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Abstract

:

In recent years, the problematic circumstances of the constant cropping problem in facility crops have become increasingly serious. Compared to chemical disinfection, soil steam disinfestation offers the benefits of environmental protection and being pollution-free, which can effectively reduce the problem of constant cropping in crops. However, during the steam disinfection procedure, a large quantity of liquid water is formed due to the condensation of high-temperature steam, which causes soil pore blockage, seriously affecting the mass and heat transfer efficacy of steam and, thus, affecting the disinfection efficiency. Therefore, to solve this problem, this paper proposes the use of hot air dehumidification to remove excess water from soil pores and achieve the goal of dredging the pores. However, further exploration is needed on how to efficiently remove excess water from different pore structures through hot air applications. Therefore, this paper first used CFD simulation technology to simulate and analyze the hot air flow field, mass, and heat transfer in soil aggregates of different sizes (<2 mm to >8 mm). Then, based on the soil hot air heating experimental platform, research was conducted on the mass and heat transfer mechanism of hot air under diverse soil pore conditions. The results show that as the soil particle size increases from <2 mm to >8 mm, the number of soil macropores also increases, which makes the soil prone to the formation of macropore thermal currents, and the efficiency of hot air heating for dehumidification first increases and then decreases. Among them, the 4–6 mm treatment has the best dehumidification effect through hot air heating, with a deep soil temperature of up to 90 °C and a water content reduction of 6%. The 4–6 mm treatment has a high-temperature heating and dehumidification area of 15–20 cm deep. The above results lay the theoretical foundations for the parameters of hot air heating and dehumidification operations, as well as the placement of the hot air pipe. This paper aims to combine hot air dehumidification technology, for the removal of excess water from soil, and dredging soil pores, ultimately achieving the goal of improving soil steam disinfection efficiency.
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1. Introduction


For a long time, the problem of continuous cropping in facility crops (vegetables, melons, and Chinese herbs, etc.) has been serious, particularly for root-type Chinese medicinal herbs like Panax notoginseng. Many soil-borne diseases can infect crop roots, seriously affecting their growth quality, resulting in a decrease in their yield and quality and, ultimately, reducing the income of farmers [1,2].



Soil disinfection methods are an important factor in resolving the continuous cropping obstacle problem [3,4]. To pursue economic benefits, farmers apply large quantities of chemical reagents to diseased fields to reduce economic losses, such as those from methyl bromide fumigation. However, the long-term application of chemical agents not only leads to resistance of pathogenic bacteria, but also results in issues like excessive pesticide residues in medicinal materials and soil environmental pollution [5,6]. The soil steam disinfection method is an applied physical disinfection technique that can efficiently kill damaging bacteria and fungi, such as Fusarium and F. oxysporum. It offers advantages like environmental protection, being pollution-free, and allowing crops to be sown shortly after disinfection treatment [3,4,5,6,7]. Meanwhile, Xu Yulong et al. found that applying the soil steam disinfection method can effectively overcome crop continuous cropping obstacles, improve soil particle structure, and extend the life of the soil [8]. Therefore, the soil-applied physical disinfection technique is appropriate for resolving the issue of constant cropping in facility crop cultivation.



Previous studies have found that when steam disinfection is carried out on Yunnan red loam, the steam condenses into a liquid phase and a significant amount of condensed liquid blocks the pores of the soil, seriously affecting the mass and heat transfer efficiency of the steam [9]. To solve the problem of steam condensation blocking soil pores, the first thing is to remove the condensation that is clogging the pores in the soil. According to previous research on the sludge drying process, hot air heating is used to remove excess water from the sludge [10,11]. Building on the concept of hot air heating for dehumidification, to more effectively clear blocked pores and improve steam diffusion efficiency, it is essential to further investigate the impact of hot air on water heating and evaporation in soil pores of different sizes. Previous researchers have conducted in-depth research on the distribution of liquid water in soil macropores and micropores, but the definition and differentiation of pore size by experts from various countries are still in the stage of being customized, while the definition of both large and small pores is still relatively vague across the globe. In this regard, our research group has already explored the diffusion law of steam in different pore structures in the early stages, distinguishing between macropore flow and small pore matrix flow [12,13]. However, the effect of diverse red loam pore arrangements on hot air, heat, and mass transfer remains unknown; specifically, the flow of hot air through different pores.



In summary, based on previous research, the particle size of soil aggregates was divided the following five groups: <2 mm, 2–4 mm, 4–6 mm, 6–8 mm, and >8 mm. Considering the pore structure formed by the soil aggregates mentioned above, the impact of the different pore structures of soil on the heat and mass transfer of hot air was explored, to provide a theoretical basis for hot air dehumidification operation parameters and the placement of hot air pipes.




2. Materials and Methods


2.1. Test Materials and Equipment


The test hot air pipe has a diameter of 2 cm, a length of 30 cm, and a wall thickness of 0.2 cm. One end of the test hot air pipe is closed and the other end serves as an inlet. To ensure the uniform heating of the soil, the air outlet of the hot air pipe is uniformly arranged in an axial direction of 5 cm and a circumferential direction of 120 °, with a total of 9 × 0.3 cm for the air outlet. The soil samples (39.47% Clay, 35.32% Slit, 25.21% Sand) were taken from a test site at Yunnan Agricultural University (102°45′12′ E and 25°8′27′ N) [9] and the soil’s physical parameters are illustrated in Table 1.



The hot air testing system comprises a temperature and water content data acquisition system, a soil tank (length 20 cm × width 20 cm × height 30 cm), a hot air pipe, and a hot air fan SDL-1600X (Fuzhou Sidanli Welding Technology Co., Ltd., Fujian, China). The hot air pipe is connected to the hot air fan and the hot air pipe is horizontally inserted into the bottom of the soil tank. The layout is displayed in Figure 1. Before testing, the temperature and water content sensors were calibrated and confirmed to be functioning normally.




2.2. Test Process


Before sieving the soil sample, it was necessary to ensure that the water content was consistent and the soil water content was 20 ± 1.5%. The soil samples were sieved into 5 levels using a test sieve and the particles of soil had sizes of <2 mm, 2–4 mm, 4–6 mm, 6–8 mm, and >8 mm, correspondingly. The collected Yunnan red loam was sieved to obtain a vertical profile of soil pores and Image J (National Institutes of Health Bethesda, MD, USA) was used for the calibration, binarization, noise reduction, corrosion expansion, and watershed segmentation of the acquired images [12]. Finally, the treated soil was placed into a transparent soil tank (length 20 cm × width 20 cm × height 30 cm) for the steam disinfection test of the soil.



The initial soil temperature was 25 ± 2.5 °C. The data collection system collected data every ten seconds and the distribution positions of each sensor are shown in Figure 2. The velocity of the hot air fan was adjusted to ensure that the air outlet temperature of the hot air pipe was 2.5 m/s. The heating temperature of the hot air fan was adjusted to 200 °C and the test time was 600 s. Each test group was repeated three times, fifteen groups were performed, and the results were the average of the three trials.




2.3. Simulation of Hot Air Heat and Mass Transfer


2.3.1. Selection of a Mathematical Model


The application of hot air in porous media plays a role in drying and dehumidification, with more research focused on food drying and sludge drying. In recent years, with the in-depth study of hot air heat and mass transfer simulation by experts from various countries, various porous media heat and mass transfer models and sludge drying kinetics models have been extensively studied and applied. In a different manner from previous studies, the soil studied in this paper is Yunnan red loam and the soil is screened to form five different soil pore structures.



Based on previous research on various heat and mass transfer models for hot air, this paper first uses the Navier–Stokes (N-S) equation to simulate the flow of hot air in soil pores and then uses the porous medium heat transfer equation presented by Phillip [14,15] to numerically simulate the distribution of soil temperature.



The soil’s physical properties are displayed in Table 1 and the physical properties of hot air [16] are displayed in Table 2.




2.3.2. Soil Pattern Establishment


On the basis of previous research and soil aggregate particle size division, this paper has conducted a more detailed division of the range of soil particles, which are <2 mm, 2–4 mm, 4–6 mm, 6–8 mm, and >8 mm, respectively. Due to the complexity of the appearance and pore structure of soil aggregates and the general simplification of soil particles and aggregates into circular shapes in soil science [17,18], this study established a simplified circular particle discrete model for soil aggregates (Figure 3). We used COMSOL Multiphysics (COMSOL Inc) to triangulate the created model. The number of grid units corresponding to each treatment group is approximately 117–2257 million and the number of grid nodes is 59–113 million, as shown in Figure 4.




2.3.3. Establishment of Soil Hot Air Heating Model


Referring to Figure 2, we established a soil hot air heating model. The hot air inlet is set as the “hot air velocity inlet”, the soil surface is set as the hot air outlet, the pressure outlet boundary condition is set, and the static pressure is zero. The size of the hot air inlet is 3 mm, the distance between each outlet is 50 mm, and the test area is 20 cm × 20 cm = 400 cm2.






3. Results


3.1. Simulation Result Analysis


The simulation results of the hot air flow field are as follows. As shown in Figure 5, it can be seen that as the soil aggregate particles increase, the number of soil macropores gradually increases and the maximum flow rate gradually decreases. The hot air gradually forms a macroporous flow and dissipates into the air, which is beneficial for the circulation of hot air and the removal of water.



Figure 6 shows the temperature cloud map when hot air comes into contact with the soil surface. Based on Figure 5, it can also be seen that with the increase in soil aggregate particles, the number of soil macropores gradually increases and the thermal current gradually transitions from a uniformly distributed matrix flow to an irregularly diffused macropore thermal current, which is dissipated into the air. For example, the temperature field distribution of the <2 mm and 2–4 mm treatments is relatively uniform and the thermal current of the 6–8 mm and >8 mm treatments is irregularly distributed. To further determine the effectiveness of hot air heating and dehumidification, it is necessary to explore the coupling effects of hot air heating and dehumidification in different pore structures through experiments.




3.2. Analysis of Test Results


3.2.1. Analysis of Soil Pore Structure


From Figure 7 and Figure 8, it can be seen that as the particle size of the soil aggregates increases, the number of large pores gradually increases. As shown in Figure 8a,e, the <2 mm treatment has more small pores with dense distribution, while the >8 mm treatment has more large pores with dispersed distribution. The increase in small pores can easily lead to the formation of small pore hot air flow and the diffusion of hot air is hindered, resulting in a poor heating effect. The increase in macropores leads to the formation of a macroporous hot air flow, which is more easily diffused and has a good heating effect. The pore structure in the simulation model is consistent with the actual soil pore structure.




3.2.2. Analysis of Soil Temperature


From Figure 9, it can be seen that as the ventilation time of the hot air increases, the soil temperature slowly increases and the heat transfer rate of the hot air is lower. Within 600 s of ventilation, the deep soil temperature (A1-E1, A2-E2) changes between 45 and 100 °C, while the surface soil temperature (A5-E5) changes to be around 30 °C. The heating rate of the deep soil is greater than that of the surface soil.



From Figure 9a,c,d, the highest deep soil temperature of the 6–8 mm treatment group was 100 °C at the end of ventilation, followed by the 4–6 mm treatment group, while the lowest temperature of the <2 mm treatment group was only 48 °C. Based on Figure 8, it can be seen that this is mainly because the 4–6 mm and 6–8 mm treatment groups have more large pores, which easily form a large pore thermal current and help to improve the heating rate and heating range of the hot air. However, the <2 mm treatment group is composed of small pores with finer pores and the formation of a small pore thermal current is affected by pore resistance, resulting in an impact on the heating rate and diffusion range of the hot air.



From Figure 9a–c, the heating rate of the 2–4 mm treatment group is higher than that of the <2 mm treatment group, but lower than that of the 4–6 mm treatment group. The highest temperature of the 2–4 mm treatment group can reach 83 °C. Based on Figure 9, it can be seen that this is because the pore structure (number of large and small pores) of the 2–4 mm treatment group is between the <2 mm and 4–6 mm treatment groups, while the 2–4 mm treatment group has more large pores than the <2 mm treatment group, making it easier for hot air to diffuse.



Further analysis of Figure 9c,d, and e shows that the heating rate of the >8 mm treatment group is lower than that of the 4–6 mm and 6–8 mm treatment groups. The main reason may be that although the >8 mm treatment group has more macropores and hot air is more prone to diffusion, excessive macropores can also cause the formation of an excessive macropore thermal current, leading to ineffective heat loss.



From Figure 10a, it can be seen that throughout 600 s of ventilation, the temperature field of the <2 mm treatment group did not change significantly and the heating effect of hot air was not significant. As can be seen from Figure 10b–e, the high temperature areas (ST > 80 °C) of the 2–4 mm to >8 mm treatment groups are mainly concentrated at the layer depth of 16–20 cm (from ventilation 450 s to 600 s).



As can be seen from Figure 10, the 4–6 mm and 6–8 mm treatment groups have the largest range of high temperature areas and the hot air heating effect is the best. The 2–4 mm and >8 mm treatment group followed; for the <2 mm treatment group, without high temperature area, the hot air heating effect is the worst. This is mainly related to the soil pore structure and different forms of thermal current (large pore hot air flow and small pore hot air flow) will be generated after ventilation, and its heat transfer, heating effect, and high temperature area will be different. It can also be seen from Figure 10 that soil temperature increases significantly after 300–450 s of ventilation, which will heat the water in the soil and remove excess water.




3.2.3. Analysis of Soil Water Content


From Figure 11, as the ventilation time increases, the deep soil water content slowly decreases. Within 600 s of ventilation, the water content of the deep soil varies between 14 and 21%, while the water content of the surface soil does not change much. The rate of decrease of the deep soil water content is greater than that of the surface soil water content.



From Figure 11a,b, it can be observed that at the end of 600 s, the deep water content of soil (A1, C1, and E1) of the <2 mm and 2–4 mm treatment groups gradually decreased, with A1 having the fastest rate of decrease in water content. From Figure 11a,b, except for the soil water content of the deep layer, the soil water content of the middle layer and surface layer will increase, such as is the case with the water content at the C3 layer of the soil treated with <2 mm gradually increasing from 20.4% to 20.9%. The water content at layer E3 in the 2–4 mm-treated soil gradually increased from 20.4% to 21.4%. This may be because after the hot air heats the deep soil water into water vapor, the water vapor condenses again above the middle layer of the soil and forms water droplets, causing the soil water content to rise slightly.



From Figure 11c,d, it could be observed that the deep water content of soil (A1, C1, and E1) of the 4–6 mm and 6–8 mm treatment groups decreased faster than that of the <2 mm and 2–4 mm treatment groups. For example, the deep soil water content (A1) of the 4–6 mm treatment group decreased from 20.8% to 14.6% (a decrease of 6.2%), while the deep soil water content of the <2 mm and 2–4 mm treatment groups decreased only by 3%. As this was analyzed using temperature field analysis, this observation is mainly because the 4–6 mm and 6–8 mm treatment groups have more large pores, which are prone to the formation of a large pore hot air flow and helps improve the heating rate of hot air and the ability to remove water. However, the <2 mm and 2–4 mm treatment groups are made up of small pores with relatively dense pores, forming a small pore hot air flow. The pore resistance affects the heating rate and diffusion range of the thermal current and excess water vapor cannot be dissipated. Although the 4–6 mm and 6–8 mm treatment groups have many large pores, there is still some water vapor that cannot be dissipated in a timely manner, leading to an increase in some water content test points, such as C5 and E5 in the 4–6 mm treatment group, as well as A5, C5, and E5 in the 6–8 mm treatment group.



Further analysis of Figure 11c,d, and e showed that the water content at A1 of the >8 mm treatment group decreases rapidly, while the water content at other locations does not decrease significantly. This is because the number of large pores in the soil in the >8 mm treatment group is the largest and the hot air flow is easier to diffuse. However, because the pores of the soil are too large, the hot air fails to heat the soil to remove excess water and the hot air is lost to the air, resulting in a less significant reduction in soil water content.



From the water content distribution Figure 12a,b, during the ventilation time, the water content of the <2 mm and 2–4 mm treatment groups changed slightly, only a small portion of the deep soil water content decreased and the effect of hot air heating was not significant, which is consistent with the temperature field analysis. From Figure 12c–e, compared with the <2 mm and 2–4 mm treatment groups, the water content in the deep and middle layers of the 4–6 mm to >8 mm treatment groups decreased significantly. The hot air heating with the 4–6 mm treatment group has the best dehumidification effect in the deep and middle layers; 6–8 mm and >8 mm processing followed by <2 mm and 2–4 mm hot air heating has the worst dehumidification effect, which is consistent with the temperature field analysis. From Figure 12, the soil water content significantly decreased after 300 s of ventilation, which is consistent with the significant changes in the temperature field.






4. Discussion


Steam will produce condensation when it cools, which will plug the soil pores and reduce the disinfection efficiency in the process of steam disinfection of Yunnan red loam [12]. In this study, the pore structure of red soil aggregates of different sizes was studied first. The results showed that the number of macropores increased gradually with the increase in the particle size of soil aggregates, which was consistent with previous studies. Then, the method of hot air drying [10,11] was used to blow hot air into the wet soil to solve the problem of excessive moisture in the soil pores. The study found that hot air would produce different forms of heat flow under different sized pore structures, thus producing different heat and mass transfer rules. Specifically, with the increase in soil particle size, the soil pores will be larger and more easily form a large pore heat flow. The efficiency of hot air heating and water removal first increases and then decreases. The main soil type studied in this paper is Yunnan red loam that has a high content of clay and silt particles. This can be used as a reference for similar types of soils around the world, such as clay or loam [17], in the study of steam disinfection hot air dehumidification.



The hot air dehumidification of porous media mainly uses hot air as the drying medium and uses high temperature hot air to heat liquid water into steam to remove excess water in porous media [10,11]. Among them, the pore structure has a significant effect on the dehumidification effect of hot air. As in this study, the <2 mm and 2–4 mm treatment groups correspond to a large number of small pores and the diffusion of hot air in pores will be affected by a greater resistance during operation. This results in a slow soil temperature rise and an insignificant decrease in water content, resulting in a poor dehumidification effect of hot air heating. The 4–6 mm, 6–8 mm, and >8 mm treatment groups correspond to a large number of large pores and the hot air is easy to spread. The heating effect is obvious and the soil temperature and water content changes are significant, among which, the hot air treated with 4–6 mm has a good effect of heating and dehumidifying, followed by the 6–8 mm and >8 mm treatment groups. This is because the soil pores corresponding to the 6–8 mm and >8 mm treatment groups are too large and the hot air will spread more easily, but it will also appear that the hot air does not have enough time to heat the excess water in the soil and remove it and the hot air heat will be lost. Through the above analysis and discussion, too large or too small soil pores will lead to a decrease in hot air dehumidification efficiency [18]. Therefore, how to construct suitable soil pores and improve the water removal rate needs to be further studied, especially in conjunction with steam disinfection.



The test results also found that with the change of ventilation time, the soil water content in different layers also changed differently. After the soil in the deep layer was dehumidified, the water content of the soil in the deep layer decreased significantly, but the water content of the surface soil only increased slightly. This may be because the steam in the deep soil could not be discharged quickly, resulting in the liquid water formed by steam condensation re-humidifying the surface soil [9], especially in soil with more small pores. In addition, the high temperature and water content reduction area of the 4–6 mm treatment is mainly concentrated at the depth of 15–20 cm in the soil temperature and water content distribution figures, which indicates that the distance of the drying range of hot air heating is about 5 cm in the vertical direction. Therefore, it is necessary to further study the effect of a multi-layer hot air pipe in the vertical direction on the heating and dehumidification of wet soil and determine the best layout plan of the hot air pipe in the vertical direction, which can provide a theoretical basis for the reasonable layout of the hot air pipe [9].




5. Conclusions


In the process of steam disinfection, a large amount of liquid water will be formed by steam condensation, which will block up soil pores and seriously affect the steam heating efficiency. Therefore, the change of soil pore structure under the condition of different sized red loam aggregates were studied first, and then the effect of soil pore structure on steam heating efficiency was investigated. Finally, the coupling mechanism between soil pore condition and steam heating efficiency was studied to remove excess water and dredge soil pores.



As the particle size of soil aggregates increases, the soil pores also become larger, forming a large pore thermal current. The dehumidification efficiency of hot air heating first increases and then decreases. Among them, the hot air heating of the 4–6 mm treatment group has the best dehumidification effect, whereby the deep soil temperature can reach 90 °C and the water content can be reduced by 6%. The high-temperature heating and dehumidification area of the 4–6 mm treatment group after ventilation is 15–20 cm deep.



This paper lays the theoretical foundations for the working parameters of hot air heating and dehumidification and the position arrangement of hot air pipes. Furthermore, considering that the pore structure has been found to be related to the removal of moisture by hot air, we will continue to study and regulate soil pore structure from the perspective of changing suitable soil pores. Furthermore, we will also study the hot air flow velocity and temperature, as well as the hot air pipe structure parameters based on the above findings.
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Figure 1. Hot air test bench. 1—Temperature and water content of data acquisition system. 2—Soil tank. 3—Hot air pipe. 4—Hot air fan. 
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Figure 2. Sensor distribution diagram. The dots represent the temperature sensors and the circles represent the water content sensor. 
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Figure 3. Soil model. (a) <2 mm; (b) 2–4 mm; (c) 4–6 mm; (d) 6–8 mm; and (e) >8 mm. 
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Figure 4. Meshing. (a) <2 mm; (b) 2–4 mm; (c) 4–6 mm; (d) 6–8 mm; and (e) >8 mm. Note: the meshing is in the red box of the soil model (Figure 3). 
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Figure 5. Hot air velocity simulation cloud with different pore structures. (a) <2 mm; (b) 2–4 mm; (c) 4–6 mm; (d) 6–8 mm; and (e) >8 mm. 
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Figure 6. Simulation of hot air temperature field in different pore structures. (a) <2 mm; (b) 2–4 mm; (c) 4–6 mm; (d) 6–8 mm; and (e) >8 mm. 
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Figure 7. Yunnan red loam sample. (a) <2 mm; (b) 2–4 mm; (c) 4–6 mm; (d) 6–8 mm; and (e) >8 mm. 
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Figure 8. Image processing. (a) <2 mm; (b) 2–4 mm; (c) 4–6 mm; (d) 6–8 mm; and (e) >8 mm. Note: the black space in the figure represents soil particles, while the white space represents pores. 
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Figure 9. Soil temperature varies with time. (a) <2 mm; (b) 2–4 mm; (c) 4–6 mm; (d) 6–8 mm; and (e) >8 mm. Note: A1-E5 refers to Figure 2. 
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Figure 10. Soil temperature (ST) distribution. (a) <2 mm; (b) 2–4 mm; (c) 4–6 mm; (d) 6–8 mm; and (e) >8 mm. Note: 150 s, 300 s, 450 s, and 600 s indicate the time. The same applies below. 






Figure 10. Soil temperature (ST) distribution. (a) <2 mm; (b) 2–4 mm; (c) 4–6 mm; (d) 6–8 mm; and (e) >8 mm. Note: 150 s, 300 s, 450 s, and 600 s indicate the time. The same applies below.



[image: Agriculture 14 00588 g010]







[image: Agriculture 14 00588 g011a][image: Agriculture 14 00588 g011b] 





Figure 11. Soil water content varies with time. (a) <2 mm; (b) 2–4 mm; (c) 4–6 mm; (d) 6–8 mm; and (e) >8 mm. 
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Figure 12. Soil water content (SWC) distribution. (a) <2 mm; (b) 2–4 mm; (c) 4–6 mm; (d) 6–8 mm; and (e) >8 mm. 
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Table 1. Soil physical parameters.






Table 1. Soil physical parameters.





	Soil Temperature °C
	Soil Water Content %
	Soil Particle Density (kg/m3)
	Soil Specific Heat (J/(kg·K))
	Soil Thermal Conductivity (W/(m·K))





	25 ± 2.5
	20 ± 1.5
	1760
	1753
	0.484










 





Table 2. Fluid parameters.






Table 2. Fluid parameters.





	Ambient Temperature °C
	Hot Air Velocity (m/s)
	Hot Air Fan Temperature °C
	Hot Air Density (J/(kg·K))
	Hot Air Thermal Conductivity (W/(m·K))
	Hot Air Specific Heat (kJ/(kg·K))





	25 ± 2.5
	2.65
	200
	1753
	3.93 × 102
	1.026
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