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ABSTRACT
In this paper, a 2D simulation for a typical livestock building is performed to assess the ammonia emission removal rate to the atmosphere. Two geometry models are used and compared in order to represent the slatted floor. In the first model the floor is modeled as a slatted floor and in the second model the traditional porous media is used. The results show that the porous floor modeling over predicts the ammonia emission by a factor of 2 compared to the slatted floor modeling. The results also show different velocity distribution under slatted floor. This suggests that modeling the slatted floor as openings or slats is necessary even though it will result in an increased computational cost. To reduce the number of grid points needed, a multi-domain mesh is used with variable resolution cells in each domain. Interface conditions are used along the boundaries of the adjacent domain. After exploring the accuracy of the porous jump assumption by comparing the velocity, and ammonia concentration in a 2D simulation, heated solid bodies are added to represent the livestock in the following simulations. The results of simulations with heat source also indicate that modeling the slatted floor with slats is necessary. Furthermore, the combination of low inlet velocity and heated objects causes the flow to be buoyancy dominated and unsteady. This unsteadiness can be common in similar buoyancy induced flows for high Rayleigh number flow. The paper concludes with tradeoffs suggested for simulation of livestock buildings.  
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INTRODUCTION
Ammonia emission from livestock manure is a growing concern due to potential effects on animal health, human health and environmental pollution (Chaoui, 2009). In Netherland, Denmark and France approximately 50% of ammonia emissions from pig production are from pig housing and slurry storage (Van der Peet-Schwering et al. 1999). To this account active research is conducted to reduce the emissions both experimentally and computationally. Computational fluid dynamics (CFD) is a useful tool that can be used to investigate the effectiveness of ventilation systems that assure acceptable air quality and decrease the ammonia emission to the atmosphere. This method has been used here in this paper to explore the different tradeoffs needed to conduct successful computations. 
CFD has been applied to predict the air movement and contaminant concentration distribution by many researchers. The accuracy of CFD modeling depends on many factors: time dependent versus steady state, 2D versus 3D, discretization scheme, numerical algorithm, turbulence model, boundary conditions and proper simplification of complex geometry. In livestock buildings, the slatted floor allows for manure waste removal. These slats also allow ventilation air to remove some of the gaseous ammonia emission back into the atmosphere. Modeling of this phenomenon requires correct boundary conditions for the ammonia concentration on the slurry side, modeling of the flow through the slats and inclusion of the heat sources. Svidt et al. (1998) investigated the airflow through a slatted floor using two different modeling techniques, which were a resistance volume and a resistance plane. The results showed that there was an increasing difference between these two models when the opening area ratio decreased. Bjerg et al. (2008) studied the modeling of diffuse inlet, slatted floor and animal occupied zone as porous media. The results showed good agreement for the velocity between simulated and measured results above the slatted floor and below the ceiling. Sun et al. (2004) used the similar method to model the slatted floor to simulate the air flow patterns in a high-rise hog building. The different techniques used to model the slatted floor can mainly affect the flow patterns below the slatted floor and more importantly the emission rates from the slurry. It may not have an influence on the velocity in the room but affects the contaminant emission from the manure. To qualify the accuracy of modeling slatted floor as porous media in livestock buildings, two different models are assessed for isothermal simulations. First the floor is modeled as a porous media and second it is modeled as slats. In this paper we do 2D simulations only and will conduct 3D simulations in the near future.
In a real livestock building heat sources can alter the flow patterns significantly. The livestock (animals) act as ‘heat pump’ that can further increase the flow velocities in the room and alter the emission rates from the slurry under the slatted floors. To this account we also investigate the air flow patterns for non-isothermal cases. In this paper, we mainly consider the animals as the heat sources distributed evenly above the slatted floor and simulate the airflow patterns, temperature and concentration distributions. Generally, it is taken for granted that the flow in the room is steady. However, under specific boundary conditions, it is found that the flow is unsteady particularly in flows in which cold air is supplied from a ceiling to a heated floor or objects below (Nielsen et al. 2007). This has been studied extensively for Rayleigh-Benard convection cells (Chenoweth and Paolucci 1986; Kenjeres and Hanjalic 1999; Bruneau and Saad 2002). The onset of instability depends on the Rayleigh number. For very low Rayleigh number the flow is laminar and steady. As the thermal plumes become stronger (increasing Rayleigh number) the flow becomes unsteady and periodic, eventually becoming turbulent and fully chaotic. Even though the flow is turbulent, experimental evidence suggests (for Rayleigh-Benard convection) that the flow is characterized by large scale coherent structures associated with large time scales and the thermal plumes and small scale structures associated with small time scales and turbulence (Kenjeres and Hanjalic 1999). This suggests that turbulent unsteady buoyancy driven flows can be modeled with the Transient Reynolds Averaged Navier Stokes (TRANS), where the small turbulence scales are modeled. The unsteadiness affects the temperature distribution in the room and the contaminant release rates and emission to the outside. 
The objective of this paper is to compare the computational results for two floor models for the slatted floor: (1) modeled as a porous media and (2) modeled as a slatted floor. To investigate the effects of thermal heat sources, a non-isothermal case is also performed for both floor models.  
METHODS
Figure 1a is the geometry of the full scale livestock room and the simulated geometry models are shown in Figure 1b and 1c. In Figure 1b, the inlet and slatted floor are modeled as porous media. The geometry is modeled with no heat sources. In Figure 1c, the inlet is modeled as porous media and the slatted floor is modeled as the real size. The geometry is modeled with heat sources distributed evenly above the slatted floor. In the set of first results no heat sources are included in simulations. 
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Figure 1 Geometry models used in simulations, 1— diffusive inlet, 2— outlet, 3, 4— slatted floor modeled as porous media, 5— emission surface, 6— heat sources
The commercial numerical simulation code Fluent 6.3 is used for the simulation of the airflow, concentration and temperature distribution. The Reynolds averaged Navier Stokes equations along with the SST (Shear Stress Transport) model are employed to predict the incompressible turbulent airflow in the 2D livestock building. The computational domain is discretized using a structured finite volume mesh in the Cartesian coordinates system. The number of computational nodes is 31176 for porous media modeling and 74055 for the slatted case (with no heat blocks in the models). The multi-domain method is used in slatted floor modeling to decrease the number of grid points (Figure 2). In this method, two interfaces edges are used at the interface. Along the interface the conservation of mass, momentum and energy is applied. To resolve the boundary layer at the wall and meet the requirement of SST model, the first grid point is placed 1mm away from the wall to maintain a y+<1. Second-order accurate upwind schemes are employed for momentum equations, energy equation and species equation. A body weighted scheme is used for the pressure interpolation for non-isothermal simulations and a standard scheme is used for the pressure interpolation for isothermal simulations. The ‘Incompressible Ideal Gas Law’ is used to compute the pressure. The pressure based solver and SIMPLE method are employed to solve all the equations. The convergence criteria are set as 5×10-5 of residual for all solved equations and the convergence is not assumed to be reached until the velocity magnitude at a specific point above the slatted floor has stabilized. 
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Figure 2 multi-domain grid interfaces 
The air is supplied from the diffusive ceiling with velocity of 0.067m/s and 22.0oC. In non-isothermal cases, the surface temperature of heat sources is 32.0oC.  For simulations involving porous media, the resistance coefficients are those suggested by Bjerg et al. (2008) and are listed in Table 1. Bjerg et al. investigated the potential of using porous media approach to model the diffuse air inlet, slatted floor and animal occupied zone in numerical simulations. They validated the resistance coefficient for diffuse air inlet using experiment data and simulated the slatted floor as porous media using the following equation:
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where p (Pa) is the pressure drop over the porous media, R1 is the internal resistance coefficient, R2 is the viscous resistance coefficient,  (kg/m3) is the air density, v (m/s) is the air velocity through the porous media, and  (kg m-1s-1) is the air viscosity.
Table 1 Resistance coefficient for porous media modeling
	Item
	X direction
	Y direction

	
	R1
	R2
	R1
	R2

	Porous ceiling
	-
	-
	4000
	5.4E06

	Slatted floor
	-
	-
	40
	11000

	Drained floor
	-
	-
	160
	22000


The pressure outlet with 0 Pa is used for outlet conditions. The other walls are set as the same temperature of 22.0oC. The mass fraction of ammonia from the emission surface is 7.94E-04 and the temperature is 22.0oC.
RESULTS AND DISCUSSIONS
Velocity and concentration distribution for isothermal cases
Figures 3 and 4 compare the velocity and concentration distribution between the porous modeling and slatted floor modeling. It is seen that the velocity distribution is similar above the slatted floor between these two modeling methods and are different below the slatted floor. The results show that the ammonia emission from the floor with porous media modeling is almost twice as that with the slatted floor modeling, which is expected since the velocity under the slatted floor determines the emission rate from the manure. To investigate whether this depends on the ventilation rate, two other simulations are performed in which the inlet airflow is halved and doubled. The ammonia emission rate summarized in Table 2 is calculated by airflow rate multiplying the concentration difference between outlet and inlet. The concentration at outlet is obtained using mass-averaged method. The results show that the porous media modeling predicts the ammonia emission by approximately a factor of 2, and the emissions increase as the airflow increases. In previous references, researchers modeled the slatted floor as porous media to avoid excessively large grids in simulations when the real size slatted floor was modeled. From the results shown in this paper, it is concluded that the difference of ammonia emission rate is large between these two modeling methods and it is necessary to simplify the geometry modeling in some cases while it is also important to address the accuracy of the simplification.
Table 2 Ammonia emission rate varying with the airflow rate

	Airflow rate(m3/s)
	Emission rate(mg/s)

	
	Porous media modeling
	Slatted floor modeling

	0.1178
	0.6568
	0.2924

	0.2356
	0.8851
	0.4526

	0.4712
	1.5299
	0.9772
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Figure 3 Comparison of velocity (m/s) distribution between (a) porous media modeling and (b) slatted floor modeling
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Figure 4 Comparison of concentration (mg/m3) distribution between (a) porous media modeling and (b) slatted floor modeling 
Velocity, concentration and temperature distribution for non-isothermal cases
To simulate a realistic pig barn non-isothermal simulation are conducted with the assumption that the pigs don’t move around and distribute evenly above the slatted floor. The temperature of the pigs is fixed here at 32.0oC, and cold air is supplied from the ceiling at 22.0oC. This thermal boundary condition is the simplest, since accounting for heat flux by radiation is significantly more complex and time consuming. For such non-isothermal flows, in which the cold source of air is supplied from the ceiling and a heated floor (or on heated source with thermal plume) the flow can be unsteady as reported by Nielsen et al. (2007). Such has been observed in direct numerical simulations and experiments in the case of the Rayleigh-Benard instability. Experimental evidence shows that convection is characterized by large scale coherent structures, originating in the plumes that rise from the outer edge of the boundary layer on heated surfaces and sink from the upper cold boundary. The structure of these large structures (convection cells) differs in laminar and turbulent regimes. For low Rayleigh numbers the flow is laminar and steady. As the Rayleigh number increases, the flow becomes periodic and unsteady. The periodicity depends on the geometry, number of thermal plumes and Rayleigh number. With further increase in Ra (~108) number the large structure becomes unsteady and chaotic. Experimental evidence also shows that two distinct scales of motion exist: (i) large amplitudes associated with plumes, and (ii) the turbulence generated in the wall boundary layer and carried away by the large scale structure. This suggests the suitability of the transient RANS approach. The large scale unsteadiness by the buoyantly driven flow is captured by the unsteady RANS, whereas the small scale turbulent fluctuations of the instantaneous flow is resolved by the RANS modeling. Such modeling has been validated in literature (Kenjeres and Hanjalic 1999).
In this problem the Rayleigh number is 1.6×1010 based on the height of the room (2.5m), and calculated by the following equation:
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where Ra is the Rayleigh number, Pr is the Prandtl number, g (m/s2) is the gravity acceleration,  (1/K) is the volumetric thermal expansion coefficient, T (K) is the temperature difference, l (m) is the length scale, v (m2/s) is the kinematic viscosity. A steady solution is first pursued, but it is impossible to get the converged simulations under this conditions. After switching steady state simulations to unsteady state simulations, the time dependant converged solution is obtained.  
The velocity, concentration and temperature distributions are presented in Figure 5 and 6. The results show that the velocity, concentration and temperature distributions vary with the time as the thermal plumes from the heated blocks interact. Comparing to the concentration distribution in isothermal simulations, the concentration at the outlet in non-isothermal simulations is higher. It indicates that the buoyancy force has an effect on the ammonia emission from the manure because the buoyancy force influences the airflow patterns and acts as a flow pump. The velocity distributions in non-isothermal simulations are also different from those in isothermal simulations. The velocity magnitude approximately doubled under the slatted floor due to the buoyancy (from 6cm/s close to the emission surface compared to 3cm/s). This can explain why the ammonia emission in non-isothermal simulations is larger. Furthermore, the computational results show that there is a significant difference of ammonia emissions between the porous flow modeling and the slatted floor modeling. 
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Figure 5 Parameters distribution with porous media modeling, (a) t=2100s, (b) t=2490s.
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Figure 6 Parameters distribution with slatted floor modeling, (a) t=2100s, (b) t=2490s
Figure 7 presents the ammonia concentration measured at the outlet for both models over 500 seconds. The unsteady solution has several time scales associated with it. The higher frequency is related to the unsteadiness created by the interaction of the thermal plumes with the colder ceiling flow. The slower frequencies are associated with the interaction of the plumes with one another. The complex resulting unsteady flow is a characteristic of high Rayleigh number flows as seen in Kenjeres and Hanjalic (1999). 
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Figure 7 Unsteady ammonia concentration at outlet for the two different floor models and heated blocks

CONCLUSION

This paper investigate the accuracy of modeling the slatted floor using a porous media model and real size slatted floor model in isothermal simulations and non-isothermal simulations for a 2D model. The results show that the velocity and concentration distributions are different between these two modeling methods. The ammonia emission rate for the porous media model is twice high as the real size slatted floor model. Time-dependent equations may be required for the solution of flow situations with cold air supplied from the ceiling and heat sources located in the low part of the room as observed in this paper. It should be noticed that these simulations are only illustrations of unsteady flow in a 2D model which could exist in livestock buildings. In future, the full description of the flow characteristics should be demonstrated in 3D simulations.
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