

  energies-14-06449




energies-14-06449







Energies 2021, 14(20), 6449; doi:10.3390/en14206449




Article



Research on Heat Exchange Law and Structural Design Optimization of Deep Buried Pipe Energy Piles



Zhi Chen 1, Bo Wang 1, Lifei Zheng 2,*, Henglin Xiao 1 and Jingquan Wang 1





1



Department of Road and Bridge Engineering, School of Civil Engineering, Hubei University of Technology, Wuhan 430068, China






2



Institute of Geotechnical Engineering, School of Civil Engineering and Mechanics, Huazhong University of Science and Technology, Wuhan 430074, China









*



Correspondence: zhenglifei@hust.edu.cn







Academic Editor: Angelo Zarrella



Received: 14 September 2021 / Accepted: 3 October 2021 / Published: 9 October 2021



Abstract

:

A deeply buried pipe energy pile (DBP-EP) combines the advantages of a ground source heat pump (GSHP) and an inside buried pipe energy pile (IBP-EP) and is an efficient, clean, and energy-saving technology. Based on field tests and numerical simulations, this paper explores the temperature distribution and heat exchange effects of DBP-EP under different influencing factors. The results show that when the pile-to-well ratio is approximately 0.3–0.4, the heat exchange of the energy pile obtains the best benefit; the inlet water temperature is the most significant factor affecting the heat exchange effect of the energy pile, and when combined with a reasonable pile-to-well ratio, the energy pile obtains the best heat exchange effect; the flow rate has a significant impact on the heat exchange effect of the energy pile, but needs to be set reasonably according to the pile-to-well ratio; the influence of inlet water temperature, well depth, flow rate, and pile length on the heat exchange efficiency of the energy pile is gradually weakened. The research results of this paper provide a theoretical basis for the structural design optimization of DBP-EP and promote the popularization and application of energy pile technology.






Keywords:


deeply buried pipe energy pile; temperature distribution law; pile-to-well ratio; structural design optimization












1. Introduction


Energy piles are a new shallow geothermal utilization technology in which different numbers of heat exchange tubes are embedded in the pile foundation of the building structure according to a specific form. Through the circulating flow of fluid in the heat exchange tube, heat exchange between the fluid, pile foundation and soil around the pile is realized [1,2]. This technology solves the large footprint of ground source heat pumps (GSHP) and can be constructed at the same time as the pile foundation, shortening the construction period [3]. Due to its stability, large reserves and wide distribution, shallow geothermal materials have broad application prospects in the field of building heating systems [4,5]. Existing geothermal engineering developments and applications show that when the drilling depth is 100~300 m, shallow geothermal materials can be utilized to the greatest extent, and that the heat exchange system has the lowest power consumption when the drilling depth is approximately 100 m [6]. A majority of existing energy piles adopt the method of buried pipes inside the pile foundation. The heat exchange pipe is limited by the length of the pile, and the depth of the heat exchange interval is limited, resulting in low total heat exchange and difficulty meeting the energy demand of the superstructure [7,8]. Deeply buried pipe energy piles (DBP-EP) combine the advantages of inside buried pipe energy piles (IBP-EP) and GSHPs. The GSHP heat exchange deep well is set in the middle of the pile foundation. The heat exchange pipe passes through the pile body and enters the deep well at the pile bottom (the diameter of the deep well is approximately 15 cm), reaching a depth of 100 m below the ground surface. The upper part of the heat exchange tube is wrapped by pile foundation concrete, and the lower part is wrapped by backfill [9]. The DBP-EP technology overcomes the limitation of the limited heat exchange range of the buried pipe in the pile, increases the heat exchange of the lower deep well, and improves the heat exchange of a single energy pile.



The heat exchange effect of energy piles is the key to evaluating whether it can be widely used. At present, many studies have been carried out on the heat exchange of energy piles [10,11,12,13,14,15]. Through the study on the thermal response performance of precast high-strength concrete (PHC) energy piles, it was found that longer heat exchange pipes can positively affect the heat exchange performance of energy piles under peak load conditions [16]. The heat exchange performance of the embedded single U-shaped steel pipe energy pile is slightly lower than that of the tied buried pipe energy pile [17]. When exploring the effects of different factors on the heat transfer performance of CFG piles, the heat exchange rate of CFG energy piles is directly proportional to the inlet water temperature; the heat exchange rate per linear meter in the intermittent operation mode is proportional to the continuous operation mode. It is approximately 20% higher, but the total heat exchange drops by 14% [18], based on the analysis of two project cases of Lambeth college and shell center. The results show that the heat exchange coefficient at the pile-soil interface is different between the cooling mode and heating mode and is affected by the soil properties, concrete performance and construction methods [19]. When designing a deep heat exchange well at the bottom of a traditional energy pile and analyzing the heat exchange between the pile foundation and deep well, the results show that pile foundations have a larger heat exchange radius and higher heat exchange rate per linear meter than deep wells. For the ground source heat pump model with the same heat exchange depth, the total heat exchange of DBP-EP is higher [20,21]. Field tests were carried out on the temperature field distribution of the soil around two adjacent double U-shaped buried energy piles in the Xinyang area and it was found that the heat exchange of the energy piles is a three-dimensional heat exchange feature, and that the temperature of the rock and soil changes at the end of the pile. The rock and soil lagging behind the middle area of the pile may have the possibility of unbalanced cooling and heating during long-term use. Therefore, it is recommended to appropriately increase the amount of buried pipe at the end of the pile [22,23]. Through numerical simulation, studying the effect of pile spacing and pile diameter on the heat exchange performance of pile groups through numerical simulation, the results show that the heat exchange rate of corner piles is higher than that of the center pile under pentagonal and square prism arrangements; the pile spacing should be greater than 6.8 times the pile diameter to reduce the influence of pile groups on the heat exchange capacity [24]. Based on the numerical simulation technology the temperature distribution characteristics of spiral buried pipe energy pile were studies and the results showed that when the energy pile is used for heating (cold), the buried pipe is used as the starting point, and the temperature in the pile decreases parabolically away from the buried pipe (Ascending). The main influencing factors of the temperature field distribution characteristics in the energy pile are the thermal conductivity of the backfill material and the pile diameter [25,26]. Three types of vertical pile foundation heat exchangers were simulated and it was found that the best pile foundation structure and the connection mode with the highest heat exchange efficiency under the cooling mode is W-circular, and that multiple pile foundations can obtain better heat exchange performance and efficiency by using serial connections [27]. The results of thermal response analysis of the energy pile showed that the operation mode and heat injection rate will affect the temperature change of the soil around the pile, which in turn affects the performance of the system; they also found the number of loops, the location of the pipeline and the concrete, and the thermal conductivity significantly affect the thermal interaction between the water inlet and outlet pipes [28,29]. By establishing the analysis and numerical heat exchange model of the U-shaped tube energy reactor, the Laplace method and superposition principle were used to obtain the analytical solution, and the numerical model and finite element method were used to verify the solution of the heat exchange model [30]. Although much research has been carried out on the heat exchange characteristics of energy piles, due to the complex structural types and various heat exchange media of energy piles, the heat exchange laws of energy piles with different structural types are different. DBP-EP is different from that of the embedded pipe energy pile in structure, in particular, the heat exchange medium along the depth direction is changed, the research conclusions on the heat exchange of the IBP-EP cannot be completely applied to the DBP-EP. Therefore, the heat exchange laws of DBP-EP need to be further studied.



In this paper, we carry out field tests of DBP-EP, combined with numerical simulations to supplement the heat exchange test of energy piles under various factors, analyze the temperature distribution law, explore the heat exchange performance under heating (summer) conditions, and study the heat exchange mechanism of DBP-EP. The research results of this paper will provide a theoretical basis for the structural design optimization of DBP-EP, promote the further improvement of energy pile technology, and make positive contributions to the utilization of geothermal energy.




2. Test Overview


2.1. Project Overview


The test base was located at Hubei University of Technology. The site topography was mainly composed of clay, silty clay, muddy clay, and strongly weathered argillaceous siltstone, of which the clay layer was approximately 24 m. The distribution of the soil layer is shown in Figure 1. There were two deep buried pipe energy piles in the test base, the diameter of the pile was 800 mm, and the pile lengths were 23 and 18 m, which are recorded as piles #1 and #2, respectively. After completion of pile construction, holes were drilled in the center of the pile with a hole diameter of 150 mm, a drilling depth of 100 m. The heat exchange pipe diameter was 25 mm. The double U parallel arrangement was adopted, and the distributed temperature measuring optical fiber was bound on the pipe wall. After completion, the U-shaped heat exchange pipe was put into the heat exchange well and backfilled with fine sand. In this test, we set up a water collector and separator device to control the connection of different pipelines, as shown in Figure 2; after connecting the heat exchange pipe to the water collector and separator device, the water collector and separator device were then connected with the thermal response instrument to form a circulating loop, in which the thermal response instrument can control the inlet water temperature and flow rate and monitor the process. At the same time, we used a distributed temperature sensing optical fiber monitoring system (DTS) to measure the temperature of the heat exchanger wall and analyze the temperature of the inlet and outlet water pipe changes with time, its temperature resolution can be accurate to 0.05 k and the default setting of the system is to form a temperature measuring point every 1 m along the optical fiber path to monitor and record the temperature data. At the beginning of the test, after connecting the temperature measuring optical fiber to the computer, the DTS was opened to set the temperature measuring time interval and other parameters (the temperature measuring interval was set as 5 min in this paper), after setting, the main interface of the system was entered, which displayed the temperature data of each temperature measuring point of the optical fiber at the current time and recorded the data in the background.




2.2. Test Plan


Before the test, the initial formation temperature recorded by DTS was stable at 18.5 °C. The test process is to turn on the thermal response meter to heat the fluid in the tube with constant power for 72 h, wait for 7 days to recover the ground temperature, and perform the next set of tests. During the heating period, DTS was used to measure the temperature. The effects of well depth, pile length, inlet water temperature and flow rate on the heat exchange performance of energy piles are considered in this test. Table 1 shows the in situ heat exchange test scheme of DBP-EP.



When the circulating water in the heat exchange pipe circulates in the buried pipe and exchanges heat with the concrete pile or the soil of the deep well, the temperature of the circulating water changes with time and finally reaches stability. At this time, the temperature difference between the inlet and outlet tends to be stable. According to Formulas (1) and (2), the total heat exchange and unit heat exchange were calculated, and the heat exchange efficiency of DBP-EP analyzed under different variables.


  Q =  c p  ρ v Δ T =  c p  ρ v    T  o u t   −  T  i n      



(1)






  q = Q    L  − 1    



(2)




where  Q  is the total heat exchange,  q  is the heat exchange rate per unit length (W/m), and    c p    is the specific heat capacity of the circulating medium under constant pressure. The circulating medium in this test is water, and the specific heat capacity of water is 4.2 × 103 J/(kg·°C);  v  is the circulating water volume flow (m3/h),  ρ  is the density of the circulating fluid (kg/m), and the value is 1000 kg/m3;   Δ T   is between the outlet temperature (Tout) and the inlet temperature (Tin), and L is the length of the heat exchanger (m).





3. Finite Element Numerical Simulation


3.1. Basic Assumptions


In the simulation analysis of DBP-EP, considering the complexity of the deep buried pipe energy pile structure and the instability of soil temperature, the following basic assumptions are made:




	(1)

	
The fluid, heat exchange tube, concrete and soil are homogeneous, and their thermal performance is independent of temperature.




	(2)

	
The self-weight of the fluid, the contact thermal resistance between the U-shaped pipe wall and pile foundation, the pile foundation and the surrounding soil are not considered.




	(3)

	
Assuming that the initial temperatures of the soil and pile foundation are the same, the temperature at the far boundary of the soil remains unchanged.




	(4)

	
The influence of groundwater on the heat exchange of energy pile is ignored.




	(5)

	
The change of soil temperature along the depth direction is ignored.




	(6)

	
The influence of environmental factors on shallow soil temperature is ignored.










3.2. Basic Assumptions


A 1:1 numerical model was established based on the field deep buried pipe energy pile and named pile #1 and pile #2 according to the corresponding pile length. The model consisted of heat exchange tubes, piles, and soil; the diameter of the energy pile was 800 mm, the lengths of the piles were 23 and 18 m, the depths of the soil were 60, 85, 110 and 135 m, and the depths of the heat exchange tubes were 50, 75, 100 and 125 m, the diameter of the heat exchange tube was 25 mm, and the spacing between branch tubes was 60 mm. The overall structure and grid division of the energy pile are shown in Figure 3. Pile #1 is different from pile #2 only in length, the figure only shows the model and grid when the length of the pile #2 deep well is 100 m.



It was assumed that the initial ground temperature of the energy pile was 18.5 °C measured on site, and other thermophysical parameters are shown in Table 2. The simulation test conditions are shown in Table 3.





4. Result Analysis and Discussion


4.1. Well Depth


The temperature distributions of the inlet and outlet pipes of the energy piles in the field test 2 and simulation tests under different well depths (tests 6–9) are shown in Figure 4. The field test used pile #1 with a well depth of 100 m. The field test and simulation results are relatively close. During the operation of the energy pile, the heat exchange is mainly based on the inlet pipe, the heat exchange path of the pile foundation is heat exchange pipe-sand-concrete, and the heat exchange path of the deep well is heat exchange pipe-sand-oil; the heat flows first exchange heat with the pile foundation. Based on the good thermal conductivity of concrete, the water temperature of the inlet pipe drops faster in the pile foundation part and slower in the deep well part; the temperature difference of inlet pipe is greater than that of the outlet pipe, because the temperature difference between the heat flow in the outlet pipe and the heat exchange medium is small, and the distance between the inlet and outlet pipes is small, leading to thermal interference. When the well depth increases from 50 to 125 m, the temperature difference of the inlet pipe increases, but the increase is small, the temperature difference of the outlet pipe is reduced; the thermal interference phenomenon gradually increases from the bottom of the deep well to the top of the pile foundation and is more obvious in the pile foundation with the increase in the length of the deep well.



The cloud diagram of the temperature distribution at the pile bottom and deep well bottom of pile #1 under different well depth conditions (tests 6–9) is shown in Figure 5. The isotherm at the base of the pile has a circular dense distribution, and the heat exchange radius is less affected by the well depth, with a change of approximately 1.0 m. The density of the isotherm at the bottom of the deep well decreases, and the heat exchange radius decreases with increasing well depth; when the well depth is 100 m, the heat exchange radius at the bottom is approximately 0.7 m. The analysis shows that when the well depth increases, the temperature at the bottom of the inlet pipe decreases; at the same time, considering that the thermal conductivity of rock and soil is weaker than that of concrete, the heat exchange radius decreases gradually. The temperature distribution cloud diagram of the energy pile is in good agreement with the temperature distribution law of the inlet and outlet pipes mentioned above.



Figure 6 shows the variation in water temperature at the inlet and outlet of the energy pile and unit heat exchange with time under different well depth conditions (tests 2 and 6–9). After heat exchange for 60 h, the inlet and outlet temperatures were 30.2 and 25.8 °C, respectively, and tended to be stable; then, the temperature rebounded. Affected by shallow ground temperature and environmental factors, the import and export temperatures rose slightly. The temperature difference between the inlet and outlet of the energy pile in the field test is 4.4 °C, and 2.4, 3.5, 4.3 and 4.8 °C for the simulation tests, which shows that the increase of well depth can significantly increase the temperature difference between the inlet and outlet, affecting the total heat exchange of the energy pile. On the other hand, it also means the reduction of unit heat exchange, therefore, it is necessary to select a suitable pile-to-well ratio (the ratio of the length of heat exchange pipe between pile foundation and deep well) to obtain the best heat exchange efficiency. The unit heat exchange of the energy pile gradually decreases, tends to be stable with time, is inversely correlated with well depth, and decreases in a nonlinear trend with increasing well depth.




4.2. Pile Length


Figure 7 shows the temperature distribution of the inlet and outlet water pipes of the energy pile in the field test 4 and simulation tests 14–17. There is no obvious change in the overall heat exchange law of the energy pile, but the length of pile #2 is shorter than that of pile #1, which reduces the heat exchange between the heat flow and the pile foundation concrete, the heat exchange effect of the energy pile is also reduced. In the field test, the inlet pipe temperature of the two piles is basically the same around 18 m, then the heat exchange path of the #2 pile changes first, and the deep well begins to exchange heat, at this time, the temperature difference between the inlet pipes of the two piles gradually increases and reaches the maximum at the bottom, affected by the inlet pipe, the outlet pipe temperature difference first increases and then decreases. The outlet pipe temperature differences at the well depth of 50–125 m are 0.2, 0.4, 0.3 and 0.1 °C, respectively, which indicates that the influence of pile length on the heat exchange of the energy pile weakens as the well depth increases.



The cloud diagram of the temperature distribution of pile #2 is consistent with the above law. The variation of outlet water temperature and unit heat exchange of the energy pile with time under different well depths of pile #2 (tests 4 and 14–17) is shown in Figure 8. The temperature difference between the inlet and outlet of the energy pile in the field test was 4.1 °C, the simulation tests are, respectively 2.3, 3.4, 4.2 and 4.6 °C; comparing the two test analyses, when the length of the energy pile increases, the pile foundation carries out more heat exchange, and obtains a lower outlet water temperature, thereby increasing the energy pile heat exchange; however, due to the small difference in the length of the two piles in this test, the heat exchange decreases along the pile foundation. The difference in unit heat exchange is small, but the pile length has a relatively obvious influence on the heat exchange of the energy pile.



Figure 9 shows the distribution of the unit heat exchange of energy piles with different pile-to-well ratios. The pile-to-well ratio is positively correlated with the unit heat exchange of energy piles and changes in a nonlinear trend, but the correlation between the pile-to-well ratio and the unit heat exchange gradually decreases as the pile-to-well ratio increases. The analysis shows that the high heat exchange per unit is not based on the large temperature difference between the inlet and outlet of the energy piles but is due to the short length of the deep well; reducing the pile-to-well ratio means increasing the depth of the well, but the heat exchange of the energy piles gradually decreases along the deep well, resulting in a small increase in the temperature difference between the entrance and exit of the energy piles but excessively long well depths, this is the main reason for nonlinear changes. Drawing the pile-to-well ratio curve based on the previous two sets of tests, when the pile-to-well ratio is approximately 0.3–0.4, the unit heat exchange reaches the optimal value. In summary, it can be concluded that the ratio of pile length to deep well length is not affected by monotonic changes, calculating the effect of different pile-to-well ratios on the heat exchange efficiency will provide the best solution for structural design.




4.3. Inlet Water Temperature


The temperature distribution of the water inlet pipe under different heating powers (test 1 and 2) of pile #1 is shown in Figure 10. The heating power is 3.5 kW, the temperature of the inlet pipe rises uniformly and changes slightly, the temperature of the 5.5 kW inlet pipe rises unevenly, and the temperature of the heat exchange pipe in the pile foundation is significantly higher than that in the deep well at the initial stage of heat exchange. This is because early heat exchange occurs mainly in the pile foundation, and the effect of the deep well participating in heat exchange is not obvious. Comparing the temperature changes of the heat exchange tubes under different heating powers, when the heating power is low, the operation of the energy pile is more likely to reach a stable state.



Figure 11 shows the temperature distribution of the inlet and outlet water pipes of the energy piles (tests 1 and 10–13). When exploring the heat exchange effect of energy piles with different inlet water temperatures, comparative tests (tests 2 and 6–9) were selected. The analysis shows that the higher the inlet water temperature is, the greater the temperature difference between the heat flow in the heat exchange tube and the heat exchange medium, and the more obvious the heat exchange effect, after the well depth increases, this phenomenon is more obvious in the pile foundation, because when the heat flow temperature is high, heat exchange occurs mainly in the pile foundation; entering the deep well, the heat flow temperature decreases and the heat exchange effect is weakened, so the heat exchange effect is not as obvious as that of the pile foundation; in addition, although the low inlet water temperature can weaken the thermal interference phenomenon, the overall temperature of the energy pile is low at this time, the outlet pipe is less affected by the inlet pipe, but the heat exchange level is still low.



When the inlet water temperature is 27.2 °C, the changes in inlet and outlet water temperature and unit heat exchange of energy pile #1 with time under different well depth conditions (tests 1 and 10–13) are shown in Figure 12. The temperature difference between the inlet and outlet of the energy pile in the field test is 3.4 °C, and the simulation test is 1.9, 2.7, 3.3 and 3.6 °C, respectively, the comparison with Figure 5 (tests 2 and 6–9) shows that the inlet water temperature can significantly affect the heat exchange effect of the energy pile, and that the temperature difference between the heat flow and heat exchange medium (concrete, rock-soil) is the main factor affecting heat exchange, at the same time, the inlet water temperature has a significant effect on the unit heat exchange.



The test shows that the inlet water temperature has a positive effect on the operation of the energy pile, which can simultaneously produce more heat exchange; it should be noted that the deep well is too long, it is not conducive to the improvement of the heat exchange effect; rather, the heat exchange effect of the outlet pipe decreases greatly with increasing well depth and leads to an increase in economic costs during construction.




4.4. Flow Rate


The variation in the inlet pipe temperature of the energy pile with time under different flow rates (tests 4 and 5) is shown in Figure 13. This test controls the flow rate to achieve the purpose of controlling the flow rate. When the flow rate is 0.6 m3/h, the temperature of the inlet pipe changes intensively with time and decreases greatly along the deep well. The flow rate in the early stage of operation is low, and the energy pile can carry out more heat exchange, resulting in no significant increase in the temperature of the inlet pipe; when the flow rate is 1.0 m3/h, the temperature of the inlet pipe has a significant rise, and the temperature change downward along the heat exchange pipe is small; the comparative test shows that when the flow is low, the early heat exchange effect of energy pile is more obvious, and tends to stabilize faster.



The temperature distribution of the inlet and outlet pipes of pile #2 (tests 5 and 18–21) under different well depth conditions is shown in Figure 14. When the flow rate is 0.6 m3/h, the decrease in inlet pipe temperature increases with increasing well depth, but the slight decrease in the temperature of the heat exchange pipe at the bottom of the deep well cannot be ignored, because when the flow rate is low, the heat exchange effect of the pile foundation and the upper part of the deep well is significant, resulting in a temperature difference that is too small between the lower heat exchange pipe of the deep well and rock–soil, this leads to a decrease in the heat exchange effect, this phenomenon is more significant with increasing well depth, therefore, when the flow rate is low, excessively long well depth is avoided. At the same time, affected by the water inlet pipe, the temperature change of the outlet pipe is small and mainly concentrated in the lower part of the deep well, which is due to the strong thermal interference of the outlet pipe caused by the high temperature around the pile foundation and the upper deep well.



The cloud diagram of the temperature distribution for the energy pile foundation and deep well bottom in test 20 is shown in Figure 15. Compared with Figure 5c, when the flow rate is low, the temperature of the heat exchange tube decreases faster, which results in a lower temperature at the pile tip and a sparse isotherm; the heat exchange radius at the bottom of the deep well decreases obviously, and this phenomenon becomes more obvious with increasing well depth, a heat exchange radius that is too small causes a poor heat exchange effect, therefore, when energy piles are operated at low flow rates, the selection of long deep wells should be avoided, which will further reduce the overall heat exchange effect of energy piles.



When the flow is 0.6 m3/h, the changes in water temperature and unit heat exchange at the inlet and outlet of pile #2 with time under different well depths are shown in Figure 16. In the field test 5, the temperature difference between the inlet and outlet of the energy pile is 5.7 °C, and 3.7, 5.1, 5.6 and 6.1 °C for the simulation test (tests 18–21), the results show that within a certain range, the lower the flow rate is, the greater the temperature difference between the inlet and outlet of the energy pile. By exploring the relationship between the unit heat exchange and the length of the deep well, the increase in well depth will work together with the flow rate to reduce the heat exchange effect of the energy pile, if only considering the summer to obtain a lower outlet water temperature, the heat exchange can be ignored, the demand for heat exchange in winter requires reasonable flow and well depth. By comparing the unit heat exchange with Figure 8 (tests 4 and 14–17), we explored the influence of different flow rates on the heat exchange effect of the energy pile, the analysis shows that when the energy pile operates at a low flow rate, a larger temperature difference between the inlet and outlet can be obtained, however, according to Formulas (1) and (2), the flow rate also affects the calculation of heat exchange, through calculation, it can be known that when the flow is within a certain range, the unit heat exchange increases with increasing flow.




4.5. Comparison and Optimization


The structure of the new deep buried pipe energy pile (DBP-EP) is flexible, and the design parameters can be selected according to the heat exchange demand to realize efficient and economic utilization of geothermal resources. The calculation results of the unit and total heat exchange of the energy pile are shown in Figure 17. The change trend of the energy pile heat exchange under various heat exchange conditions is approximately the same and does not change with the length of the deep well, but the unit and total heat exchange of the energy pile show the opposite change trend with the increase (decrease) in the deep well length.



For the heat exchange effect of energy piles under the joint action of pile length and well depth, combined with the temperature distribution law and heat exchange analysis of energy piles, the pile length has a great impact on the heat exchange effect of energy piles, but the increase in well depth can further improve the heat exchange effect of energy piles and weaken the impact of pile length on the heat exchange effect of energy piles; based on this, according to the relationship between the pile diameter ratio and unit heat exchange, when the pile-to-well ratio is approximately 0.3–0.4, the heat exchange of the energy pile reaches the optimal value.



According to the analysis of the unit and total heat exchange of the energy pile under different heat exchange conditions, the temperature and flow rate have the most obvious impact on the heat exchange effect of the energy pile, but the flow rate should be set according to the deep well with reasonable length, therefore, when determining the operation parameters of energy piles, the pile well ratio should be given priority before setting the flow.



By exploring the heat exchange effect of deep buried pipe energy piles under different influencing factors, the inlet water temperature, well depth, flow and pile length have a significant impact on the heat exchange efficiency of energy piles, but the degree of impact gradually weakens.





5. Conclusions


This paper conducted field and simulation tests on the heat exchange of deep buried pipe energy piles, analyzed the heat exchange law of deep buried pipe energy piles under four different influencing factors and obtained the following conclusions:




	(1)

	
An increase in well depth can weaken the influence of pile length on the heat exchange effect of energy piles, so the pile well ratio is an important factor affecting the heat exchange effect of energy piles. Through analysis, it is found that the best benefit can be obtained when the pile-to-well ratio is approximately 0.3–0.4.




	(2)

	
The inlet water temperature is the most significant factor affecting the heat exchange effect of energy piles. When the inlet water temperature is low, the heat exchange tube temperature rises evenly, and the time to reach the stable state is short. When the inlet water temperature is high, it shows the opposite trend; at the same time, the change in inlet water temperature has little effect on the heat exchange radius of the energy pile.




	(3)

	
The flow rate has a significant impact on the heat exchange effect of the energy pile, but the pile-to-well ratio should be given priority when determining the operating parameters of the energy pile, and then the flow should be set reasonably. If only the lower outlet water temperature is considered in summer, the pile-to-well ratio can be reduced.




	(4)

	
By exploring the heat exchange effect of deep buried pipe energy piles under different influencing factors, it is found that the influence of inlet water temperature, well depth, flow and pile length on the heat exchange efficiency of energy piles gradually weakens.




	(5)

	
The long length of deep well and the spacing of heat exchange tubes will aggravate the thermal interference of pile foundation and the upper part of deep well, based on the pile well ratio and the selection of backfill materials, the thermal interference phenomenon can be appropriately reduced.









This paper explored the influence of different influencing factors on the heat exchange effect of deep buried tubular energy piles. Due to the long duration of field tests and the influence of season and other factors, multiple groups of repeated tests cannot be carried out in a short time to improve the test accuracy. In order to improve the research results, more accurate test data can be obtained by increasing the time of a single test and the times of the same test, at the same time, numerical simulation can further improve the consistency of simulation data trend by refining the soil layer. As presented in this paper, research on the thermal interference of inlet and outlet pipes can be carried out in the follow-up, and the heat exchange effect of energy pile can be improved by lowering the heat exchange pipe at the same time; alternatively, the heat exchange effect of pile groups can be explored.
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Figure 1. Soil layer distribution of energy pile. 
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Figure 2. Water collector and separator device. 
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Figure 3. Model and grid division diagram of deep buried pipe energy pile. 
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Figure 4. Temperature distribution of #1 pile heat exchange pipe along the depth direction (5.5 kW, 1.0 m3/h). 
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Figure 5. Cloud diagram of temperature distribution. 
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Figure 6. The variation curve of outlet temperature and unit heat exchange of #1 pile under different well depth conditions (5.5 kW). 
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Figure 7. Temperature distribution of #2 pile heat exchange pipe along the depth direction (5.5 kW, 1.0 m3/h). 






Figure 7. Temperature distribution of #2 pile heat exchange pipe along the depth direction (5.5 kW, 1.0 m3/h).



[image: Energies 14 06449 g007]







[image: Energies 14 06449 g008 550] 





Figure 8. The variation curve of outlet temperature and unit heat exchange of #2 pile under different well depth conditions (5.5 kW). 
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Figure 9. Unit heat exchange distribution of energy piles with different pile-to-well ratios. 






Figure 9. Unit heat exchange distribution of energy piles with different pile-to-well ratios.



[image: Energies 14 06449 g009]







[image: Energies 14 06449 g010 550] 





Figure 10. Variation of the temperature of #1 pile inlet pipe with time under different heating powers. 
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Figure 11. Temperature distribution of #1 pile heat exchange pipe along the depth direction (3.5 kW, 1.0 m3/h). 
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Figure 12. The variation curve of outlet temperature and unit heat exchange of #1 pile under different well depth conditions (3.5 kW). 
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Figure 13. Variation of the temperature of the #2 pile inlet pipe with time under different flow rates. 
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Figure 14. Temperature distribution of #2 pile heat exchange pipe along the depth direction (5.5 kW, 0.6 m3/h). 
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Figure 15. Cloud diagram of temperature distribution at pile bottom and deep well bottom when #2 pile well is 100 m deep. 
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Figure 16. The variation curve of outlet temperature and unit heat exchange of #2 pile under different well depth conditions (5.5 kW, 0.6 m3/h). 
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Figure 17. Heat exchange of energy piles under different working conditions. 
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Table 1. Field test plan for heat exchange of energy piles.
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Test Number

	
Pile Length (m)

	
Drilling Depth (m)

	
Heating Power (kW)

	
Flow Velocity (m3/h)






	
1

	
23

	
100

	
3.5

	
1.0




	
2

	
5.5

	
1.0




	
3

	
5.5

	
0.6




	
4

	
18

	
100

	
5.5

	
1.0




	
5

	
0.6
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Table 2. Model material parameters.
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	Material
	Thermal Conductivity (W/(m·°C))
	Thermal Capacity (J/(kg·°C))
	Density (kg/m3)





	Heat exchange pipe
	0.45
	2300
	950



	Concrete
	2.2
	970
	2500



	Rock-soil mass
	1.98
	2240
	1970



	Circulation medium
	0.6
	4200
	998



	Backfill material
	0.58
	966
	2650
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Table 3. Heat exchange simulation test plan of energy pile.
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Test Number

	
Pile Length (m)

	
Drilling Depth (m)

	
Heating Power (kW)

	
Flow Velocity (m3/h)






	
6

	
23

	
50

	
30.2

	
1.0




	
7

	
75




	
8

	
100




	
9

	
125




	
10

	
50

	
27.2

	
1.0




	
11

	
75




	
12

	
100




	
13

	
125




	
14

	
18

	
50

	
30.3

	
1.0




	
15

	
75




	
16

	
100




	
17

	
125




	
18

	
50

	
30.2

	
0.6




	
19

	
75




	
20

	
100




	
21

	
125
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