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ABSTRACT The shift to cage-free eggs underway worldwide is contributing to one of the 
most significant challenges faced by poultry facilities in decades. Various definitions of 
cage-free housing options and the lack of unified guidelines have left egg producers with 
many uncertainties about cage-free housing. This work aims to investigate alternative 
ventilation schemes to help define proper ventilation system design in cage-free hen 
houses with the goal of assuring bird welfare through comfortable conditions. This study 
employed computational fluid dynamics (CFD) that simulates indoor and outdoor airflows 
to quantify the effectiveness of ventilation systems in maintaining suitable and uniform 
living conditions, particularly at the bird level. Four three-dimensional CFD models were 
developed on the basis of a full-scale floor-raised hen house, corresponding to ventilation 
schemes 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 modelled with 
simplified shapes and were included within each ventilation scheme. The simulated 
ventilation rate for the layer house in each model was 1.97 m3/s (4,174 ft3/min), 1.93 m3/s 
(4,089 ft3/min), 1.96 m3/s (4,153 ft3/min), and 1.91 m3/s (4,047ft3/min), which all fell in 
the desired range for cold weather (0oC). 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 that 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. Considerable simulation results and subsequent analyses substantially 
demonstrated that these alternative models had the capacity to create satisfactory indoor 
conditions for the hen house and that CFD modelling was a powerful tool for designing 
ventilation systems in farm animal facilities. 
Keywords: ventilation system, cage-free hen housing, computational fluid dynamics, full-
scale simulation, indoor air conditions, animal welfare 

INTRODUCTION Poultry facilities are going through some significant transition because of 
demands for a wide range of building configurations to accommodate cage-free, enriched 
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cages, and organic standards. Common cage-free housing systems include aviary systems, 
convertible cages and floor housing systems (Chen et al., 2020). 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). The lack of unified guidelines and industry conflict regarding what “cage-free” 
means have left egg producers without clear understanding about how to proceed the 
transition to cage-free housing, or to which particular system to switch. In addition, both 
egg producers and poultry house contractors are confronting some difficulty in finding 
the most effective management of cage-free facilities to maintain optimal production 
(Mongeau & Risser, 2018). Thereby, current ventilation systems have not necessarily kept 
pace with the new poultry buildings due to a lack of performance-based systematic design 
procedures. 

Computational fluid dynamics (CFD) has been used as a powerful tool to model fluid 
movement in diverse applications. Hence, the agricultural engineering community has 
embraced CFD to predict the performance of ventilation systems under different 
conditions for the sake of comprehensive design (Mistriotis & Jong, 1997). CFD modelling 
allows full control of the influencing factors, provides universal data in the computational 
domain, and is relatively low cost in terms of time and computational expense. Numerous 
studies have demonstrated that CFD models can reliably predict airflow, heat, and mass 
transfer in animal housing systems (Li, Rong, & Zhang, 2016; Li, Rong, & Zhang, 2017; 
Osorio-Saraz et al., 2011; Rong, Bjerg, & Zhang, 2015). 

This study applied CFD simulations in characterizing three alternative ventilation schemes 
applied to a floor-raised hen house, in comparison with the standard ventilation scheme 
(Chen et al., 2020) in terms of evaluating the indoor conditions within each design. 
Simulation results of critical environmental parameters for bird comfort, air speed and 
temperature, along with the driving force for ventilation air exchange (static pressure 
difference), were analyzed visually and quantitatively at the whole house and bird levels. 
The goal was to assess the performance of these ventilation options for cage-free poultry 
houses to maintain a desired and comfortable indoor microclimate that satisfies the 
needs of production demand and animal welfare concerns. Conditions during cold 
weather were modelled as the most challenging for maintaining comfortable, healthy 
conditions due to low ventilation air exchange and fresh air distribution in the hen house. 
Due to the limitation of this article’s length, contents of temperature and pressure 
analyses were not presented and discussed. 

METARIELS AND METHODS  

Four CFD models and corresponding simulations were conducted using the commercial 
software package FLUENT v19.1 (ANSYS, 2009). The standard k-ε turbulence model 
(Cengel & Cimbala, 2013; Launder & Spalding, 1974) with enhanced wall functions was 
adopted for the development of CFD models, on the basis of previous investigations 
(Harral & Boon, 1997; Osorio Saraz et al., 2016; Rong et al., 2015; Worley & Manbeck, 
1995). Simulations were conducted on the Pennsylvania State University’s Institute for 
Computational and Data Sciences’ Roar supercomputer. 
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Development of the CFD model The computational domain of each model included the 
barn itself and ambient air to properly simulate airflows inside and outside the building. 
All models shared the same size computational domain where the height was 24.4 m (80 
ft) and the width 128.2 m (420.6 ft). An outdoor wind speed of 2.0 m/s (4.5 mph) was 
assumed perpendicular to the barn sidewalls, blowing from left to right constantly across 
the computational domain. Note that the distance between the left end of the domain 
and the house was much shorter than that from the right end to the house because an 
extended domain far from the target layer house at the downwind side minimized reverse 
flows at domain boundaries (Pawar et al., 2007). 

Four ventilation schemes were modelled and investigated. The standard TISE ventilation 
scheme was modelled with ten inlets above each sidewall (symmetrical about the building 
centerline), spaced evenly along the building eaves, and half of one of the four sidewall 
exhaust fans located at the right-sidewall (Fig. 1). Ventilation inlets at the top of both 
sidewalls were 2.5 m (8.3 ft) above the ground. 

Three alternative ventilation systems were designed, including “mid-wall inlet ceiling 
exhaust” [MICE], “mid-wall inlet ridge exhaust” [MIRE], and “mid-wall inlet attic exhaust” 
[MIAE] (Fig. 1) (Chen, 2019). Inlets of MICE were positioned with the base 1.5 m (60 in.) 
above the floor and had a wall-plate at the top (Fig. 1) to direct incoming air horizontally 
from the inlet opening baffle. The exhaust fan of MICE was positioned at the middle of 
the ceiling cross-section. Note that the fan chute was modelled as an attached duct whose 
length was 2.9 m (112.5 in.). Inlets of MIRE and MIAE were modelled identically with those 
of MICE. However, the major differences between three alternative designs were the 
positions of exhaust fans. The MICE configuration resembled some ventilation designs 
more common in European construction, while no ceiling was included in MIRE and its 
exhaust fan was placed at the middle of the roof, 3.3 m (131 in.) above the nest-boxes, 
with a short duct length of 1.6 m (64.5 in.). MIAE had a partial ceiling, forming an “attic 
space” with a 2.3 m (90 in.) opening along the central length of the layer house. The 
exhaust fan of MIAE with an attached duct length of 2.5 m (100 in.) was positioned at the 
middle of the roof ridge at a distance of 2.4 m (95.5 in.) above the nest-boxes. 
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Fig. 1 – Geometry of the study layer house with the standard ventilation scheme (TISE) 
and three alternative ventilation designs (MICE, MIRE, and MIAE). Arrows indicate 
locations of inlets and the exhaust fan. 

A significant aspect of the study was to determine conditions at bird-level for welfare 
comfort conditions in addition to overall environment patterns in the building air space. 
For this reason, hen models were included in the simulation. In total 2,365 individual hen 
models were included in each model to represent approximately 1/8 of the total hens 
housed in the 1/8 house section. An estimated distance between hens was calculated 
based on the stocking density by assuming all the hens were evenly distributed according 
to the actual scenario observed in the study barn. 

Boundary conditions Six types of boundary conditions or cell zones were adopted in the 
CFD simulation inside and outside the layer house: 

•The ground, ceiling, roof, slatted floor, nesting area, litter area, inlet baffles, sidewalls, 
animal surfaces, and the top surface of the computational domain were defined as “walls”. 
Note that all “walls” were defined as non-slip walls except for the top surface of the 
computational domain, which was defined as a zero-shear stress wall with no resistance 
along the surface. 

•The front and back surfaces of the computational domain along the z-axis and both near 
and far ends of the house were defined as “symmetry” boundary conditions, whereas 
those surfaces represented internal faces that accounted for 1/8 of the actual scenario. 
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•Two faces of each inlet perpendicular to the wind direction were assigned boundary 
conditions of “interior” to represent an interior portion of the computational domain 
through which air could flow. Additionally, the exhaust fan had two faces defined as 
interior. 

•Each hen model was defined as a solid volume, whose surface was defined as solid wall 
with a constant typical hen body temperature of 42°C (107.6°F). A heat generation rate 
of 4,467 W/m3 was assigned to the individual hen models (Pawar et al., 2007). 

•The left surface of the computational domain was defined as a “velocity inlet” with a 
specified wind magnitude of 2.0 m/s (393.7 ft/min). 

•The right surface of the computational domain was assigned a boundary condition of 
“pressure outlet” through which flow exits to atmospheric pressure 

•The volume of the exhaust fan was defined as a “3D fan zone” where the entire fan 
volume was considered a fluid cell zone, which simulated the effect of an axial fan by 
applying a distributed momentum source. In addition, the fan was defined with a hub 
radius of 5 cm (2 in.), a tip radius of 46 cm (18 in.), and a thickness of 5 cm (2 in.). 
Rotational speed was specified as 60 rad/s (573 rpm). A constant pressure jump of 18 Pa 
(0.072 in. of water) was applied across all the cells in the fan zone in order to achieve the 
desired hen ventilation rate. 

RESULTS AND DISCUSSION 

Four ventilation schemes were analyzed and compared for airflow patterns. Simulation 
results of these critical environmental parameters were visualized at three reference 
planes with contour plots of each parameter. In addition, simulation data at hen level 
were analyzed quantitatively for five different zones at each plane among models to 
characterize and evaluate the suitability of indoor air conditions. 

Air velocity analysis Contours of air velocity magnitude and velocity vectors were created 
to visualize airflow patterns inside the layer house with each ventilation scheme. In 
general, fast incoming air jets were observed from both inlets in all four ventilation 
schemes, and the air speed decreased gradually when approaching the center of house 
(Fig. 2). Although the air speed from the downwind inlet did not travel as far as the upwind 
inlet, expected air circulation patterns were observed throughout the house for all the 
models. Additionally, some tiny arrows indicated that the directions of the velocity 
vectors were oblique or even perpendicular to the plane, which was reasonable and 
consistent with actual observations in real poultry house environments. 
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Fig. 2 – Isometric view of the study layer house showing the location of three reference 
planes as indicated in (1), and overall airflow patterns and air velocity magnitudes within 
four ventilation schemes: (1) TISE, (2) MICE, (3) MIRE, (4) MIAE. 

The patterns of indoor airflow varied with the type of ventilation schemes. The standard 
TISE ventilation system possessed the strongest incoming air jets compared to three 
alternative designs, because TISE model had inlets at the top of the sidewalls along a flat 
ceiling (Fig. 3). Without the ceiling along which the air jets could move, the fresh air 
trajectories in the other three models more quickly dropped towards the hen occupied 
area after traveling fairly horizontal paths for a short distance. Another observation was 
that the incoming air from the downwind (right-side) inlet had relatively smaller size 
except for the MIAE model (Fig. 3). In addition, strong and numerous air circulations were 
observed throughout the house in all models. For the three alternative designs, 
circulations accumulated particularly at the central area, while the majority of air 
circulations concentrated at areas close to both sidewalls in TISE model. Moreover, lower 
speeds were observed at the hen level in TISE, except for the location near the central 
nest-boxes, which had some faster moving fresh air from the inlets. In contrast, hen-
occupied area over the slatted floor, besides nest-boxes in MICE, MIRE and MIAE had fast 
moving airflows derived from incoming air jets (Fig. 3). 
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Fig. 3 – Indoor air velocity vector-contours at Plane I of four models. 

Air movement patterns varied dramatically at Plane N that contained no ventilation 
features. Strong air movement was observed throughout the cross-section for all models 
(Fig. 4). Airflows around 1.5 m/s (295 ft/min) moved from the upper right to the lower left 
of the house in TISE. In the MICE model, strong air movements were observed at the right 
portion of the house close to the sidewall, moving towards the central nest-box area. 
There was also a small portion of fast airflow at the upper left in MICE, which is close to 
an obvious swirl nearby. The MIRE model had strong airflows starting from the left portion 
of the house, where the position and the trajectory of the airflows were coincident to the 
upwind incoming air jet. Even vigorous airflows with similar trajectories were observed in 
the MIAE model from both sides. These patterns shown on this plane indicated sufficient 
airflow mixing at suitable velocity and the influence from incoming fresh air nearby. 
Because Plane N represented the majority (69%) of cross-sectional locations in the layer 
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house, air movements in this Plane would be more representative of overall house 
conditions. 

 

 
Fig. 4– Indoor air velocity vector-contours at Plane N of four models. 

The air movement patterns at Plane F exhibited the influence of the exhaust fan on 
performance of each model (Fig. 5). The TISE model presented different patterns 
compared to the other three models due to the distinct sidewall location of the fan. Air 
moved from the middle of the house towards the fan in TISE within the right side and its 
speed increased gradually as it approached the fan influence area. Nonetheless, a strong 
horizontal air movement was also observed towards the left sidewall within the left 
portion of the house, with even higher air speeds than that of the right side. Moreover, 
the air movement trajectory in the TISE model shown at Plane F was almost symmetric, 
starting from the middle and moving to both sides. For models MICE, MIRE, and MIAE, 
uniform patterns of air movement were found towards the upper portion of the house 
because of the driving force from the exhaust fan. However, some slanted airflows were 
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observed in the MICE model moving from the nest-box area to the upper left corner. In 
the MIAE model, most of the attic space was filled with airflows moving upwards, 
excluding some airflows close to the duct and fan areas. Unlike the air circulations that 
formed close to the left sidewall in the TISE model, strong air circulations were observed 
largely in the MICE model and the attic area of MIAE. Simulations confirm the importance 
of relative locations of inlets and exhaust fans in determining overall indoor airflow 
patterns. But note the limited influence of a fan beyond a few meters (fan diameters) into 
the hen house. 

 

 
Fig. 5– Indoor air velocity vector-contours at Plane F of four models. 

CONCLUSION 

One standard and three alternative ventilation schemes were modelled in a real 
commercial floor-raised cage-free hen house with the goal of evaluating the indoor air 
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conditions within each design. 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 
ventilation rates were on the higher end of recommended air exchange range for hens 
during cold weather, which was appropriate for the evaluation at 0°C. The egg-laying flock 
was modelled as heated, hen-shaped individuals evenly distributed throughout the 
building. By observing air velocity vector-contours, MICE, MIRE, and MIAE 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 designs provided indoor air 
movements similar to the standard model, even better at the hen level (Plane I). Air 
speeds on average were maintained at 0.35 m/s (69 ft/min) at hen level in the majority of 
the house for 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. 

This study recognizes CFD modelling as a powerful tool to analyze ventilation 
performance and indoor microclimate. Using realistic dimensions, including modelling 
animals, improved the usefulness of CFD simulation. The four models can be fine-tuned 
to assess other existing ventilation schemes or evaluate proposed ventilation options for 
various types of poultry houses. In summary, making full use of CFD modelling enables 
investigators to tackle practical problems and explore sophisticated solutions related to 
animal housing. 
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