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Abstract

:

In this study, a mobile measuring device was developed and a thermal response test that applied a standing column well-type heat exchanger was conducted to obtain design parameters from field measurements. The main purpose of this study was to investigate the effects of thermal conductivity and geothermal resistance on site, including the flow and effects of natural convection of groundwater in boreholes. We compared, analyzed, and investigated the effective thermal conductivity of a borehole heat exchanger system and the effective thermal conductivity that was not applied when bleeding single-well standing column wells (SCWs), which is called an open-type standing column well geothermal heat exchanger system. We also investigated the heat transfer characteristics during the bleeding of two-well type SCWs, where water is injected from one clearing hole to the returning hole depending on the bleeding rate. Artificial recharging was used to inject the change of thermal conductivity from the bleeding rate of a geothermal heat exchanger into another SCW type. From the comparison results of the thermal conductivity of the multi-well and single-well underground heat exchangers, four times higher efficiency than the single-well was obtained. The reason for this is considered to be energy utilization utilizing groundwater energy.
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1. Introduction


The development of alternative energy sources is becoming increasingly necessary in Korea to prepare for an era of hefty oil prices, as Korea faces energy and resource shortages and imports approximately 97% of its fossil fuels. The post-Kyoto Protocol, which is in effect since 2013, limits the rate of emission of greenhouse gases. In 2000, Korea’s CO2 emissions amounted to 480.4 million tons, making Korea the ninth highest CO2-emitting country worldwide. Most of the greenhouse gases emitted come from energy consumption [1,2,3].



The Korean government initiated a program known as law section 11 to reduce the consumption of fossil fuels. The program promotes the supply of renewable energy by enforcing the use of renewable energy systems for more than 5% of the total construction cost for public buildings whose floor space is more than 3000 m2. Moreover, the Korean government set up a plan in 2000 for stimulating the consumption of renewable energy in order to increase the renewable energy share of the total energy consumption to 5% by 2018 [4]. Geothermal energy, defined as thermal energy generated and stored in the ground, is considered to be a relatively clean and inexhaustible source of renewable energy. Geothermal energy comes mainly from the breakdown of natural radioactive isotopes of uranium, thorium, and potassium. The average heat flow on the surface of the earth is 82 W/m, and the total heat loss is approximately 42 × 106 MW. The estimated total thermal energy from the surface of the earth to a depth of 10 km is 1.3 × 1027 J, which corresponds to burning of 3 × 1017 barrels of oil.



The heat content of rocks on the Earth’s surface is the largest source of geothermal energy. The highest hundreds of meters of crust are not a geothermal reservoir in the classical sense, but the temperature in the area is too low for immediate use. Adjusting only the heat pump gives access to this wide range of resources, which increases the temperature of the heat carrier fluid. The most extensive technique to utilize shallow geothermal resources involves borehole heat exchangers (BHE) with geothermal heat pumps [5,6].



After inserting the BHE into the drilled hole, the borehole is grouted by mixing sand, cement, and bentonite. An important role of boreholes is that thermal contact is a very important factor to ensure sufficient heat transfer properties between the borehole wall and the water circulation system to prevent vertical movement of water. [7]. A thermal response test (TRT) requires suitable measuring equipment to select the thermal performance of the BHE. This test takes into account the overall heat transfer characteristics including groundwater effects and other disturbance factors. The first approach for the constant heat injection or extraction is provided by Morgensen [8] and is based on the line source method [9]. Firstly, mobile TRT devices were deployed in Sweden [10] and the United States [11]. After this period, analytical methods were greatly improved in several countries [10,11,12]. However, it is more practical than standardized TRT measurements, and it contributes in an easy-to-use way, further reducing TRT costs. The thermal performance characteristics of the ground are measured in a laboratory, but the results are generally inaccurate with some errors. These methods tend to ignore site conditions, such as groundwater effects and grouting materials. [13]. For actual measurement, it is necessary to select a test suitable for local conditions and prepare to compare the thermal performance of various BHE types of underground heat exchangers [14]. The literature allows you to find references to the appropriate number of geothermal system heat pumps (GSHP) and BHEs in the field, design, economic analysis and standard booklets [7,15,16,17,18,19]. Various BHE types (single U type, double U type, coaxial type) and grouting materials are used in GSHP systems. The thermal conductivity and length for BHE in one place should be the same in continuous testing, whereby only BHE type and grouting material can be changed. Ground thermal conductivity (l) and thermal resistance (Rb) for different coaxial BHE types and grouting materials were obtained. To the best of the authors’ knowledge, field studies of this combination are yet to be conducted in the literature. The effectiveness of thermal bore hole resistance was evaluated against the GSHP’s coefficient of performance (COP) and could not be ignored.



The previous study’s standing column well (SCW) [20,21] showed that the SCW can reduce the overall borehole length compared to a conventional closed-loop system consisting of a single U-tube heat exchanger. In addition, the improvement of the performance of the SCW can be improved by utilizing groundwater, and some groundwater from the well is discharged (exhausted) without being completely recycled to the SCW system. Groundwater bleeding regulates the well temperature by inducing a flow toward the well. Rees et al.’s [22] parametric research showed that bleeding rate is one of the most important parameters affecting SCW performance, and integrating a bleeding strategy into SCW can significantly reduce depth, capital cost, and life-cycle cost compared to no bleeding. Numerical studies of previous models of standing column wells [23,24,25] made many assumptions about heat transfer between the various components of the well.



There are relatively few design tools and simulation models available for SCW systems [22,26,27]. Standing column wells are in limited use since the development of geothermal heat pump systems; however, in recent years, overall performance improved in areas with adequate hydrological and geological conditions, attracting more attention [22,28,29,30]. In addition, many studies using single- and multi-well standing column wells were carried out recently, and studies reported that the efficiency is improved by using a plurality of SCW systems and using bleeding of water rather than a sealed heat exchanger.



In recent years, SCW systems, which are more efficient than sealed type, are increasingly installed in areas where geological properties and groundwater utilization conditions are suitable [31,32]. The focus of attention on these systems is not only due to the high thermal efficiency of the SCW system, but also because the SCW system requires less construction area than the enclosed system, which is of primary importance in urban areas. In the case of the SCW system, a numerical analysis model is being developed by applying finite volume and finite element methods in consideration of complex underground heat and groundwater circulation [33,34,35,36]. However, these numerical models cannot be reflected in hourly simulation programs or designs because calculations are too complicated and conditions over time are too heavy. Therefore, it is often simplified by an empirical approach and approximation from real design. This is why the direction and performance of recent research focused on the development of models that simplify the SCW system [37,38,39].



The groundwater heat pump system using groundwater extracted from the same well hole and being recovered into the same well hole in a semi-open loop arrangement was widely known as the SCW (standing column well) system. The ground heat exchangers in these systems consist of vertical boreholes filled with groundwater up to the groundwater level [40,41]. In an open-loop pipe circuit, water is circulated from the well through a heat pump to return to the same well, and, for most of the year, the system works by recirculating water between the well and the heat pump. However, during the peak temperature period, only a portion of the flow can be returned to the well, and the rest can be drained to “bleed” some water from the system [41]. This leads to groundwater flow from the surrounding formation to the well. This system in case of bleeding cools the wells and surrounding grounds during heat removal in the summer and heats the wells and surrounding grounds during heat extraction in the winter. The open SCW system according to the circulating water ratio of this bleeding showed that the effective thermal conductivity characteristics are superior to the existing SCW [42,43].



A schematic diagram of geothermal heat exchange systems is shown in Figure 1. The geothermal heat exchanger system is divided into two types: closed type and open type. The sealed heat exchanger is divided into surface water loops, wells to groundwater, and ground heat exchangers in vertical bores and horizontal loops. In addition, the open heat exchanger is divided into a single-well and a multi-well SCW system.



In this study, we compared, analyzed, and investigated the effective thermal conductivity of a borehole geothermal heat exchanger system and the effective thermal conductivity not applied when bleeding single-well SCWs are used. We also investigated the heat transfer characteristics during the bleeding of two-well SCWs, where water is injected from one clearing hole to the returning hole according to the bleeding rate. To compare the characteristics of closed and open heat exchangers, single- and two-well heat exchangers, for the effective thermal conductivity coefficient in the same borehole with the same depth, we intend to generate basic data on the basis and performance of geothermal heat exchanger design. The geothermal heat exchanger was characterized and the thermal performance was compared under these three conditions.




2. In Situ Thermal Response Test


Several techniques can be employed to predict the thermal conductivity of a GHEX design. The easiest approach is to use the standard value of the rock where the GHEX is located. However, this method may require expensive samples and may not provide a full profile of the field. Mogenson [8] presented a thermal response test (TRT) for estimating the ground value of underground thermal conductivity and the thermal resistance of a borehole system. The general method of TRT adopts a system in which the heat medium fluid circulates through the Hall system at a constant heat injection rate, as shown in Figure 2. The thermal response is then recorded continuously. After data acquisition, the temperature data are compared with mathematical models such as the source model [44,45,46,47,48]) or cylindrical source model [44,45,46,49,50].



Figure 3 consists of the trailer-type transport system used in this study [52,53,54,55,56]. In addition, a schematic diagram of the experimental set-up of the SCW system showing the thermal response of the test equipment shown in Figure 4 is shown. In the test set-up (Agilent 34970A), a measurement program (LabView) and a flow meter were used to measure temperature and flow. Control circuits and temperature sensors were installed on each pipe at the inlet/outlet, including boilers and filters. Each device used an instrument that was calibrated at the factory or regularly. The boiler capacity provided 84 kW (42 kW × 2 units) of oil condensation. The flow rate of the circulating fluid was measured using a flow meter (Macnaught). In addition, a return pipe flow meter (water meter) was installed and the bleeding rate was controlled to measure the bleeding rate of the measuring device without introducing water into the SCW system. Table 1 shows the components installed in the experimental and measurement devices used in this study.



Figure 5 shows the behavior of the closed borehole and single/two-well SCW systems according to the exponential and exponential used in this study, as well as the position of the return pipe. The groundwater heat exchanger under test is of type SCW, eight inches in diameter and 350 m and 400 m deep. It has a PVC inner casing and a top extraction/bottom circulation structure. During the drilling process, water intake was observed to increase significantly at depths of 80–100 m and 270–290 m. The maximum quantity analyzed was found to be in the range of 600–800 tons/day based on the groundwater impact survey results, and the stable withdrawal capacity was found to be in the range of 200–250 tons/day. Table 2 shows the bleeding percentage used in this study. The bleeding rates of 10% and 25% have absorption capacities of 80 tons/day and 200 tons/day (0.06 m3/min and 0.13 m3/min), respectively. In this study, the characteristics of single-well and two-well underground heat exchangers were compared. We also evaluate the thermal performance of a two-well system and a single-well system underground heat exchanger when there is no discharge rate and when returning from the inlet and re-injecting the discharge into the wells [40,41,42].




3. Validation of Line-Source Theory and Uncertainty of System


3.1. Line-Source Theory


The line-source theory for calculating the thermal performance of a hermetic heat exchanger is well established, and it was applied to thermal performance testing for decades [57,58]. The theory was extended to comparisons and studies of energy losses in different heat exchanger arrangements [59,60]. In this study, the line-source theory is applied to the TRT of a closed source heat exchanger, and the performance of an open underground heat exchanger is extended to the measurement.



The equation for the temperature domain as a function of time (t) and radius (r) around the line-source model with a constant heat injection rate (Q) can be used as the approach value of heat injection from closed and open geothermal heat exchangers as follows:


  T  (  r ,    t   )  −  T o  =  Q  4 π k H     ∫  x ∞     e  − u   d u  u  .  



(1)







The exponential integral of Equation (1) can be approximated for a large value of a parameter (αt/r2) with the following simple relationship:


   E 1   (     r 2    4 α t    )  = ln  (    4 α t    r 2     )  − γ .  



(2)







If the infinite series is used for Equation (1), the following summary is obtained:


  T  (  r , t  )  −  T o  =  Q  4 π k H    {  ln   4 α t    r 2    − γ +    r 2    4 α t    (  1 −    r 2    16 α t    )   }  ,  



(3)




where  γ  is a Euler constant of 0.5772. The solution of the heat source to the bore hole can be applied only to   r ≥  r b    and the heat resistance    R b    can be used in the bore hole.


   T f  =  Q  4 π k H   ln  ( t )  +  Q  4 π k H    (  ln  (    4 α    r b 2     )  − γ  )  +  Q L   R b  +  T o  .  



(4)







Thus, a time-dependent fluid temperature equation can be described as shown in Equation (4).



The only variable in Equation (4) is ln t. It can be expressed by transforming constant ln t in a general linear equation as follows:


  y = k x + c ,  



(5)




where   k =  Q  4  π λ H    ,   x = ln  ( t )  ,   c = k ( ln   4 α    r o 2    − 0.5772 ) +  Q H   R b  +  T o  .    



Therefore, a linear equation can be obtained by plotting the borehole fluid temperature over time obtained through the heat exchanger system as a measured value, and the fluid temperature and ln t relationship as coordinates. The thermal conductivity (λ) can be determined by calculating using the slope (a) of Equation (5). The effective thermal conductivity and thermal resistance can be obtained from TRT data as given in Equations (6) and (7), respectively [45,46,47,48,49,50,51,52,53,54,55].


  k =  Q  4  π λ H    .  



(6)







Thermal conductivity (λ) can be expressed using the slope (k) calculated in Equation (5), the length of the borehole (H), and heat energy (Q). In Equation (6), k is proportional to the effective thermal conductivity, and


   R b  =  H Q   (   T f  −  T  sur    )  −  1  4  π λ     (  ln  ( t )  + ln  (    4 α    r o 2     )  − γ  )  .  



(7)








3.2. Uncertainty Utilizing Mass Heat Balance Method


A thermal balance approach was used as a verification method to confirm that it was reasonable to ensure the accuracy of the experiment on the fluid volume and temperature of the entire system as shown in Table 3. The simplest representation of the heat balance equation is


   q  in   = V ·  C p  ·  (   T  out   −  T  in    )  ,  



(8)




where qin (W) is the calorific value obtained through the measured temperature and the flow rate of the pump. V (liters per minute, LPM) is the pump flow rate. Cp is the specific heat of water. Tin and Tout are the inlet and outlet temperatures of circulating water. The uncertainty of the temperature measurement for the temperature sensor was ±0.01 °C, and the signal conditioner of the digital display with analog signals was ±0.04 °C. The total uncertainty for temperature measurement is given in Equation (9).


  Δ T =      (  ± 0.01  )    in  2  +    (  ± 0.04  )    in  2    +      (  ± 0.01  )    out  2  +    (  ± 0.04  )    out  2      ≈ ± 0.0825   ℃ .  



(9)






  Error =   ± 0.0825   ℃   5   ℃   × 100 % = ≈ ± 1.65 % .  



(10)







Using the highest error for the flowmeter taken from Table 4 of  ± 2.03%, the total uncertainty in the heat balance equation was computed as


   Total   Error  =      (  ± 0.0165  )   2  +  (  ± 0.0203  )  ^ 2   ≈ 2.62 % .  



(11)









4. Investigations and Discussion


4.1. Thermal Conductivity Characteristics of Various Rocks in a Closed Borehole Heat Exchanger System


Figure 6 shows the average temperature and the difference of inlet/outlet temperatures over time for alluvial deposit, gneiss, and granite rocks using a ground heat exchanger system with a borehole depth of 200 m using a closed loop borehole heat exchanger system [3,6,13,41,49,53]. The initial groundwater temperature from the three types of rock was approximately 15–16 °C, with an average temperature distribution of approximately 28–35 °C during the test period. The average temperatures obtained from the three types of rock are shown in Figure 7, linearized according to ln (t). The slope of the graph is linearized by the line-source method using means of k. The effective heat transfer coefficient can be obtained by substituting k for Equation (6). If heat quantity (Q), borehole depth (H), and slope (k) are substituted into Equation (1), effective heat transfer and slope values can be obtained as shown in Table 5. From Equation (6), it can be seen that k and λ are in a trade-off relationship with each other. The thermal performance evaluation results of the ground heat exchanger for the three types of rock show that the effective thermal conductivity ranges from 2.5 to 3.2 W/(m·K). Based on the results of this study, it is possible to grasp the thermal conductivity of daughters in the case of the same borehole depth according to the characteristics of the rock. In addition, the influence of groundwater is considered to be an influential factor on the effective thermal conductivity. In the future, the effect of groundwater flow on the effective thermal conductivity of underground heat exchangers will be studied.




4.2. Characteristics of the Effective Thermal Conductivity of SCW System at Different Locations of Return Pipe


Figure 8 and Figure 9 show the evaluation results of thermal performance by temperature for a ground heat exchanger with the return pipe positioned as shown in Figure 5b, using an SCW underground heat exchanger with a borehole depth of 400 m, as shown in References [31,32,33,34,35,36,37,38,39,40,41]. This study analyzed the characteristics of this in accordance with the effective thermal conductivity and thermal resistance as a study on the heat transfer characteristics according to a position above the submerged pump [52,56,57,60]. Through the research results of Lee et al. [4,11,41], it was found that the effective thermal conductivity and the thermal resistance were improved according to the effect of the position of the pump. The k-values obtained by the line-source method for the lower (Figure 8) and upper return pipes (Figure 9) were 4.26 and 4.56, respectively. Using Equation (6), the effective thermal conductivities of the lower (Figure 8) and upper return pipes (Figure 9) were 3.86 and 3.54 W/(m · K), respectively, using a borehole insertion depth of 400 m with injected calories of 48 kW. The results are shown in Table 6 and confirm that the performance improved by about 9% depending on the return pipe position of the circulating water. From the result of Figure 8 and Figure 9, the effective thermal conductivity increased at the lower location of the return pipe more than at the upper location. Through these results, it was judged that the technology can improve thermal performance. This can be important research data to improve the heat transfer characteristics in the same ground hole by considering the location of the submerged pump.



Figure 10 shows the thermal resistance in the SCW system [6,53,54]. Borinaga-Tervino et al.’s research [6] suggested two main objectives: (i) to determine the variability of the predicted ground thermal conductivity for the same evaluated ground, and (ii) to determine the influence of the type of grout used in the estimated borehole thermal resistance. As shown in Reference [6], the effective thermal conductivity of this system was obtained by substituting the values into Equation (6). Finally, the thermal resistance value was obtained, as shown in Figure 11. After 60 min at the initial condition, the thermal resistance value showed sudden and repetitive falling and rising before converging to a constant value. Despite the short measurement time of 12 h, the overall thermal resistance value converged to a constant. At the lower return pipe, the thermal resistance value also generally converged to a constant value. The average thermal resistance values obtained using Equation (7) at the lower return pipe and at the upper return pipe were approximately 0.0118 K/(W/m) and 0.0053 K/(W/m), respectively. It can be observed that the thermal resistance value at the lower return pipe was higher than that at the upper return pipe by more than 44.91%. Considering these results, it was found that the thermal resistance value acts as an important variable among the design factors in the standing column well-type underground heat exchanger. In this study, the effective thermal conductivity and thermal resistance values of the standing column well-type underground heat exchanger were measured by using a thermal response test device for the case where the return pipe is located at the bottom and the return pipe is located at the top. The effective thermal conductivity and thermal resistance values of the case where the return pipe is located at the bottom were increased by about 6.56% and 44.91%, respectively, compared to the case where the return pipe was located at the top.




4.3. Characteristics of Effective Thermal Conductivity of SCW System with Single- and Two-Well Types


Figure 11 shows the results of thermal performance according to the bleeding rate of groundwater using single-well and two-well SCW systems as in References [38,39,40,54,55,56]. Figure 11a,b show the thermal performance of a single-well SCW system, as shown in Figure 5c. A study on the effective thermal conductivity characteristics was carried out according to the bleeding effect in the single-well SCW system. Figure 11c,d show the thermal performance of a two-well SCW system, as shown in Figure 5d. As shown in the schematic of Figure 5d, a study was conducted to optimize heat transfer characteristics through energy circulation caused by groundwater flow by injecting the groundwater bleeding amount from one intake hole. Therefore, thermal performance improvement through effective thermal conductivity was analyzed through the thermal performance evaluation of the SCW underground heat exchanger.



From the results of Figure 11a,b, obtained through the average inlet/outlet temperature according to ln (t) using the line-source method, the k-values were 4.88 and 2.94, respectively. The effective thermal conductivity values shown in Table 7 were 3.45 and 5.59 W/(m·K). From this result, the improvement of thermal performance was improved by 62% when bleeding rate was performed. In the case of single-well SCW, the heat transfer characteristics were improved by minimizing the energy change of the groundwater because of the amount of water flowing from the underground hole into the groundwater.



Table 7 also shows the line-source method results of Figure 11c,d using two-well SCW underground heat exchangers. Finally, the thermal performance of the system improved by about four times compared to the bleeding rate. This improvement of the effective thermal conductivity was the result of the groundwater being well used as the circulating water. Figure 11d shows the characteristic that the value of k (i.e., the exact slope) changed using the IIT (initial ignoring time) method. It was confirmed that the experiments need to be carried out through a longer-term performance evaluation relative to the current measurement method, as this affects the final effective thermal conductivity. As shown in Figure 11a,b, the k value and the effective heat transfer value were almost constant. However, in the two-well SCW of Figure 11c,d, the value of k decreased with time (Figure 12). The reason for this is because the groundwater temperature uses energy without the change of the Bleeding water injected from the intake hole to the return hole. It was judged that the two-well SCW system can maximize the heat consumption in a narrow area by using a geothermal heat exchanger.



Figure 12 shows the characteristic of effective thermal conductivity under no bleeding and bleeding conditions for single- and two-well type SCW systems with respect to the influences of the key factors, including injection rate, inlet temperature, injection–production interval, and geological conditions, on the open-loop geothermal system (OLGS) performance [43].



From the results of Figure 12, the application of bleeding to the single-well SCW system showed that the effective thermal conductivity was 162% higher than that without bleeding. In addition, the two-well SCW system also showed a 400% improvement in performance when bleeding was performed. Based on the thermal performance results of the single-well and two-well SCW system, it may be advantageous to select and use an appropriate SCW. In particular, the two-well SCW system is expected to be applicable in a very efficient underground heat exchanger design if the influence of groundwater is used well.




4.4. Characteristics of Effective Thermal Conductivity of SCW System Single/Two-Well SCW System with/without Bleeding Water


Table 7 presents the results of effective thermal conductivity measurements of the closed borehole single-well SCW system and single- and two-well SCW system for each return pipe location. In these results, the position of the single-well SCW return pipe without bleeding increased by approximately 9% compared to the lower return pipe installation position. In the case of the single-well type SCW system, the effective thermal conductivity value obtained by evaluating thermal performance in bleeding and non-bleeding conditions was 1.6 times higher in the non-bleeding condition than in the 10% bleeding condition. However, as a result of evaluating the thermal performance of the geothermal heat exchanger of the two-well SCW system, the effective thermal conductivity value was evaluated as approximately four times higher with 25% bleeding than without bleeding. From these results, it was proven that high thermal performance can be obtained by improving the groundwater flow of the groundwater suction at the well drainage well.





5. Conclusions


This paper presented the effective thermal conductivity of closed boreholes and single- and two-well type SCW systems with bleeding conditions using a TRT device specially prepared for SCW system. The comparative analysis of the effective thermal conductivity was as follows:




	
The effective thermal conductivity values and thermal resistance increased by 9.03% and 44.91%, respectively, compared with those of the installed upper return pipe of the SCW system. This result indicates that the thermal resistance and conductivity values varied with the installed location of the return pipe. These results also show that the thermal resistance is an important design parameter. Hence, it can be concluded that the location of the return pipe in the SCW should be properly selected.



	
In the case of the single-well SCW system, from the results of evaluating thermal performance in the bleeding and non-bleeding state, the effective heat conductivity value of the underground heat exchanger improved 1.6 times in the 10% bleeding state compared to the bleeding-free state. However, the stain-free condition of the two-well type SCW system did not significantly affect the initial removal time, but the linear equation was changed by applying the initial removal time at 25% bleeding condition. When injecting 25% discharge into the SCW inlet, it is considered that the linear equation needs to be changed due to the influence of the groundwater flow, and it is necessary to change the stable measurement time according to the groundwater flow.



	
Finally, from the results of the thermal performance evaluation of the two-well type SCW system, the bleeding condition was improved by about four times compared to the non-bleeding condition. From these results, it was possible to achieve high thermal performance through improvement of the groundwater flow of the groundwater suction well at the drainage well.
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Figure 1. Schematic diagram of ground-source heat pump geothermal heat exchange systems: (a) installed examples; (b) classification of geothermal heat exchanger system. 
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Figure 2. Thermal response test apparatus [51]. 
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Figure 3. Experimental apparatus of a standing column well (SCW) system. 
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Figure 4. Schematic diagram of the measurement apparatus of the SCW system. 
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Figure 5. Schematic diagrams of a geothermal heat exchanger system: (a) closed loop; (b) SCW with return pipe location; (c) single-well SCW with bleeding rate; (d) two-well SCW system. 
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Figure 6. Average temperature distribution of various of rocks. 
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Figure 7. Linearization of line-source method for various rock distributions. 
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Figure 8. Linearization of the average temperature at the location of the lower return pipe. 
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Figure 9. Linearization of the average temperature at the location of the upper return pipe. 
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Figure 10. Resistance value at the lower and upper locations of the return pipe. 
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Figure 11. Linearization of the average temperature of the single- and two-well type SCW systems: (a) single-well type (no bleeding); (b) single-well type (10% bleeding); (c) two-well type (no bleeding); (d) two-well type (25% bleeding). 
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Figure 12. Effective thermal conductivity characteristic under no bleeding and bleeding conditions for single- and two-well type SCW systems: (a) k-slope; (b) effective thermal conductivity. 
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Table 1. Specifications of the thermal response test rig.
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	No.
	Items
	Manufacturer
	Specification
	Remarks





	1
	Boilers
	Kyungdong
	35,300–36,500 kcal/h
	-



	2
	Sand filter
	FeelanTek
	400 L/min
	-



	3
	Pumps
	Willo
	8 m3/h
	-



	4
	Oil tank
	-
	400 L
	-



	5
	Flow meter (water)
	Blue-White
	20–200 L/min
	±1%



	6
	Flow meter (oil)
	Macnaught
	35–830 cc/min
	±1%



	7
	Temperature sensor
	
	Pt100 Ω, four-wire
	±0.5%



	8
	Data logger
	AGILENT
	34,790 A, 34902MUX
	±1%



	9
	Inverter
	LS
	SV015iG5A, 380 V, 30–60 Hz
	-



	10
	Measurement program
	National Instruments
	LabView 8.6
	-
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Table 2. Experimental conditions of bleeding rate for SCW system.
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	No.
	Bleeding Conditions
	Water Withdrawal Capacity (m3/day)
	Remarks





	1
	No bleeding rate
	0
	



	2
	10% bleeding rate
	80
	0.06 m3/min



	3
	25% bleeding rate
	200
	0.13 m3/min










[image: Table] 





Table 3. Heat balance check.
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	Location
	Transducer Reading (W)
	Average q (W)
	Difference (W)
	% of Average Power





	A
	2506.6
	2657.8
	101.2
	3.88



	B
	3207.2
	3302.5
	93.3
	2.82
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Table 4. Results from the flowmeter calibration.
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	Actual Flow (LPM)
	Calibration Flow (LPM)
	Error (%)





	3.316
	3.292
	0.73



	15.87
	16.032
	1.01



	100.9
	102.99
	2.03



	350.62
	355.41
	1.35
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Table 5. Evaluation of effective thermal conductivity and experimental conditions at borehole depth of 200 m in various rocks.
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	Unit
	Alluvium #1
	Alluvium #2
	Gneiss #1
	Granite #1
	Granite #1
	Granite #2





	Initial temperature
	°C
	15.2
	15.4
	16.2
	16
	14.5
	16.3



	Average temperature
	°C
	28.5
	31
	31
	33.2
	28.4
	30.1



	Heat injection
	kW
	14.5
	13.9
	13.8
	14
	14.1
	14,0



	Slope (K)
	-
	2.151
	2.175
	1.584
	2.094
	1.945
	2.094



	Effective thermal conductivity
	W/(m·K)
	2.614
	2.663
	3.213
	2.648
	2.813
	2.518
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Table 6. Results of effective conductivity calculation.
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Type

	
Unit

	
Single SCW (Lower Location of Pump)

	
Single SCW (Upper Location of Pump)






	
Initial temperature

	
°C

	
15.27

	
16.13




	
Average temperature

	
°C

	
34.45

	
32.44




	
Heat injection

	
kW

	
48

	
48




	
Slope (K)

	
-

	
4.146

	
4.545




	
Effective thermal conductivity

	
W/m·K

	
3.86

	
3.54




	
Ratio of bleeding rate to no bleeding

	
%

	
109

	
-

	











[image: Table] 





Table 7. Comparison on the measuring of thermal conductivity in various bleeding conditions.






Table 7. Comparison on the measuring of thermal conductivity in various bleeding conditions.





	Type
	Unit
	Single SCW (No Bleeding)
	Single SCW (10% Bleeding)
	Two-Well SCW (No Bleeding)
	Two-Well SCW (25% Bleeding)





	Initial temperature
	°C
	16.13
	16.13
	17.25
	15.64



	Average temperature
	°C
	34.45
	32.44
	40.92
	30.91



	Heat injection
	kW
	40
	40
	78
	81



	Slope (K)
	-
	2.937
	2.937
	7.525
	1.88



	Effective thermal conductivity
	W/m·K
	3.45
	5.59
	2.4
	9.59



	Ratio of bleeding to no bleeding
	%
	-
	162
	-
	400











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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