta.2021.101902.

T. O. Ahmadu, Y. S. Sanusi, and F. Usman, “Experimental evaluation of a modified direct
evaporative cooling system combining luffa fiber—charcoal cooling pad and activated
carbon dehumidifying pad,” Journal of Engineering and Applied Science, vol. 69, no. 1, 2022,
doi: 10.1186/s44147-022-00116-1.

“ANSYS FLUENT 12.0 User’s Guide - 7.2.3 Porous Media Conditions.” Dec. 26, 2024, [Online].
Available: https://www.afs.enea.it/project/neptunius/docs/fluent/html/ug/node233.htm.

A. Franco, D. L. Valera, A. Pefia, and A. M. Pérez, “Aerodynamic analysis and CFD simulation
of several cellulose evaporative cooling pads used in Mediterranean greenhouses,”
Computers and Electronics in Agriculture, vol. 76, no. 2, pp. 218-230, 2011, doi:
10.1016/j.compag.2011.01.019.

S. Suranjan Salins, S. V. K. Reddy, and S. Kumar, “Experimental investigation on use of
alternative innovative materials for sustainable cooling applications,” International Journal
of Sustainable Engineering, vol. 14, no. 5, pp. 1207-1217, 2021, doi:
10.1080/19397038.2021.1924894.

A. Malli, H. R. Seyf, M. Layeghi, S. Sharifian, and H. Behravesh, “Investigating the
performance of cellulosic evaporative cooling pads,” Energy Conversion and Management,
vol. 52, no. 7, pp. 2598-2603, 2011, doi: 10.1016/j.enconman.2010.12.015.

N. K. Sakomura, “Modeling energy utilization in broiler breeders, laying hens and broilers,”
Revista Brasileira de Ciéncia Avicola, vol. 6, no. 1, pp. 1-11, 2004, doi: 10.1590/s1516-
635x2004000100001.

N. K. Sakomura, F. A. Longo, E. O. Oviedo-Rondon, C. Boa-Viagem, and A. Ferraudo,
“Modeling energy utilization and growth parameter description for broiler chickens,”
Poultry Science, vol. 84, no. 9, pp. 1363—1369, 2005, doi: 10.1093/ps/84.9.1363.

M. N. Omar, A. A. Samak, M. H. Keshek, and S. F. Elsisi, “Simulation and validation model for
using the energy produced from broiler litter waste in their house and its requirement of

Mechanical Engineering for Society and Industry, Vol.4 No.3 (2024) 387



Zain Lillahulhaq et al.

energy,” Renewable  Energy, vol. 159, pp. 920-928, 2020, doi:
10.1016/j.renene.2020.06.049.

Mechanical Engineering for Society and Industry, Vol.4 No.3 (2024) 388



	1. Introduction
	2. Methods
	3. HVAC in Close House Cage
	3.1. Defining Domain and Geometry Model
	3.2. Boundary Condition
	3.3. Turbulence Viscous Model

	4. Water Sprinkle in Close-house Cage
	5. Evaporative Cooling Pads (ECP)
	5.1. The Characteristic Evaporative Cooling Pads (ECP)
	5.2. Evaporative Cooling Pads (ECP) Installation Position
	5.3. The Setup of Evaporative Cooling Pads (ECP) Numerical Simulation

	6. Energy Management Calculation
	7. Conclusion
	Acknowledgments
	Authors’ Declaration
	References

