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Abstract

:

Soil disinfection is an important agronomic measure to prevent soil-borne diseases, insects, weeds and other hazards. Based on the premise of being environmentally friendly, microwave soil disinfection can improve crop yield and quality in a pollution-free, residue-free and green way. The law of microwave soil heating is the theoretical basis of microwave soil disinfection. Therefore, in this paper, loess soil of North China and black soil of Northeast China are used as test materials to explore the law of soil heating under the action of microwaves. First, COMSOL Multiphysics software was used to simulate the temperature field change in the microwave-irradiated soil, and a simulation model of the temperature field of the microwave-irradiated soil was constructed to analyze the effective working range and temperature distribution characteristics of the microwave-irradiated soil. Second, using the 2.45 GHz microwave treatment, the following conditions were tested: soil moisture conditions of 10%, 15%, 20% and 23% (within the natural moisture content range). The loess and black soil were treated by microwave irradiation for 1~12 min, respectively (1 min/time increment). A single-factor experiment was designed to explore the influence of these factors on the soil heating law. The results show that the two soil surface temperatures are positively correlated with the soil moisture content, both of which satisfy Tsurface23% > Tsurface20% > Tsurface15% > Tsurface10%, and the surface temperature of black soil is higher than that of loess. According to the experimental results of the internal temperature distribution of loess and black soil irradiated by microwaves, the surface equations of “irradiation time–soil depth-soil temperature” and “irradiation time–soil moisture content–soil temperature” were constructed by surface fitting. When the irradiation time and moisture conditions are the same, the average temperature inside the irradiation area satisfies    T ¯   α black soil >    T ¯   α loess. The results of long-term microwave soil heating preliminarily confirmed the feasibility of microwave soil disinfection and the optimal conditions of microwave irradiation in loess of North China and Northeast black soil, which provides a certain reference for the study of soil-borne diseases inactivation at high temperature.
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1. Introduction


With the popularization of large-scale industrial agriculture, soil-borne diseases and stubborn weeds have become important factors for soil ecological imbalance, causing a decline in cultivated soil quality, thus affecting crop quality and crop yield reduction [1,2,3]. There are a variety of soil-borne diseases, and they can have concealed, rapid, wide-spread and serious effects on crop quality. It is difficult to accurately monitor such diseases and to provide early warning and precise prevention and control. To prevent the adverse effects of soil-borne diseases and stubborn weeds on crops, it is necessary to disinfect the soil before cultivation [4].



Soil disinfection is mainly divided into two methods: chemical and physical. The chemical method is represented by fumigation technology, which is mainly used to kill insects, sterilize, and prevent weeds by applying pesticides to the soil [5]. Physical methods are mainly used to prevent and control diseases, insects, and grasses by increasing the internal temperature of the soil, which is mainly achieved through the use of solar energy and steam soil disinfection [6]. Physical methods for the prevention and control of crop diseases and insect pests are generally considered green, but insufficient internal soil temperature has always been the main reason that most physical soil disinfection methods cannot achieve ideal control [7]. Therefore, microwave technology, which enables soil to be rapidly heated both internally and externally, has more prominent advantages and wider application prospects in soil disinfection [8].



As a new soil disinfection method, microwaves were proposed in the 1980s. Since microwaves cause polar molecules in the medium to oscillate strongly, microwave soil disinfection has a macroscopic effect of penetration similar to soil fumigation [9]. In one study of soil heating using a microwave oven as a microwave-generating device, it was found that the highest soil temperature was between 2 and 5 cm below the surface of the soil along the centerline of the waveguide [10]. Microwaves can destroy the reproductive parts of weed plants [11]. They can also inhibit the germination of grass seeds at a depth of at least 5 or 6 cm in wet soil, provided that the soil temperature around the grass seeds reaches 65~80 °C [11]. Under the action of microwaves, all nematodes in a soil sample can be killed in 15 min at 45 °C, or several seconds at 55 °C [12,13], and 120 s can kill most of the root knot nematodes in the soil at a depth of 10 cm. For 1 kg of soil with a moisture content of 6.5~27% [14], 150 s of microwave treatment can eliminate all Pythium, Fusarium and insect populations [15]. The microwave power also affects the soil heating. After 6 min of 0.54 kW microwave irradiation combined with 18 min of heat-preservation treatment, all pathogens except Bacillus subtilis were killed, and the killing rate reached 94% [16]. In addition, the microwave soil disinfection process has a negative impact on the soil biological community. However, it has been shown that the original dynamic balance of the soil biological community can be basically restored within one month of microwave treatment [17]. On this basis, the contents of nitrogen and other organic matter in the soil will increase, which means that proper microwave disinfection can help improve soil fertility [18]. Microwave treatment can be combined with biochar, and the appropriate addition of biochar can contribute to the growth of bacteria, including some functional bacteria, in the soil after microwave treatment, which can improve soil microbial characteristics and increase the abundance of soil microorganisms [19,20].



There are differences in the heat capacity and thermal conductivity of different components among soils, so different soil types change the effect of microwave soil disinfection [21]. When the microwave irradiation conditions are the same, the heating rate of dry clay is faster than that of dry sand [22]. Microwave irradiation for a short period of 10~60 s can cause the maximum temperature inside the soil to reach 60 °C [23], which is the lethal temperature of some pathogenic bacteria and nematodes. However, the local high temperature generated by short-term microwaves is not enough for effective soil disinfection, and it takes several minutes or even longer to meet the needs of field weeding. To address the abovementioned problem, a combination of modeling simulation and experimental verification was used to study the long-term microwave-irradiated soil heating law [24]. Loess from North China (Beijing) and black soil from Northeast China (Jilin) were selected as the test materials. Using a 2.45 GHz microwave generation test bench, the law of long-term microwave irradiation soil was analyzed by changing the soil moisture content and microwave irradiation time. The long-term microwave soil heating law provides strong scientific guidance for the implementation of microwave soil disinfection under different soil conditions.




2. Materials and Methods


2.1. Simulation Model of the Soil Model Temperature Field under Microwave Action


Here, soil disinfection involves converting microwave energy into heat energy in the soil. Combined with soil heat conduction, the temperature of the soil during soil disinfection can reach lethal conditions for pathogens, insects and grass seeds. Therefore, this paper mainly studies the heating law of long-term microwave irradiation on soil. The thermal energy in the soil is mainly generated by the vibration of polar molecules, which is mainly due to the water in the soil. At the microwave frequency of 2.45 GHz, the electric field and the magnetic field continuously switch phases at a speed of 2.45 billion times per second, and the field energy of the alternating electric field is converted into heat energy in the soil [25]. Since the positive and negative charge centers of the water molecules do not overlap, and one end is positively charged and the other end is negatively charged, the water molecules in the soil change with the electromagnetic field during the swinging process. The water molecules oscillate back and forth rapidly under the action of microwaves, resulting in friction. The hydrogen bonds between water molecules are disrupted, and the intermolecular forces accelerate the conversion of microwave energy into heat energy, which causes the soil temperature to rise rapidly.



The speed of microwaves in vacuum is equivalent to the speed of light, and the frequency conversion is extremely fast, which is an inherent characteristic and also the reason the medium is heated inside and outside at the same time under the action of microwaves. The unique penetrability exhibited by microwave soil disinfection makes the internal temperature of the soil rise rapidly, but this penetration is not infinite. In the process of microwave soil disinfection, some of the energy will be dissipated by flowing into the lossy medium [26]. The diffusion coefficient for simultaneous heat and moisture transport γ (m2s−1) is usually defined as:


  γ = α + j β = j ω    μ 0  μ ⋅  ε 0  ε    



(1)







The permeability of nonmagnetic material μ = μ0 and the permeability of soil in microwave irradiation μ = 1; combined with the penetration of microwaves in soil, the diffusion coefficient for simultaneous heat and moisture transport γ can also be expressed as:


  γ = j   2 π    λ 0       ε 0  ε    



(2)







In the formula, α is the microwave attenuation factor (m−1), j—    − 1    , β—phase constant, and ω—angular frequency, where frequency ω = 2πf in Hz, f is the period, and f = c/λ0. λ0—wavelength in free space (m), c—speed of light in a vacuum (m/s), ε—complex permittivity, and ε0—ratio of the complex permittivity to the permittivity of free space, with a value of 8.854 × 10−12 F/m.



During microwave irradiation, the electric and magnetic fields propagate in the soil in the form of perpendicular waves [27]. The single-dimensional waveform of microwaves resembles a cosine curve, with peaks and troughs representing the maximum value in the wave energy. After microwaves enter the lossy medium soil, the electric field intensity of the first wave peak is the largest, so the maximum temperature inside the soil under the action of microwaves often occurs at a depth of several centimeters below the soil surface [28]. Microwave soil disinfection is mainly aimed at pathogenic bacteria, insects and grass seeds in the soil, most of which are condensed matter and complex compounds of proteins, fats and inorganic substances; the water content in biological cells reaches 80% [29]. Under this action, the soil becomes more vulnerable, which provides favorable conditions for microwave soil disinfection [30].



Combined with the above microwave characteristics, we can more accurately explore the heating law of long-term microwave irradiation on water-bearing soil in the cultivated layer. In this paper, COMSOL Multiphysics software is used to couple the electromagnetic field and heat transfer field and simulate the solution of the microwave soil irradiation process [31]. First, a 3D geometric model of microwave-heated soil is established according to the experimental plan, and then the model materials, boundary conditions, and microwave-generation parameters are set, as shown in Figure 1 and Figure 2. During the simulation process, when meshing the model, “System automatic division” is selected. For noncritical parts, a few mesh elements with poor quality (less than 0.01) will not affect the convergence of the entire model. In the simulation solution settings, “Full Coupling” is selected in the “Steady State Solver” to solve linearly. Finally, the established microwave soil irradiation electromagnetic field was added to the “object and fluid heat transfer (ht)” physical field for coupling. To explore the soil temperature distribution law at different irradiation times, “transient simulation” was selected in the coupling simulation. Table 1 shows the main physical parameters that need to be manually set in the microwave irradiation simulation and the real and imaginary parts of the dielectric loss of different water-bearing soils at 2.45 GHz frequency [32].




2.2. Microwave Soil Irradiation Test Bench


The microwave soil irradiation test bench is mainly composed of three parts. The first is the microwave generator and its control device, which mainly includes a magnetron, a horn-shaped waveguide, a microwave frequency conversion power supply, a microwave controller, a power display meter, and a fixture; the second part is the object of microwave action, mainly including soil, an acrylic box and a movable lifting platform; and the third part is the soil temperature acquisition device, mainly including the soil surface temperature acquisition device infrared thermal imager. A sensor matrix composed of 30 PT100 temperature sensors is used to acquire temperature values at different depths in the soil and match 5 signal acquisition modules. The main equipment and materials of the microwave soil irradiation test are shown in Table 2.




2.3. Microwave Soil Irradiation Test Method


Common microwave soil disinfection facilities often operate such that microwaves enter the soil directly through the waveguide [33]. If a cavity with a metal reflective wall is selected for the test, the effect of microwave action will be increased, but it will also cause deviations in the results due to the inconsistency with the actual form of microwave soil disinfection [34]. In this paper, the microwave frequency of 2.45 GHz (or similar values for countries with different legislation) is used for soil irradiation experiments. Too low a frequency will hinder the energy absorption of the soil medium, while too high a frequency is not suitable for mobile soil disinfection equipment. In the test, the microwave magnetron is connected to the horn-shaped waveguide, the waveguide port is perpendicular to the irradiated soil, the acrylic box containing the soil is placed directly under the waveguide port, and the two centerlines of the waveguide port and the centerline of the acrylic box are measured by moving the lift table; they are all on the same plane. Considering the uneven soil and the heat dissipation problem of the waveguide, the lifting platform is adjusted to make the distance between the waveguide port and the soil surface 5 cm [35]. It is worth noting that the value displayed on the microwave controller panel is the power after microwave conversion, which is approximately 0.6 times the actual power [36]. Therefore, the microwave controller needs to be adjusted before the test to control the actual output power. When the value of the microwave controller is adjusted to a numerical value of 1280, the actual microwave output power displayed by the power display meter panel can be stabilized at 2000 W.



The loess used in the experiment was taken from the National Experimentation for Precision Agriculture (40°10′31″ N, 116°26′10″ E, Beijing, China). The soil type is silty loam with a uniform soil distribution [37]. The black soil was taken from the teaching and research base of Jilin Agricultural University (125°24′44.136″ N, 43°49′23.2104″ E, Changchun City, Jilin Province, China). It is a typical black soil with high humus content [38]. Compared with the loess in North China, the proportion of clay content is relatively low, and the cohesive strength is not as good as that of loess. Humus has strong chemical activity and colloidal properties, and often undergoes a series of changes with clay minerals to form mineral and organic colloid complexes. These colloids have strong adsorption properties for metal elements or form chelates with ionic metal elements to fix them in the soil. The content of some elements in the soil often has a certain positive correlation with the content of organic matter in the soil, so the content of the elements measured in black soil is often higher than that in other soils [39]. The saturated water content of both soils is approximately 23% [40,41]. When preparing soils with different water contents in the experiment, first, the collected soils were passed through a 2 mm sieve [42], put into a dryer, and dried at 105 °C for 24 h [43]. Then, according to the calculation method of soil moisture content, the soil was injected into distilled water and stirred until uniform and set aside for 24 h. Since the main purpose of the experiment in this paper was to explore the heating law of the loess and black soil under long-term microwave radiation, the physical and chemical properties of soil samples before and after microwave treatment were not detected and analyzed.



In the experiment, the North China loess and Northeast black soil were irradiated with microwaves for a period of 1~12 min (1 min increments). The purpose was to explore the microwave heating law on the soil surface and in the plow layer (the top 1~20 cm), where crop diseases and insect pests are prone to occur [44]. For the experiment, four soil moisture content nodes were selected within the range of extreme conditions, which were 10%, 15%, 20%, and 23%. After the microwave frequency conversion power supply was powered on, the power meter panel value displayed 2000 W to start timing. After the irradiation was completed, the microwave frequency conversion power supply was turned off, and the lifting platform was pulled out to collect soil surface temperature data. The method was as follows: the distance between the camera of the infrared thermal imager and the soil surface was approximately 50 cm, forming an included angle of 45°, and the image was captured after the four edges of the soil surface completely entered the display of the infrared thermal imager. The images were marked by the Testo IR Soft software for the location of the maximum temperature on the soil surface and to acquire numerical values and adjust the temperature scale. The surface temperature is greatly affected by environmental factors, so this operation was generally completed within 5 s after the irradiation was stopped. Immediately after the soil surface temperature was acquired, the inner depth of the soil was acquired. The method was to place the centerline of the PT100 temperature sensor matrix and the centerline of the acrylic box on the same plane, observe the scale line on the PT100 sensor probe, and insert the sensor matrix vertically into the soil at increments of 1 cm. The temperature acquisition time for each layer was approximately 8 s with an overall rate of 20 s per layer. Due to the thermal insulation properties of the soil and the relatively ideal conditions of the laboratory, the soil temperature collection process of 1–20 cm did not have a great impact on the overall test results. The PT100 sensor transmitted the temperature information to the computer through the acquisition module and converted it into a temperature value through Smacq|M Console V0.6 software for storage. The temperature obtained in the microwave soil irradiation test is shown in Figure 3. During the test, the magnetron was covered with a metal shell to avoid microwave interference with the normal operation of other electronic components. The operator wore electromagnetic protective clothing throughout the process [45].



The single-factor test method was used to explore the influence of irradiation time, soil moisture content and soil depth on the soil heating law and to analyze and compare the heating law of loess and black soil. The test results not only play a guiding role in the microwave soil disinfection operation under different soil conditions, but also provide a strong scientific basis for microwave research on soil composition changes and biodiversity.





3. Results and Discussion


3.1. Simulation Results of Microwave-Irradiated Soil


Microwave soil disinfection is often aimed at diseases, insects, and weeds inside the soil. Compared with the interior of the soil, the soil surface can be fully exposed to air and ultraviolet rays, but there are still a certain number of pathogenic bacteria, grass seeds and other crop hazards, so it is necessary to explore the law of soil surface temperature. During the simulation of microwave-irradiated soil surface temperature, after selecting the “results-research-surface” option in the interface, the simulation results of 1–12 min of irradiation can be obtained, and the results are shown in Figure 4. To facilitate the exploration of the soil surface temperature law, the temperature scale was uniformly adjusted to 300–450 K after combining with the soil surface temperature range. The simulation results show that the soil surface presents a circular area after microwave irradiation, which is located directly under the waveguide. With increasing irradiation time, the soil surface temperature gradually increases, the circular area increases, and the diameter approaches the long side of the waveguide port. In the simulation results of the soil temperature field, when the soil moisture content is 10%, the maximum soil surface temperature after 12 min of microwave irradiation is 448.6 K (174.5 °C), which is in the center of the circular area.



COMSOL Multiphysics was used to simulate the high-speed vibration of polar water molecules in the soil under the action of microwaves to generate heat and combine multiple soil components in the process of soil heat conduction. Figure 5 shows the simulation results of the internal heating law of the soil irradiated by microwaves for 1~12 min, showing the temperature change law of the central section (X-Z plane) of the soil model. The internal temperature of the soil increases with increasing irradiation time and gradually penetrates into the soil. However, due to the conversion and dissipation of energy in the process of microwave irradiation and soil heat conduction, it becomes increasingly difficult to heat the interior of the soil, so the high-temperature area inside the soil presents an inverted cone. The highest temperature inside the soil appears just below the waveguide. Therefore, the soil temperature at different depths along the vertical line in the model is selected for the acquisition of the simulation results of the internal soil temperature. After the simulation is completed, “3D Section” is selected in the “Result-Research” option, and the vertical line in the soil model is determined by the coordinates of (0,0,0) and (0,0,20), as shown in Figure 6. After the vertical line is divided in centimeters, the simulation software draws the soil temperature diagram at each point and defines the “Temperature Expression” as “T” in units of “K” before plotting. Figure 7 shows the temperature values of the soil model at the mid-perpendicular position after 12 min of microwave irradiation; the initial temperature of the soil at room temperature was set to 298.2 K.



The simulation results after microwave irradiation for 5 min show that the maximum temperature inside the soil is 374.2 K, which meets the lethal temperature of most pathogenic bacteria, grass seeds and resistant plant viruses. Preliminarily, this shows the feasibility of long-term microwave irradiation in soil disinfection operations, but the simulation is carried out under ideal conditions by default. The soil has ideal characteristics, such as uniform texture and the same porosity. Therefore, there must be some gaps between the test results and the simulation results under the same irradiation conditions, and it is necessary to further explore the soil heating law in combination with the long-term microwave soil irradiation test.




3.2. Results of Microwave-Irradiated Soil Surface Test


After microwave irradiation of the soil, due to the evaporation of water in the soil within the irradiation range, a circular area of low water content soil appears on the soil surface, which is lighter in color than the surrounding soil. The size of the area changes with the irradiation time and is located directly under the waveguide. Figure 8 shows the soil surface image of 20% water-bearing loess and black soil after 12 min of microwave irradiation. After actual measurement, it is found that the maximum diameter of the two dry soil areas can reach approximately 135 mm after 12 min of irradiation, which is similar to the length of a rectangular waveguide. This is almost consistent with the simulation results of the soil surface temperature. In the 12 min simulation results, the diameter of the high-temperature region directly under the waveguide is also similar to the length of the long side of the waveguide. Figure 9 and Figure 10 show the variation law of the diameter of the circular area on the soil surface after the microwave exposure of loess and black soil, respectively. When the microwave irradiation time is the same, the relationship between the diameter (R) of the circular area irradiated on the two soil surfaces and the soil moisture content is Rsurface23% > Rsurface20% > Rsurface15% > Rsurface10%. Under the conditions of 10%, 15%, 20%, and 23% soil moisture, the diameter of the circular area after 12 min of microwave irradiation is close to the length of the long side of the waveguide.



Figure 11 and Figure 12 show the thermograms of the surface temperature of loess and black soils with moisture contents of 10%, 15%, 20%, and 23% after long-term microwave irradiation. After the soil surface is irradiated, the thermal map shows a circular area similar to the simulation results, and the highest temperature value is mostly located in the center of the elliptical area. The temperature scale range is adjusted to 25~180 °C. The microwave soil surface irradiation results show that the soil surface temperature was positively correlated with the microwave irradiation time and soil moisture content. Comparing Figure 11 and Figure 12, it is found that the diameter and brightness of the bright yellow area on the surface of black soil are generally higher than those of loess, which indicates that under the same irradiation conditions, black soil has a higher surface temperature value.



The broken line graphs of the surface temperature of loess and black soil are shown in Figure 13 and Figure 14. When the microwave irradiation time is 1 or 2 min, the soil surface temperature fluctuates due to the influence of environmental factors. After 2 min, the soil surface temperature increased steadily with increasing irradiation time, and the rising rate tended to be flat after 8 min. In the process of irradiating loess and black soil surfaces by microwaves, the soil surface with more water molecules can generate more heat. Therefore, under the same microwave irradiation time, the relationship between the surface temperatures of the two soils is Tsurface23% > Tsurface20% > Tsurface15% > Tsurface10%. Figure 15 shows the comparison of the surface temperature of loess and black soil under the same microwave irradiation conditions. Except for individual test points affected by environmental factors, the surface temperature of black soil is higher than that of loess, namely, Tblack soil > Tloess.



The surface temperature difference between North China loess and Northeast black soil after microwave irradiation is mainly caused by the different composition ratios of solid, liquid, and gas three-phase materials between the soils. The soil volumetric heat capacity Cv can be expressed by Equation (3):


   C v  = m  C v  ⋅  V m  + o  C v  ⋅  V 0  + ω  C v  ⋅  V w  + ∂  C v  ⋅  V a   



(3)




where mCv, oCv, ωCv and αCv represent the volumetric heat capacities of soil minerals, organic matter, water, and air, respectively. Vm, Vo, Vω, and Vα are the volume ratios of soil minerals, organic matter, water and air per unit volume of soil, respectively.



Since the value of the air heat capacity Vα is negligible, the soil heat capacity can be simplified to Equation (4):


   C v  = 1.9  V m  + 2.5  V 0  + 4.2  V w   



(4)







The heat capacity of water is the largest, and that of gas is the smallest in the three-phase material composition of soil solid, liquid and gas; minerals and organic matter are located between the two. During microwave irradiation, both soils were placed in an acrylic box with a side length of 30 cm, and the water-containing soil in the acrylic box was replaced according to the test requirements. Therefore, when the soil moisture content is the same, the soil solid-phase composition is the main factor affecting the microwave soil heating law.



The content of humus is higher in the black soil of Northeast China, and the content of quartz is higher in the loess of North China. The volumetric heat capacity Cv of quartz in the soil component is 2.163 (J·g−1·°C−1), and the volumetric heat capacity Cv of humus is 2.525 (J·g−1·°C−1). The heat capacity of humus in soil is larger than that of minerals, and the difference in mineral heat capacity is small. Therefore, the size of the soil heat capacity Cv mainly depends on the humus content in the soil. In addition, the thermal conductivity K is also an important factor affecting the soil temperature, which refers to the value of the temperature rise or fall after the unit volume of soil flows into or out of λ heat. The unit is m2·s−1, which is expressed by Equation (5) as:


  K =  λ   C v     



(5)







When the soil moisture content is the same, the thermal conductivity of humus in the soil component (1.225 × 10−2) is smaller than that of quartz (4.427 × 10−2). Under the same microwave irradiation conditions, if the loess and black soil receive the same energy, due to the relatively large thermal conductivity K of the loess, the soil temperature changes rapidly, and the temperature dissipates quickly, while the black soil has a small thermal conductivity and the soil temperature changes slower, so the black soil has a higher surface temperature in the test results. In the exploration of the surface temperature law of the 1–12 min microwave irradiation test, the maximum temperature after the irradiation of loess was 168.6 °C, and the maximum temperature after the irradiation of black soil was 175.8 °C, both obtained when the maximum irradiation time was 12 min and the maximum soil moisture content was 23%.




3.3. Test Results of the Internal Temperature of the Soil Irradiated by Microwaves


In the process of microwave soil disinfection, the internal temperature of the soil is an important factor for diseases, insects and weeds to reach the corresponding lethal conditions. In the microwave soil irradiation test, the soil temperature value in the cultivated layer was obtained through a matrix composed of 30 PT100 temperature sensors, and the temperature values of 30 points at the same depth of the soil were measured each time. Figure 16, Figure 17, Figure 18, Figure 19, Figure 20, Figure 21, Figure 22 and Figure 23 show the variation law of soil temperature at 10%, 15%, 20%, and 23% water-bearing loess and black soil at 1–20 cm depth. The abscissa in the heatmap represents the test points of the 30 temperature sensors on the plane, and the ordinate represents the different depths of the soil model. To explore the law between microwave irradiation time, soil temperature and depth, the temperature scale interval in the heatmap was uniformly adjusted to 20–150 °C according to the actual measured soil internal temperature. After obtaining the temperature of the 1–20 cm soil depth, it is found that the unique penetration of microwaves causes the highest temperature inside the soil to often appear several centimeters below the soil surface. When the soil moisture content is constant, the longitudinal heating of the soil under the waveguide increases significantly with increasing time during the microwave irradiation process of 1–5 min, which may be mainly attributed to the penetration of microwaves; after 5 min, the soil was irradiated with microwaves, and it was found that the increase in the internal temperature of the soil was not only deeper in the soil but also the lateral soil temperature diffusion was relatively obvious. At this point in the microwave irradiation process, the thermal conductivity of the soil plays a crucial role in the increase in the internal soil temperature.



The internal temperature of loess and black soil irradiated by microwaves for 1~12 min increased with increasing irradiation time. Observing the heatmaps of the two soils at 10%, 15%, 20%, and 23% moisture content, it was found that when the soil moisture content was 10%, the interior of the two soils reached the maximum temperature value. After 12 min of microwave irradiation, the maximum internal temperature of the two soils reached 141 °C (loess) and 151.6 °C (black soil), which were obtained 3 cm and 4 cm away from the soil surface. When the soil moisture content was 23%, the internal temperature of the soil, as shown in the heatmap, was lower than that of the other three soil moisture contents. With the increase in microwave irradiation time, part of the “stripe” area did not change significantly after long-term microwave irradiation. The main reason for this phenomenon is that these test points are often distributed far away from the waveguide; after all, the scope of action of a single microwave emission unit is limited. Combined with the 1~12 min microwave irradiation of the soil surface irradiation area and the temperature change inside the soil, the rectangular area consisting of 12 temperature sensors bg~bj, cg~cj, and dg~dj is determined as the main research object within the effective operating range of the microwave unit. Figure 24 shows the effective working area, including the irradiated area.



In the study of the temperature law of microwave-irradiated soil, studying only the highest temperature obtained by the sensor would not be comprehensive. Combined with the simulation results and the change in soil internal temperature in each irradiation time period, a rectangular area of 160 × 120 mm composed of 12 temperature sensors was studied as the effective operating range of the microwave unit. Figure 25 is a schematic diagram of the soil model irradiated by microwaves. First, the soil at a depth of 20 cm in the area is divided into 20 layers, each with a height of 1 cm. Then, 12 sensors are used to obtain the soil temperature inside the effective irradiation area during the microwave irradiation period of 1~12 min. Finally, the temperature values of the soil temperature test points of each layer are averaged to obtain the average layer temperature    T ¯   n; the calculation method is shown in Equation (6).


     T ¯   n  = (  T  b g   +  T  b h   +  T  b i   + …  T  d j   ) /   12    ( n = 1 , 2 , 3 … 20 )  



(6)







In the equation,    T ¯   n is the average temperature of the soil layer, n is the soil layer number, and Tbg, Tbh, Tbi... Tdj correspond to the temperature values obtained by the 12 sensors in the rectangular irradiation range, as shown in Figure 24. Soil depth and microwave irradiation time are used as independent variables, and the average temperature of each soil layer Tn is used as a dependent variable. The variation law of the internal temperature of loess and black soil with irradiation time and soil depth was obtained by constructing a three-dimensional surface, as shown in Figure 26 and Figure 27. The figure intuitively reflects the internal temperature of the loess and black soils in the 1–20 cm soil layer when the soil moisture content is 10%, 15%, 20%, and 23%. The soil temperature of loess and black soil is higher than that of other water-bearing soils when the water content is 10%, and lower than that of other water-bearing soils when the water content is 23%. When the soil moisture content is constant, the soil temperature increases with the increase in microwave irradiation time, and both soils maintain a high soil temperature in the 10~15% moisture range. The soil temperature outside this range shows a decreasing trend with the increase or decrease in soil moisture content. When the microwave soil was irradiated to 12 min, the maximum average temperature was obtained in the soil layer of 10% water-bearing loess and Northeast black soil. The maximum temperature of loess was 94 °C, which was measured in the soil layer of 3 cm. The highest temperature of black soil was 100.04 °C, which was measured in the soil layer of 4 cm.



Gaussian equation fitting was performed on the three-dimensional surface, and the temperature fitting surfaces of “irradiation time–soil depth” for loess and black soil, as shown in Figure 28 and Figure 29, were obtained. The parameters in the surface equation and their extreme points are shown in Table 3 and Table 4. It can be seen from the fitted surface that the position of the highest temperature inside the two soils approaches the soil surface with the increase in soil moisture content, from 5~6 cm in 10% soil moisture content to 1~2 cm in 23% soil moisture content. Through the surface fitting equation of the change in soil internal temperature with irradiation time and soil depth, the average temperature    T ¯   n of any layer inside the soil of North China loess and Northeast black soil of 1~20 cm can be obtained within the microwave irradiation time of 1~12 min. Accordingly, the microwave soil irradiation time can be used to determine whether the interior of the soil layer has reached the lethal temperature of pathogenic bacteria, insects and grass seeds in the process of microwave soil disinfection.



The effectiveness of microwave soil disinfection is generally measured by the lethality of soil pathogens, harmful insects and grass seeds within the affected area [46]. In order to explore the overall soil temperature change within the 20 cm plow layer under microwave irradiation, the temperature is analyzed in the whole cuboid in the soil model of Figure 25 (volume of 16 × 12 × 20 cm), and the average temperature in the area is defined as    T ¯   α. The calculation method is shown in Equation (7). First, the soil temperature of each layer in different irradiation periods is averaged to obtain the average layer temperature    T ¯   n. The    T ¯   1~   T ¯   20 values were added and averaged to obtain the average soil temperature    T ¯   α in the irradiated area of the cuboid. Figure 30 shows the average soil temperature Ta in the loess and black soil irradiation areas after microwave irradiation for 1~12 min, which is positively correlated with the irradiation time. With the increase in soil moisture content, the average temperature    T ¯   α of black soil decreases, that is,    T ¯   α 10% >    T ¯   α 15% >    T ¯   α 20% >    T ¯   α 23%. Figure 30 shows that the average temperature of some loess is therefore slightly higher than that of black soil when the moisture content is 15% and 20%. However, in most cases, the average temperature in the irradiated area of Northeast black soil is generally higher than that of North China loess, that is,    T ¯   α black soil >    T ¯   α loess.


     T ¯   α  = (    T 1   ¯  +    T 2   ¯  +    T 3   ¯  + …    T  20    ¯  ) / 20  



(7)







The microwave irradiation time and soil moisture content were used as independent variables, and the average soil temperature    T ¯   α in the irradiation area was used as the dependent variable to draw a three-dimensional surface; the surface equation is shown in Table 5. Figure 31 shows the soil internal temperature when the moisture content of loess and black soil is 10%, 15%, 20% and 23% after microwave irradiation for 1~12 min. Among them, in the 12 min irradiation condition, the maximum temperature of loess in the microwave irradiation range is 69 °C (with a soil moisture content of 20%) and the average maximum temperature of black soil is 74 °C (with a soil moisture content of 10%) To explore the variation law of the internal temperature of the irradiated area of the soil with the irradiation time and soil moisture content, the three-dimensional surface given in Figure 31 was fitted, as shown in Figure 32; the corresponding fitting surface equation is given in Table 4. The temperature fitting surface of “irradiation time–soil depth” obtained above is the same as the temperature fitting surface of loess “irradiation time–soil water content”, which satisfies the same Gaussian mathematical model.



In Figure 32, the maximum loess temperature in the three-dimensional fitting surface is 14.63%, 12, 67.28, and the black soil is 10%, 12, 70.35; that is, the loess in the curved surface obtained the maximum average soil temperature of 67.28 °C under 12 min microwave irradiation and a moisture content of 14.63%, and the black soil obtained the maximum average soil temperature of 70.5 °C under 12 min microwave irradiation and 10% moisture content. According to the change in the internal temperature of the loess fitting surface with the soil moisture content in Figure 32, the law can be drawn as follows:    T ¯   α 15% >   T ¯   α 20% >   T ¯   α 10% >   T ¯   α 23%. This also confirms the abovementioned relationship of the internal temperature of black soil with soil moisture content accuracy. Taking the soil temperature (Z axis) as a reference and comparing the temperature fitting surfaces of black soil and loess in Figure 32, it can be concluded that the temperature fitting surface of black soil is above the loess, that is, the average temperature of black soil is generally higher than that of loess. According to the obtained “irradiation time–soil depth” temperature fitting equation of North China loess and Northeast black soil, the soil temperature    T ¯   α after microwave irradiation for any period of time within the conventional water content range can be obtained to analyze the soil temperature of microwave soil under different working conditions.



Large populations of soil pests, phytopathogenic fungi, and bacteria can reach inactivation conditions at 60 °C. When the temperature surpasses 71 °C, all plant pathogenic fungi and bacteria can be killed, which also includes most plant viruses; the inactivation conditions of grass seeds are relatively high (80 °C) [47]. In a study of the microwave inactivation of Echinochloa crus. galli (L.) P. Beauv., a problematic weed in global rice regions, increasing soil temperature to 79.6 °C reduced its germination rate by 80–100% [48]. In general, 5 min of microwave irradiation can cause a high temperature of 92 °C to be reached [49], which is very similar to the test point temperature of 93.7 °C (10% black soil, 4 cm) obtained in this paper for 5 min. With increasing irradiation time, the soil temperature also increases. The microwave system with a power of 4 kW applied in agricultural microwave soil disinfection can cause the soil temperature to exceed 100 °C within an irradiation time of 15 min [50]. In this study, the maximum temperature of the 6 min irradiation test point was 100.5 °C (10% black soil, 4 cm), but this only represents the local temperature around the test point. When the irradiation time reached 12 min, the maximum temperature of the soil layer was 100.04 °C (10% black soil, the average temperature within the 4 cm depth irradiation range), and the average temperature    T ¯   α within the 20 cm depth range was 74 °C (10% black soil). All plant pathogenic fungi and bacteria in the soil were killed. In field production, the most suitable soil depth for the germination of most weed seeds is 1–4 cm, and the germination of grass seeds is extremely low when the soil depth exceeds 6 cm [51]. In the test, 12 min irradiation conditions can kill grass seeds with a soil depth of more than 10 cm, which also confirms the feasibility and effectiveness of microwave irradiation in soil disinfection. When microwave units are installed in large soil disinfection equipment, the number of microwave units is generally matched according to the power of the power system, and they are placed in an orderly manner to ensure the adequacy of microwave soil disinfection [52].



Long-Term Microwave Action Soil Irradiation Depth Test Results


In the test, the depth at which the loess was clearly dry was 9.5 cm, and for the black soil it was 9 cm. Under the same irradiation conditions, the observed drying depths of loess and black soil at 20% soil moisture content are 7 and 7.5 cm, respectively, as shown in Figure 33. This does not, however, represent the working depth that can only be achieved by microwave irradiation. The drying depth of the soil after microwave irradiation directly reflects the influence of the soil moisture content on the soil internal temperature. Figure 34 and Figure 35 show the visible drying depth of the soil after microwave irradiation for 1–12 min. When the microwave irradiation time is the same, the visible irradiation depth of loess and black soil satisfies Depth23% < Depth20% < Depth15% < Depth10%. The difference in drying depth between loess and black soil under the same experimental conditions is mainly caused by the differences in soil composition and thermal conductivity.



The unique penetrability of microwaves causes the maximum temperature of the soil after irradiation to appear at a depth of several centimeters from the soil surface. The location of the maximum temperature in the microwave soil irradiation test mainly depends on the soil moisture content. Figure 36 and Figure 37 show the depths of the maximum temperature test points of loess and black soil in the soil model under 10%, 15%, 20% and 23% moisture content. The maximum temperature points of loess under four moisture contents are 3.8, 3.5, 3.3 and 2.4 cm away from the soil surface, respectively, and the maximum temperature points of black soil are 3.6, 3.1, 2.6 and 2.2 cm (average depth). With the increase in soil moisture content, the highest temperature point collected under the same irradiation time became closer to the soil surface.



Figure 38 and Figure 39 show the average maximum temperature    T ¯   n max of the loess and black soil layers at the soil depth. The same rule is satisfied: as the soil moisture content increases, the location of the maximum temperature approaches the soil surface. When the soil moisture content was 10%, 15%, 20%, and 23%, the average maximum temperature    T ¯   n max of the loess layer after microwave irradiation appeared at 3.9, 3.6, 3.3, and 2.4 cm below the soil surface, and in the black soil it appeared at 4.0, 3.3, 2.75, and 2.3 cm, respectively. The position of the maximum temperature    T ¯   max of the test point is similar to the position of the average maximum temperature    T ¯   n max of the soil layer. Therefore, the treatment range determined in this paper is in line with the law of microwave soil heating. Compared with the short-term 10~60 s microwave irradiation test, the maximum temperature of loess with 10% and 20% water content appeared at 3.5 cm and 2.16 cm from the soil surface, respectively. The depth was slightly smaller than that of the long-term microwave irradiation under the same water content, which was mainly the result of the long-term microwave irradiation and soil heat conduction [53].



After 1~12 min of microwave soil irradiation, the soil in the irradiation range absorbs energy, and the water evaporates. With increasing irradiation time, the depth of the soil gradually dries, and the color is clearly lighter than that of the normal water-bearing soil. After 1~12 min of microwave soil irradiation, the soil in the irradiation range absorbs energy, and the water evaporates. As the irradiation time increased, the deeper soil gradually dried. Compared with normal water-bearing soil, the color is clearly lighter. The overall dry area of the soil presents an inverted cone shape. This is the result of microwave action and soil heat conduction, which is consistent with the soil model temperature simulation results presented in this paper. The skin effect is unavoidable in the process of microwave soil disinfection, so the penetrability of microwaves is not infinite, resulting in a maximum temperature value in the soil under the action of microwaves, which often appears a few centimeters below the surface [54]. The penetration degree of microwaves during soil irradiation depends on the soil loss factor ε″, which can be expressed by Equation (8) as:


  ε = ε ′ − j ε ″ ,  



(8)




where ε is the complex permittivity, ε′ is the permittivity, ε″ is the dielectric loss factor, and the value of j is      − 1     .



In the process of microwave soil irradiation, the greater the loss factor of the soil, the greater the conversion of microwave energy to heat energy, and the shallower the soil depth [55,56]. The values of the dielectric properties of soil can vary depending on factors such as frequency, water content, density, and temperature [57,58,59]. When the soil water content is the only variable, the loss factor ε′′ increases as the soil water content increases, and it becomes more difficult for microwaves to act at greater depths inside the soil. When 10~23% water-bearing soil is irradiated by microwaves for 1~12 min, the evaporation quality of the soil water is between 17 and 135 g, and approximately 10 g of water is lost per min of microwave irradiation on average. The dissipation of water leads to a slight decrease in the soil loss factor ε′′, but it is beneficial to the penetration of microwaves for soil disinfection operations [60]. For microwaves in the frequency range of 0.9 to 3 GHz, the dielectric parameter ε′ of soil can be considered constant in agricultural production. The variability of the complex permittivity ε in the studied frequency range is much lower than the various factors considered, and the effect of soil drying during irradiation is generally negligible [61].






4. Conclusions


In the experimental study of microwave irradiation on the soil surface, given the same soil moisture content and microwave irradiation time, the surface temperature of black soil irradiated by microwaves is higher than that of loess, and the soil surface temperature and moisture content have a positive correlation. Among them, the soil moisture content, microwave irradiation time and soil type are the main factors affecting the microwave soil heating law. The experiment first explores the heating law of the soil surface. Due to the evaporation of soil moisture during the irradiation process, the soil surface under the waveguide presents a circular area. As the irradiation time increases, the diameter of the circular area approaches the long side of the rectangular waveguide port. The thermal map collected by the infrared sensor and the soil surface temperature map in the simulation also reflect the same law. The relationship between the diameter (R) of the irradiated area on the soil surface and the soil moisture content is Rsurface23% > Rsurface20% > Rsurface15% > Rsurface10%. The surface temperature law of North China loess and Northeast black soil is Tsurface23% > Tsurface20% > Tsurface15% > Tsurface10%. The maximum soil surface temperature of black soil was higher than that of loess at the four soil moisture contents. Using the PT100 temperature sensor matrix to obtain the soil temperature of the 20 cm plow layer, it was found that the highest temperature induced by microwaves in the soil occurs inside the soil, not on the surface. The unique penetration of microwaves makes the highest temperature of the soil test point often appear 3~4 cm away from the soil surface. The internal temperature value of the soil is proportional to the irradiation time. When the microwave irradiation time is the same, the relationship between the soil depth at which the maximum temperature value of the loess and black soil occurs and the soil moisture content is: Depth23% < Depth20% < Depth15% < Depth10%. As the soil moisture content increases, the maximum temperature of the soil approaches the soil surface. Combined with the simulation results and the change in soil internal temperature in each irradiation time period, the central cube area of 160 × 120 mm × 20 mm was determined as the effective operating range of the microwave unit. As stated, it is not comprehensive to study only the highest temperature obtained by the sensor in microwave soil disinfection. In this paper, the method of stratification in the microwave effective operating range is used to analyze the average temperature    T ¯   n of the layer, and it is found that the position of the maximum temperature    T ¯   n max of the layer is very similar to the position of the maximum temperature    T ¯   n max of the test point. Through the fitted temperature surface of “irradiation time–soil depth”, the average temperature Tn at each depth in the 20 cm cultivated layer of North China loess and Northeast black soil can be obtained after 1~12 min of microwave irradiation. The effectiveness of soil disinfection is generally measured by its lethality for soil pathogens, harmful insects and grass seeds. The average temperature of the 20 cm deep soil irradiation area is    T ¯   α. In the 12 min microwave soil irradiation test, the maximum temperature reached for loess is 69 °C, obtained in soil with a moisture content of 20%; the temperature of black soil is 74 °C, obtained in soil with a moisture content of 10%. The “irradiation time–soil moisture content” temperature surface is fitted, and the extreme point of the surface shows that the soil moisture content when the average temperature of the irradiation area reaches the maximum value is 14.63% (loess) and 10% (black soil). The variation law of the average temperature Tα in the irradiation area with the soil moisture content is:    T ¯   α 15% >   T ¯   α 20% >   T ¯   α 10% >   T ¯   α 23% (loess);    T ¯   α 10% >   T ¯   α 15% >   T ¯   α 20% >   T ¯   α 23% (black soil). When the microwave irradiation conditions are the same, it generally satisfies:   T ¯   α black soil >   T ¯   α loess. According to the temperature surface equation of “irradiation time–soil moisture content”, the average temperature    T ¯   α in the irradiation area under the conventional moisture content of North China loess and Northeast black soil under microwave irradiation can be obtained, which can be used for diseases, insects and weeds in the process of microwave soil disinfection. Inactivation conditions provide some reference.
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Figure 1. Construction of the microwave simulation model. 
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Figure 2. Meshing of the microwave irradiation simulation model. 
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Figure 3. Soil temperature acquisition during the microwave irradiation test. 
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Figure 4. Surface temperature law of the microwave-irradiated soil model. 
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Figure 5. Temperature variation law of the microwave-irradiated soil model. 
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Figure 6. Acquisition of midline temperature values for the soil model. 
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Figure 7. Soil model midline temperature plot. 
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Figure 8. Soil surface of loess (left) and black soil (right) irradiated by microwaves for 12 min. 
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Figure 9. Diameter of circular area on the surface of loess irradiated by microwaves. 






Figure 9. Diameter of circular area on the surface of loess irradiated by microwaves.



[image: Agriculture 12 00909 g009]







[image: Agriculture 12 00909 g010 550] 





Figure 10. Diameter of circular area on the surface of black soil irradiated by microwaves. 
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Figure 11. Thermal image of loess surface irradiated by microwaves. 
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Figure 12. Thermal image of the surface of water-bearing black soil irradiated by microwaves. 
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Figure 13. Surface temperature of loess irradiated by microwaves. 
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Figure 14. Surface temperature of black soil irradiated by microwaves. 
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Figure 15. Comparison of surface temperature between loess and black soil. 
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Figure 16. Heatmap of the internal temperature of 10% loess under microwave irradiation. 
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Figure 17. Heatmap of the internal temperature of 10% black soil under microwave irradiation. 
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Figure 18. Heatmap of the internal temperature of 15% loess under microwave irradiation. 
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Figure 19. Heatmap of the internal temperature of 15% black soil under microwave irradiation. 
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Figure 20. Heatmap of the internal temperature of 20% loess under microwave irradiation. 
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Figure 21. Heatmap of the internal temperature of 20% black soil under microwave irradiation. 
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Figure 22. Heatmap of the internal temperature of 23% loess under microwave irradiation. 
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Figure 23. Heatmap of the internal temperature of 23% black soil under microwave irradiation. 
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Figure 24. Effective area division of the microwave-irradiated soil surface. 
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Figure 25. The division of the overall effective area of the microwave-irradiated soil model. 
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Figure 26. Variation in the internal temperature of loess with irradiation time and soil depth. 
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Figure 27. Variation in the internal temperature of black soil with irradiation time and soil depth. 
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Figure 28. Fitting surface of the loess internal temperature with irradiation time and soil depth. 






Figure 28. Fitting surface of the loess internal temperature with irradiation time and soil depth.



[image: Agriculture 12 00909 g028]







[image: Agriculture 12 00909 g029 550] 





Figure 29. Fitting surface of black soil internal temperature with irradiation time and soil depth. 
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Figure 30. Average soil temperature (   T ¯   α) in the microwave-irradiated area of the soil. 
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Figure 31. Variation in internal temperature in the soil irradiation area with irradiation time and soil moisture content. 
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Figure 32. Fitting surface of the internal temperature of the soil irradiation area with the time of irradiation and soil moisture content (“irradiation time–soil moisture content” temperature surface). 
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Figure 33. Soil surface and visible drying depth of 20% water-bearing loess and black soil after 12 min of microwave irradiation. 
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Figure 34. Visible drying depth of North China loess. 
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Figure 35. Visible drying depth of Northeast black soil. 
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Figure 36. The maximum temperature    T ¯   max of the loess internal test point. 
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Figure 37. The maximum temperature    T ¯   n max of the black soil internal test point. 
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Figure 38. The location of the average maximum temperature    T ¯   n max of the loess layer. 
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Figure 39. The location of the average maximum temperature    T ¯   n max of the black soil layer. 
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Table 1. Main parameter settings of microwave soil irradiation temperature field simulation.
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	Simulation Parameters
	Value (Unit)
	Simulation Parameters
	Value (Unit)





	Soil domain length (L1)
	30 [cm]
	Conductivity
	0 (S/m)



	Soil domain width (L2)
	30 [cm]
	Dielectric loss factor (ε″)
	0



	Soil domain height (H)
	20 [cm]
	Air relative permittivity
	1



	Waveguide to soil distance (gap)
	5 [cm]
	Meshing maximum element size
	C_const/frequency/4



	Incident frequency (frequency)
	2.45 [GHz]
	Meshing minimum element size
	0.1



	Transmit power (power)
	2000 [W]
	Meshing maximum element growth rate
	1.5



	pml thickness (t_pml)
	5 [cm]
	Curvature factor
	0.6



	Relative permeability (μr)
	1
	Narrow area resolution
	0.5



	Soil thermal conductivity (k_iso)
	0.6 [m·k]
	Soil moisture content (M)
	0.11



	Soil constant pressure heat capacity (Cp)
	900 [J/(kg·k)]
	Density (ρ)
	1220 [kg/m3]



	The mass fraction of water in the soil
	Re (eps)
	The mass fraction of water in the soil
	Im (eps)



	0.021
	2.99297
	0.021
	0



	0.168
	6.23886
	0.168
	0.76203



	0.19
	9.63988
	0.19
	1.10192



	0.248
	17.146
	0.248
	1.89194



	0.292
	23.63777
	0.292
	3.62815



	0.335
	26.90753
	0.335
	5.08877
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Table 2. Main equipment and materials of the microwave soil irradiation test bench.
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Equipment (Material)

	
Specification (Model)

	
Quantity

	
Manufacturer

	
Microwave Soil Irradiation Test Bench






	
Magnetron

	
2 M 362

	
1

	
LG, Seoul, Korea

	
 [image: Agriculture 12 00909 i001]




	
Waveguide

	
30 × 12.5 × 4.5 cm

	
1

	
MEGMEET Electric Co., Ltd., Shenzhen, China




	
Microwave frequency conversion power supply

	
WepeX-1000B

	
1

	
MEGMEET Electric Co., Ltd., Shenzhen, China




	
Microwave controller

	
WepeX-C1

	
1

	
MEGMEET Electric Co., Ltd., Shenzhen, China




	
Power display meter

	
D69-2049

	
1

	
Elecall Electric Co., Ltd., Shenzhen, China




	
Fixture

	
100 × 60 × 60 cm

	
1

	
Self-made




	
Acrylic box

	
30 × 30 × 30 cm

	
1

	
Hualian Acrylic Factory, Xiamen, Fujian, China,




	
Soil

	
2.25 × 10−2 m3

	
-

	
Self-collection




	
Movable lift platform

	
46 × 32 × 20 cm

	
1

	
Karlon Hardware Store, Jiaxing, Zhejiang, China




	
Infrared thermal imager

	
Testo 865

	
1

	
Testo AG, Germany




	
Temperature sensor

	
PT100

	
30

	
Senxtee Electric Co., Ltd., Hangzhou, China




	
Signal acquisition module

	
DS18B20

	
4

	
Senxtee Electric Co., Ltd., Hangzhou, China
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Table 3. Surface fitting equation of the change in the internal temperature    T ¯   n of the soil layer with the irradiation time and soil depth (“irradiation time–soil depth” temperature fitting surface equation, the number after “±” represents the parameter range).






Table 3. Surface fitting equation of the change in the internal temperature    T ¯   n of the soil layer with the irradiation time and soil depth (“irradiation time–soil depth” temperature fitting surface equation, the number after “±” represents the parameter range).





	
Equation

	
      T n   ¯  =  z 0  + Aexp  {  −  1 2  (   x −  x c     ω 1     ) 2  −  1 2  (   y −  y c     ω 2     ) 2   }    




	
Parameters

	
z0

	
A

	
xc

	
ω1

	
yc

	
ω2

	
R2




	
Soil moisture content of loess/%

	
10

	
27.77206 ± 0.58904

	
64.3469 ± 1.34936

	
4.74245 ± 0.09999

	
5.43662 ± 0.13654

	
12.54015 ± 0.40527

	
6.44588 ± 0.28604

	
0.96782




	
15

	
26.44759 ± 1.05091

	
63.44349 ± 1.24698

	
5.58985 ± 0.11612

	
6.35822 ± 0.19674

	
11.65806 ± 0.33563

	
6.38847 ± 0.29611

	
0.9564




	
20

	
26.0145 ± 0.80595

	
61.09687 ± 0.91617

	
4.97283 ± 0.1123

	
5.66393 ± 0.16698

	
10.56247 ± 0.23881

	
5.94615 ± 0.23518

	
0.9573




	
23

	
24.0885 ± 0.73671

	
58.92115 ± 1.56181

	
2.66982 ± 0.26274

	
6.49518 ± 0.27156

	
12.56472 ± 0.56986

	
7.22563 ± 0.42097

	
0.95647




	
Soil moisture content of black soil/%

	
10

	
26.55192 ± 1.07152

	
70.99927 ± 1.45919

	
5.65879 ± 0.10169

	
6.58442 ± 0.17942

	
12.39321 ± 0.38395

	
6.99546 ± 0.31257

	
0.96756




	
15

	
27.32122 ± 1.15636

	
59.66404 ± 1.12672

	
5.6307 ± 0.11883

	
6.55357 ± 0.21495

	
10.85128 ± 0.26614

	
6.36138 ± 0.2773

	
0.95385




	
20

	
23.54104 ± 0.97546

	
61.01984 ± 1.00369

	
4.22685 ± 0.15539

	
6.68197 ± 0.22432

	
10.81245 ± 0.27616

	
6.73701 ± 0.27937

	
0.96293




	
23

	
24.40695 ± 0.62829

	
64.38545 ± 1.04298

	
3.59239 ± 0.14632

	
5.19025 ± 0.16753

	
11.13109 ± 0.33009

	
6.19061 ± 0.28187

	
0.95807
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Table 4. The extreme points in the surface equation of the change in the internal temperature of the soil layer with irradiation time and soil depth.
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Soil Moisture

Content

	
X

(Irradiation Time)

	
Y

(Soil Depth)

	
Z

(   T ¯   )






	
Loess

	
10%

	
12.54015

	
4.74245

	
92.11896




	
15%

	
11.65806

	
5.58985

	
89.89108




	
20%

	
10.56247

	
4.97283

	
87.11137




	
23%

	
12.56472

	
2.66982

	
83.00965




	
Black soil

	
10%

	
12.39321

	
5.65879

	
97.55119




	
15%

	
10.85128

	
5.6307

	
86.98526




	
20%

	
10.81245

	
4.22685

	
84.56088




	
23%

	
11.13109

	
3.59239

	
88.79240











[image: Table] 





Table 5. Irradiation time–soil moisture content temperature surface equation.
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Surface Fitting Equation (Loess)

	
Surface Fitting Equation (Black Soil)






	
     T ¯    ∂   loess   =  z 0  + Aexp  {  −  1 2  (   x −  x c     ω 1     ) 2  −  1 2  (   y −  y c     ω 2     ) 2   }    

	
     T ¯    ∂    black   soil    =  z 0  + 0.25 B  [  1 + erf  {    x − C    2  D    }   ]   [  1 + erf  {    ( y − E )    2  F    }   ]    




	
Parameters

	
z0

	
−15.8487 ± 31.86192

	
z0

	
−15.77101 ± 22.18914




	
A

	
84.52756 ± 32.70872

	
B

	
90.89622 ± 23.03721




	
xc

	
14.4657 ± 1.64587

	
C

	
−0.6273 ± 2.0709




	
ω1

	
13.48069 ± 4.55263

	
D

	
6.97897 ± 1.22299




	
yc

	
0.15286 ± 0.00208

	
E

	
0.33741 ± 0.03576




	
ω2

	
0.14603 ± 0.03564

	
F

	
−0.11324 ± 0.02257




	
R2

	
0.97199

	
R2

	
0.98244




	
     T ¯  α    

	
     T ¯    α   loess 15 %   >   T ¯    α   loess 20 %   >   T ¯    α   loess 10 %   >   T ¯    α   loess 23 %     

	
    T ¯  α   

	
     T ¯    α    black   soil  10 %   >   T ¯    α    black   soil  15 %   >   T ¯    α    black   soil  20 %   >   T ¯    α    black   soil  23 %     




	
1 < x < 12, 0.1 < y < 0.23
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