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Abstract

:

The base of solar collector systems is usually installed in soil that contains moisture. In cold regions, due to the low ambient temperature, the moisture in the soil freezes, creating a risk of frost heave. This study analyzed the frost heave mechanism of power transmission and transformation foundation, clarified the factors affecting soil frost heave and the way to solve soil layer frost heave, and proposed the use of heat transfer elements to pre-frozen soil layers to prevent the foundation of the solar collector system from freezing. A numerical model of the ground heat exchange pipes in soil was established. The effects of different soil types, soil moisture content, and the effective radius and operating time on the heat transfer performance of the system were investigated by the verified numerical model. The results show that the heat pipe pre-freezing technology can reduce the drop in soil temperature, thereby increasing the temperature difference between the ground heat exchange pipe and the far-field soil. In terms of the ability to delay the decline in soil temperature, reducing the water content and selecting certain clays can increase the degree and speed of the drop in soil temperature.
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1. Introduction


With the rapid development of the economy and society, the energy problem is increasingly apparent [1,2]. As a new green energy, solar energy has been widely used in various fields [3,4,5]. However, the pile foundation of solar collectors is affected by frost heaving, which limits its development in cold regions. Especially in northeast China, a significant portion of the soil is seasonally frozen soil. Ground surface soil has continually frozen and thawed due to climate change, and the buried bracket of solar collectors can be damaged by frozen soil during cold climates [6,7]. The continuously repeated deformation of the solar bracket can shorten the running life, but it can also affect the stability of the solar collector system [8,9].



Heat pipe technology is an efficient heat transfer method that can transfer heat over long distances with minimal heat loss. When the heat pipe is buried in the foundation, cold energy is brought into the unfrozen soil, and a frozen area is formed around the heat pipe by using the solidification of the working medium in the soil [10]. Forming a freezing zone and maintaining a certain freezing strength can effectively cut off the passage of rising water and can achieve the purpose of eliminating the destructive effect of soil frost heave in the foundation [11]. Zheng et al. [12] established a numerical model to simulate ground deformation during the construction of the artificial freezing method and verified the effectiveness of the model by comparing the calculation results with the experimental data. Hu et al. [13] advanced a novel antifreeze heating method, using a ground source heat pump to provide heat to reduce the freezing damage of embankments in frigid regions. The results showed that roadbed frost heave could be quickly dealt with by deploying a direct expansion embankment ground source heat pump to heat the roadbed, with the influence radius being 0.87 m on the first day and 2.03 m on the fifth day. According to the on-site monitoring data, Tian et al. [14] revealed that the subgrade settlement was mainly caused by the melting and consolidation of warm permafrost. To guarantee the standing thermal stability of the embankment and to alleviate the uneven settlement of the pavement, inclined heat pipes should be installed under the subgrade. Gao et al. [15] developed a three-dimensional coupled heat transfer model of the two-phase closed thermal siphon to analyze the heating function of a two-phase closed thermosyphon of the embankment at the seasonal permafrost area of the high-speed railway. The results showed that heating two-phase closed thermosyphons could effectively adjust and improve the ground temperature of the embankment, and the frozen soil depth of the base course was reduced by 1.48 m. Vitel et al. [16] developed an artificial freezing method numerical model to couple the frozen pipe with the surrounding soil, without requiring external temperature or pipe wall flux data to predict surface temperature evolution. Huang et al. [9] presented an improved method for the layout of frozen pipes, which optimized the position of frozen pipes around the circular tunnel. After optimization of the model, the freezing time of pipes was reduced by 70 days. Qi et al. [17] investigated an artificial freezing test to study the thermal state and frost heave law during the freezing process under seepage. The results indicated that frost heave increased with the increase in seepage velocity in the freezing range. Na et al. [18] proposed a stable thermal-hydro-mechanical model to study the phase transition of frozen porous media under finite deformation. The model-simulated consolidation was caused by thawing under geometrical nonlinear conditions. Based on the above research studies, the application of heat pipe technology to solve the frost heave of the equipment foundation has achieved satisfactory results [19,20,21].



Due to the influence of factors such as the heterogeneity of the soil, the coupled heat exchange between the heat pipe and the soil freezing, and the uncertainty of climate change, the thermal analysis of the frost heave process is complicated, but the effect still lacks in-depth investigation [22,23]. Bai et al. [24] presented a two-phase thermomechanical-coupled model to investigate the effects of cooling temperature and water content on water vapor migration and deformation in soil. They found that the critical initial water content appears between 18.71% and 24.03%, that vapor migrates prominently, and that frost heave develops slowly when the initial water content is lower than the critical value. Bai et al. [25] investigated experiments on the frost-heaving characteristics of unsaturated silty clay. They found that during the phase transition process, there was a mixed removal of water and vapor in the soil, and a bit of ice would form at the top of the sample, while isolated ice would form in frozen unsaturated soil with enough liquid water at the edge of the condensation. Lu et al. [26] investigated experimental studies on the variation of water content, hydrothermal boundary, surface temperature, and matric suction under various soil types. The results indicated that different soil types affected the permafrost upper limit, soil temperature, and volume of unfrozen water content. Stuurop et al. [27] studied the theoretical control of different soil types on frozen soil infiltration through a numerical model of frozen soil infiltration, which indicated that the freezing of percolated water especially hindered infiltration. Based on the Mann–Kendall trend analysis, Hurst index, and Sen’s slope analysis, Xu et al. [11] investigated the characteristics of the phase transition state of different types of soil in a frigid region, and the results showed that different climates and different soil types had an impact on soil freeze–thaw. Lu et al. [28] conducted experimental studies on the characteristics of freeze–thaw deformation and the various rules of matric suction. The results showed that the freeze–thaw deformation and matric suction had similar variation trends in the freeze–thaw process; however, the change in volume of unfrozen water content had an obvious effect on the suction of the matrix. Zhang et al. [29] investigated the hydrothermal characteristics of frozen heave of saturated silty clay through experimental studies. The results indicated the critical influence of hydrothermal characteristics on the frost heave of saturated silty clay, but increasing the pressure during the phase change process would slow down the frost heave. Wang et al. [30] investigated open frost heaving tests on various types of soil to analyze the influence of different soil types on soil frost heaving characteristics. They found that the frost heaving coefficient of fine-grained soil had a critical impact on the soil frost heaving coefficient, while that of coarse-grained soil was mainly affected by mud content.



In severe cold areas, the growth of outdoor solar energy infrastructure construction can bring about more engineering problems due to soil frost heave. However, there are few studies about heat pipe pre-frozen soil before frost heave in the aspect of a solar energy thermal utilization system. As a result of frost heave, the solar flat mount deformation is a common phenomenon, which leads to the tilt of the solar flat, the reduction of received solar energy, and even to damage to the mount. Therefore, strengthening the investigation on temperature variations of heat pipe pre-frozen soil is meaningful. In this paper, a simplified two-dimensional porous medium heat transfer model was established to investigate the thermal performance of ground heat exchange pipes on pre-frozen underground soil around the solar mount and the factors including soil water content and soil type. Furthermore, the effects of radial distance and long-term thermal impact on heat pipe pre-frozen soil are also presented, which provide recommendations for the choice of appositeness regions for pre-frost heave technology for solar infrastructure.




2. Method


2.1. Mathematical Model


Heat exchange between a heat pipe and the soil surrounding it is excessively complex and is affected by soil type, soil water content, freezing radial, and operation time. The digital images of the solar collector mount are shown in Figure 1. To address this complex problem, the following assumptions are proposed to predigest the heat transfer process.



	
The water in soil pores is an incompressible fluid, and convective heat transfer is ignored.



	
The soil is considered an isotropic porous medium with pores filled with water, and the volume change of water during phase transition is ignored.



	
The soil particles are rigid, and the thermophysical properties are independent of temperature.



	
The temperature of the heat pipe is constant.






As a preliminary comparative study, to save the high computational cost of the three-dimensional model, a two-dimensional model of the section where the heat pipe is located was carried out. The model only considers the transverse and longitudinal heat transfer, and only the heat transfer process on the plane was studied; therefore, it was solved using the Cartesian coordinate system [15,31]. The changes in medium owing to swelling and erosion are complex processes [32]. To simplify the calculation, the static interface in the pores was assumed. The simplified two-dimensional model is shown in Figure 2. The ground is exposed to the environment, and convection heat is an exchange with the air on the ground. The buried pipeline conducts heat with the soil and the water in the soil pores. The water in the soil pores starts to solidify and release latent heat as the temperature falls below the melting point of water. The area outside the calculation boundary is not affected by the cooling of underground pipes.




2.2. Governing Equations and Boundary Conditions


As the natural convection of water in probes is neglected, only the energy equation was solved in the present work.



The governing equation can be divided into three computation regions according to phase [33].



The solid region (  T <  T s   ),


    ∂ T   ∂ τ    (  β  ρ s   c s  +  (  1 − β  )   ρ p   c p   )  =  λ  e f f    (     ∂ 2  T   ∂  x 2    +    ∂ 2  T   ∂  y 2     )   



(1)







The fluid region (  T >  T l   ),


    ∂ T   ∂ τ    (  β  ρ l   c l  +  (  1 − β  )   ρ p   c p   )  =  λ  e f f    (     ∂ 2  T   ∂  x 2    +    ∂ 2  T   ∂  y 2     )   



(2)







The two-phase region (   T s  < T <  T l   ),


    ∂ T   ∂ τ    (  f β  ρ l   c l  +  (  1 − f  )  β  ρ s   c s  +  (  1 − β  )   ρ p   c p   )  =  λ  e f f    (     ∂ 2  T   ∂  x 2    +    ∂ 2  T   ∂  y 2     )  + β L   ∂ f   ∂ τ    



(3)






   λ  e f f   = β  (  f  λ l  +  (  1 − f  )   λ s   )  +  (  1 − β  )   λ p   



(4)




where T is temperature, τ is time, and β is porosity. Ρ, c, and λ represent the density, specific heat capacity, and thermal conductivity, respectively. λeff stands for the integrated thermal conductivity of the soil. L indicates the latent heat. Meanwhile, the subscripts p, s, and l stand for the soil, and water in solid and liquid, respectively.



L and λeff represent the latent heat of the water and the average thermal conductivity. F is the liquid phase rate, characterizing the proportion of liquid components in the phase change process of water, which can be defined as [33]:


  f =  {     0        T −  T S     T L  −  T S         1                          T <  T S         T S  < T <  T L        T >  T L       



(5)




where TS and TL are the melting temperature and freezing temperature of the water, respectively.



Initial condition:


  T =  T 0   (  x , y  )   



(6)







Boundary conditions:


   y = 0       − λ   ∂ T  (  x , y , τ  )    ∂ y    |    y = 0   =  h w   (   T a  −     T  (  x , y , τ  )   |    y = 0    )    



(7)






   z = H         ∂ T  (  x , y , τ  )    ∂ y    |    y = H   = 0   



(8)






   x = d / 2       T  (  x , y , τ  )   |    x = d / 2   =  T 1    



(9)






   x = R              ∂ T  (  x , y , τ  )    ∂ x    |    x = R   = 0   



(10)




where Ta and T0 stand for the ambient temperature and the temperature of an outer surface of the heat pipe, respectively.   d     is the diameter of the heat pipe.     h w      represents the comprehensive convective heat transfer coefficient between the ambient and ground surface.




2.3. Solution and Validation of the Model


In the present work, the simulation was differentiated using an implicit format and was solved iteratively with second-order accuracy. The computational region is divided into several finite volumes by the structured mesh of ICEM software. Through the grid independence test, the models with 26,789, 60,300, and 107,065 grids were tested for grid independence. The calculation results are shown in Figure 3a. The calculation results of models with 60,300 and 107,065 grids are consistent, and thus, the model with 60,300 grids was selected for calculation. The generated grid diagram is shown in Figure 3b. FLUENT2021 was used to solve the calculation, in which the finite volume method was used to discretize the mathematical equation, and the second-order precision implicit method was used for iterative calculation. To ensure the reliability of the calculation results, the convergence criterion was 10−6. The buried depth of ground heat exchange pipes (GHEPs) was 1 m, while the temperature of the heat pipe was set to 250 K. The air temperature and combined convective heat transfer coefficient of the ground surface were 268 K and 23.2 W/(m·K), respectively. The parameters of the materials are shown in Table 1.



The numerical procedure for heat transfer of GHEPs was compared with the experimental results in the published literature [34] to verify the accuracy and reliability of the numerical solution. In the reference, the temperature of GHEPs is 254.45 K, and the initial temperature of the soil is 296.65 K. The physical parameters of the soil are shown in Table 2. The comparison of the soil temperature at 25 mm away from the heat pipe is shown in Figure 4. It can be seen that the numerical results of the soil temperature at 25 mm away from the outer pipe wall are close to the literature data, with an average relative difference of 1.33%, which is acceptable for the current work.





3. Results and Discussion


Based on the above-established numerical simulation model of frozen soil, the heat transfer performance and soil temperature distribution of water-bearing soil under the operating conditions of GHEP were studied. To characterize the typical freezing phenomenon of the soil heat transfer, the latent heat of water was reduced for calculation. Figure 5 shows the temperature and soil temperature distributions at different locations after GHEP was run for one day. The heat pipe pre-freezing technology can reduce the rate of decreasing soil temperature, thereby maintaining the temperature difference between the heat pipe and the distant soil.



3.1. Spatiotemporal Characteristics of Soil Freezing


To obtain the spatiotemporal characteristics of soil, the heat transfer of the heat pipe under the condition of soil porosity of 0.25 was investigated. The following figures show the relationship between the GHEP radius of action and operating time. As shown in Figure 6a, the soil temperature at 0.1 m from the buried pipe decreases rapidly within a month, and with the increase in distance from GHEP, the degree of soil temperature decreasing with operation time becomes flat. Once the distance is up to 1 m, the soil temperature is no longer affected by the heat from the GHEP, indicating that the selected GHEP has a maximum influence radius within 1 m in sandy soil. In Figure 6b, the soil liquid fraction versus the distance from the GHEP is plotted. At 0.1 m from the pipe, the fraction gradually decreases until it reaches 0 after operating for 1 day. At 0.3 m from the GHEP, the soil liquid fraction starts to decrease at about two runtimes, and fewer changes in the soil liquid phase rate occur when the pipe is 0.5 m or farther from the GHEP in the first week. As the position becomes closer to the GHEP, the phase state of the water changes dramatically with time. It was found that the liquid fraction is an effective parameter for judging GHEP mitigation of soil freezing, and complete freezing happened only within 0.5 m from the GHEP in soil within 10 days.



Figure 7 shows that the soil temperature after one month of operation was 250 K for the freezing region and 275 K for the unfreezing region. Additional analysis reveals that after a week of operation, the temperature of the soil medium near the buried pipe gradually decreases, and an irregular cooling zone appears around the buried pipe, which diffuses over the far field from the boundaries surrounded by the soil. The temperature difference between GHEP and far-field soil is large because of the latent heat released with the water freezing, thereby attenuating the drop in soil temperature. It helps to improve the heat transfer efficiency of the GHEP, shorten the buried depth of the GHEP, and reduce the initial cost.




3.2. Effects of Soil Moisture Content on Freezing


Soil water content is one of the important parameters of soil frost heave, and Figure 8 shows the influence of soil moisture on the temperature and liquid fraction at the monitoring site during the GHEP operation time. It can be seen from Figure 8a that during the operation of GHEP, the soil temperature gradually declines in a step shape, which is due to the fact that the water in the pores releases latent heat during phase change, making its temperature gradient low. When it is completely solidified, the heat is released as sensible heat, and the temperature drops sharply. The soil temperature increased with the increase in water content during GHEP operation time. This phenomenon is attributed to exothermic water solidification, and the lower the temperature decrease, the higher the soil moisture. A similar conclusion can be demonstrated by the phase transition observed in Figure 8b, where soils with low β respond more quickly to the freezing process. In terms of the freezing process, when the water content is 0.15, the soil starts to freeze first after 1 h of operation until 4 h to complete freezing, and soils with higher β require more thermal power from GHEP. The high water content of the soil is not conducive to GHEP freezing the soil in frigid regions.




3.3. Effects of Soil Types on Freezing


In the present work, the freezing properties of different soil types with a porosity of 0.25 were studied. Figure 9a shows the influence of GHEP on the temperature field in different soil types. Based on the figure, temperature changes the most during the same period, followed by sandstone and clay temperature, which change the least. This is primarily due to the disparity in physical properties between different types of soil. It can be seen in Table 1 that clay has the lowest diffusion coefficient and thermal conductivity, resulting in weak heat transfer and small temperature changes. Sand temperatures farther away from the GHEP will drop less rapidly than other soil types due to the lower rate of thermal diffusion.



Figure 9b indicates the change in the soil liquid fraction with the GHEP cooling time under various soil types. The liquid fraction gradually decreases with the operation time, and the freezing rate has a great dependence on the soil thermal diffusion coefficient, and the degree of the freezing coefficient gradually increases with the decrease in the thermal diffusion coefficient. The reason is that the heat transfer rate of GHEP to the soil will decrease due to the decrease in thermal diffusivity of the soil, and a higher thermal diffusivity will increase the transfer of cold energy of CHEP to the soil. This means that the increase in the soil thermal diffusivity increases the rate of soil temperature drop. Therefore, the more cooling energy absorbed by the water in the soil pores, the faster the solidification, and the higher the liquid phase rate of the water in the pores. Therefore, the freezing ability of sandstone is lower than sand, and the freezing ability of clay is the worst.





4. Conclusions


In the present work, a numerical model was established to simulate and study the heat transfer performance of GHEP to the surrounding porous media with water-bearing soil. The effect of soil type and soil water content on the temperature variation characteristics and spatial–temporal distribution of soil under long-term operation in frigid regions were numerically investigated. The conclusions can be drawn as follows:



(1) For GHEP with long-term operation, since the water in soil pores can release latent heat during the solidification process, increasing the water content can slow down the rate of soil temperature drop.



(2) The action radius of GHEP is limited. The studied GHEP can unfreeze the pre-frozen soil within a radius of 0.5 m within one month of operation.



(3) Increasing soil water content is not conducive to the heat transfer of GHEP to the surrounding soil in frigid regions. The higher the soil moisture content, the warmer the surrounding of the GHEP is, and thus, the more thermal power that is required. The pre-frozen technology is more suitable for soil with low water content.



(4) The solidification rate of water in soil pores is mainly affected by the thermal diffusivity of the soil. Among the three soil types studied, sandstone was the best, and clay was the worst in terms of their ability to accelerate the drop in soil temperature.
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Figure 1. Digital images of solar collector mount (China Photovoltaic and Energy Storage Demonstration Experimental Platform, Daqing Base). 
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Figure 2. Physical model of underground soil and heat pipe. (a) 3D model; (b) simplified 2D model. 
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Figure 3. Results of grid independence verification (a) and the generated grid diagram (b). 
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Figure 4. Variability of soil temperature with time. 
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Figure 5. Typical freezing phenomenon characteristics: (a) temperature; (b) temperature distribution. 
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Figure 6. Variation of soil temperature and liquid fraction with radial distance: (a) temperature; (b) liquid fraction. 
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Figure 7. Soil temperature distribution of the calculation region for a month-long operation: (a) after 1 day; (b) after 1 week; (c) after 2 weeks; (d) after 1 month. 
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Figure 8. Variation of temperature and liquid fraction with soil porosity versus (a) temperature; (b) liquid fraction. 
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Figure 9. Variation of temperature and liquid fraction with soil types versus (a) temperature; (b) liquid fraction. 






Figure 9. Variation of temperature and liquid fraction with soil types versus (a) temperature; (b) liquid fraction.



[image: Processes 11 00051 g009]







[image: Table] 





Table 1. Thermal properties of soil matrix and water.






Table 1. Thermal properties of soil matrix and water.





	
Materials

	
Density

(kg/m3)

	
Specific Heat Capacity

(J/kg·K)

	
Thermal Conductivity

(W/m·K)

	
Thermal Diffusivity

mm2/s

	
Latent Heat (J/kg·K)






	
Clay

	
1500

	
1100

	
0.9

	
0.545

	
-




	
Sand

	
1900

	
1260

	
1.8

	
0.752

	
-




	
Sandstone

	
2500

	
1110

	
2.5

	
0.900

	
-




	
Soil

	
1500

	
1000

	
2

	
1.333

	
-




	
Water

	
1000

	
Liquid

	
4189

	
Liquid

	
0.56

	
0.131

	
333,400




	
Solid

	
2093

	
Solid

	
2.24

	
0.143
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Table 2. Material parameters in the referenced literature [34].






Table 2. Material parameters in the referenced literature [34].





	Materials
	Density

(kg/m3)
	Specific Heat Capacity

(J/kg·K)
	Thermal Conductivity

(W/m·K)
	Thermal Diffusivity

m2/day
	Porosity





	Dry sand
	2650
	1100
	0.29
	0.0198
	0.36
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