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ABSTRACT
Multi-floor buildings for raising pigs have recently attracted widespread

Received December 30, 2022;
Accepted April 14, 2023. attention as an emerging form of intensive livestock production especially in

eastern China, due to the fact that they can feed a much larger number of
animals per unit area of land and thus alleviate the shortage of land available
for standard single-floor pig production facilities. However, this more intensive
kind of pig building will pose new challenges to the local environment in terms
of pollutant dispersion. To compare the dispersion air pollutants (ammonia as
a representative) emitted from multi- versus single-floor pig buildings,
ammonia dispersion distance and concentration gradients were investigated
through three-dimensional simulations based on computational fluid
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dynamics. The validation of an isolated cubic model was made to ensure the
simulation method was effective. The effects of wind direction, wind speed
and emission source concentration at 1.5 m (approximate human inhalation
height) during summer were investigated. The results showed that the
ammonia dispersion distance of the multi-floor pig building was far greater
than that of the single-floor building on a plane of Z= 1.5 m. When the wind
direction was 67.5°, the wind speed was 2 m-s~! and the emission source
concentration was 20 ppmv, the dispersion distance of the multi-floor pig
building could reach 1380 m. Meanwhile, the ammonia could accumulate in
the yard to 7.68 ppmv. Therefore, future site selection, wind speed and source
concentration need to be given serious consideration. Based on the simulation
used in this study with source concentration is 20 ppmv, the multi-floor pig
buildings should be located 1.4 km away from residential areas to avoid
affecting residents. The results of this study should guidance for any future

development of multi-floor pig buildings.

© The Author(s) 2023. Published by Higher Education Press. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0)

1 INTRODUCTION

Over recent decades, China has become the largest market in
the world for meat products as living standards have
unceasingly increased and the demand for meat has had high
rates of growthl'l. In 2021, total meat consumption in China
reached nearly 100 Mt, accounting for 27% of the global total
(according to the reports by McKinney & Company).
Consequently, animal production in China has been expanding
significantlyl’]. However, the standard production modes in
the Chinese livestock industry have not keep up with the
increasing demand for meat supply. The livestock industry has

moved rapidly toward modernization and intensification.

The number of intensive livestock production facilities has
increased rapidly with this intensification of the industry.
However, the construction of intensive production facilities
requires large areas of high-quality land, and the shortage of
available land has become a main obstacle to further
intensification of the livestock production in China. Therefore,
in recent years, the developed multi-floor buildings for
producing pigs has become an attractive and popular option in
the emerging mode of intensive livestock production. By
making use of vertical space, the multi-floor pig buildings can
greatly save land by increasing production per unit area of
land. Also, with the height difference between floors there are
benefits for combined waste disposal. However, the adoption of
multi-floor pig buildings in China has been rapid and without
detailed research on the potential environmental impacts, such

as dispersal of air pollutants.

Considerable quantities of ammonia are released during pig
production and this will be more concentrated when using
multi-floor buildings. Ammonia is considered to be a marker
for livestock-related air pollution and from agricultural sources
80%-90% of total
Ammonia can travel great distances which

it represents about anthropogenic
emissionsl].
substantially contributes to the ambient concentration of PM; 5
and it can react with atmospheric acids to form ammonium!*"]
The dispersion of ammonia negatively affects the ambient air
quality and increases the incidence of human respiratory
diseases(*’]. In addition, complaints about the nuisance caused
by odors from livestock production facilities have increased in
recent years and previous studies have shown that ammonia
was considered one of the main components of odorl"l.
Therefore, it is imperative to investigate the ammonia
dispersion from multi-floor pig buildings to provide guidance
for their increasingly widespread adoption, as there appears to
be no currently published studies comparing pollutants

emitted from multi- versus single-floor pig buildings.

However, airflow in the atmospheric boundary layer above
buildings is inherently complex. It is therefore difficult to
obtain an adequate amount of empirical data of sufficient
precision to determine how to control atmospheric air
movement[’]. The computational fluid dynamics (CFD)
approach, which provides the information of the distribution
of several parameters (e.g., air speed, temperature, humidity
and concentration) around buildings with complex geometric
shapes at every point in the computational domain, has been
increasingly used for the analysis of urban microclimatel'/~"1.
Also, CFD has been applied to the modeling of dispersion of air
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pollutants (e.g., carbon dioxide and ammonia) in street
canyons and urban geometry. Gu et all'’l used CFD to
investigate the influence of vegetation canopy layer and
atmospheric conditions on airflow and pollutant distribution
in a street canyon by using large eddy simulation. Tan et al.l'‘]
used CFD to study the influence of the diurnal variation of
surface temperature on airflow patterns and pollutant
dispersion in the street canyon under varying thermal
stratification. Olivardia et al.l'’] used CFD analysis of airflow
patterns and pollutant dispersion in a realistic urban canyon
for over 24 h. These studies show that CFD is an economical
and promising tool to study the dispersion of pollutants in a
context with multi- and single-floor buildings.

Overall, this study aimed to conduct three-dimensional CFD
simulations based on the actual dimensions of representative
multi- and single-floor pig buildings with ammonia as the
target gas. This simulation was done for summer due to the
increased ventilation rate and potential dispersion distance in
summer. The objectives of this study were to use CFD analysis
to (1) investigate the difference of ammonia dispersion
between a representative multi- and single-floor pig buildings;
(2) evaluate the effects of wind direction, wind speed and
ammonia emission source concentration on the ammonia
dispersion; and (3) analyze the ammonia dispersion distance
from a multi-floor pig building.

2 MATERIALS AND METHODS

2.1 Validation of simulation method

Many generic studies which focused on simplified
configuration, such as isolated buildings, have proven to be
suitable for validation[''], since the complex flow and
dispersion processes and other salient features in the complex
real environment are also contained in the simplified situation.
Additionally, the simulation methods can be used in both
%1 In this study, the wind-

were used for validation. The

generic and applied contextsl
tunnel measurements(”]
experiment measured the velocity and concentration around
an isolated cubic model building with Hy, = 0.05 m within the
neutral surface boundary layer. The geometrical model is
shown in . Pure helium as a tracer gas was released from a
circular center rooftop vent. The CFD simulation was
conducted based on the experiment and the simulation of
velocity and pure helium concentration were compared with
the experimental results. The realizable k—¢ turbulence model
and scalable wall function were used. For the grid sensitivity
analysis, the computational domain was discretized into

Pure helium

Flow

H,

g
L

Fig. 1 Geometrical model of validation.

1,680,763, 2,844,807 and 5,088,346 computational grids for the
coarse, medium and fine grids, respectively. Eventually, the
medium grid was adopted in this study considering the cost of
the calculation.

2.2 CFD modeling

2.2.1 Geometrical model

The selected multi-floor pig building ( ) was located in
Yiwu, Zhejiang Province, China (29°21' N, 119°94’ E). It had
six floors containing 24 pig houses and each pig house could
raise 1000 pigs. The length, width and height of the building
were 118, 62 and 21 m, respectively, and the floor space of the
multi-floor building was 7316 m?. The building was symmetric
and there was a ventilation yard with an area of 1240 m? in the
center of the building which was the only gas emission outlet.
Ninety-six VX51 fans (Munters Air Treatment (Beijing) Co.,
Ltd., Beijing, China) with a ventilation rate of ~47,000 m3-h~!
and 48 VX24 fans (Munters Air Treatment (Beijing) Co., Ltd.,
Beijing, China) with a ventilation rate of 9945 m3-h~! were
installed at both sides of the ventilation yard. There was also a
yard with windows on the east and the west sides of the
building. For each pig house, six wet pads were installed at the

Fig. 2 Photograph of the top view of the multi-floor pig building.
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end wall toward the outside and one wet pad was installed at
sidewall.

The simplified geometric model of the multi-floor building was
shown in . To achieve better simulation, the building was
simplified into a cuboid based on the actual dimensions: Hy, Ly,
and W, of 21, 118 and 62 m, respectively. The ventilation yard
was simplified into an emission surface and the east and west
yards were simplified into two cuboids which were subtracted
from the whole geometrical model. Since the main objective
was to investigate the ammonia dispersion around the
building, the inside of the pig house and fans installed in the
ventilation yard were not included in the simulation. The six
wet pads on the end wall were simplified into two rectangles
and the wet pad on the sidewall was simplified into a rectangle.
Tunnel ventilation was used in the multi-floor building in
summer by using only VX51 fans and wet pads, so the total
mass flow rate of the emission outlet was about 2940 kg-s~1.

The single-floor pig production facility was located in Yan’an,
Shaanxi Province, China. The simplified geometrical model of
an individual pig house is shown in . Each single-floor

building was 48 m long by 25.9 m wide. The ceiling was 2.4 m

high and the roof was 3.6 m high. There were 8 VX51 fans with
a ventilation rate of 47,090 m3-h~! in the end wall and the mass
flow rate of each fan was 15.3 kg-s™l. Wet pads were installed
on the opposite end wall of fans and two sidewalls. This
production facility had 24 identical buildings arranged in two
rows at 15 m spacing as shown in . The total floor space
was 29,814 m? which was more than four times the floor space
of the multi-floor building. Fans were installed in the outward-

facing end walls and wet pads were on the inward-facing walls.

This
comparison with the multi-floor building because the number

single-floor production facility was chosen for
of pig houses, the internal structure of the pig houses, the
number and type of ventilation facilities in the pig houses and
the capacity of pigs of the entire single-floor facility were
similar to the multi-floor building. Therefore, it was valid to

compare the ammonia dispersion from these two facilities.

2.2.2 Meteorological condition and simulation cases

To investigate the effects of different building structures and
emission modes on ammonia dispersion, an assumption was
made that the single-floor buildings had the same external
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Fig. 3 The geometrical model of the multi-floor pig building.
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Fig. 4 Simplified geometrical model of an individual single-floor pig building.
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Fig. 5 Arrangement of the single-floor pig buildings in the production facility.

environment as the multi-floor building. According to the
measured data of the meteorological condition of Yiwu in
2018, the average temperature is 28.41 °C in summer. The
frequency distribution of wind direction and speed in summer

were illustrated in at 10 m aboveground. Regarding the

east direction as 0°, the prevailing wind was south-south-east
wind (67.5°) with an average velocity of 2 m-s™! and another
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Fig. 6 Wind rose diagram in summer.

Table1 Simulation cases

two wind directions with high percentage were south (90°) and
south-west (135°). The wind speeds were divided into four
numerical ranges and the frequencies of wind speeds in the two
ranges of 0-2 and 2-4 m-s~! were higher.

According to the typical meteorological condition, the included
simulation cases are shown in . The wind speeds chosen
were 2, 3 and 5 m-s™! to compare the ammonia concentration
gradients caused by different wind speeds. The wind directions
67.5° 90° and 135° were chosen according to the frequency.
The emission source concentrations were 1, 5, 10, 15 and
20 ppmv which covered a wide range of ammonia
concentrations in pig production facilities. A maximum
ammonia concentration of 20 ppmv was recommended by the
International Commission of Agricultural and Biosystems
Engineeringl’'l. However, the ammonia concentration in the
pig house could be as low as 1 ppmv in summer when instant
manure separation technology was used. The simulation cases
for the multi- and single-floor buildings were the same.

2.2.3 Computational domain and mesh
The computational domain was established following the

model evaluation guidancel’’l. Given that three wind

Type of pig production facility Wind direction (°)

Wind speed (m-s~1)

Emission source concentration (ppmv)

Multi- and single-floor 67.5
67.5

67.5

67.5

67.5

67.5

67.5

90

135

2 20
3 20
20
15
10
5
1
20

[NSIE SRE S I S SR |

20




Yicong XIN et al. Ammonia dispersion from two pig production facilities based on CFD simulations

379

directions were used in this study, three computational
domains were established. To prevent the influence of
boundaries, the distance between building walls and inlet or
lateral boundaries should be at least 5H},. The outflow
boundaries should be at least 15H}, away from building walls.

There are residential areas about 1 km away from the multi-

floor pig building. To better display the ammonia dispersion,

the computational domain was adjusted according to the
simulation. The computational domains of three wind
. The
computational domain with 7H, above the building, 5H

directions of multi-floor building is shown in

between the building walls and the inlet boundaries, 25Hy, and
1.5 km away from the outlet boundary shown in was
for the wind direction of 67.5°. The computational domain

with 7Hy, above the building, 5H;, between the building walls,

(a) $
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Outlet (outflow) ESELOMCAN GRITIER)
= 8H,
Floor (wall)
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Exhaust outlet (mass flow inlet) /
Building wall (wall) 3 ; ']Wi“d (67.5°)
z ‘ il -
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Fig. 7 Computational domains of three different wind directions of the multi-floor pig building: (a) 67.5°; (b) 90°; (c) 135°.
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and the inlet and lateral boundaries, 1.5 km away from the
outlet boundary shown in is for the wind direction of
90°. The computational domain with 7Hy, above the building,
5H,, between the building walls and the inlet boundaries, 1 km
away from the outlet boundary shown in is for the
wind direction of 135°. The computational domain of the
single-floor facility was the same as that of the multi-floor
building to avoid the influence of different computational

domains.

Based on the experience of grid discretization in the validation
simulation, the computational domain of multi- and single-
floor buildings were discretized into unstructured tetrahedral
grids. Considering the computational domain with the wind

direction of 67.5° as an example, the mesh details are shown in

2.2.4 Boundary conditions and numerical methods

Boundary conditions can greatly influence simulated
predictions in wind engineering analysis. The vertical profile of

the wind speed at the inlet Ujy(2z) obeys a power lawl*1;

Uin (Z) z 0.15
=D _[(L (M
Uy H,

where, Uy is the velocity at building height and H,, is building
height. The power-law exponent of the vertical profile of the
inlet velocity is 0.15 according to the grading of ground

roughness.

In addition, the turbulence kinetic energy k and dissipation

rate ¢ at the inlet were computed as:

U?
k= 2
Ve @
U?
£= K, (z+z0) )

where, C, is equal to 0.09, K, is equal to 0.4, z is surface
roughness length, and Usx is friction velocity, which is usually
calculated from a specified velocity Uy, at a reference height h
as:

v.=_KUn 4)

1n(h+Z() )
20

A Porous jump boundary is used for wet pads and the pressure

change is defined as a combination of Darcy’s Law and an

additional inertial loss term:

1
Ap = (/iv+—C2pv2)Am )
a 2

where, y is the fluid viscosity, a is the permeability of the
medium, C; is the pressure-jump coefficient, v is the velocity
normal to the porous face, and Am is the thickness of the
medium. The Am of the wet pad of the multi-floor building
was 0.15 m. The face permeability, porous medium thickness
and pressure-jump coefficient were needed for the setting of
porous jump boundary, and the relationship between the
pressure drop and velocity was obtained from the experiment
results.

As shown in , the outflow boundary was used at the outlet
and the mass flow inlet boundary was adopted for the
ammonia emission source. A symmetric boundary was used for
the top and sides and wall boundary for floors and walls. The

Fig. 8 Grid discretization of three different computational domain of (a) computational domain of the multi-floor pig building; (b) the multi-

floor pig building; and (c) computational domain.
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boundary conditions of multi- and single-floor building are
summarized in . The three-dimensional simulation of
the multi-floor building was based on a finite volume approach
for solving the flow and concentration equation. Steady
Reynolds-averaged Navier-Stokes method was applied and the
realizable k—¢ model was used for the turbulence modeling.
The scalable wall function was used for all wall boundaries to
avoid the deterioration of the calculation results when Y* < 15
and could give consistent solutions for any refined grid. In
addition, the QUICK (Quadratic Upwind Interpolation of the
Convective Kinematics) scheme was used for discretizing the
convection of momentum and concentration equations. The
second order centered difference scheme was used for other
terms. Semi-implicit method for pressure linked equations was
used for the pressure-velocity correction. Iterations were
considered to be in convergence when the residual for the
energy equation arrived at 107 and the residual for other
equations reached at 1073 during the simulation. In addition,

the variables also needed to show the tendency to be constant.

3 RESULTS AND DISCUSSION

3.1 Validation

shows the velocity distribution on the roof (X/Hy = 0)
and behind the cube (X/H, = 1) at the centerline. The
experimental data for the validation was provided by Tominaga
and Stathopoulos!”]. According to , the simulation
generally agreed with the empirical data. Nevertheless, the
negative velocity of the simulation was larger than the
experiment in the reverse flow near the ground in and
the result was similar to the simulation of Tominage and
Stathopoulosl”']. The most likely reason is that the k-
turbulence model cannot reproduce the periodic velocity

fluctuation caused by the vortex shedding behind the cubel’"1.

Table 2 Boundary conditions of multi- and single-floor pig production facilites

Structure Conditions
Inlet Velocity inlet (2, 3 and 5 m-s~! at 10 m aboveground; power law at 0.15)
Outlet Outflow

Exhaust outlet
Side and top
Wet pad

Walls and floors

Mass flow inlet (flow rate 2941 kg-s~! of multi-floor building; flow rate 15.3 kg-s~! each fan of single-floor buildings)

Symmetry

Porous jump

Non-slip wall, adiabatic

(a) 2.0
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1.5+
=10
S 1.0
0.5 :
e
1
1 z
t X
0.0 , T v T v T b 1
-0.5 0.0 0.5 1.0 1.5
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(b) 2.0+
Simulation
1 ®  Experiment -
1.5+
104
S 1.0
0.5 |
1
! 1
[
1
OO v T v T . L] g 1
-0.5 0.0 0.5 1.0 1.5

Uy,

Fig. 9 Simulation and experimental results of velocity: (a) on the roof of the cube (X/Hp = 0) at the centerline; (b) behind the cube (X/Hp = 1)

at the centerline.
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showed the simulation and experimental results of
dimensionless concentration on the centerline of the roof and
leeward wall in streamwise direction[’’]. The dimensionless
concentration K was defined as:
P cHU, ©)
0.
where, ¢ is volumetric fraction of emitted gas and Q. is flow
rate.

According to , the simulation could predict pollutant
dispersion around the isolated cube. The results showed that
the maximum concentration occurred above the vent and the
concentration on the leeward wall was greatly reduced because
of the sharp edge on the cube. The simulation overestimated
the concentration downwind of the vent, including the
downwind roof of the vent and leeward wall, in comparison
with the experiment. However, the results were similar to the
simulation of Tominaga and Stathopoulos!'“). This is likely due
to an over-prediction of the reverse flow behind the cube. The
concentration on the
. The

simulation underestimated the concentration measured in the

distribution of non-dimensional
centerline of the roof and sidewall is shown in

experiment on both roof and sidewall. It was observed that the
simulated concentration was higher near the ground of the
sidewall indicating that the pollutant was transported from the
leeward wall by the recirculating airflow, which was the
opposite of the experimental situation. Also, the simulation
result had a considerable under-prediction of concentration
around the edge and this is likely due to an underestimation of
the horizontal spread of the pollutant!'’].

In summary, the simulation of velocity and dimensionless

concentration were generally in agreement with the
(a) 103-! . .

. Simulation

102 1 . 1 = Experiment
- J

1011

&2 100-!

107! : .
1 Vent location]  Edge point
-2
10 1
Roof Leeward wall
1073 T d
-0.5 0.0 0.5 1.0 1.5

L/H,

experimental data, which indicated that the simulation method
was effective even though the CFD approach was restricted to a
neutral stratified atmosphere. This indicated that the pollutant
dispersion around a building could be validly predicted using
the simulation method applied.

3.2 Comparison of ammonia dispersion from the
multi- and single-floor pig buildings

Wind direction of 67.5° wind speed of 2 m-s™! and ammonia
emission source concentration of 20 ppmv were used in

simulations, and the ammonia concentration gradients of the

multi- and single-floor buildings are shown in . The
plane of Z = 1.5 m used in the simulation was considered as the
human inhalation height. The minimum ammonia

concentration shown in was 1.5 ppmv, which is the
odor thresholdor ammonial*], thus the areas with ammonia
concentration lower than 1.5 ppmv could be considered as

unaffected by ammonia.

The
7.68 ppmv for the multi-floor pig building (

simulated highest ammonia concentrations were
) and
19.3 ppmv for the single-floor facility ( ), respectively.
This was due to the fact that even though the emission source
concentration was 20 ppmv, the emission source of multi-floor
pig building was 21 m aboveground, so the highest ammonia
concentration was only 7.68 ppmv at Z = 1.5 m in the west
yard. However, the height of the emission source (fan) of the
single-floor facility was 0.5 to 1.8 m aboveground, thus the
highest ammonia concentration at Z = 1.5 m was 19.3 ppmv,
close to 20 ppmv near the fan. The ammonia emitted from the
multi-floor building apparently dispersed along the direction of

wind. The ammonia concentration was higher behind the

3
(b) 10 | Simulation

= Experiment

1
1

|
|
|
|
|
:
4
|
|
|
|
|
|
|
|
|

02!
0!
;
10°
<0
10'1!
10_2!
Roof | Side wall
1073 T t T T T 1
000 025 050 075 100 125 1.50
L/H,

Fig. 10 Validations of dimensionless concentration on: (a) the centerline of the roof and leeward wall in the streamwise direction; (b) the

centerline of the roof and sidewall in the lateral direction



Yicong XIN et al. Ammonia dispersion from two pig production facilities based on CFD simulations

383

(a) 1500

1000 -

Y (m)

500 |~

B KD L0 L0 s LH LD G o 3 B 00
houmoumoumouhoumo o

—200 0 200
X (m)

(b) 1000 19
i 18
i 17
16
800 - o
L — 14
: — 13
600 |- i 12
_ 5 | 11
g i ) 10
>~ - j 9
400 - Eg
i 2 g
X =
200 —— -; 4
i L, 3
| 1 7 2
01 i 1 ! =15
-50 0 50 100
X (m)

Fig. 11 Ammonia concentration (ppmv) distribution on the plane Z = 1.5 m when wind direction was 67.5°, wind speed was 2 m-s and

ammonia concentration of emission source was 20 ppmv: (a) the multi-floor pig building; (b) the flat-floor pig farm.

building which was likely to be due to the reverse airflow under
low velocity. In addition, the ammonia concentration was low
in the upwind direction from the emission source and the
lateral dispersion was not significant in comparison with the

dispersion in the direction of the prevailing wind.

For the single-floor facility, the emitted ammonia mainly
concentrated near the fans and did not spread as far as from
the multi-floor building. However, it still could affect the
distance of about 500 m in Y direction ( ) since the
floor space was large and the ammonia concentration around
the production facility at Z = 1.5 m was high. The detailed local

ammonia concentration gradients around the single-floor
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facility are shown in . The ammonia emitted from the
fans toward the west dispersed only about 2 m and the
influence on further distance could be neglected. However,
ammonia can disperse into space among adjacent pig buildings
with a wind direction of 67.5°, which means that ammonia
would disperse in the whole facility. The reason for the great
difference of ammonia dispersion between the two types of
buildings was that the emission source of multi-floor building
was much higher while the concentrated emission flow rate was
also much larger, thus the multi-floor building can be seen as
an elevated point source with a high emission height, and the
ammonia can spread over a long distance. In contrast, the

emission sources of the single-floor facility were widely

(b) 35
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Local ammonia concentration (ppmv) distributions around fans of the single-floor pig facility: (a) fans toward west; (b) fans toward east.
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separated and the flow rate of each emission source was much
smaller (about 4% of the multi-floor building), the single-floor
facility could be viewed as an area (non-point) source with a
low emission height.

In addition to the building height and floor space, the two
yards in the multi-floor building were also important
contributors to the substantial difference between this building
and single-floor facility. The ammonia concentration and
velocity vector distribution of multi-floor building at Y = 31 m
is shown in . As shown in , the ammonia
concentration in the west yard was higher than in the area
around the building, and this means that the ammonia can
accumulate in the yard during the operation of the multi-floor
building. It is likely that there were vortexes in the two yards as
shown in such that could not dispersed easily in the
wind due to these vortexes. It is worth noting that both yards
were connected to windows and stairs in the multi-floor
building, thus high concentration ammonia in the yards could
possibly reenter the building raising ammonia concentrations
in the work areas. Therefore, the ammonia accumulation in the

yards is a design problem that needs attention.

3.3 Effect of wind direction on ammonia
concentration gradient

According to the wind rose diagram in summer, three wind
directions of 67.5°, 90° and 135° were chosen for the
investigation of wind direction effects, under the wind speed of
2 m-s~! and ammonia source concentration of 20 ppmv.

shows the ammonia concentration gradients from
the multi-floor pig building and the single-floor production
facility on the plane Z = 1.5 m and the wind directions were 90°
and 135°. The case with the wind direction of 67.5° was shown
previously in .In and , it can be seen that

ammonia mainly dispersed along the wind direction and the

(a) Ammonia concentration (ppmv)
N T 7T
152 3 456 7 8 9 10111213 14 1516 17 18 19
150
glOO
N
N @
1 | 1
—200 0 200
X (m)

dispersion distance from the multi-floor pig building was
always much larger than that of single-floor facility under
investigated wind directions. Also, the highest ammonia
concentration in the yards with a wind direction of 135° was
10.8 ppmv, which was higher than 7.68 ppmv with a wind
direction of 67.5° and 4.79 ppmv with a wind direction of 90°.
For the single-floor facility, the effect of wind direction on
ammonia concentration dispersal was not significant.

3.4 Effect of wind speed on ammonia
concentration gradient

The average wind speed of 2 m-s~! was used as a typical value
in previous sections, but different wind speeds could also affect
ammonia dispersal. The ammonia concentrations at selected
locations ( ) around the multi- and single-floor buildings
at Z = 1.5 m with wind speeds of 2, 3 and 5 m-s~! were
estimated for with a wind direction of 67.5° and emission
source concentration of 20 ppmv. For the multi-floor building,
the five location points selected in this investigation are shown
in . Point 1 was located in the middle of the west yard,
and Points 2—5 were located along the wind direction of 67.5°.
As shown in , the ammonia concentration at Point 1
was much higher than other points, which was consistent with
. However, the ammonia concentration in the west yard
increased with the increased wind velocity. This means that
higher wind speed is the likely cause of greater ammonia
accumulation in the yard. It is important to note that with the
increase of wind speed from 3 to 5 m-s7!, the increased
accumulation of ammonia was much less compared to that
when wind speed was increased from 2 to 3 m-s~!. This
indicated that the effect of wind speed on ammonia
limited when the
constant. In

accumulation was emission source

concentration  was contrast, ammonia
concentrations at Points 2—-5 were slightly less with higher

wind speed, suggesting a dilution effect at high wind speed.

(b) Velocity (m-s™)
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Fig. 13 Plane Y = 31 m of the multi-floor pig building: (a) ammonia concentration distribution; (b) velocity vector distribution.
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Fig. 14 Ammonia concentration gradient (ppmv) on the plane Z = 1.5 m under different wind directions, wind speed of 2 m-s~! and emission

source concentration of 20 ppmv: (a) 90°, the multi-floor pig building; (b) 135°, the multi-floor pig building; (c) 90°, the flat-floor pig farm;

(d) 135°, the flat-floor pig farm.

For the single-floor facility, six points were selected in the
computational domain as shown in . Point 1 was on
the east side of east fans and Point 2 was in the middle of the
two rows of buildings. Points 3—5 were on the dispersion path
of west fans under the wind direction of 67.5°. As shown in

, the ammonia concentration at Point 1 was much
lower than other points because it was upwind and ammonia
could not disperse easily to this point. The ammonia
concentration at Point 2 was the highest, suggesting that
ammonia might accumulate in the single-floor facility.
However, the highest ammonia concentration was only
0.118 ppmv, which was lower than the odor threshold for
ammonia, thus this accumulation would not significantly
influence the environment. For Points 3-6, the ammonia

concentration decreased with the increased wind speed.

As shown in , the effects of different wind speeds on the
ammonia dispersion outside the two types of pig facilities had
similar trends but at differing concentrations. In addition,
different wind speeds can affect the ammonia accumulation in
the yards of the multi-floor building and in the space between
individual buildings in the single-floor facility. Therefore, local
wind speed should be taken into account during site selection
for intensive pig production facilities considering emissions

accumulation and dispersion distance.

3.5 Effect of source concentration level on
ammonia concentration gradient

The emission source concentration is not only related to
breeding and operation management with a pig production
facility but also depends on waste gas treatment. The different



386

Front. Agr. Sci. Eng. 2023, 10(3): 374-389

(@)

% Point 5 (=300, 900, 1.5)

% Point 4 (—200, 660, 1.5)

Point 3 (~100, 420, 1.5) %

Point 2 (0, 180, 1.5) %

LIS

Point 1 (33, 31, 1.5)

(b)

Point 6 (<70, 348, 1.5)
Point 5 (=50, 300, 1.5)

Point 4 (30,252, 1.5)  *
Point 3 (~10,204,1.5) * *. * Point1 (115,204, 1.5)

N

N
" Point 2 (55.8, 204, 1.5)

Fig. 15 Points selected to compare the ammonia concentrations at different wind speeds (as shown in Fig. 16): (a) the multi-floor pig

building; (b) the flat-floor pig farm.

—a—2m-s!
——3ms’!
a—y— 5 m.sfl

10 1

6
4 4
2 4
04

Ammonia concentration (

1 2 3 4 5
Location point

~~

=3

-

=3

—_

-
1

0.12 1
0.10 A
0.08 A
0.06 1
0.04 1
0.02 1

Ammonia concentration (ppmv)

0. OO T T T T T
1 2 3 4 3 6
Location point

Fig. 16 Ammonia concentrations on the plane Z= 1.5 m with wind speeds of 2 m-s~%, 3 m-s~t and 5 m-s7%, the wind direction of 67.5° and the

emission source concentration of 20 ppmv at points as detailed in Fig. 15: (a) the multi-floor pig building; (b) the flat-floor pig farm.

source concentrations were set to 1, 5, 10, 15 and 20 ppmv in
order to cover a meaningful range of possibilities with wind
direction of 67.5° and speed of 2 m-s!. The ammonia
concentration gradients from the multi- and single-floor
facilities at Z = 1.5 m under different source concentrations are
). The

ammonia concentration dispersal increased with the increase

shown in (for the points specified in

of emission source concentration at all points. The differences

between the points were larger when the emission source

concentration was higher. Therefore, the emission source
concentration is an important factor to consider in layout and

site selection of such facilities especially near residential areas.

3.6 Ammonia dispersion distance of multi-floor pig
building

In this study, the dispersion distance was defined as the
maximum distance ammonia of dispersal outside of pig
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wind direction of 67.5° and speed of 2 m-s~1 at points as detailed in Fig. 15: (a) the multi-floor pig building; (b) the flat-floor pig farm.

building where the ammonia concentration was reduced to the
odor threshold concentration (1.5 ppmv). According to the
results above, the ammonia dispersion distance from the multi-
floor building was much further than from the single-floor
facility. Therefore, the dispersion distance from the multi-floor
building under different wind directions, wind speeds and
. The
purpose is to compare the influence of different parameters on

emission source concentrations summarized in

the ammonia dispersion distance of the multi-floor pig
building and surrounding environment, and thereby to provide
references for the site selection.

showed that with the wind
speed of 2 m-s7! the dispersion distance with a wind direction
of 67.5° was 1.38 km, which was the furthest of the three wind
directions. Nevertheless, the dispersion distances with wind
directions of 90° and 135° were 1.35 and 1.32 km, respectively,
which were only slightly shorter compared to 1.38 km. This

Firstly, the results from

indicated that the wind direction had no significant impact on
the dispersion distance when the wind speed and emission

source concentration were the same. Secondly, the ammonia
dispersion distance decreased markedly with the decrease of
emission source concentration. Specifically, the dispersion
distance decreased from 1.38 to 0.73 km when the emission
source concentration decreased from 20 to 15 ppmv, indicating
that the reduction of emission source concentration could
effectively reduce the dispersion distance. The further decrease
of source concentration can efficiently reduce the dispersion
distance ( ). These results indicate that for multi-floor
buildings, it is important to control the emission source
concentration to about 15 ppmv in order to minimize the
impact on surrounding residents. Thirdly, the dispersion
distance decreased with the increase of wind speed. When the
wind speed was below 3 m-s~!, the dispersion distance was
more than 1 km. The average surface wind speed in summer in
China is about 2-2.5 m-s~!. Therefore, the multi-floor pig
building should be built about 1.4 km away from the residential
areas, if the emission source concentration was controlled
under 20 ppmv to ensure that ammonia would not affect the
surrounding residents.

Table 3 Ammonia dispersion distance under different wind directions, wind speeds and emission source concentrations

Case Wind direction (°) Wind speed (m-s~1) Emission source concentration (ppmv) Dispersion distance (m)
1 67.5 2 20 1380

2 67.5 3 20 1043

3 67.5 5 20 684

4 67.5 2 15 727

5 67.5 2 10 320

6 67.5 2 5 41 (in the yard)

7 90 2 20 1345

8 135 2 20 1324
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4 CONCLUSIONS

In this study, three-dimensional CFD simulations based on the
actual dimensions of multi- and single-floor facilities were
conducted to investigate the difference in ammonia dispersion
between such facilities. The results showed that the ammonia
dispersion distance of multi-floor building was much greater
than for single-floor facilities at Z = 1.5 m and that the
ammonia can accumulate in the yards of multi-floor buildings.
Under different wind directions, ammonia always dispersed

along the dominant wind direction, but the influence of wind

direction on the dispersion distance was not significant. The
ammonia concentration and dispersion distance decreased
with the increase of wind speed but higher wind speeds were
more likely to lead to ammonia accumulation in yards. The
ammonia concentration and dispersion distance decreased
markedly with the decrease of emission source concentration,
and the reduction of emission source concentration could
therefore substantially reduce the dispersion distance. If the
ammonia source concentration was controlled to under 20
ppmv, then multi-floor pig production buildings should be
located at least 1.4 km away from residential areas to ensure
that the local residents were not impacted by ammonia odors.
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