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Abstract

To address uneven temperature and relative humidity distributions, localized heat accu-
mulation, and insufficient air velocity in an enclosed stacked-cage laying hen house, a
three-dimensional computational fluid dynamics (CFD) model of the laying hen house
was developed using field-measured structural and environmental data, and a porous-
media model was established for the cage zone. Model validation showed that the nor-
malized mean square error (NMSE) values for temperature, relative humidity, and air
velocity were all below 0.25, confirming the reliability of the CFD model. Through visual-
ization analysis of the contour maps, the problems of uneven airflow distribution in the
original ventilation system and significant heat accumulation at the fan end were identi-
fied. On this basis, numerical simulations were conducted for six air-inlet configurations
by varying two key parameters: air-inlet spacing and air-inlet number. The simulation
results showed that, compared with the original model, the configuration with an air-inlet
spacing of 1.14 m and a total of 32 air inlets on the two gable walls improved the uni-
formity of temperature, air velocity, and relative humidity by 18.00%, 10.54%, and 18.38%,
respectively, while reducing the mean effective temperature index (ETI) in the cage zone
by 0.5 °C. This configuration effectively alleviated localized heat accumulation and im-
proved air-velocity uniformity. These findings provide a theoretical basis and technical
support for the structural optimization and environmental regulation of enclosed stacked-
cage laying hen houses.

Keywords: laying hen house; laying hen; porous media; numerical simulation layer
house;

1. Introduction

Modern egg production has been shifted toward scale and mechanization, making
environmental control in layer houses increasingly critical [1]. It has been demonstrated
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that high-temperature environments in summer can lead to a decrease in the egg produc-
tion rate of laying hens increase in the feed-egg ratio [2], resulting in significant economic
losses. The thermal comfort in layer houses is largely determined by environmental tem-
perature, relative humidity, and air velocity, which directly influence the physiological
health [3-5] and production performance [6-11] of the flock. Ventilation plays a key role
in achieving a desirable thermal environment in layer houses. Poor ventilation may result
in localized uncomfortable conditions for birds, but also elevated concentrations of pollu-
tants such as carbon dioxide (CO:z), ammonia (NHs), and hydrogen sulfide (H2S), which
may also adversely affect the production performance of the birds.

Various approaches have been used to optimize the design of ventilation systems in
animal buildings, and one of these approaches is Computational Fluid Dynamics (CFD).
With the rapid advancement of computer processing power and the gradual refinement
of fundamental CFD theory, this powerful engineering tool has been widely applied in
recent years in the field of agricultural and livestock engineering to address issues in en-
vironmental control within livestock and poultry housing [12-15]. CFD enables relatively
accurate simulation of indoor airflow velocity and temperature field distributions [16-18],
providing a foundation for optimization of ventilation design, and thus improvement of
the thermal environment for animals. For example, CHOI et al. [19] developed and vali-
dated a CFD model for predicting dynamic temperature changes caused by ventilation
operations (such as fan activation and deactivation, and inlet adjustments) in commercial
broiler houses, and they found that adjusting the inlet layout could alleviate localized high
temperatures. KEYVAN et al. [20] used CFD simulations to optimize the tunnel-ventilated
layer house environment. They proposed a new model with 15 fans and 3 evaporative
cooling pads arranged on the east and west walls, respectively. This model significantly
improved indoor airflow uniformity (wind speed of 2.5 m/s at bird height), temperature
distribution (maximum 35 °C), humidity (60-75%), and concentrations of CO2 and NHs
pollutants. Recent studies have already examined summer ventilation in commercial lay-
ing hen houses from several perspectives. Chen et al. [21] further developed an all-year
sidewall-inlet ventilation system incorporating buffer spaces and a constant inlet arrange-
ment to stabilize the hen-level thermal environment in a commercial multi-tier laying hen
house. Zhang et al. [22] established ventilation-resistance and fan-performance relation-
ships for estimating tunnel-fan operating conditions in a laying hen house. These studies
demonstrate that summer ventilation in commercial laying hen houses has been actively
investigated. Although CFD-based studies have substantially advanced the environmen-
tal design of poultry houses, most previous optimization efforts have focused either on
individual structural components or on the overall rearrangement of fans, cooling pads,
and airflow-guiding devices. Comparatively little attention has been given to the coupled
mechanism through which air-inlet configuration, aerodynamic resistance within the cage
zone, and longitudinal airflow attenuation jointly govern the delivery of cooled air to dif-
ferent cage tiers. Consequently, improvements in whole-house mean environmental con-
ditions do not necessarily result in a corresponding reduction in thermal exposure within
the hen-occupied zone, particularly in long, high-density, multi-tier laying hen houses.
This unresolved scale mismatch between system-level ventilation performance and cage-
tier microclimate regulation restricts the practical application of CFD-based optimization
strategies to existing commercial facilities. A cage-zone-oriented optimization framework
is therefore required to link inlet-induced airflow redistribution with tier-resolved envi-
ronmental uniformity and integrated thermal-stress assessment.

To address these limitations, this study developed a three-dimensional computa-
tional fluid dynamics (CFD) model of a commercial multi-tier stacked-cage laying hen
house located in the subtropical region of Huangshan, Anhui Province, China (29°42'41"
N, 118°18'45" E), and validated the model against field measurements. Because the cage
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structures and densely stocked hens substantially influence momentum, heat, and mois-
ture transport, the hen-occupied cage zone was represented as a porous medium. The
validated CFD model was then used to evaluate six combinations of air-inlet number and
horizontal spacing and to quantify their effects on air temperature, relative humidity, air
velocity, environmental uniformity, and the effective temperature index at both cage-zone
and cage-tier scales. The objectives were to clarify how inlet-induced airflow redistribu-
tion affects cooling-air penetration and thermal exposure within the hen-occupied region
and to identify a practical air-inlet layout for improving ventilation effectiveness and ther-
mal uniformity in existing commercial laying hen houses.

2. Materials and Methods

2.1. Experimental Site and Measurements
2.1.1. Experimental Laying Hen House and Flock

The experimental laying hen house was 90 m long, 15 m wide, and 7.5 m high and
was roofed with reddish-brown color-coated steel sheets. The house used a five-tier, five-
row stacked-cage system. Five rows of production equipment were installed, with hens
housed on both sides of each row and in five tiers on each side. Each row comprised 40
cage groups, and each group consisted of three cages (eight hens per cage; cage dimen-
sions: 70 cm x 60 cm x 50 cm). The floor area available per hen was 0.0525 m?2. The house
accommodated approximately 48,000 29-week-old Hy-Line Brown laying hens. The build-
ing was oriented north-south and operated under longitudinal ventilation. The north wall
was the cooling-pad end and served as the air-inlet wall, whereas the south wall was the
exhaust-fan end and served as the air-outlet wall. The east and west sidewalls were
equipped with cooling pads of equal area and equal numbers of ventilation windows. At
the cooling-pad end of each sidewall, two rows of air inlets were installed, with an equal
number of inlets in each row. Each air inlet was fitted with an air deflector. The cages,
exhaust fans, and other production equipment were custom-manufactured by Guang-
zhou Guangxing Animal Husbandry Equipment Group Co., Ltd., Guangzhou, China The
laying hen house is shown in Figure 1, and the main parameters measured on site are
listed in Table 1.

e Rpemmt e\ andle. LA

West-side Cooling Pad n | Ventilation Window ‘ b

1

Figure 1. Experimental laying hen house and ventilation system configuration: (a) exterior view of
the laying hen house; (b) interior view of the laying hen house; (c) sidewall ventilation structure

with air inlet and air deflector.
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Table 1. Main parameters of the laying hen house.

Parameter Parameter Value Parameter Parameter Value
Laying hen house Length/m 90 Number of air deflectors 29
Laying hen house width/m 15 Air deflector length/m

Laying hen house wall height/m 55 Air deflector width/m 1
Roof pitch height/m 2.0 Number of ventilation windows 60

Fan diameter/m 1.32 Ventilation window length/m 0.7

Number of production equipment units 5 Ventilation window width/m 0.25
Corridor width/m 1.1 Number of fans/units 18

Cooling pad area/m? 189.42 Ventilation method

Negative pressure
ventilation

2.1.2. Measurement Instruments

The environmental variables measured in the laying hen house included air temper-
ature, relative humidity, and air velocity. Air temperature, relative humidity, illuminance,
and CO:2 concentration were measured using an integrated four-in-one sensor (ST-BYX;
Guangzhou Saitong Technology Co., Ltd., Guangzhou, China). Air velocity was measured
using an HD403TS2 anemometer (Delta OHM, Padova, Italy). All sensors were factory-
calibrated before use and communicated with an MCGS human-machine interface
through the RS-485 protocol. The sensor specifications are listed in Table 2.

Table 2. Specifications of sensors for environment monitoring.

Environmental Parameters Range Resolution Accuracy
Temperature/°C -40-80 0.1 +0.5
Relative Humidity/RH 0-100% 0.1% *3%
INluminance/lux 0-100 1.0 *1%
CO:/(ppm) 0-5000 1.0 +100
Air velocity/(m-s™) 0-5 0.0001 +(0.2 + 3%f.s)

2.1.3. Field Measurements

Field measurements were conducted from 3 July to 31 August 2024. Monitoring lo-
cations were established at the front, middle, and rear sections of the cage rows. At each
longitudinal location, two vertically aligned monitoring points were positioned at the cen-
ter of the aisle, at heights of 0.55 and 1.15 m above the floor, corresponding to the mid-
heights of the first and second cage tiers, respectively. A total of 18 monitoring points were
arranged at each height, resulting in 36 monitoring points throughout the laying hen
house. Air temperature, relative humidity, and air velocity were recorded at each moni-
toring location during three daily periods: 06:00-08:00, 12:00-14:00, and 18:00-20:00. Tem-
perature and relative humidity were also measured at the cooling-pad inlets at the front
end, the fan outlets at the rear end, and the interior wall surfaces of the laying hen house.
At 08:30 each day, eggs were manually collected, and the egg mass from the three cage
groups corresponding to each monitoring location was measured using a Songjing elec-
tronic scale (Wuyi Zhuheng Electronic Co., Ltd., Wuyi, China). On 31 August 2024, three
hens were randomly selected from the three cage groups corresponding to each monitor-
ing location and weighed using the same electronic scale. The monitoring locations are
shown in Figure 2.
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Figure 2. Schematic diagram of the measurement locations: (a) measurement locations along the

laying hen house; (b) front view of the chicken coop.

2.2. CFD Modeling
2.2.1. Geometric Model and Meshing

A three-dimensional model of the laying hen house was constructed using Space-
Claim 2023 R1. A 1:1 geometric model was established according to the actual dimensions
and geometric relationships of the laying hen house. The exhaust fans on the south wall
were represented as circular openings with a diameter of 1.32 m. The cooling-pad air inlets
on the north wall, together with the air inlets located at the cooling-pad ends of the east
and west sidewalls, were represented as rectangular openings measuring 2 m x 1 m. The
opening angle of the air-inlet deflectors was fixed at 30°, and the horizontal and vertical
spacings between adjacent air inlets were 1.14 m and 1.0 m, respectively. The rectangular
ventilation windows on the east and west sidewalls remained closed during summer day-
time operation and were therefore treated as solid walls in the CFD model. Internal equip-
ment, including the automatic feeding system, automatic drinking system, and feed
troughs, was omitted because of its complex geometry and relatively limited influence on
the predicted airflow and thermal environment. The laying hens and cage structures were
simplified as rectangular blocks measuring 85.1 m x 1.27 m x 0.5 m. The resulting simpli-
fied geometric model of the laying hen house is shown in Figure 3.

South Wall

p \: Exhaust
o / Fan
<

-

East Wall

West Wall

Sidewall Air

Air Inlet Inlet

Figure 3. Laying hen house model diagram.

2.2.2. Mesh Generation

The constructed laying hen house model was imported into the ANSYS 2023R1 soft-
ware. Mesh generation was performed using Poly-Hexcore technology within the Fluent
Mesh. Setting the minimum cell length for the model body to 50 mm and a maximum
volume element length of 200 mm yielded 4, 297,145 elements. The minimum, maximum,
and average orthogonal quality factors were 0.34, 1.0, and 0.92, respectively. This suggests
that the mesh possesses a high quality, making it suitable for subsequent computational
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analyses using the Fluent solver [23]. The partitioning of the mesh for the laying hen house
is illustrated in Figure 4.

Figure 4. Laying hen house mesh diagram.

2.2.3. Mesh Independence Test

A mesh-independence test was conducted to determine an appropriate mesh resolu-
tion. Eight meshes containing 945,017 to 7,183,987 cells were generated using different cell
sizes (Figure 5). Steady-state simulations were performed for the morning, midday, and
evening conditions. Two horizontal monitoring planes were established at heights of 0.55
and 1.15 m, corresponding to the sensor locations used in the field measurements. Mesh
independence was assessed using the mean air velocity on the 1.15 m plane. The mean air
velocity gradually stabilized as the number of cells increased, and only minor changes
were observed when the mesh contained approximately 4 million cells. Further mesh re-
finement had little effect on the predicted air velocity. Therefore, the mesh containing
4,297,145 cells was selected for all subsequent simulations. For this mesh, the minimum
and maximum cell sizes were 50 and 200 mm, respectively, and the minimum, maximum,
and mean orthogonal quality values were 0.34, 1.00, and 0.92, respectively. These values
indicated that the mesh quality met the requirements for the subsequent numerical calcu-
lations.

T; —e— Morning
£ 1041 e
jE —*— Evening
£ 1.00

2 e
£ s S
£ 096

o

=

o

2 092} e s
[}

&

.‘§ 0.88

% 100 200 300 400 500 600 700
§ Number of Grids (x10%)

Mesh independence detection

Figure 5. Results of mesh independence test.

2.3. Boundary Condition Settings in ANSYS Fluent
2.3.1. Initial and Boundary Condition Settings

During field data collection, the indoor and outdoor environmental conditions re-
mained stable, the cooling pads and exhaust fans operated normally, and the inlet and
outlet configurations remained unchanged. Therefore, steady-state simulations were per-
formed. Gravitational acceleration was set to —9.81 m/s? in the Z direction. The initial tem-
perature of the indoor computational domain was set to 30.36 °C, corresponding to the
mean temperature measured at all field monitoring locations. The energy equation and
species transport model were enabled to simulate heat and moisture transfer within the
laying hen house.
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The ideal-gas formulation was adopted because it adequately represents the thermo-
physical properties of air while maintaining computational efficiency, making it well
suited for steady-state simulations of airflow and temperature distributions in laying hen
houses [24]. Accordingly, the gas phase was defined as a mixture of dry air and water
vapor and modeled using the incompressible ideal-gas density law, with density varia-
tions assumed to arise solely from changes in temperature [25].

2.3.2. Turbulence Model

Research has demonstrated that under conditions of limited experimental data, the
Realizable k-¢ turbulence model is capable of maintaining relatively high accuracy [26-
28], and it outperforms the Standard k-¢ and RNG k-¢ models in simulating strongly
curved streamlines and vortices [29,30]. Therefore, the Realizable k-¢ model was adopted
in this study.

2.3.3. Boundary Conditions

The experimental laying hen house was operated under a longitudinal negative-pres-
sure ventilation system. Outdoor air entered the house through the rectangular inlets at
the cooling-pad end, flowed longitudinally through the building, and was ultimately ex-
hausted to the outdoor environment by the fans at the opposite end. Accordingly, the
cooling-pad inlets were specified as velocity-inlet boundaries in the numerical model. The
inlet conditions were determined from the mean values of the measured environmental
data, comprising an air temperature of 28.24 °C, an air velocity of 3.48 m/s, and a relative
humidity of 87%. Based on the psychrometric chart, the corresponding water-vapor mass
fraction was calculated as 0.02154. Because the fan end constituted the only airflow outlet
from the house, it was specified as a pressure-outlet boundary with a static gauge pressure
of 0 Pa. All surfaces of the building envelope were prescribed as isothermal no-slip walls.
The boundary conditions are summarized in Table 3. All values reported in the table were
obtained by averaging the field measurements collected at the corresponding locations
during the midday period from 12:00 to 14:00.

Table 3. Boundary Condition Settings.

Variable Location Boundary Type Boundary Parameter Parameter Value
East Wall 29.76
West Wall 30.01
South Wall 28.96
Wall Surface North Wall Non-slip Wall Surface Temperature/°C 30.92
Floor 29.29
East Roof 30.36
West Roof 30.88
Temperature/°C 28.24
Air Inlet Evaporative Cooling Pad End Velocity Inlet Wind Speed/(m-s) 348
Water Vapor Mass
. 0.02154
Fraction
Outlet Fan End Pressure Outlet Static Pressure/Pa 0

2.3.4. Boundary Conditions for the Cage Zone

When the cage assemblies are represented as impermeable solid blocks in steady-
state CFD simulations, airflow cannot penetrate the cage zone, and the predicted temper-
ature, relative humidity, and air-velocity fields are limited to the surrounding air domain.
In the actual laying hen house, however, air flows through both the cages and the spaces
occupied by the hens. Therefore, the cage assemblies and laying hens were represented as

https://doi.org/10.3390/agriculture16151674
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a porous-medium region in the present model. This treatment enabled the airflow and the
associated temperature and relative humidity distributions within the cage zone to be re-
solved, thereby providing a more realistic representation of the microenvironment expe-
rienced by the hens.

An appropriate simplified geometry of an individual hen was first selected to deter-
mine the solid volume occupied within the porous-medium region. Cheng et al. [31] eval-
uated three geometric representations of a hen, namely a simplified hen model, a body-
shaped model, and an ellipsoidal model, and selected the simplified hen model based on
comparative CFD simulations. Zhang [32] subsequently compared the simplified hen
model with a cuboid hen model and reported that the cuboid representation produced
better mesh quality and required less computational effort. Accordingly, the cuboid hen
model was adopted in this study. An actual cage measuring 0.70 m x 0.50 m x 0.60 m and
housing eight hens was used to define the porous-medium volume. Each hen was repre-
sented by two cuboids: a neck measuring 0.04 m x 0.04 m x 0.08 m and a body measuring
0.15 m x 0.20 m x 0.25 m. The legs were neglected during geometric simplification. The
geometric porosity of the representative cage-and-hen region was calculated from the ra-
tio of the void volume to the total cage volume. The total volume of the representative
cage was 0.210 m3, whereas the simplified solid volume occupied by the eight hens was
0.0610 m?. Accordingly, the geometric porosity was calculated as € =1 - V5/Vp = 0.709 nd
was set to 0.71 in the porous-medium model. The volume of the cage wires was not in-
cluded in this geometric calculation; their overall aerodynamic effect, together with that
of the hens, was represented by the direction-dependent viscous and inertial resistance
coefficients obtained from the velocity—pressure-drop fitting procedure described below.
The resulting geometric representation is shown in Figure 6.

Figure 6. Geometric models for battery cages and hens.

The pressure drop across a porous medium is governed by the superficial velocity
through the medium. Therefore, determination of the viscous and inertial resistance coef-
ficients in each principal direction requires establishing the relationship between the pres-
sure drop and the corresponding superficial velocity. This relationship is described by
Equation (1):

1
AP/An = Dyuv + ECZDVZ 1)

where AP/An represents the pressure drop per meter (Pa/m); D1 is the viscous resistance
coefficient (m2); v is the airflow velocity (m/s); Cz is the inertial resistance coefficient (m-1);
U is the dynamic viscosity of air (N-s/m?2) (1.7894 x 105 N-s/m?); and o is the air density
(kg/m?3) 1.225 kg/m?3[23]).

For the X-, Y-, and Z-directions, a series of incrementally varied inlet velocities was
prescribed separately, and the corresponding pressure drops between the upstream and
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downstream faces of the porous-medium model were recorded. The data were then fitted
using Equation (1) to establish the velocity—pressure-drop relationship in each direction,
as shown in Figure 7.

3000 b —— AP,
= /
2500 | —— AP, 2

2000

1500

AP/Pa

1000

500

0F

Figure 7. Velocity—pressure-drop fitting plots in different directions.

The relationship between velocity and pressure drop in each direction was derived
through curve fitting and is given by Equation (2) as follows:

AP,/An = 4.744 41v2 + 0.055 28v,
AP,/An = 3.976 18v7 + 1.058 86w, @)
AP,/An = 2.763 58v2 + 0.667 79,

By combining Equation (2) with Equation (1), the viscous and inertial resistance co-
efficients in each direction were determined. In the calculations, p and o were set to 1.7894
x 105 N-s/m? and 1.225 kg/m?, respectively. The resulting coefficients for the porous-me-
dium model in the X, Y, and Z directions are listed in Table 4.

Table 4. Coefficient of resistance of porous media.

Porous-Medium Direction X Y Z
Viscous resistance coefficient, D1 (m2) 4.413 x 103 1.183 x 10° 6.22 x 10*
Inertial resistance coefficient, C2 (m™) 11.0657 12.9834 7.5199

The porous-medium zone was also defined as a volumetric heat source. Because the
heat production of an individual hen varies with ambient temperature, total heat produc-
tion was calculated as the sum of sensible and latent heat production using the equations
recommended by the International Commission of Agricultural and Biosystems Engineer-
ing (CIGR), as given in Equations (3)—(5) [30]. The volumetric heat generation rate and
volumetric moisture production rate of the porous-medium zone were subsequently cal-
culated using Equations (6) and (7), respectively.

_ [1000 + 20 x (20 — 7))

ror = 000 X (6.28m°75 + 25Y,) ©)
670 +13.4 X (20 — T) — 9.80 x 1078 x T'¢
o = (20-1) L (628m275 1 257,) (@)
1000
=D -, ®)
n
Qs = &5 X V (6)
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P n
M, =—X~— 7
L= %)

where O is the total heat production by a laying hen, W; @ is the sensible heat produced
by a laying hen, W; @i is the latent heat produced by a laying hen, W; T is the air temper-
ature, °C; m is the average weight of a laying hen, kg; Y2 is the egg production, kg/day; Qs
is the sensible heat production rate per unit volume, W/m3; M is the moisture production
rate per unit volume, kg/m3-s; V is the cage volume, m?; r is the latent heat of vaporization
of water, kJ/kg; n is the number of laying hens in a cage.

The specification of source terms in the porous-medium zone is a critical component
of the numerical simulation of the thermal and moisture environment within the laying
hen house. In this study, all source-term parameters were determined from field measure-
ments. The measured inputs included eight hens per cage, a mean indoor air temperature
of 30.36 °C, a mean body mass of 1.992 kg per hen, a mean daily egg mass of 0.5845 kg d-,
and a total of 1920 hens represented by each porous-medium computational domain.
Based on these measured parameters, the heat and moisture production of the hens was
quantified using the corresponding empirical equations. The calculated volumetric heat
generation rate and volumetric moisture production rate of the porous-medium zone
were 193.61 W m= and 5.9332 x 10-° kg m™ s71, respectively.

2.3.5. Validation of the Laying Hen House Model

The CFD model was validated to assess the reliability and accuracy of the simulation
results. Model performance was quantified using the mean relative error (MRE) and nor-
malized mean square error (NMSE). Environmental data measured at monitoring loca-
tions corresponding to the first and second cage tiers were compared with the simulated
values. An NMSE below 0.25 was considered to indicate acceptable predictive accuracy
[33,34]. The calculation procedures are given in Equations (8)—(10).

[Csi — Cmil
Z?:l St : mi
MRE = —ncml 8)
(Cs - Cm)z
NMSE = ——— )
Cstmv
n o )2
(—Cs — Cm)222i=1(csz Coni) (10)

n

MRE denotes the mean relative error between the simulated and measured values;
Cs represents the simulated value; Ci denotes the measured value; Cs signifies the mean
simulated value; Cm indicates the mean measured value; and n denotes the number of
monitoring points.

Upon convergence, the steady-state solution files generated in ANSYS Fluent 2023
R1 were imported into CFD-Post 2023 R1 for post-processing. Virtual sampling points
were defined at coordinates corresponding exactly to the field monitoring locations. The
simulated air temperature, relative humidity, and air velocity at each sampling point and
measurement period were extracted and compared with the corresponding field meas-
urements to assess the predictive accuracy and reliability of the CFD model. Comparisons
between the simulated and measured values are presented in Figures 8-10.

https://doi.org/10.3390/agriculture16151674
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Figure 8. Comparison of simulated and measured air temperatures at the monitoring locations.
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Figure 9. Comparison of simulated and measured relative humidity at the monitoring locations.

25} (A) First Layer-Morning

25[ (B)First Layer-Noon

.0
25} (C)First Layer-Evenning

Air Velocity/(m-s™)

12 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

First layer-Moritoring Points

1

(D) Second Layer-Morning

(E) Second Layer-Noon

(F) Second Layer-Evening

[Eisimulatde [[llObserved

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Second Layer-Moritorning Points

Figure 10. Comparison of simulated and measured air velocities at the monitoring locations.

The calculated MRE and NMSE values are summarized in Table 5. The MRE for air
temperature and relative humidity were below 3%, whereas the maximum MRE for air
velocity was 12.4%. The comparatively higher air-velocity MRE was mainly attributable
to the low magnitude of the measured velocities, for which small absolute deviations re-
sulted in relatively large percentage errors. Nevertheless, over the measured air-velocity
range of 0.8-2.4 m/s, the maximum absolute deviation between the simulated and meas-
ured values was only 0.10 m/s. Moreover, the NMSE values for air temperature, relative
humidity, and air velocity were all below the acceptance threshold of 0.25. These results
indicate that the CFD model adequately reproduced the measured thermal, moisture, and
airflow conditions and was therefore considered suitable for the subsequent analysis and

optimization of the ventilation system.
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Table 5. Error analysis of simulated and average measured values.
Air Temperature Relative Humidity Air Velocity

Cage Tier Period MRE NMSE MRE NMSE MRE NMSE

morning  1.30% 0.000181 2.25% 0.000656 11.09% 0.01715

First layer noon 1.29% 0.000165 2.96% 0.000758 11.79% 0.01997

evening  1.36% 0.000177 2.54% 0.000681 11.60% 0.01547

morning  1.81% 0.00042 2.51% 0.00085 9.20% 0.01022

Second layer noon 1.10% 0.00017 1.98% 0.00054 12.44% 0.01853

evening  1.44% 0.0003 1.91% 0.00053 11.98% 0.02103

3. Results and Discussion
3.1. Environmental Analysis Planes

Representative analysis planes were defined to characterize the spatial distributions
of air temperature, relative humidity, and air velocity within the laying hen house. Three
horizontal planes were established at Z = 0.55, 1.75, and 2.95 m, and three transverse ver-
tical planes were defined at X = -38.35, 1.05, and 40.45 m, representing the cooling-pad
end, central section, and fan end, respectively. Their locations are shown in Figure 11.

(a) (b)

Figure 11. Locations of the environmental analysis planes: (a) horizontal planes at Z =0.55, 1.75, and
2.95 m; (b) transverse vertical planes at X =-38.35, 1.05, and 40.45 m.

The midday simulation was selected for environmental-field analysis, corresponding
to the period when the indoor temperature of the laying hen house reached its daily peak.
Temperature, relative humidity, and air-velocity fields were extracted on each analysis
plane and presented as spatial contour maps.

3.2. Temperature Field Simulation Results

The temperature contours on the transverse planes normal to the X-axis (Figure 12)
reveal pronounced vertical thermal stratification. Heat accumulated within the cage zone,
where temperatures were higher than those in the space above the cages. Along the lon-
gitudinal X-direction, air temperature increased progressively toward the fan end, result-
ing in a marked temperature difference between the cooling-pad end and the fan end. This
pattern occurred because the cool incoming air was directed upward by the air-inlet de-
flectors and traveled primarily through the upper space of the house. Consequently, in-
sufficient mixing and heat exchange occurred between the incoming airflow and the hens
within the cage zone, and much of the air was exhausted through the space above and
along both sides of the cages.
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Temp. (°C) Cooling-pad end Central section

30.58
30.36
30.73
30.50
30.47
30.34
30.20
30.07
29.94
29.81
29.68
29.55
29.42
29.28
29.15
29.02
28.89

X=40.45m
Figure 12. X-direction temperature field comparison.

The vertical temperature distribution along the Z-axis is shown in Figure 13. Along
the longitudinal X-direction, the temperature within the cage zone increased progres-
sively from the cooling-pad end toward the fan end. In contrast, temperature decreased
with increasing height, with the uppermost cage tier near the fan end exhibiting relatively
low temperatures. This pattern resulted from the downward movement of cooled air from
the upper space into the cage zone. The airflow first exchanged heat with the hens in the
uppermost tier and subsequently absorbed additional metabolic heat as it penetrated
downward through the cages. Consequently, the air temperature increased, and its cool-
ing capacity progressively diminished, leading to pronounced heat accumulation in the
lower cage tiers near the fan end. Comparable longitudinal and cage-dependent thermal
heterogeneity was reported by Tong et al. [35], who found that spatial variation in a com-
mercial tunnel-ventilated layer house exposed hens in different cages to unequal heat-
stress risks. However, their study primarily diagnosed the thermal environment under
the existing ventilation operation, whereas the present analysis identifies the airflow path-
way responsible for lower-tier heat accumulation and provides a mechanistic basis for the
subsequent inlet-layout optimization. This comparison demonstrates that whole-house or
aisle-level averages alone are insufficient for evaluating thermal exposure in multi-tier
housing.

Cooling-pad end Exhaust-fan end

Figure 13. Temperature distributions on three horizontal plans at heights of 0.5, 1.75, and 2.95 m
from the floor.

3.3. Relative Humidity Field Simulation Results

The relative-humidity contours on the transverse planes normal to the X-axis (Figure
14) show higher relative humidity near the cooling-pad end because the cooled inlet air
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had a high moisture content. Relative humidity then decreased progressively with in-
creasing distance from the air inlets, with the most pronounced reduction occurring near
the fan end.

Relative humidity (%) Cooling-pad end Central section

87.11
86.53
85.95
85.37
84.79
84.21
83.63
83.06 . ¥ .

8241 X=-38.35m X=1.05m
81.89
81.31
80.73
80.15
79.57
78.99
78.41
77.83

e

X=40.45m

Figure 14. Relative humidity fields at different distances.

The relative-humidity distributions on the horizontal planes at different elevations
are shown in Figure 15. As the plane height increased, the high-humidity region near the
cooling-pad end expanded, while relative humidity near the fan end also increased. This
pattern was governed by the height-dependent resistance to airflow imposed by the cage
assemblies. At lower elevations, the densely arranged cages strongly impeded airflow,
resulting in low air velocities and limited longitudinal penetration of the cool, moisture-
laden inlet air, which therefore remained concentrated near the cooling-pad end. With
increasing height, the obstruction caused by the cages diminished. At Z=2.95 m, the open
upper space provided the lowest flow resistance, allowing the humid inlet air to spread
both laterally and farther downstream. Consequently, the high-humidity region at this
elevation exhibited the largest spatial extent and the greatest longitudinal penetration.
Kim et al. [36] showed that high relative humidity at an ambient temperature of 30 °C
reduced feed intake and several egg-quality traits and intensified physiological stress re-
sponses in laying hens, although short-term hen-day egg production was not significantly
affected. Accordingly, changes in relative humidity among the present ventilation cases
were evaluated together with temperature, air velocity, and ETI rather than being treated
as an isolated indicator of ventilation performance.

Relative Cooling-pad end Exhaust-fan end

humidity (%)
87.11
86.53
85.95
85.37
84.79
84.21
83.63
83.05
- 82.47
81.89
81.31
80.73
80.15
- 79.57
78.99
78.41
77.83

Z=055m

Z=175m

Z=295m

Figure 15. Relative humidity field at different heights.
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3.4. Air-Velocity Field Simulation Results

The air-velocity contours on the transverse planes normal to the X-axis (Figure 16)
show that air velocity above the cages was substantially higher than that within the cage
and aisle zones. Air velocities remained uniformly low throughout the cage zone, with no
pronounced differences among cage tiers, indicating limited airflow penetration through
the densely arranged cages. Most of the air entering through the cooling pads bypassed
the cage zone and flowed through the upper space toward the exhaust fans, resulting in
inadequate cooling and air exchange within the hen-occupied zone.

Air velocity (m/s) Cooling-pad end Central section
445
4.15
3.84
3.54
3.23
2.92
2.62
212
1.82
1.51
121
0.91
0.61
0.30
0.00

X=40.45m

Figure 16. Wind speed fields at different distances.

The air-velocity distributions on the horizontal planes at different elevations are
shown in Figure 17. Air velocity was highest near the cooling-pad end, reaching a maxi-
mum of 2.73 m s, and was markedly greater in the central aisle than in the two side aisles.
Air velocity within both the cage and aisle zones increased progressively with elevation.
This pattern occurred because the air-inlet deflectors directed the cooled inlet air toward
the unobstructed upper space of the house, where flow resistance was substantially lower
than within the densely arranged cage zone. Consequently, high-velocity airflow paths
developed in the upper region, resulting in increasing air velocity with height.

Cooling-pad end Exhaust-fan end

Air velocity (m/s) :

4.85
4.55
424
3.94
3.64
3.33
3.03
273
2.42
212
1.82
1.52
124
0.91
0.61
0.30
0.00

| z=175m

Figure 17. Wind speed fields at different heights.

3.5. Parameter Optimization Design

The contour plots presented above indicate that the current longitudinal ventilation
system has several notable deficiencies, including insufficient air velocity near the fan end,
inadequate cooling and air exchange, and pronounced heat accumulation within the cage
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zone. These deficiencies deteriorate the indoor environment and may adversely affect hen
health and thermal comfort, highlighting the need to optimize the ventilation configura-
tion.

Because inlet arrangement directly affects indoor airflow distribution, excessively
narrow inlet spacing may cause airflow overlap near the cooling-pad end, increasing local
air velocity while reducing airflow penetration toward the fan end. Conversely, exces-
sively wide spacing may create airflow dead zones and further decrease fan-end air ve-
locity. Therefore, the horizontal spacing between adjacent inlets on the east and west side-
walls was selected as the first experimental factor, with levels of 1.14 m (baseline), 1.5 m,
and 2.0 m. The number of inlets at the cooling-pad end was selected as the second factor
because the inlet airflow rate at this location influences ventilation uniformity. Two levels
were considered: 24 inlets (baseline) and 32 inlets. The additional inlets had the same di-
mensions as the existing ones; four were added on each side, with two added to each of
the upper and lower rows. The resulting six configurations were simulated using ANSYS
Fluent 2023 R1. Case 1 represented the original model, and only inlet spacing and number
were varied among cases, while all other model settings remained unchanged. The opti-
mized inlet locations are illustrated in Figure 18, and the six configurations are summa-
rized in Table 6. Inlet-parameter schemes used in the optimization simulations.

Modified model

Cooling-pad end

Exhaust-fan end \

Side-wall inlet / Added air inlets Exhaust-fan end

z —_— Vertical 1 Ooag S

o —_— - x

aadl, L g S
—a = —_ mm Ty ———
— spacing: =0T y —
o \ t;y»»n\,»m 1.0m "‘**f—q SEmm :
Lateral spacing: \X

proei

—————— Lateral spacing: 1.14m, 1.5m, 20m - Inlet opening: 20 m x 1.0m

— Inlet opening: 20m x 1.0 m @ J

J

~
24 air inlets

32 air inlets

Design change:
+4 inlets per sidewall (2 upper, 2 lower)

(a) (b)

Figure 18. Schematic diagram of air inlet configuration optimization schemes: (a) original model; (b)

optimized model with additional air inlets.

Table 6. Air-inlet configurations used in the optimization simulations.

Lateral Spacing of Air In-

Case Number of Air Inlets
lets/m
1 (original) 1.14 24
2 1.14 32
3 1.5 24
4 1.5 32
5 2.0 24
6 2.0 32

3.6. Selection of the Air-Inlet Configuration Based on Evaluation Metrics

To accurately evaluate the uniformity of airflow distribution within the optimized
laying hen house, an airflow non-uniformity coefficient was introduced to quantitatively
assess the rearing environment within the optimized house. The airflow non-uniformity
coefficient is expressed by Equation (11).

https://doi.org/10.3390/agriculture16151674



Agriculture 2026, 16, 1674 17 of 25

/1 "
_ ﬁzzel(vi - Up) (11)

v v

p

where . denotes the airflow non-uniformity coefficient; # is the total number of measure-
ment points arranged in the experiment; vi is the measured value of the environmental
parameter at the ith measurement point, such as air velocity, air temperature, or relative
humidity; and vy is the mean value of the corresponding environmental parameter across
all measurement points, namely the mean air velocity, mean air temperature, or mean
relative humidity. The non-uniformity coefficients for the above optimization cases are
presented in Table 7.

Table 7. The non-uniformity coefficient of different air inlet parameters.

Case Temperature Relative Humidity Air Velocity
1 0.02288 0.03003 0.44736
2 0.01876 0.02451 0.40021
3 0.02197 0.02887 0.46768
4 0.01823 0.02387 0.42768
5 0.02205 0.02900 0.46929
6 0.01778 0.02328 0.44973

As shown in Table 7, adjustments to both air-inlet spacing and air-inlet number af-
fected the spatial uniformity of the key environmental parameters within the laying hen
house. In this study, the non-uniformity coefficient was used as a quantitative indicator
of environmental uniformity, and the two were inversely related; that is, a lower non-
uniformity coefficient indicated a more uniform spatial distribution of the corresponding
environmental parameter. Specifically, increasing the horizontal spacing between adja-
cent air inlets improved the distribution uniformity of air temperature and relative hu-
midity but reduced the uniformity of air velocity. By contrast, increasing the number of
air inlets consistently improved the distribution uniformity of air temperature, relative
humidity, and air velocity. A comprehensive comparison of the six optimization cases
showed that Case 6 achieved the best uniformity in air temperature and relative humidity
among all cases, whereas its air-velocity uniformity showed no appreciable difference
from that of the baseline Case 1. Case 2 ranked second only to Case 6 in terms of temper-
ature and relative-humidity uniformity and exhibited the highest air-velocity uniformity
among all cases.

Previous CFD studies obtained substantial environmental changes by relocating or
resizing exhaust fans and cooling pads or by introducing additional airflow-guiding struc-
tures [20,21,37]. These approaches involve broader modifications to the ventilation system
and are not directly comparable with the constrained retrofit examined here, in which the
installed fans, cooling pads, ventilation mode, and operating conditions were retained.
Within this controlled design space, Case 2 was selected because it provided the best com-
promise among temperature, relative-humidity, and air-velocity uniformity rather than
the minimum value of any single non-uniformity coefficient. This distinction is important
because Case 6 produced slightly better temperature and relative-humidity uniformity,
but its air-velocity uniformity was not appreciably improved relative to the original
model.

In addition, to further evaluate the overall effectiveness of the different optimization
cases in regulating the indoor thermal environment, the effective temperature index (ETI)
was introduced as an integrated thermal-environment assessment metric. This index was
developed using linear regression based on three key environmental parameters—air
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temperature, relative humidity, and air velocity —and integrates their combined effects on
the quality of the rearing environment within the laying hen house. The equations for
calculating the effective temperature index for laying hens, developed by Bjerg et al. [38,39]
through linear regression analysis, are presented in Equations (12) and (13).

ETI = (0.794t4 + 0.25t,, +0.7) - 0.15 x (44 - t4) x (v9 - 0.2%?) (12)

t,, = 0.85569ty + 0.178 02RH - 12.35087 13)

where td is the dry-bulb temperature (°C), tw is the wet-bulb temperature (°C), and v is the
air velocity (m/s™).

The four core input parameters required for ETI calculation —dry-bulb temperature,
wet-bulb temperature, relative humidity, and air velocity —were all derived from the CFD
numerical simulation results and subjected to standardized post-processing and parame-
ter extraction using ANSYS CFD-Post 2023 R1. The parameters were obtained as follows.
The underlying dry-bulb temperature and air-velocity data were taken directly from the
simulated temperature and velocity fields generated after numerical solution in the Fluent
Solution module. Relative humidity was calculated based on the thermodynamic relation-
ship between the water-vapor mass fraction and the temperature field of the indoor air.
Wet-bulb temperature was then calculated by substituting the obtained dry-bulb temper-
ature and relative humidity into Equation (4-3). After all the above input parameters had
been extracted, batch post-processing calculations of ETI were performed using the built-
in user-defined expression function in ANSYS CFD-Post 2023 R1, followed by standard-
ized data export. Based on this calculation procedure, the calculated mean ETI values
within the cage zone for all the above optimization cases are presented in Figure 19.

As indicated by the mean perceived temperatures in the cage zone presented in Fig-
ure 19, the effectiveness of the different air-inlet parameter configurations in regulating
the perceived temperature within the laying hen house varied. The mean perceived tem-
peratures under Cases 1, 3, and 5 were 27.40, 27.30, and 27.44 °C, respectively, whereas
those under Cases 2, 4, and 6 were only 26.90, 26.87, and 26.89 °C, respectively. Overall,
Cases 2, 4, and 6 not only markedly reduced the mean perceived temperature within the
house but also resulted in smaller differences among the cage tiers. These results indicate
that, under these three configurations, the thermal environment within the laying hen
house was more uniformly distributed in space, thereby providing more favorable ther-
mal comfort conditions for the laying hens. Because ETI integrates the combined effects
of air temperature, relative humidity, and air velocity, the lower values obtained for the
32-inlet configurations indicate an overall reduction in thermal load rather than an im-
provement in only one environmental variable [38,39].

1 2 3 4 5 6
Case Number
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Figure 19. Comparison diagram of average perceived temperature.

3.7. Comparison Between the Optimized and Original Configurations

To accurately evaluate the optimization performance of the proposed Case 2, a com-
prehensive comparative analysis was conducted on the spatial distributions of air tem-
perature, relative humidity, and air velocity within the laying hen house under the base-
line configuration and Case 2. To eliminate the potential influence of differences in the
analysis planes on the comparison results, all three environmental fields were evaluated
on the same horizontal plane at a height of 1.75 m above the floor of the laying hen house.

3.7.1. Analysis of Temperature-Field Optimization

The temperature-field contours for the two ventilation configurations are compared
in Figure 20. Under the original model, the air temperature within the laying hen house
exhibited a pronounced longitudinal increase, rising progressively from the cooling-pad
end toward the fan end. A distinct local high-temperature region developed near the air-
outlet side, indicating substantial heat accumulation. The regional peak temperature
reached approximately 31 °C, and the high-temperature region covered a relatively large
area, resulting in pronounced spatial non-uniformity of the indoor temperature field. Fol-
lowing optimization under Case 2, the spatial uniformity of the temperature field was
improved, and the overall temperature distribution became more uniform. The peak tem-
perature decreased to 30.5 °C, while both the maximum temperature and the spatial extent
of the high-temperature region were markedly reduced. Consequently, heat accumulation
near the downstream end of the house was effectively alleviated, which may reduce heat-
stress responses in laying hens and improve the suitability of the indoor thermal environ-
ment.

Temperature( ) Cooling-pad end Exhaust-fan end

30.99
1

Original Model

Option 2

Figure 20. Comparison diagram of temperature field.

3.7.2. Comparative Analysis of the Relative-Humidity Field

The relative-humidity contour plots for the two ventilation schemes are compared in
Figure 21. In the original model, the peak relative humidity in the air-inlet region was
approximately 87%. However, relative humidity decreased rapidly and substantially
along the airflow direction, exhibiting an overall linear decline from the cooling-pad end
to the fan end. Green-to-blue regions appeared near the air-outlet end, indicating a
marked reduction in relative humidity and pronounced spatial variation in the humidity
field. Although this distribution pattern provided relatively high moisture-removal effi-
ciency, it could not ensure a uniform humidity environment within the laying hen house.
In comparison, under Case 2, the longitudinal decrease in relative humidity was more
gradual, and the spatial uniformity of the relative-humidity field was substantially im-
proved. Only a slight increase in relative humidity occurred near the downstream end of
the house. Although the overall moisture-removal capacity was slightly lower than that
of the original model, Case 2 showed clear advantages in the stability and uniformity of
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the humidity distribution, thereby providing a more stable humidity environment for lay-
ing hens.

RH(%)

87.11
86.53
85.95

Cooling-pad end Exhaust-fan end

85.37
84.79
84.21
83.63
83.05

Original Model

Option 2

Figure 21. Comparison diagram of relative humidity field.

3.7.3. Comparative Analysis of the Air-Velocity Field

The air-velocity contour plots for the two ventilation schemes are compared in Figure
22. In the original model, an extensive low-velocity dead zone developed near the fan end
of the laying hen house, and the overall air-velocity distribution was highly non-uniform.
Airflow circulation and air-exchange efficiency were insufficient in the downstream sec-
tion of the cage zone. The calculated air-velocity non-uniformity coefficient reached
0.44736, directly indicating pronounced spatial variation in air velocity throughout the
house. Following optimization under Case 2, air velocity near the fan end increased mark-
edly, the spatial extent of the low-velocity regions was substantially reduced, and the air-
flow paths became more concentrated and orderly. Consequently, the overall air-velocity
non-uniformity coefficient decreased to 0.40021, indicating a marked improvement in ven-
tilation uniformity within the house. These results demonstrate that Case 2 effectively en-
hanced ventilation and air-exchange efficiency within the cage zone, produced a more
rational indoor airflow pattern, and substantially alleviated the excessively extensive low-
velocity regions observed in the original model.

Velocity(m/s) Cooling-pad end Exhaust-fan end
485 DS R
455 -
%
364 Original Model
333
3.03
273
242
2.12
1.82
13
21
0.91 i
041 Option 2
0.30
0.00

Figure 22. Comparison diagram of air velocity fields.

3.7.4. Comparative Analysis of the Perceived-Temperature Field

The perceived-temperature contour plots for the two ventilation schemes are com-
pared in Figure 23. In the original model, the perceived temperature exhibited a gradual
increasing trend along the length of the laying hen house, with pronounced accumulation
of high perceived temperatures in the end region, where the maximum perceived temper-
ature approached 28.36 °C.
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Figure 23. Comparison diagram of perceived temperature fields.

3.7.5. Analysis of the Thermal Environment in the Cage Zone

The comparisons of mean air temperature, mean air velocity, and mean relative hu-
midity within the cage zone under the original operating condition and Case 2 are pre-
sented in Figure 24. Under the original operating condition, air velocities across cage tiers
1-4 were relatively low, whereas the air velocity at the top cage tier was higher, reaching
0.9 m/s. The mean air temperature at all five cage tiers exceeded 30 °C, indicating poor
overall environmental uniformity within the cage zone. Following airflow-field optimiza-
tion, air velocity increased markedly across all cage tiers, with the maximum value reach-
ing 1.1 m/s. The mean air temperature within the cage zone decreased by up to 0.4 °C,
corresponding to a reduction of 1.32%, and remained below 30 °C at all cage tiers. The
mean relative humidity within the cage zone increased slightly; however, this increase
was not sufficient to adversely affect the productive performance of the laying hens.

(b) Relative humidity (c) Air velocity
Il Original Model
Il Original Model 85 - [ Option 2 12 Il Original Model
[ Option 2 S5 [ Option 2
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Figure 24. Comparison of cage-tier environmental variables before and after parameter optimiza-

tion: (a) temperature, (b) relative humidity, and (c) air velocity.

Previous studies have shown that, within the temperature range of 25-30 °C, each
1 °Cincrease in ambient temperature results in a 1.5% relative decrease in the egg produc-
tion rate. Once the temperature exceeds 30 °C, the decline in egg production becomes sub-
stantially more pronounced. For example, at 32 °C, the egg production rate is 7.4% lower
than that at 21 °C, indicating that 30 °C represents a critical inflection point beyond which
egg production declines sharply [40,41]. The 0.4 °C temperature reduction achieved
through the present optimization lowered the cage-zone temperature from above 30 °C, a
high-risk range associated with a sharp decline in egg production, to the approximately
linear-response range of 25-30 °C, thereby avoiding the risk of temperature-induced de-
terioration in laying performance. Based on the reported temperature response of egg pro-
duction within the 25-30 °C range, the 0.4 °C reduction corresponds to a theoretical direct
increase of 0.6% in the egg production rate. For a flock of 48,000 laying hens with a baseline
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egg production rate of 90%, this improvement would yield more than 90,000 additional
eggs annually. When the additional benefits associated with improved egg quality and
feed-to-egg ratio are also considered, the overall economic benefit to laying-hen produc-
tion would be substantial.

4. Conclusions

This study developed and validated a CFD model for a commercial five-tier stacked-
cage laying hen house under summer tunnel-ventilation conditions. Field measurements
of air temperature, relative humidity, air velocity, and structural parameters were used to
establish the whole-house model and the porous-medium model of the cage-and-hen oc-
cupied zone. The main conclusions are as follows:

(1) The CFD model reproduced the measured thermal and airflow environment with
acceptable accuracy. The mean relative errors (MREs) for air temperature and rela-
tive humidity were below 3%, while the MREs for air velocity were approximately
10%. All normalized mean square error (NMSE) values were below 0.25, indicating
that the model was sufficiently reliable for analyzing the indoor environmental dis-
tribution and evaluating alternative ventilation-optimization schemes.

(2) Under the original ventilation configuration, heat accumulated in the middle and
downstream sections of the laying hen house, where local air temperatures exceeded
31 °C. Relative humidity was highest near the cooling-pad inlet and decreased pro-
gressively toward the fan end. The airflow field was also unevenly distributed. Air
velocity reached approximately 2.42 m s near the inlet and along the upper airflow
path but decreased to approximately 0.8-1.0 m s in the middle and downstream
cage regions. These results indicate that a substantial proportion of the cooled inlet
air flowed through the open space above the cages, whereas effective airflow delivery
to the cage zone remained insufficient.

(3) Coordinated adjustment of air-inlet number and horizontal spacing improved the
spatial uniformity of air temperature, relative humidity, and air velocity. Among the
six configurations evaluated, the preferred scheme maintained a horizontal inlet
spacing of 1.14 m and increased the total number of air inlets at the cooling-pad ends
of the two sidewalls from 24 to 32. Compared with the original configuration, this
scheme reduced the non-uniformity coefficients of air temperature, relative humid-
ity, and air velocity by 18.00%, 18.38%, and 10.54%, respectively, while decreasing
the mean effective temperature index in the cage zone by 0.5 °C. Air velocity in-
creased across all five cage tiers, and the mean air temperature at each tier was re-
duced to below 30 °C. Therefore, the preferred inlet configuration provided the most
balanced improvement in the thermal and airflow environment among the investi-
gated schemes.

The present analysis focused on the measured summer operating conditions and the
investigated range of air-inlet configurations. Future studies should implement the pre-
ferred configuration in a commercial laying hen house and evaluate its performance un-
der different outdoor climatic conditions, ventilation rates, and fan operating states. Tran-
sient and multi-season simulations, combined with long-term field monitoring of energy
consumption, hen physiological responses, production performance, and egg quality,
would further determine the comprehensive benefits of the proposed ventilation modifi-
cation.

Overall, the validated CFD model and preferred air-inlet configuration provide a
practical basis for improving summer ventilation uniformity and mitigating localized heat
accumulation in high-density multi-tier laying hen houses.
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