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Abstract:



A model test system of horizontal slinky coil ground heat exchanger (HSCGHE) was established according to the similarity theory. A 2-D mathematical model of HSCGHE was built and experimentally validated. Experimental and numerical investigations of effects of different parameters on the thermal behavior of HSCGHE were undertaken. The results show that the heat release rate of the slinky coil and soil temperature around it increase as the inlet fluid temperature of coil increases. The soil temperature operated in intermittent mode can get a recovery, and thus the heat release rate of the coil can be improved effectively. For a given condition, reducing the coil central interval distance can increase the heat release rate of the HSCGHE, but also results in the decrease of the heat release rate per unit length of the coil. Therefore, the coil central interval distance cannot be decreased without limit. At the same time, the thermal performance of HSCGHE is related to the ground surface wind velocity. The heat release rate in the sandstone is the largest, followed by sand, the lowest for clay. Additionally, with the increase of buried depth of coil, the heat release rate increases, but the increase degree gradually becomes small. Thus, the buried depth cannot be too deep and should be determined by thermal performance, excavation cost and safety requirements.
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1. Introduction


Ground-coupled heat pump (GCHP) is one of the most efficient means to provide space heating and cooling of buildings [1]. It utilizes the ground as heat source/sink of the heat pump and provides higher energy efficiencies than conventional air-conditioning system due to the more favorable temperature level in the ground [2], thus it has become more and more popular for heating and cooling application in various kinds of buildings [3,4].



A GCHP system is usually composed of a heat pump and a ground heat exchanger (GHE). The GHE can be horizontally installed in trenches or vertically in boreholes [5]. Vertical GHEs need smaller buried pipe area and can obtain the most efficient system performance. However, the depth of borehole in which vertical GHEs are installed often varies from 40 to 100 m, thus resulting high drilling costs. Horizontal GHEs, consisting of straight or coil pipes that are installed in a trench with a depth of 1.5–2.0 m, can provide a viable alternative solution that obtains a good compromise between high efficiency and low costs. However, conventional straight horizontal GHE requires a large amount of land surface, this limits its application [6]. As an alternative, horizontal slinky coil ground heat exchangers (HSCGHE) (Figure 1) have higher pipe density and need less land area and excavation work than conventional straight horizontal GHE. Because of these advantages, the HSCGHE has been widely concerned for the case that needs high efficiency and low costs [6].


Figure 1. Diagram of horizontal slinky coil ground heat exchangers: (a) single row; and (b) three rows.
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Some studies discuss the thermal performance of horizontal GHEs, by either numerical modeling or experimental investigation. Pulat et al. [7] assessed the system performance of a ground coupled heat pump with horizontal ground heat exchangers by using different system parameters for winter climate condition of Bursa, Turkey. A set of experimental device previously used for cooling cycle was changed to experimentally investigate the effects of various factors on operation performance of system and heat pump unit. The results showed that the coefficient of performance (COP) of the system and heat pump unit range 2.46–2.58 and 4.03–4.18, respectively. Cui et al. [8] proposed a transient heat source model of ring coil to study the thermal conduction surrounding the buried spiral coils, and the explicit solutions for the temperature response were obtained using the Green’s function theory and image method. Xiong et al. [9] presented the development and validation of a slinky coil GHE model intended for use in building simulation programs. The model uses analytical ring source solutions to compute temperature response functions for both horizontal and vertical slinky coil GHEs. Go et al. [10] presented an optimization design algorithm for a GCHP system with horizontal spiral coil GHE. A 3-D numerical analysis model was proposed to simulate the thermal characteristics of a horizontal spiral coil GHE, and the model was verified by thermal response tests. Li et al. [11] developed a numerical model to investigate the operation characteristics of a GCHP system with horizontal spiral-coil. The model considers the geothermal gradient and the varying ambient air temperature. Wang et al. [12] developed a ring-coil model by using Green’s function method. The spiral coil is regarded as a series of ring coils that inject or extract heat in/from a semi-infinite medium. Yoon et al. [13] investigated experimentally the heat transfer rate of the horizontal slinky coil, spiral-coil and U-type GHEs installed in a steel box. The heat exchange rate of these three kinds of horizontal GHEs was evaluated by in situ thermal response tests. The results indicated that the U-type GHE has the highest heat exchange rate per pipe length. Kupiec et al. [14] proposed a one-dimensional numerical model for a horizontal GHE. The model was validated by comparison with the experimental results presented in literature. Kim et al. [15] investigated experimentally the thermal performance of horizontal slinky coil and spiral coil GHEs installed in a 5 m × 1 m × 1 m steel box. Various parameters that affect the performance of horizontal GHE were examined by numerical simulation and validated with the experimental results. The results indicated that the horizontal coil GHEs is better than the slinky GHE. Dasare et al. [16] presented a numerical model for predicting the thermal performance of horizontal GHEs with a different type. A numerical simulation was undertaken to study the effects of the major factors that determine the thermal characteristics of the GHEs. The results indicated that the soil thermal conductivity and flow rate are two important factors affecting the heat transfer performance of GHEs, and the effect of installation depth on the thermal performance of GHEs can be neglected. Congedo et al. [17] compared the thermal performance of three types of horizontal GHEs, linear, helical and slinky; the most important parameters for the evaluation of their performance were obtained by changing different parameters that affect the thermal performance of the GHEs. It can be found that the depth of the horizontal GHE has little effect on the system performance. Go et al. [18] presented a new performance evaluation method for horizontal GCHP system with rainfall infiltration. The effect of rainfall infiltration on the thermal performance of shallow trenches was performed by infiltration analyses, and a numerical simulation was also performed to analyze the effect of rainfall infiltration on the performance of the horizontal GHE. Sofyan et al. [19] developed a new 3-D transient mathematical model of a horizontal GHE. The influence of seasonal variations of ground temperature on the performance of the horizontal GHE was considered in the model by an energy balance in the ground surface, and the seasonal variations of ground temperature are expressed as an internal source term. Chong et al. [20] proposed a 3-D mathematical model of HSGHE. Based on the model, the numerical investigation of the effects of different loop pitches, loop diameters, ground thermal properties and operation modes were performed. The results indicated that system parameters have a significant effect on the thermal performance of the system. Wu et al. [21] monitored the performance of a GCHP with HSCGHE and the tested results were used to predict the thermal performance of HSCGHE with different slinky diameters and slinky interval distances. It can be concluded that the average COP of the horizontal-coupled GCHP was 2.5 and there was no significant difference in the heat extraction of the slinky heat exchanger at different coil diameters. Fujii et al. [22,23] compared the heat exchange rates of double-layer slinky-coil horizontal GHEs and single-layer horizontal GHEs by long term cooling and heating tests. The results showed that the heat exchange rate per unit land area is obviously improved by using double-layer horizontal GHEs. The optimum depth of the upper layer GHE was 1.5 m when the lower layer was located at 2.0 m. Li et al. [24] proposed a moving ring source model to investigate the thermal performance of a spiral GHE under groundwater flow. The experiments were also carried out to test the soil temperature variations of two different spiral GHE layouts with different groundwater velocities. The results showed that the groundwater flow has a large effect on the system performance, and thus it is important to measure the water direction and velocity before system construction. Selamat et al. [25] examined the methods to optimize horizontal GHEs design through using different layouts and pipe materials. The optimum objective was obtained by a CFD simulation. The comparable heat exchange rates for all cases are obtained for an equal trench length. Naili et al. [26] have conducted the energy and exergy calculating of horizontal GHE under hot climatic condition of northern Tunisia. The overall heat transfer coefficient and heat exchange rate of GHE were calculated, and the effects of GHE length, diameter and the fluid flow rate on the thermal performance of GHE were investigated. It can be seen that the energy efficiency are found to vary between 18% and 52%, and the exergy efficiency lies between 12% and 36%. Gao et al. [27] proposed a horizontal GHE with a rain garden. The experiments were undertaken in a sandy soil container and the results indicated that water immigration was possible by the thermal action of the horizontal GHE. Verda et al. [28] investigated the operation conditions for a horizontal GSHP by an exergetic analysis. The main reasons of performance reduction were evaluated, and the optimal depth and position of the GHE were obtained to change the operating parameters.



However, the above studies are mainly focused on the numerical investigations of thermal characteristics of horizontal slinky coil GHE and its model construction. Few studies have been performed to deeply investigate the effects of various factors such as inlet temperature, coil central interval distance, ground surface wind velocity, soil type, buried depth and possible ground water flow on thermal performance of HSCGHE. Specifically, the influence mechanism of different factors on the thermal behavior of HSCGHE was still less understood. In this paper, a model test system of HSCGHE was built according to the similarity theory. A 2-D heat transfer model of HSCGHE was developed and validated by the experimental results. The effects of various parameters on the thermal performance of HSCGHE were experimentally and numerically investigated.




2. Experimental Investigation


2.1. Experimental Device


The experimental device, which is a model test system designed based on the similarity theory, was installed in Yangzhou University [29]. As shown in Figure 2, the experimental system includes a soil tank, constant temperature water tank, circulation water pump, flow meter, adjust valves, and data logger system. The water was heated by the electric heaters installed in the water tank and then the heat was discharged into the soil by the slinky-coil GHE. Different inlet water temperature can be set by adjusting the power of the heaters. The flow adjust valve and flow meter were utilized to set and test the flow rate of circulating water, respectively. The temperature data were tested and recorded at a time-interval by a data logger system.


Figure 2. The experimental device built in this paper: (a) picture of the experimental system; and (b) schematic diagram of the experimental system.
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The soil tank in this model test system was a wooden box sized 1.6 m × 1.2 m × 0.6 m and full of soil. The HSCGHE, which is made by PU pipe with 8 mm outer diameter and 5 mm internal diameter (shown in Figure 3), was constructed by horizontally wounding the PU pipe with 0.2 m diameter and 0.04 m center spacing. To explore the influence laws of ground surface wind velocity on the thermal behavior of the slinky coil, an adjustable fan was used to create different ground surface wind velocities, and a 25-mm-thick insulating plate was covered at the top of the soil tank to simulate zero wind velocity case. To guarantee the heat transfer similarity between the model test device and the corresponding physical prototype, similarity theory [30] was cited here to ensure the Reynolds number in the model test device is equal to that in the physical prototype, and the corresponding parameters in the two cases can also be obtained as listed in Table 1.


Figure 3. Thermocouple arrangements in the slinky coil: (a) schematic diagram of thermocouples arrangement; and (b) picture of thermocouples locations.
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Table 1. The main parameters for the model test system and physical prototype.







	
Parameters

	
Central Distance/m

	
Coil Diameter/m

	
Inside Diameter of Coil/m

	
Flow Velocity/m/s

	
Re






	
Prototype

	
0.2

	
1

	
0.025

	
0.12

	
3731




	
Model

	
0.04

	
0.2

	
0.005

	
0.6

	
3731











2.2. Temperature Measurement System


As shown in Figure 3, seven thermocouples (named from 1# to 7#) were wrapped on the outer wall of pipe along the coil to measure the fluid temperature variation along the coil. Among them, the inlet and outlet fluid temperature of coil were measured by 6# and 7# thermocouples, respectively. The soil temperature distribution around the coil pipe was monitored by 19 thermocouples (named from 8# to 26#) buried at different locations in the soil (shown in Figure 4). All temperature sensors were made with T-type thermocouples. The Agilent data logger instrument shown in Figure 2 was used to automatically record the values of all temperature test points.


Figure 4. Thermocouple arrangements in the soil surrounding the slinky coil: (a) schematic diagram of thermocouple arrangements in the soil; and (b) picture of thermocouples locations in the soil.
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2.3. Experimental Performance Analysis


2.3.1. Experimental Data Processing


During this experiment, the heat release rate of coil and soil excess temperature were calculated through using the experimental data.



The heat release rate of coil can be obtained from:


[image: there is no content]



(1)




where Qg is the heat release rate of coil. cp is the specific heat of fluid. [image: there is no content] is the mass flow rate in the coil. Tin and Tout are the fluid temperature of coil at the inlet and outlet, respectively.



The heat release rate per unit pipe length, ql, can be expressed as:


ql=QgLp



(2)




where Lp is the coil length in a trench.



To further investigate the soil temperature variation characteristics, the excess temperature of the soil, defined as the difference between the tested temperature and original temperature of soil, is used here to reflect the soil temperature rise velocity. It is a positive value for heat release and negative value for heat extraction and can be written as:


[image: there is no content]



(3)




where θ is the soil excess temperature. Tg and T0 are the tested soil temperature and corresponding original temperature, respectively.




2.3.2. Error Analysis


In this experiment, measurement and calculation error estimations are included in the error analysis. The temperature and flow rate are the measured parameters, and the calculated parameters include the heat release rate and soil excess temperature.



The errors δxi and relative errors δRxi for the measured parameters are expressed as:


[image: there is no content]



(4)
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(5)




where A is the upper limit of the measurement range, and γi is the accuracy grade.



To estimate the relative error of the calculated parameters, the basic root-sum-square method [31] was used here. If F is a function of independent measured variables xi, the relative error δRF of the F can be expressed as:


[image: there is no content]



(6)







The relative errors for all parameters can be calculated through Equations (4)–(6), and the typical values for the major parameters in the experiments are listed in Table 2.



Table 2. Errors of the main parameters in the experiment.







	
Parameters

	
Type of Data

	
Typical Value

	
Unit

	
Relative Uncertainty






	
Average soil temperature

	
Measured

	
28

	
°C

	
4.2%




	
Average inlet water temperature for the slinky coil

	
Measured

	
32

	
°C

	
4.3%




	
Average outlet fluid temperature for the slinky coil

	
Measured

	
27

	
°C

	
4.6%




	
Average flow rate of water

	
Measured

	
0.04

	
m3/h

	
5.4%




	
Average heat release rate of coil

	
Calculated

	
274

	
W

	
4.6%




	
Average heat flux per unit pipe length

	
Calculated

	
16.5

	
W/m

	
4.4%




	
Average excess soil temperature

	
Calculated

	
16

	
°C

	
4.7%












2.4. Experimental Results and Discussions


2.4.1. Effects of Inlet Water Temperature


In this paper, water temperatures of 37, 32, and 27 °C, which are usually used in engineering, were chosen to explore the influences of inlet temperatures on thermal characteristics of HSCGHE. The initial ground temperature before the experiment is 11.3 °C, and the experimental results are presented in Figure 5 and Figure 6.


Figure 5. Variation curves of heat release rate of slinky coil with time for different inlet temperatures.
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Figure 6. Variation curves of soil excess temperature at different location with time for various inlet temperatures: (a) x = 0.6 m; and (b) x = 0.8 m.
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It can be seen in Figure 5 that the heat release rate of the HSCGHE decreases with time and gradually reaches a stable value. The higher the inlet temperature, the larger the stable value of heat release rate. As shown in Figure 5, the corresponding stable value of heat release rate at the inlet temperatures of 37, 32 and 27 °C are, respectively, 300.7, 260.3 and 214.6 W. The increment of heat release rate are 45.7 W and 86.1 W for increasing from 27 to 32 °C and from 27 to 37 °C, respectively. The latter is almost twice the former. Therefore, increasing the inlet temperature can effectively enhance the thermal performance of the HSCGHE.



Figure 6 shows that increment in the temperature of inlet water of the coil can also results in the increase of the soil excess temperature. However, the increase of the degree decreases as the distance from the center line increases. For example, when the operation time is 6 h, for x = 0.6 m where the location is at the center line of coil, the soil excess temperature are, respectively, 12.8, 16.4 and 22.1 °C for the inlet temperatures of 27, 32 and 37 °C. However, for x = 0.8 m, the corresponding values are 1.87, 2.57 and 4.31 °C, respectively. Thus, the increase in inlet temperature can lead to the increase in soil excess temperature, and as the distance from the center line of the coil increases, the increase of the degree becomes progressively smaller.




2.4.2. Effect of the Intermittent Operating Mode


To explore the influences of intermittent operation modes, three operation modes were used in this experiment, which include continuous operating mode, intermittent operating mode with 80 min on and 40 min off, and intermittent operating mode with 1 h on and 1 h off. During the experiment, the inlet water temperature and test time are set to 37 °C and 10 h, respectively. The test results are presented in Figure 7 and Figure 8.


Figure 7. Variation curves of heat release rate with time for different operation modes.
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Figure 8. Variation curves of soil excess temperature at x = 0.6 m and y = 0.4 m with time for different operation modes.
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It can be seen in Figure 7 that the heat release rate of coil in the continuous operation mode decreases with the time and gradually reaches a stable value. For the intermittent modes, the heat release rate can obtain a rise for each interval. For instance, the average heat release rate at the end of 10 h operation is 300.7 W for the continuous operation mode, and the corresponding values are, respectively, 351.4 and 391.2 W for the intermittent mode with 80 min on and 40 min off and intermittent mode with 1 h on and 1 h off. This is mainly because the soil temperature operated in intermittent operation modes can recover during the intermittent time, and thus the heat transfer performance can be improved. As shown in Figure 8, the soil temperature rise rate operated in two intermittent operation modes are lower than that in the continuous operation mode, the restoration rate of soil temperature increases as the intermittent time increases, and thus the soil excess temperature decreases. For instance, when the operation time is 10 h, the soil excess temperature operated in the continuous operation mode is 22.4 °C, and the corresponding values are 13.6 and 9.9 °C for the intermittent mode with 1 h on and 1 h off and with 80 min on and 40 min off, respectively. It is obvious that compared with continuous operation mode, the soil excess temperature operated in the two intermittent modes decreases by 39.3% and 55.8%, respectively. Therefore, the soil temperature rise rate can be reduced by the intermittent operating control, and the heat release efficiency of coil and system operation performance can be improved.




2.4.3. Effect of the Coil Central Interval Distance


In a trench, the coil central interval distance determines the total coil length and corresponding heat exchange area. Thus, thermal performance of HSCGHE has relation with its central interval distance. To explore the influences of coil central interval distance on thermal characteristics of HSCGHE, three central interval distances including 4, 6, and 8 cm were used in the experiment, and the test results were presented in Figure 9, Figure 10 and Figure 11.


Figure 9. Variation curves of heat release rate of coil with time for different coil central interval distances.
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Figure 10. Variation curves of heat release rate per unit length of the coil with time for different coil central interval distances.



[image: Sustainability 09 01362 g010]





Figure 11. Variation curves of soil excess temperature at x = 0.6 m and y = 0.2 m with time for different coil central interval distances.
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Figure 9 shows that a smaller coil central interval distance can contribute to a larger heat release rate. As shown in Figure 9, the heat release rate at the time of 10 h are, respectively, 186.2, 210.7 and 235.2 W for the coil central interval distance of 8, 6 and 4 cm. The main reason is that the coil length and corresponding heat exchange area increase as the coil central interval distance decreases, which help to enhance the heat transfer between the coil and soil around it. In Figure 10, we can further find that the heat release rate per unit length of coil will become small due to the decrease of coil central interval distance. For instance, when the coil central interval distance is 8 cm, the heat release rate per unit length of coil are 19.3 W/m, and the corresponding value is 15.3 W/m for 4 cm, 20.7% decrease compared with coil central interval distance of 8 cm. This means that the coil central interval distance cannot be too small and should be determined by considering the heat release rate, coil costs and available buried coil area.



Figure 11 shows the variation curves of soil excess temperature at x = 0.6 m and y = 0.2 m with time for different coil central interval distances. It can be observed that, when the coil central interval distance is constant, the soil excess temperatures increase with time and gradually reach to a stable value. With the increase of the coil central interval distance, the stable value decreases and corresponding time to be stable becomes shorter. For example, when the coil central interval distance is 8 cm, the steady value and steady time are about 16.5 °C and 8.5 h, respectively. However, for the coil central interval distance of 6 and 4 cm, the steady value and steady time are 19.8 °C and 6.6 h, and 21.8 °C and 5 h, respectively. The most possible reason is that reducing the coil central interval distance can increase the heat release rate and thus more heat is released into soil. This will inevitably increase the rise rate of soil temperature and heat diffusion time. Therefore, from the point of reducing thermal diffusion time and the cost of coils, the coil central interval distance should not be too small.



Based above analysis, we can conclude that a smaller coil central interval distance can contribute to a larger heat release rate, but also results in a smaller heat release rate per unit length of coil. Thus, the coil central interval distance cannot be too small and should be determined by the heat release rate, coil cost and available land area.




2.4.4. Effect of the Ground Surface Wind Velocity


Due to the shallow buried depth of HSCGHE, its thermal performance can be easily influenced by the ground surface heat exchange conditions, especially ground surface wind velocity. To further study the effects of ground surface wind velocity, the experimental tests under the ground surface wind velocity of 0, 2, and 5 m/s were conducted and the experimental results were presented in Figure 12.


Figure 12. Variation curves of heat release rate of the coil with time for different wind velocities.
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It can be seen in Figure 12 that the heat release rate increases as the surface wind velocity grows. As shown in Figure 12, the average heat release rate is 300.7 W for the wind velocity of 0 m/s, and the corresponding values are 311 and 334.2 W, respectively for the ground surface wind velocities of 2 and 5 m/s. Compared with 0 wind velocity, the heat release rate under wind velocities of 2 and 5 m/s increase, respectively, by 3.4% and 11.4%. The main reason is that a large surface velocity can enhance the convection heat transfer in the ground surface. Therefore, increasing wind velocity help to improve the heat release performance of HSCGHE.






3. Numerical Simulation


3.1. Physical Model


Heat transfer between the HSCGHE and the soil is a complicated process. To develop the heat transfer model, the following assumptions are made to simplify the problem.

	
The initial temperature of the soil at the same depth is uniform and the soil is viewed as a type of isotropic, homogeneous rigid porous media.



	
The HSCGHE is treated as a series of equally spaced straight pipes located in the same trench as slinky coil.



	
The thermal properties of slinky coil, soil and fluid are constant.



	
Groundwater flows only in the horizontal direction perpendicular to the trench.








Based on the above assumptions, the heat transfer between the HSCGHE and soil around it can be viewed as the heat transfer between several equally spaced straight pipes and surrounding soil (shown in Figure 13), the number of the equally spaced straight pipes can be calculated by [32]


[image: there is no content]



(7)




where n is the number of the equally spaced straight pipes. Lp is the total length of the slinky coil pipe. Lt is the length of the trench.


Figure 13. The physical model of horizontal slinky coil ground heat exchanger: (a) equivalent straight pipe with same spacing; and (b) computation region for equivalent straight pipe.
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3.2. Mathematical Model


3.2.1. Heat Transfer Model of Soil outside Pipe


Soil is a typical porous media in which heat is transported based on three mechanisms: thermal conduction of the matrix and liquid of solid and thermal convection of moving liquid in the pore [33].



The heat transfer in the solid phase of the soil can be viewed as heat conduction, and the energy equation is


[image: there is no content]



(8)







The heat transfer in the liquid phase of the soil include both thermal conduction and thermal convection of fluid, and thus the energy equation can be written as


[image: there is no content]



(9)







The space proportion of liquid and solid in unit volume of the soil are designated as ε and (1 − ε), respectively, and Equations (8) and (9) can be expressed as


[image: there is no content]



(10)
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(11)







For a control volume, based on energy balance, Equations (10) and (11) can be unified as an equation and expressed as


[image: there is no content]



(12)




where


[image: there is no content]



(13)
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(14)
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(15)




where (ρcp)t is the total effective volumetric specific heat of the soil. (ρcp)s and (ρcp)f are the volumetric specific heat of solid phase and liquid phase of soil, respectively. λt is the total effective thermal conductivity of soil, while λs and λf are the thermal conductivity of solid phase and liquid phase of soil, respectively. qt is the total source/sink for the soil. qs and qf are the source/sink for solid and liquid phase.




3.2.2. Heat Transfer Model of Fluid along the Pipe Direction


According to Assumption (3) that there is no contact thermal resistance between backfill material and pipe, the thermal resistance between the fluid inside pipe and backfills can be divided into two parts: convective heat transfer resistance inside the pipe and heat conduction resistance of the pipe wall. Thus, the total heat transfer resistance for an element pipe with a length of ΔZ can be expressed as [32]


[image: there is no content]



(16)
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(17)
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(18)
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(19)




where Rtotal, Rf, and Rp are the total thermal resistance from the fluid inside the pipe to the outer wall of pipe, convection thermal resistance and heat conduction thermal resistance of pipe wall, respectively. din and dout are, respectively, the inside and outside diameters of the equivalent straight pipe. λp is the thermal conductivity of the pipe. hci is the convective heat transfer coefficient of the fluid in the pipe, λf is the thermal conductivity of fluid inside pipe.



The temperature of fluid in the coil decreases as it moves along the coil length during summer operation. Heat from the warmer fluid is transferred into the soil surrounding the pipe through the pipe walls. Figure 14 shows the subdivision of the coil pipe into equally sized element pipe. According to the law of energy conservation, for an element pipe with a length of ΔZ (shown in Figure 14), the following energy balance equations can be obtained.


Mcpf∂T∂t=m˙cpf(Tin−Tout)−Qp



(20)






[image: there is no content]



(21)




where M is the mass of the fluid in each element pipe. [image: there is no content] is the mass flow rate through the element pipe. cpf is the mass specific heat of the fluid in pipe. Tin and Tout are, respectively, the inlet and outlet fluid temperature of element pipe. Qp is the heat flux through the element pipe wall. Tg is the ground temperature.


Figure 14. Schematic of heat exchange of fluid inside coil for unit length of pipe.
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3.3. Initial and Boundary Conditions


3.3.1. Initial Conditions


The initial conditions of soil and fluid inside pipe are viewed as the same:


[image: there is no content]



(22)







The soil initial temperature can be calculated as follows [11]:


[image: there is no content]



(23)




where TM is the annual mean ground temperature. A0 is the amplitude of annual temperature. ω is the angular frequency of annual temperature variations, ω = 0.000717 1/h; τ0 is the coldest day of a year; τ is the day evaluated, from 1 January; αs is the soil thermal diffusivity; and z is the depth of the ground.




3.3.2. Boundary Conditions


The boundary conditions of soil calculated region are taken as:

	(1)

	
AB:


[image: there is no content]



(24)








	(2)

	
BC:


[image: there is no content]



(25)








	(3)

	
CO:


[image: there is no content]



(26)








	(4)

	
OA:


[image: there is no content]



(27)




where Qs is the surface heat flux into the ground. αs is the solar absorptivity. Qsun is the solar radiation intensity on the ground. ha is the convective heat transfer coefficient of the air. Ta is the temperature of the air.











3.4. Experimental Validation of the Model


To validate the model developed above, experimental tests are performed on the test system shown in Figure 2, the values calculated by the model, and the corresponding experimental values of heat release rate of coil are compared. The results are shown in Figure 15.


Figure 15. Comparison of heat release rate of coil between calculated value and experimental data: (a) comparison curves of heat release rate of coil for calculated and experimental values; and (b) calculation error analysis.
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It can be found in Figure 15a that the variation laws of heat release rate of coil are the same for the calculated and experimental values, and the calculating heat release rates are in agreement with the corresponding test results. Figure 15b shows that the maximum and average relative errors are 9.1% and 3.3%, respectively, which are allowed in practical engineering. This implies that the model established above can simulate effectively the thermal performance of the HSCGHE.




3.5. Calculated Results and Discussion


Considering the actual operation conditions, an intermittent operation mode with 10 h operation during daytime and 14 h off during night was utilized here. The equation is discretized by the finite volume method and TDMA algorithm is used to solve numerically the discrete equation group. The calculated conditions used in the numerical simulation are shown in Table 3 and the simulation results are presented in Figure 16, Figure 17, Figure 18, Figure 19, Figure 20 and Figure 21.


Figure 16. Soil temperature distribution after 45 days operation for different groundwater advection velocity: (a) u = 50 m/year; and (b) u = 300 m/year.
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Figure 17. Variation curves of heat release rate with time for different groundwater advection velocities.
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Figure 18. Variation curves of heat release rate with time for different soil types.
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Figure 19. Variation curves of water temperature along the pipe length at the end of 40 days operation for different soil types.



[image: Sustainability 09 01362 g019]





Figure 20. Variation curves of energy released into ground with time for different buried depths.
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Figure 21. Variation curves of water temperature along the pipe length for different buried depths.
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Table 3. Calculated conditions.







	
Parameters

	
Value






	
Thermal conductivity of pipe, λp/W·m−1·K−1

	
0.48




	
Inside diameter of equivalent pipe, din/m

	
0.022




	
Outside diameter of equivalent pipe, dout/m

	
0.024




	
Lp/Lt, n

	
6




	
Thermal conductivity of soil, λs/W·m−1·K−1

	
0.9




	
Density of soil, ρs/kg·m−3

	
1500




	
Specific heat of soil, cs/J·kg−1·K−1

	
1100




	
Solar absorptivity, αs

	
0.8




	
Density of fluid, ρf /kg·m−3

	
1000




	
Specific heat of fluid, cp/J·kg−1·K−1

	
4100




	
Thermal conductivity of fluid, λf/W·m−1·K−1

	
0.56




	
Flow rate, v/L·s−1

	
0.2




	
Burial depth, zp/m

	
2.4




	
Length of trench, L/m

	
50




	
Width of computation region/m

	
12




	
Depth of computation region/m

	
13




	
Inlet water temperature of coil, Tin/°C

	
35




	
Mean ground temperature, TM/°C

	
17.5




	
Amplitude of annual temperature, A0/°C

	
14.5




	
Day from January 1st at which the minimum temperature occurs, τ0/day

	
340




	
Total operation time/day

	
90




	
Groundwater table/m

	
2




	
Porosity ε

	
0.4




	
Groundwater advection velocity, m·a−1

	
150










3.5.1. Effects of Groundwater Advection Velocity


Numerical investigation on the thermal performance of HSCGHE with the advection velocity of 0, 50, 150 and 300 m/year were undertaken in the paper. The simulation results are presented in Figure 16 and Figure 17.



Figure 16 shows the temperature distribution of soil surrounding pipe for the advection velocity of 50 and 300 m/year. It can be found out that the soil temperature field has a migration along the groundwater flow direction. With the increase of groundwater advection velocity, the migration amplitude increases and the temperature of soil around the pipe decreases. This will improve the thermal performance of HSCGHE. As shown in Figure 17, the heat release rate of coil increases as the groundwater advection velocity increases. For example, the heat release rate of coil at the time of 90 days are 2.1, 2.3, 2.7, and 3.2 kW for the advection velocity of 0, 50, 150 and 300 m/year, respectively. The main reason is that the greater the groundwater advection velocity, the more heat is taken away by the groundwater, and the smaller the soil temperature rise degree. This implies that the existence of groundwater advection is conducive to the improvement of thermal performance of the HSCGHE. The greater is the groundwater advection velocity, the better is the thermal performance of coil.




3.5.2. Effects of Soil Type


To analyze the influences of soil type on the thermal performance of HSCGHE, clay, sand and sandstone were used here. Table 4 lists the values for their thermal properties, and the simulation results are presented in Figure 18 and Figure 19.



Table 4. Thermal properties for three soil types.







	
Soil Type

	
Density/kg/m3

	
Specific Heat/J/(kg·K)

	
Thermal Conductivity/W/(m·K)

	
Thermal Diffusivity/m2/s






	
Clay

	
1500

	
1100

	
0.9

	
0.545 × 10−6




	
Sand

	
2000

	
700

	
2.0

	
1.430 × 10−6




	
Sandstone

	
2500

	
1400

	
3.2

	
0.900 × 10−6










Figure 18 shows the variation curves of heat release rate of coil with time for these three soil types. It can be found that the heat release rate is the largest for sandstone, followed by sand, and the lowest is clay. As shown in Figure 18, when the operation time is 50 days, the heat release rates are 3.2, 3.6 and 4.6 kW for clay, sand and sandstone, respectively. Compared with clay, the heat release rate increases by 12.5% and 43.8%, respectively, for sand and sandstone. The main reason is that the soil with a large thermal conductivity has better heat conduction performance and thus the heat release rate can be improved more effectively. As shown in Table 3, sandstone has the highest thermal conductivity, followed by sand and the smallest is for clay, which results in that the slinky coil with sandstone has the maximum water temperature drop along length direction, followed by sand and clay. As shown in Figure 19, when the operation time is 40 days, the water temperature drops are 4.4, 5.2 and 6.9 °C for clay, sand and sandstone, respectively. This means that sandstone is the best and clay is the worst for improving the thermal performance of coil.




3.5.3. Effects of the Buried Depth


As mentioned above, the thermal performance of coil can be easily influenced by the surface heat exchange conditions due to its shallow buried depth. To further explore the influences of the buried depth on the thermal performance of coil, three depth conditions, 0.8, 1.6 and 2.4 m, are investigated and the calculated results are presented in Figure 20 and Figure 21. Figure 20 shows the variation curves of energy released into ground with operation time for different buried depths. Figure 21 presents the variation curves of water temperature along the pipe length for different buried depths.



In Figure 20, we can find that the energy released into ground by the coil increases as the buried depth increases. As shown in Figure 20, when the operation time is 40 days, the released energy are, respectively, 79.2, 85.3 and 87.9 MJ for the buried depth of 0.8, 1.6 and 2.4 m. Further analysis of Figure 20 can find that the increment and increasing rate of the released energy are, respectively, 6.1 MJ and 7.7% when the buried depth increases from 0.8 to 1.6 m, and the corresponding values are, respectively, 2.6 MJ and 3% when increases from 1.6 to 2.4 m. This means that, with the increase of buried depth, the influence of buried depth change on thermal performance is reduced. It can also be observed that, when increasing the buried depth, the released energy can be improved mostly during the first 20 days, but the increase rate becomes small after 20 days. As shown in Figure 21, during the early period of operation, the fluid temperature along pipe length declines largely, but it gradually becomes small with time. Thus, the thermal performance of slinky-coil can be effectively improved by increasing the buried depth mostly during the early operation time. However, the buried depth cannot be too deep and should be determined by the heat exchange performance, excavation cost and safety requirements of coil.






4. Conclusions


In this research, a model test system was established to study the thermal performance of HSCGHE. A two-dimensional heat transfer model of HSCGHE was developed and validated by the experimental results. The effects of different parameters on the thermal performance of HSCGHE were experimentally and numerically investigated. Based on above analysis, we can make the following conclusions.

	(1)

	
The heat release rate of HSCGHE increases as the inlet temperature increases, and thus the thermal performance of HSCGHE can be enhanced effectively. Meanwhile, the increase of inlet temperature can also lead to an increase in soil excess temperature, and the increase degree becomes smaller as the distance from center line of coil increases.




	(2)

	
The soil temperature operated in intermittent mode can recover: during each interval, the soil temperature restoration rate increases as the intermittent time increases, and thus the temperature rise rate of soil around the HSCGHE can be delayed. Therefore, under the condition of intermittent operation control strategy, the soil temperature rise rate can be reduced, and thus the heat release efficiency of the HSCGHE and system operation performance can be improved effectively.




	(3)

	
A smaller coil central interval distance can contribute to a larger heat release rate, but also results in a smaller heat release rate per unit length of coil. Thus, the coil central interval distance cannot be too small and should be determined through considering the heat release rate, coil cost and available land area. At the same time, with the increase of the coil central interval distance, the sable value of soil excess temperature decreases and the corresponding time for stabling are shortened.




	(4)

	
Thermal performance of the HSCGHE is related to the ground surface wind velocity. The heat release rate of HSCGHE increases as surface wind velocity grow. For the experimental conditions used in the paper, compared with 0 wind velocity condition, the heat release rate of coil operated in wind velocities of 2 and 5 m/s increases by 3.4% and 11.4%, respectively.




	(5)

	
The existence of groundwater advection is conductive to the improvement of thermal performance of the HSCGHE. The greater the groundwater advection velocity, the more heat is taken away by the groundwater, the smaller the soil temperature rise, and thus the better the thermal performance of coil.




	(6)

	
Thermal performance of slinky coil is greatly affected by the soil type. Under the same conditions, the slinky coil with sandstone has a maximum water temperature drop along length direction, followed by sand and clay. This results in the heat exchange rate being the largest for sandstone, then sand, and the lowest clay.




	(7)

	
The energy released into ground by the coil increases with the buried depth, and the influence of buried depth change on thermal performance is reduced with the increase of buried depth. Thus, the buried depth cannot be too deep and should be determined through considering the heat exchange performance, installation cost and safety requirements.
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