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Abstract

:

The concentration of ammonia (NH3) and the temperature of the air surrounding the rabbit habitat in the farm condition basic health processes such as breathing and feeding. The indoor climate in a rabbit farm is largely conditioned by the ventilation system (air conditioning). The objective of this study was to build a numerical model based on computational fluid dynamics (CFD) in order to evaluate, by numerical simulations, the air dynamics of a rustic farm. After the validation of the computational model, the thermal gradient and ammonia concentration were analyzed under three wind incidence angles (0°, 45°, and 90° with respect to the horizontal Z axis of the facility). The results of the simulations showed that, in the area occupied by the rabbits (AOR), the concentration of ammonia with respect to the source was reduced by 37.3% in the most favorable case (wind direction at 45°), and 21.2% in the least favorable case (wind direction at 0°), and the indoor temperature presented a maximum difference of 2 °C with respect to the outside temperature. Climate control is a more expensive cost in rabbit farm exploitation; dynamics modulation can serve as an auxiliary tool for reducing health risks in rabbits. The use of models based on fluid dynamics allowed us to understand the efficiency of the ventilation system, which must be increased to reduce the found temperature gradient. Through numerical simulation it will be possible to find alternatives to increase the ventilation rate.
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1. Introduction


The air quality inside facilities dedicated to animal production is an essential factor to guarantee the health and comfort of the animals and producers [1,2,3]. In modular facilities for rabbit production, the most important environmental variables are temperature, humidity, and emissions of harmful gases [4]. A temperature between 25 and 30 °C increases the heat load on rabbits; above 30 °C the effects are a decrease in food consumption and fertility rate, affecting the production yield [5]. Rabbits are susceptible to heat stress given that the number of functional sweat glands they have is not sufficient to eliminate excess body heat [5]. Heat stress is a combination of an increase in temperature and the consequent decrease in humidity. The temperature–humidity index indicator has been used, whose parameter has been modified and used in rabbits [5,6]. Ammonia (NH3) has an effect on soil acidification, along with the emission of particulate matter and nitrous oxide [2,7]. The emission of gases from livestock and agricultural activities contributes to the greenhouse effect, since they are the main source of NH3 emission and, especially in rabbits, it is the cause of respiratory diseases [4,8]. There is a correlation between the indoor climate of a farm and the comfort of the inhabitants, which is why it is necessary to expand the analysis of the climate dynamics within the area occupied by the animals as a response to the ventilation system [9].



The ventilation of a livestock facility is a phenomenon that allows for the management of variables such as temperature, humidity, and gas concentrations. Research has been carried out on the ventilation system of a livestock facility, using methods such as direct measurements, the application of Bernoulli’s theorem, sum of volume flow rates, tracer gas, and computational fluid dynamics (CFD) techniques [10]. Computational fluid dynamics is a tool used for modeling livestock facilities; it includes potential possibilities to simulate important conditions that can influence the indoor climate in a livestock facility [11].



Among the research studies that have been carried out using computational fluid dynamics are the following: in pig farms, air velocity analysis [11,12], temperature and heat stress studies [13,14], studies of ammonia emissions [15,16], and those focused on dust generation within the installations [3]; in cattle facilities, studies of heat transfer [17,18], ventilation rate [19], and extensive studies on air velocity and its influence on temperature, humidity, and heat transfer [20], as well as studies on the emissions of gases such as methane and ammonia, as well as CO2 and N2O [1,7]; in bird houses, there have been studies that model the indoor climate and heat emissions [21,22,23] and simulations on air flow, temperature, humidity, and ammonia emissions [24,25,26]. However, in rabbit farms there have been few studies: one study performing simulations to determine the temperature gradient and ammonia concentration [27], and a study on the distribution of the air flow of the indoor environment in a rabbit facility [28].



A critical factor in rabbit farm operation is climate control. The particularity of this species is that their own feces contain bacteria that, when breathed, produce methane, a toxic gas even for the rabbit. Methane production occurs “per ze” and increases mainly depending on temperature and humidity. When the methane reaches the level of the cages, the rabbit breathes this gas causing cyanosis, fever, lack of appetite, and sometimes death. Natural ventilation is the minimum strategy to maintain temperature, humidity, and toxic gases at levels suitable for the rabbits. Using numerical simulations based on computational fluid dynamics allows, in the first instance, the identification of the situation that prevails in the farm environment. Once the model is validated, hypotheses for improvement can be proposed, such as relocating window openings, changing the density of rabbits in the cage, or the use of mechanical ventilation systems.



The objective of this work was to build and evaluate a CFD-based model to simulate and analyze the distribution of temperature and ammonia concentration in a rabbit farm with natural ventilation.




2. Materials and Methods


2.1. Experiment Description


The experimental phase was carried out in a farm measuring 24 m long, 4 m wide, and 2.4 to 3.3 m high (Figure 1), belonging to the Applied Research Unit in Rabbit Production at the University of Chapingo, Mexico, located at 19°29′ N, 98°53′ W, at an altitude of 2250 m.



The facility had a total of 10 cages, each measuring 2 m × 2.4 m × 0.35 m, housing an average of 96 rabbits of a Californian breed in each cage for the purpose of meat production, maintaining a density of 20 rabbits mb−2 per cage (Figure 1).



The climate of the region, according to the Koeppen classification, is temperate humid or subhumid, subhumid prevailing, Cwb [29], with a mean annual temperature and humidity of 15.9 °C and 63.2%, respectively [30]. The hottest months are April, May, and June, with mean temperatures and relative humidity of 18.4 °C, 19.4 °C, 18.9 °C and 50.6%, 60.0%, 73.9%, respectively [27].



Outside the farm, a climate station was installed at a height of 6 m. The following data were recorded: temperature and relative humidity (S-TBH-M002, Onset Computer Co., Bourne, MA, USA; ±0.2 °C, ±2.5%), radiation (S-LIA-M003, Onset Computer Co., Bourne, MA, USA; 0 to 2500 μmol m−2 s−1, ± 5 μmol m−2 s−1), wind speed (S-WSB-M003, Onset Computer Co., Bourne, MA, USA; ±1.1 m s−1), and wind direction (S-WDA-M003, Onset Computer Co., Bourne, MA, USA; ±5°). Inside the farm, an Arduino-based monitoring system was used to record information from 13 sensors that measure temperature (DHT22 AM2302, Guangzhou Aosong Electronics Co., Ltd., Guangzhou, China; ±0.5 °C) and 6 sensors that measure ammonia (MQ-137, Hanwei Electronics Co., Ltd., Zhengzhou, China; 5 to 200 ppm). Additionally, six thermocouples were installed (TC6, Type T, Onset Computer Co., Bourne, MA, USA; ±0.6 °C) that were located inside the installation, 4 on the ceiling and 2 on the floor. The position of the sensors (Table 1) was designed to measure spatial dynamics on a horizontal plane at a height of 1.3 m, above the rabbit cages, and on a vertical plane with two sensors placed at heights of 0.1 m and 2.3 m in the center of the farm. Of the total number of sensors, measurements were taken every 10 s and a datum was recorded every 5 min with the mean of this interval.




2.2. Geometry and Computational Domain


A 3-D computational model was built based on the dimensions and characteristics of the prototype model (Figure 1). A computational domain of 70.2 m × 50.2 m × 26.4 m was built, whose sizing was based on similar research criteria [22,31]. The total volume of the domain was 93,034.656 m3.



A mesh was prepared with hexahedral elements, which has the advantage that the elements can be repeatedly subdivided anisotropically, without the deterioration of the quality of the element, and which uses computational resources efficiently [32]. To analyze the quality of the mesh, temperature sampling was carried out on the z axis inside the facility, and the values were compared with the RMSE statistic.



The boundary conditions (Table 2) were established based on previous work carried out in the same facility [27]. The values of temperature and wind speed and direction recorded by the climatic station outside the farm were used. Also used were ammonia data in rabbit facilities, according to research carried out in 2011 [33] where concentrations of 0.78 to 6.1 mg m−3 were obtained, and from 10.9 to 14.3 mg m−3 during winter. Similar results were obtained in 2004, with concentrations of 8.5 to 10 mg m−3 [34]. In this study, the average of the maximum values of both works was used, being 10.93 mg m−3, equivalent to 15.43 ppm. The atmospheric pressure in the domain was set at 98.1 kPa (corresponding to 2250 m above sea level).




2.3. Fundamental Equations for the Simulation of the Numerical Model


Computational fluid dynamics is governed by the Navier–Stokes equations, expressed in a group of partial derivatives as shown in Equation (1) [27,35].


    ∂ ( ρ φ )   ∂ t   + ∇   ρ u φ   = ∇   ∇ Γ φ   +   S   φ    



(1)




where: ∂ = derivative; ρ = density (kg m−3); t = time (s); ∇ = divergence; φ = state variable (e.g., air temperature and ammonia); u = wind speed (m s−1); Γ = diffusion coefficient (m2 s−1); and S = source term.



In the numerical procedure, the SIMPLE algorithm solution method was used with second-order spatial discretizations and values of the residuals established for convergence of the numerical solution in 1 × 10−6 for energy and ammonia, while in 1 × 10−3 for continuity, velocity, κ, and epsilon.





3. Results and Discussion


3.1. Evaluation of the Numerical Model


The model evaluation was carried out through statistical analysis (mean, standard deviation, and RMSE), between the simulation results and the experimental data of six ammonia points and 13 temperature points (Figure 2). Data were collected during the study period and point averages were estimated, both for the boundary conditions and the points to validate the model.



The results show a mean ammonia concentration in the measured and simulated data of 12.58 ± 0.22 ppm and 12.73 ± 1.43 ppm, respectively. Regarding the air temperature variable, the obtained mean was 19.37 ± 0.39 °C for the measured data and 19.61 ± 0.1 °C for the simulated data. The calculated percentage error of the six points in ammonia ranged between 0.4 and 18.2%, and the 13 points in temperature ranged between 0.12 and 4.25%.



The comparison between the measured and simulated data (Figure 2) showed an RMSE of 1.16 and 0.41 for ammonia and temperature, respectively.



To validate the model, experimentally measured data were used. For the boundary conditions, wind speed and temperature were used. Ammonium concentrations and heat flux were used as initial conditions. The simulation was carried out in a steady state at midday with average values at solar noon. With the experimental and simulated results at the same point, statistical indicators were applied to assess the agreement between this series of values. Figure 2 shows in a discrete way the experimental values and the fit line with the simulated values of temperature and ammonia in the same points of the farm.



The results of the evaluation between the measured and simulated data graphically show that under the simulated conditions, the data adjust to the measured values, which provides numerical confidence for the use of the model to be able to infer the dynamics of the air inside the farm. Consequently, the model was used to predict the variations of ammonia concentration in the AOR and the vertical variation of ammonia concentration and air temperature within the farm in three cross sections A, B, and C, located at 4, 12, and 20 m respectively, in the direction of the z axis (Figure 3). Air temperature data of 22 °C, an outdoor wind speed of 2.5 m s−1, and three wind incidence directions 0°, 45°, and 90° with respect to the z axis were used as boundary conditions.




3.2. Variation of Air Speed and Ammonia Concentration in the AOR


The simulation results at different wind incidence angles show that the ammonia concentration in the AOR with respect to the z axis is not homogeneous (Figure 4). It can be observed that with the wind direction at 0°, air speed vectors of magnitude range between 0.3 to 0.5 m s−1, and ammonia shows an increase from 8.5 to 14 ppm throughout the farm, presenting gas accumulation in the rear area of the farm due to the direction of the air flow. When the wind direction is at 45°, the air speed is less than 0.4 m s−1, and the ammonia concentration ranges between 9.3 and 10.5 ppm; however, in the rear area of the farm a decrease of 5.5 ppm is seen. With the wind direction at 90°, the speed is less than 0.3 m s−1, because the upper limit of the AOR is 10 cm below the height at which the farm windows are located, causing the air flow to pass through the installation without being hindered by the AOR. The ammonia concentration has a symmetrical behavior with respect to the center of the farm: in the frontal zone from 0 m to 5 m the ammonia increases from 5 to 11 ppm, in the central zone from 5 m to 20 m, the variation is from 11 to 11.6 ppm, and in the rear zone the ammonia decreases from 11 to 7 ppm.



The mean ammonia concentrations in the AOR are 12.14 ppm, 9.65 ppm, and 11.04 ppm with wind directions at 0°, 45°, and 90°, respectively. This means that ammonia concentrations represent decreases with respect to the emission source of 21.2% when the wind direction is at 0°, 37.3% at 45°, and 28.3% at 90°. It is observed that, of the three different directions studied, the most favorable case is when the wind hits with a direction of 45°, as the ammonia concentration in the AOR is reduced by a greater percentage.




3.3. Vertical Variation of Ammonia Concentration and Air Temperature


The results show that the variation of ammonia concentration and air temperature with respect to height presents a positive temperature gradient and a decrease in ammonia concentration. However, the most visible result is the variation of ammonia concentration as a function of the wind velocity angle, which caused the reduction in the concentration in the cages area. The rise in temperature also contributed to generate ammonia production in the floor zone; however, if the wind incidence is at a 45° angle of direction, this concentration can be reduced, above all in the zone of the rabbits.



3.3.1. Ammonia and Temperature in Cross Section A


In this section, the maximum variation of ammonia is 10 ppm; from a concentration of 15.4 ppm emitted by the source, it decreases to 5 ppm at the top of the farm and occurs when the wind direction is at 45°. Nevertheless, in this wind direction, the lowest ammonia concentration is presented compared to the concentration found in the other wind directions, with a decrease from 15.4 ppm to only 7 ppm. Regarding the air temperature, when the wind direction is at 45°, it presents greater variation and a higher temperature compared to the other two cases: the temperature ranges between 19.8 and 21.6 °C with the wind direction at 0°, and with the wind direction at 90°, the temperature reaches a maximum of 21.3 °C (Figure 6A).




3.3.2. Ammonia and Temperature in Cross Section B


In this section located in the center of the farm, ammonia behaves in a similar way to that seen in section A when the wind direction is at 45° and 90°, where it decreases from the 15.4 ppm emitted by the source to 5 and 7.3 ppm, respectively. When the wind direction is at 0°, the decrease in ammonia concentration is from 15.4 to 9.2 ppm, which, compared to section A, presents a concentration that is 2 ppm higher. The air temperature increases from 19.8 °C to a maximum of 21, 21.7, and 21.3 °C when the wind direction is at 0°, 45°, and 90°, respectively (Figure 5B and Figure 6B).




3.3.3. Ammonia and Temperature in Cross Section C


With the wind direction at 90°, the ammonia concentration is similar to the previous sections. That is, the decrease in concentration is from 15.4 to 7.5 ppm, only 0.5 and 0.2 ppm higher than in sections A and B, respectively. With the wind direction at 45°, the ammonia concentration in this section decreases from 15.4 to 5.8 ppm. When the wind direction is at 0°, the ammonia concentration decreases from 15.4 to 12 ppm, which is equivalent to the smallest ammonia variation of the three sections analyzed. The temperature in this section ranges from 19.8 °C to 20.6, 21.5, and 21.3 °C for the wind direction at 0°, 45°, and 90°, respectively (Figure 5C and Figure 6C).



Managing the environment inside the farm passively presents specific difficulties among the variables analyzed: wind speed, temperature, and gas concentration (ammonium). For temperature and humidity control, a critical aspect is the orientation of the windows in relation to the wind direction, as described by Bjerg et al. [11], Rojano et al. [23], and Flores-Velázquez [27]. Previous results indicate that even when the ventilation rate in different facilities is the same, the critical factor to consider is the position of the windows that can help remove the gas concentration that originates in the manure area.



By managing the ventilation rate, temperature control is achieved in the cage area and in the three simulated wind directions. When the wind direction angle is 0°, it is feasible to efficiently remove the volume of air, and consequently, temperatures ranging from 21 °C with a longitudinal gradient of ±1 °C are obtained. However, the maximum reduction in the concentration of gases, in this case ammonium, occurs when the wind direction is simulated with an angle of 45° with respect to the z axis. The difficulty in managing ammonium gas does not depend only on the ventilation rate but also on the generation rate in the floor area (source) due to temperature levels, as reported by Rong et al. [15] and Rong et al. [16].



Due to the interaction of factors that determine the farm environment, it is necessary to integrate other climatic variables, such as relative humidity and the concentration of gases such as CO2, for better control of the rabbits’ health. However, according to the objective set in this work, ammonium levels have been observed distributed mainly in the cage area as a function of the wind direction with respect to the farm. It stands out that although it is true that a difference is observed with respect to the simulated wind direction, the difference in ammonium concentration ranges from 2 ppm (Figure 7), so there is a relationship with the results found by Ngwabie et al. [1], Mondaca et al. [19], Flores-Velázquez et al. [27], and Jin et al. [28] regarding the variables that influence the concentration of gases and their interaction with the ventilation rate and temperature.



Figure 7 show the dynamics of the ammonia concentration in the rabbit zone along the cages.



Computational fluid dynamics modeling is a robust tool for prediction and design in physical processes involving fluids. In rabbit farming facilities, climate control is a critical activity due to the production of ammonia by the rabbits themselves. As an example, the quality of semen for insemination depends on climatic control, which consequently implies the health of the rabbit.



The contribution of this research is the construction and validation of a model capable of predicting the environmental dynamics on the farm as well as knowing the levels of ammonium and temperature at the level of the rabbit cage. With these results it is feasible, in a first contribution, to operate the ventilation according to the direction of the wind in order to obtain the highest rate of ventilation, as well as temperature and ammonium levels in the range that does not affect the health of the rabbit. And secondly, we propose design hypotheses to improve the ventilation system such as the use of deflectors or the modification the window levels.



Finally, with the validated model, it will be possible to diversify the variables to be analyzed on the farm and in part in the cage area, such as relative humidity, and other gases such as carbon dioxide, oxygen, water vapor, among others.






4. Conclusions


The objective of this work was to build and evaluate a CFD-based model to simulate and analyze the distribution of temperature and ammonia concentration of a rabbit farm with natural ventilation. According to the objective, a computational model of a typical barn was built, which was validated under the environmental conditions of central Mexico. Environment dynamics inner the rabbit barn indicate a slow efficiency in the climate conditions for the good health of the rabbits. The CFD model evaluated with the experimental data showed a better prediction in temperature than in ammonia, due to the considerations of a constant ammonia emission source throughout the collector.



The effects of wind incidence on the rabbit barn in three directions (0°, 45°, and 90° with respect to the z axis) on the ammonia concentration and air temperature inside the farm were studied, where it was found that the most favorable wind direction is at 45°, with concentrations of 9 to 11 ppm in the area occupied by rabbits (AOR).



With a wind direction at 0° with respect to the z axis, lower air temperatures were obtained in the vertical profiles than with the other wind directions; however, ammonia accumulated in the rear area of the installation (20 to 24 m on the z axis of the farm).



With a wind direction at 90° with respect to the z axis, a homogeneous distribution in temperature and ammonia concentration was obtained in the area occupied by rabbits (AOR).
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Figure 1. Characteristics of the experimental rabbit barn (a) Geometry dimensions and (b) Prototype model. 
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Figure 2. Comparison between measured and simulated data for ammonia and temperature. 
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Figure 3. Area occupied by rabbits (AOR) and cross-sectional planes created for thermal gradient and ammonia concentration analysis. 
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Figure 4. Air speed and ammonia concentration: (a) wind direction at 0°, (b) wind direction at 45°, and (c) wind direction at 90°. 
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Figure 5. Ammonia concentration and air temperature in section A, B and C. 
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Figure 6. Air temperature in cross sections A, B, and C. 
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Figure 7. Ammonia concentration in the cages zone along the barn. 
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Table 1. Location of the sensors inside the rabbit farm, in Cartesian coordinates with respect to the origin observed in Figure 1.
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Sensor

	
Coordinate (x, y, z) in Meters






	
DHT22

	
1.—(2.0, 1.1, 2.0)

	
2.—(2.0, 1.1, 4.5)

	
3.—(3.0, 1.1, 7.0)

	
4.—(2.0, 1.1, 7.0)




	
5.—(1.0, 1.1, 7.0)

	
6.—(2.0, 1.1, 9.5)

	
7.—(2.0, 2.1, 12.0)

	
8.—(2.0, 1.1, 12.0)




	
9.—(2.0, 0.1, 12.0)

	
10.—(2.0, 1.1, 14.5)

	
11.—(2.0, 1.1, 17.0)

	
12.—(2.0, 1.1, 19.5)




	
13.—(2.0, 1.1, 22.0)

	

	

	




	
MQ-137

	
1.—(2.0, 1.1, 2.0)

	
2.—(2.0, 1.1, 7.0)

	
3.—(2.0, 2.1, 12.0)

	
4.—(2.0, 0.1, 12.0)




	
5.—(2.0, 1.1, 17.0)

	
6.—(2.0, 1.1, 22.0)

	

	











 





Table 2. Summary of the boundary conditions used during the simulation.
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	Boundary
	Type
	Condition





	Entry
	Velocity inlet
	Temperature: 17 °C; wind speed: 0.25 m s−1

Wind direction: 161° components (x = −0.87, y = 0, z = −0.48)



	Exit
	Pressure outlet
	Pressure: 0 Pa



	Outside air
	interior
	Air



	Outside soil
	Wall
	Soil



	Floor
	Wall
	Concrete; temperature: 19.8 °C



	Collector
	Wall
	Temperature: 34.8 °C; ammonia: 15.4 ppm = 0.0154 g kg−1



	Indoor air
	Interior
	Air



	Ceiling
	Wall
	Wood; thickness: 0.5 cm; temperature: 23.8 °C



	Walls
	Wall
	Wood; thickness: 1 cm



	Windows
	Porous jump
	Mesh; permeability: 3.98 × 10−9 (m2); thickness: 0.0032 (m)

Drag coefficient: 19,185.7 (m−1)
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