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CFD NUMERICAL SIMULATION OF TEMPERATURE AND AIRFLOW DISTRIBUTION
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ABSTRACT

Grid independence verification was implemented to improve the reliability of CFD numerical simulation
in pigsty. The effects of four different grid numbers on airflow and temperature simulation of 0.4m, 1.0m and
1.6m heights were compared. The results showed that the third method of mesh generation and the grid
numbers about 2.09 million were more suitable for this pigsty model. The average relative error of airflow
velocity and temperature between the simulated and the measured alues were 7.1% and 3.8% respectively,
the average NMSE were 0.0012 and 0.0066 respectively. Therefore, grid independence verification is of great
significance for CFD numerical simulation.
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INTRODUCTION

With the rapid development of large-scale and intensive pig husbandry, higher requirements have been
put forward for the environment in pigsty. Temperature and airflow velocity are two of the most important
environmental factors in pig farming which are directly related to the economic benefits and pigs’ welfare. So,
it is necessary to evaluate the environmental indexes efficiently and provide a comfortable environment for the
pigs.

There are three main methods to study the airflow and temperature distributions in livestock buildings:
field test, laboratory test (or wind tunnel test) and Computational Fluid Dynamics (CFD) numerical simulation
(Hong et al., 2013; Nielsen., 2015; Ntinas., 2017). Although the field test should be closer to the real conditions
in the pigsty, it is easily affected by the external environment and the accuracy of the sensors. As for the
laboratory test (wind tunnel test), under stable conditions, it can work better while requiring a lot of time and
cost to repeat the different structural configurations and different weather conditions. CFD offers a feasible
way to overcome the shortcomings of these two methods mentioned above; it has been widely used to study
airflow and temperature distribution within livestock buildings (Nielsen et al., 2015; Rojano et al., 2016; Sejun
et al., 2014; Sapounas et al., 2013;). However, due to the heavy workload of mesh generation, the accuracy
and efficiency of the simulation are all greatly affected by the gird numbers and the mesh quality (Yao et al.,
2016; Li et al., 2018). The impact of three mesh types (hexahedral, tetrahedral, and hybrid) and five grid
numbers on the accuracy and computing costs of air distribution simulations has been conducted in a first-
class aircraft cabin; the results showed that the hexahedral meshes can get the best result but also the highest
computing costs (Duan et al., 2015). Yu et al. investigated the computational accuracies and convergence
rates of triangular and quadrilateral meshes, they concluded that the number of triangular meshes needs to
be 4/3 times that of quadrilateral to obtain similar accuracy (Yu et al., 2012).
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The effect of airflow velocity on heat exchange between cows’ standing and tilting was also studied by CFD
numerical simulation; the results indicated that CFD can be used as a useful way to get ideal results based on
optimal parameters and reasonable mesh model (Wang et al., 2018).

Therefore, prior to conduct the numerical simulation of the pigsty, grid independence verification must
be done to minimize the workload of the mesh generation while not affecting the reliability and the accuracy of
the results. In this study, field test and CFD numerical simulation are combined to verify the importance of grid
independence test for improving the reliability of CFD numerical simulation in pigsty.

MATERIALS AND METHODS

) Data source

The experiment was carried out on a pig farm in Hohhot, Inner Mongolia, China (40°40 '26 "N, 111°21"
46"E). The dimensions of the pigsty are 9.2m (length) x 9.0m (width) x 3.6m (height), with negative pressure
ventilation. There are 14 adjustable air inlets (265mmx655mm) at the top of the pigsty, many conveying pipes
in the upper space, 2 automatic feeding equipment on the left side, 4 cylindrical finned heating pipes, 2 variable
speed fans on the side walls and a 2m deep manure pit beneath the floor. Meanwhile, each pen is surrounded
by solid wall and partially slatted concrete floor. The internal structure of the experimental pigsty is
demonstrated in Fig.1.

The field test was conducted on January 9, 2018. The environmental temperature was measured and
recorded by temperature sensors (HSTL-102WS, China) every 2s. In addition, an intelligent hot wire
anemometer (9565-P, TSI, USA) was used to measure the air velocity every 0.2 s and averaged per second
for a measurement period of 60s at each measuring point. As shown in Fig.2, the sensors were located in the
centre of each pig pen as well as middle of the aisle at 3 different heights: 0.4m (height of lying pig), 1m (height
of standing pig) and 1.6m (height of breeder). The 14 adjustable air inlets were set as the velocity inlets and
the four outlets set as pressure outlets in GAMBIT. The heating was regarded as a constant heat source in the
pigsty and its averaged surface temperature was measured by the infrared thermometer (MT4, Raytek,
American) every 5min. Pigs’ model was regarded as non-slip wall with constant temperature. In addition, the
density of the pigs was 1100 kg.m?, the specific heat was 3500 J.(kg.K)"' and the thermal conductivity as 0.464
W (m.K)™.
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Flg. 1- Internal structure of the plgsty Fig. 2 - Sensor layout scheme in the pigsty

® Numerical simulation
» Selection of governing equation
No matter complex or simple the fluid flow is governed by the law of conservation. The basic
conservation law mainly includes the mass conservation law, the momentum conservation law, energy
conservation law, collectively known as the governing equation. In terms of the control equation of CFD, the
continuity equation, the momentum equation and the energy equation are mainly applied (Osorio Saraz et al.,
2013):
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(1) Continuity equation:
O(pu) N 8(pv) N a(pw)

= 1
OX oy oz 0 )

where:
p isdensity. U, Vv and W are the components of the velocity vector in the direction of X, y and z.

(2) Momentum equation:

@+div(pu¢)=div(rgrad¢)+8 )

where:
¢ is general variable, which can represent U, v and Ww.

I' is the diffusion coefficient. S is the source item.
(3) Energy equation

oeT) +div(puT) = oliv[L gradT]JrST 3)
ot c,
where:

C, is specific heat capacity, T is temperature [°C],

k is the heat transfer coefficient of the fluid and Sris viscous dissipation term.

» Selection of boundary condition

The boundary condition is the prerequisites for the solution of the governing equation. Setting boundary
condition includes selecting the simulation state, turbulence model and initial conditions.

The steady-state simulation based on pressure is employed in this study since the external climate of
the pigsty is stable and the fan is running normally. Then, the renormalization group model (RNG k — & Model)
is adopted as the turbulence model, which is a basic method that has been commonly used in current
turbulence simulation studies with high accuracy and applicability. Besides, air is simplified as the stable and
incompressible ideal air because of the fluctuations in airflow velocity and temperature are small. Meanwhile,
considering the impact of gravity, the acceleration in the direction of gravity was set as -9.8m-s and the
material parameters of wall and the actual measured initial condition values are shown in Table 1 and Table 2,
respectively. Moreover, in order to reduce the mesh numbers, the slatted floor is treated as a porous medium
with 2cm width of the slot and 12 cm width of the slat. The inertial drag coefficient in X, Y and Z directions is
80m™", 1.2x10*m™" and 1.5x10%> m™, respectively and the viscous drag coefficient is 1.0x10°m2, 1.6x10'm?,
1.2x10° m2, respectively. Then, the porosity of the slatted floor is calculated to be 0.14 by formula (4):
ATF)zo's'Rl‘loair'VZ—"_/uair'RZ (4)
where:

AP s the pressure drop per unit length of porous medium [Pa.m™]. R,is the inertial drag coefficient [m‘1 1,
I

R, is the viscous drag coefficient [ m= 1, p.i, is the air density [kg-m~], v is the velocity of air passing through

in the porous medium [m.s], ua is the velocity coefficient [kg .(m-sfl)].

Table 1
Wall material parameters
Parameter Density Specific heat capacity Heat conductivity coefficient
[kg-m~] U-Ceg-K)™] W-(m-K)™]
Brick wall 2000 920 0.81
Floor 1800 900 1.9
Roof 1050 1300 0.08
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Table 2
Initial condition values
Parameter Object Measured values

Front wall 7.4

Back wall 8.0

o Left wall 6.4

Surface temperature [°C] Right wall 58
Roof 15.0

Floor 5.0

Pig 25.0
Temperature [°C] Heating 30.0
Outdoor temperature -6.0

Velocity [m/s] Air inlet 0.5

Additionally, to ensure the accuracy of CFD numerical simulation, the actual structure and configuration
of the pigsty are kept as much as possible. The railings diameters are small with spacing of 0.1m, which have
little effect on the simulation results, so they are not included in the CFD modelling while the shared feeders,
the feeding equipment and the pipes in the upper space of the pigsty cannot be ignored because of their larger
volumes.

As for pigs, they not only influence the air diffusion but also the temperature distribution. As shown in Fig.3,
due to the low temperature in winter, the pigs were huddled together most of the time. Therefore, a cuboid with
similar volume of the actual size of the space occupied by the pigs is used instead of multiple cuboids models,
which greatly reduce the complexity of mesh partition and the computation cost.

Fig. 3 - Actual status of the pigs

RESULTS
® Grid independence verification
Gambit 2.4.6 is employed to establish the pigsty model (Fig.4). The effects of grid numbers are studied
by adopting different meshing strategies in different computing domains with hybrid grids under four different
densities. The numbers of mesh are 273,423 (represented by letter "A"), 1,648,998 ("B"), 2,090,991 "C"),
3,149,854 ("D") and the worst mesh quality is less than 0.97, which means that the meshing is reasonable and

available. Fig.5 is one of the mesh models.
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Fig. 4 — 3D model of the Pigsty

Fig. 5- Mesh model of the Pigsty

The comparisons of the simulated values of the four different grid numbers A, B, C and D with the
actual measured values at different height in the pigsty are presented in Fig.6-11.
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Fig. 10 - Airflow velocity values at Fig. 11 - Temperature values at
height of 1.6m in pigsty (left) height of 1.6m in pigsty (right)

It can be found that grid numbers have great impacts on the accuracy of the simulation results. When
the grid numbers are less than 1.64 million, there are large deviations between the simulation results and the
measured values. When the grid numbers reached about 2.09 million and 3.14 million, the simulation results
are all close to the measured values, but the former is more accurate. Meanwhile, the average relative error
of airflow velocity of the four different grid numbers at different heights are presented in Table 3. The average
relative error of temperature of the four different grid numbers at the 3 heights are 23.7%, 14.5%, 3.8% and
7.6%, respectively. When the grid numbers reached about 2.09 million, the simulated values are fit well with
the actual measured values, and the relative errors of airflow velocity and temperature are the lowest. Then,
continuing dividing the grids to 3.15 million, the results indicated that the relative error of airflow velocity and
temperature increased by 9.9% and 3.8% compared to the 2.09 million grid number and the time cost is also
obviously longer than the previous one. This is because with the mesh encryption, the discrete error decreases
while the number of discrete points increase, which leads to the increase of rounding error of the simulation.

Table 3
Relative error at different heights with different grid numbers (%)
A B C D

Y, T Y, T Y, T Y, T

0.4m 48.1 22.3 317 11.6 6.8 3.8 16.4 6.4
1.0m 50.7 25.4 32.0 15.7 6.6 3.3 18.8 7.0
1.6m 40.4 23.4 22.5 16.3 7.9 4.3 15.7 9.4
Average 46.4 23.7 28.7 14.5 7.1 3.8 17.0 7.6

In order to further analyse the accuracy and reliability of the four mesh schemes, Normalized Mean

Square Error (NMSE) is applied to judge the model performance (Ntinas et al., 2017). NMSE is defined as
follows:

NMSE:(ES_—C"‘) 4)
2
(c.—c,) = Zulta ). (5)
Csm 'Com
E, = |CSC_C““| <100% 6)

m
where:
C, is simulated data, C, is the measured data, C,, is the average of the simulated data, C,, is the

average of the measured data and E, is relative error between the simulated data and the measured data.
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The comparisons of the NMSE of C-type mesh model is the lowest in the four schemes and the three
heights which show its higher reliability in simulating the airflow velocity and temperature (Table 4). Therefore,
the C-type mesh model is considered adequate for this pigsty.

Table 4
NMSE values in different planes with different grid numbers
Airflow velocity Temperature
A B C D A B C D

0.4m 0.32395 | 0.11771 | 0.00599 | 0.02624 | 0.05646 | 0.01511 | 0.00034 | 0.00586
1.0m 0.24143 | 0.09546 | 0.00714 | 0.02368 | 0.05938 | 0.02576 | 0.00126 | 0.00597
1.6m 0.21560 | 0.06061 | 0.00669 | 0.02104 | 0.06052 | 0.03678 | 0.00214 | 0.01182
Average | 0.26033 | 0.09126 | 0.00661 | 0.02366 | 0.05879 | 0.02588 | 0.00125 | 0.00788

® Temperature numerical simulation in pigsty

As discovered in Fig.12, the temperature on the plane of Z = 0.81m in the pigsty is not distributed evenly.
On the right side (the side with more pigs), the temperature is between 6.45°C and 7.72°C and the average
temperature is 6.79 °C, higher than the left side (the side with fewer pigs) since pigs are one of the main heat
sources. Meanwhile, the air inlets at the top of the pigsty are near the left side, so, the temperature in this side
is lower and the temperatures in the most areas are between 2.64°C and 5.18°C, with an average temperature
of 4.15°C. In addition, there are 6 pens in the pigsty, the overall temperature on the right side is close to the
outlet and discharged through the negative pressure of the fan, so the temperature in the right pens is higher
than the average temperature in the left pens.
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Fig. 12 - Temperature distribution at Z = 0.81m

Fig.13 shows the temperature distribution at Y = Om, the middle of the longitudinal section of the pigsty.
The heat sources in the pigsty mainly come from the heating and the pigs’ temperature. The air inlets are
located on the upper part of the pigsty, from which the cold air enters. The cold air is heated by the heating in
the downward process, then it flows to the pigs. As the other main heat source in the pigsty, the air temperature
around the pigs is also improved. With the cold air that continues to move in, most of the heat on the left side
enters the manure pit through the slatted floor and is removed by the fans, and the rest of the heat is retained
on the upper part of the pigsty due to the turbulence, the temperature is between 6 °C and 9°C with an average
temperature of 6.89 °C. On the right side with fewer pigs, the overall temperature is lower than on the left,
except for a small portion of the warmer area around the heating, the temperature is between 3 °C and 6 °C;
the average temperature is 4.25°C.
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Fig. 13 - Temperature distribution at Y = 0m

® Airflow numerical simulation in pigsty

Fig.14 shows the velocity of the airflow distribution at Z = 0.81m. As the figure illustrates, areas with

higher airflow velocity are concentrated near the pigs with the maximum value of 0.29 m/s and the other areas

is below 0.25 m/s. In addition, the closer the airflow to the outlets, the higher the velocity is, and the uniformity

of the airflow gradually increases. The average airflow velocity in this plane is 0.11 m/s. However, the overall

airflow uniformity performs poor, which is related to the opening angle of the air inlets and the number of pigs
in the pens.

Velocity

0.29 c:,| €

- 0.26 , ) Vi
- 0.23 ~ .

0.20 <|)| "° [H2 |
0.17 ‘IE"
- 0.14 0|
il Wl 1 e
sy I Sl
- 0.06 "h o
0.03 N a

|

0.00
[m s*-1]

L

I

Fig. 14 - Velocity distribution at Z = 0.81m

It can also be seen from Fig.15 that the airflow velocity in the middle of the pigsty at Y= 0 m is between
0.1 m/s and 0.35 m/s, but the airflow velocity around the heating and the large feeding station is between Om/s
and 0.05 m/s due to their obstruction of the airflow. Meanwhile, the airflow velocities both on the left and right
sides of the pigsty are all lower, and the airflow is sucked away by the fans in the manure pit through the slatted
floor. Although the cold air can remove some harmful gases and toxic particles in the pigsty, it also takes away
a lot of heat. As a result, pigs are mainly lying and huddling together on the concrete floor when they are
exposed to low temperature which has a great negative impact on pigs’ growth since most of the consumed
feed is used to maintain body temperature rather than to grow.
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Fig. 15 - Velocity distribution of Y = Om

CONCLUSIONS

Grid numbers is of great significance to the accuracy of CFD simulation. The average relative error
based on C-type mesh model on three different heights of airflow velocity and temperature are 7.1% and 3.8%
respectively, the NMSE values are 0.00126 and 0.00669 respectively, which are the best results in all schemes,
indicating good agreements between the simulation and the field test results. Moreover, it can be found that if
the mesh generation is too sparse (0.27 million), the relative error of airflow velocity and temperature simulation
values would be larger, reaching 46.4 and 23.7%. However, the grid numbers are not the more the better,
when the mesh generation is too dense (3.14 million), due to the increase of discrete points, the rounding error
increases, which leads to the simulation accuracy reduction by 9.9% and 3.8% (compared with 2.09 million).
As such, grid independence verification should be carried out before applying the simulation and calculation.
Then, the best model with optimal parameters can be used for the CFD simulation in the experimental pigsty.
From the distribution diagrams of temperature and airflow velocity, it is easier to see the whole condition inside
the pigsty, some suggestions being obtained to improve the welfare of pigs as well as the economic benefit of
the pig farm in cold winter. The first is that the overall ventilation of the pigsty can be improved by adjusting the
opening angle of the air inlets to avoid cold air flowing directly into pigs’ lying areas when the ventilation is
needed to remove the harmful gases which is also important for pigs’ health. Meanwhile, increasing the number
of pigs in the left pens also makes sense since pigs are the other heat source in the pigsty. Furthermore, while
decreasing the airflow velocity around the pigs, the airflow velocity on both left and right sides should also be
strengthened to create a more balanced and healthier breeding environment.
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