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Abstract

:

Geothermal energy exhibits considerable development potential in space heating. Shallow geothermal energy stored in the soil in the form of low-grade energy is mainly extracted via the ground source heat pump (GSHP) system. GSHP systems use the subsoil as a heat source, typically involving a vertical borehole heat exchanger (BHE) to extract heat from the formation. Accurate measurement of the thermal properties of the formation is very important for the design of BHEs. At present, the most common and effective method to measure the thermal conductivity of the formation in the field is the thermal response test (TRT). However, the test conditions (heat load, test time) during the thermal response test can impact the test results. Therefore, in this study, a borehole with a depth of 130 m was evaluated in the field. The TRT module and the distributed thermal response test (DTRT) module based on distributed optical fiber temperature sensor (DOFTS) technology were used to monitor the test with different working conditions in real-time. In the field tests, geothermal conditions and the evolution of the formation temperature with time and depth were determined. Based on the test results under different heat loads and test times, the influence of the test conditions on the thermal conductivity results was analyzed and described. A constant temperature zone was located at a depth from 25 m to 50 m, and an increasing temperature zone was located at a depth from 50 m to 130 m, with a geothermal gradient of 3 °C/100 m. The results showed that the heat load slightly influenced the thermal conductivity test results. At the initial stage of the test, the temperature significantly increased from 0 to 12 h. After reaching the quasi-stable state, the test time slightly influenced the thermal conductivity test results. The characteristics of the formation thermal recovery stage after the test stage were studied. The heat load decreased, which could shorten the time for the formation to recover the initial temperature. The results could provide a basis for the optimization of thermal response test conditions.
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1. Introduction


With the growth in modern industries and economic activities over the past few decades, the extensive use of traditional energy sources, particularly the burning of fossil fuels, has contributed to a number of issues, including air pollution, global warming and resource depletion [1]. Climate change and environmental degradation are now important worldwide concerns, and the cost-effectiveness and reliability of renewable low-carbon energy systems have been proven, so switching from conventional fuels to renewable sources should be actively encouraged [2]. Renewable energy is defined as energy that can be continually regenerated via natural processes. Examples of this type of energy include solar energy, wind energy, biomass energy, geothermal energy, ocean energy (tidal and wave energy) and hydrogen energy [3,4]. Renewable energy is regarded as pollution-free energy, exhibits minimal operating and management costs, and is kind to the environment [5]. Geothermal energy is a type of clean energy that can be categorized and optimized based on the fundamental characteristics of the reservoir formation depth (shallow, medium and deep reservoirs), reservoir temperature (low, medium and high temperatures), development and utilization mode (hydrothermal, dry thermal, etc.) and target use (refrigeration, heating, and power generation) [6]. Geothermal energy is extremely effective and potent in regard to creating electricity as well as in regard to cooling and heating buildings [7]. By 2050, geothermal energy may produce 1400 TWh annually, approximately 3.5% of all energy produced worldwide. This could result in an annual CO2 emission reduction of 800 Mt [8]. Shallow geothermal energy stored in soil in the form of low-grade energy is mainly extracted through the ground source heat pump (GSHP) system. The GSHP system employs the subsoil as a heat source or radiator according to the heating or cooling requirements of the buildings it serves and interfaces with the subsoil through ground heat exchangers along either the vertical or horizontal direction. Among them, the vertical ground heat exchanger is most commonly referred to as the borehole heat exchanger (BHE) [9].



The ground source heat pump system’s success depends on the BHE’s practical design. The divergence in the BHE design length can vary between 4.5 and 5.8% if the relative inaccuracy of the soil thermal conductivity reaches 10% [10]. The environmental benefits of the GSHP will be lost if the design length of the BHE exceeds the required length by 10–33% [11]. Therefore, it is essential for the design of BHEs to obtain precise measurements of the thermal characteristics of the formation. The thermal response test (TRT), which is executed in the field and was first developed by Mogensen, is the most popular and efficient technique for determining the formation thermal conductivity [12]. Typically, field tests are conducted involving a BHE with roughly the same diameter and depth as those of the heat exchanger that will be installed in the field. The most typical thermal response test deployment involves inserting a U-shaped polyethylene pipe into the borehole and packing heat transfer-enhanced grout material into the area between the pipe and the wall grout material. Water is heated by a controlled electric heater and is circulated in a U-shaped pipe, exchanging heat with the formation. To inversely generate soil thermal response parameters from a given identification model, the input and outflow fluid temperatures are typically monitored [13]. The distributed thermal response test (DTRT) was created based on the conventional thermal response test due to the quick development of distributed temperature sensing technology. While the DTRT uses the same heating technique as the conventional TRT, temperature readings are obtained along the full length of the BHE rather than only at the intake and output of the pipeline. Temperature recording frequently relies on optical fibers [14]. The purpose of analyzing the influencing factors of thermal response tests is to identify error sources in the testing process and data processing, remove major error factors as much as possible, and thus improve the accuracy of the test results. There are unavoidable errors between the data results obtained from field tests and the real thermal physical property values. Researchers typically perform field tests and numerical simulations to study the effects of various operating parameters, such as the heat load, medium flow rate, and test time, on thermal response testing [15,16].



In the thermal response test, it is important to maintain a constant heat load. The heat load can affect the accuracy of the test results; otherwise, the effective thermal conductivity obtained through the test does not reflect the true value [17]. However, there is not a common standard across all locations for the thermal load of the thermal response test. ASHRAE guidelines for the TRT [18] recommend a heat input rate between 45 and 75 W/m. The TRT Italian Standard (UNI 11466) [19] recommends that if the ILS model is applied in TRT analysis, the heat input rate should range from 30–80 W/m. Numerous studies on thermal response testing using different thermal loads have been conducted recently. In a 120-m deep borehole in Jixi, China, Zhang [20] conducted two thermal response tests with thermal loads of 4.2 kW and 5.6 kW. Javier [21] and Borja [22] conducted some TRTs with a variety of power test conditions at their university campus in Valencia (Spain). To conduct multiple thermal response tests under various thermal loads in the same borehole or to drill multiple boreholes for thermal response tests is, however, too expensive for actual small-scale ground source heat pump projects. As a result, researchers have emphasized the significance of the heat load in thermal response tests. Through numerical and experimental research, Wang [23] examined the impact of the thermal injection power rate on the outcomes of the thermal response test. The findings demonstrated that the heater injection power exerted no impact on determining the ground thermal conductivity when heat exchange was modeled as pure heat conduction. Yu [24] used a real engineering project in the city of Shijiazhuang as an illustration to examine the thermal properties of the ground. The findings indicated that the predicted thermal conductivity value increased with increasing thermal load. The findings of Zhou [25] demonstrated that while the heating power slightly impacted the soil thermal conductivity, it exerted a significant impact on the heat transfer capacity and the time to reach the quasi-steady state. Under the condition of groundwater flow, Gustafsson [26] conducted thermal response experiments under various heating powers, and it was noted that the higher the heating power was, the higher the effective thermal conductivity of soil. The majority of these studies, however, only considered the changes in the inlet and outlet temperatures in response to various thermal loads; they did not account for temperature changes in the formation. Additionally, many academics have employed numerical modeling to examine how the heat load affects thermal response tests. Choi [27] created an analysis model to represent the heat exchange process in the ground TRT device to better design thermal response test conditions. He suggested that if the dominating conduction conditions could be guaranteed, a high heat injection rate is a suitable indicator of stable estimation. Zhang [11] investigated how geological stratification affected the precision with which ground thermal parameters could be estimated via the TRT and then created a validated numerical stratification BHE model (NLBM) to simulate the TRT. The model must still be created using field test parameters notwithstanding the numerical simulation approach. Therefore, it is essential to consider a range of thermal loads during the field test to track the change in the formation temperature and offer fundamental information for model development and validation.



A main aspect affecting how accurate the thermal response test is in regard to rock and soil thermal responses is the test duration. An insufficient test time can result in a significant discrepancy between the measured thermal property parameters and the actual rock and soil characteristics, which can impact future design and construction. The thermal response test period cannot, however, be excessively long in practical engineering due to the cost issue. As a result, the minimum test time should be considered, which not only ensures the test accuracy but also prevents the cost issue associated with an excessively long test time. The Chinese specification for ground source heat pumps requires the geotechnical thermal property test time to be at least 48 h [28]. According to relevant specifications of the ASHREA, a reasonable test time ranging from 36 to 48 h is required [29]. Wang [23] concluded that the test time should be longer than 70 h to ensure stability based on numerical and experimental research. According to Zhou [25], if the heating power is properly selected, a quasi-steady state may be reached within a 24-h test period, and test period extension exerted little to no impact on the test accuracy. According to Choi’s [30] statistical research of 36 TRTs, a minimum of 60 h is advised for the TRT. According to Sarah’s study [31] of various test durations, a test period of approximately 50 h could generally yield satisfactory results under ideal simulated conduction conditions. With the use of the TRT method, Bujok [32] measured eight boreholes and demonstrated that the test duration was decreased to 24 h and that the differences between the calculated values of the soil thermal conductivity and borehole thermal resistance were smaller than those between individual boreholes during the actual measurements. The findings of the thermal response test involving a water-filled borehole performed by Nieto [33] in the Spanish province of Avila revealed that there was little variance in the thermal conductivity measured at different times. However, these studies still ignore the temperature change within the formation. Due to the cost and other reasons, the field test cannot be indefinitely extended, so the test time can be studied by means of numerical simulations. To precisely calculate the transient heat transfer in the borehole, Bozzoli [34] proposed a three-dimensional finite element model. He then demonstrated that using only the thermal response parameters over the first 12 h, the relative error of the soil and grout thermal conductivity was less than 1.4%. Han and Zhang [35] developed a three-dimensional numerical heat transfer model for the thermal response test of a soil-source heat pump and discovered that the optimal test time could be effectively shortened by increasing the temperature data discarding time during the initial test phase and decreasing the circulating fluid velocity. By choosing the right test time, the identification accuracy could be improved. This demonstrates that it is unreliable to increase the test duration alone in an effort to increase the recognition accuracy. Han and Li [36] concluded that while the identification error curve of the volume heat capacity increased with increasing test time, the identification error curve of the thermal conductivity generally decreased with increasing test time. Similarly, the modeling basis and verification conditions of numerical simulations still depend on field test parameters, and their determination is indispensable.



The thermal response test usually has multiple test stages. Before another in situ TRT can be performed, enough time must pass to ensure that the ground temperature has returned to the initial value [17]. For interrupted testing, the ASHARE [37] recommends waiting 10 to 12 days before retesting the drill hole after completing a 48-h test and suggests that the waiting time can be reduced in proportion to the reduced test time. However, the time to recover the initial ground temperature is not considered in many studies. Although the time to recover the initial ground temperature usually depends on turning off the heating device, an excessive heat recovery time can extend the duration of the entire TRT and increase the cost. Therefore, the thermal recovery time in the thermal response test should be studied.



In summary, research on the impact of test conditions on the test results is mostly based on the traditional TRT. It is impossible for the standard TRT temperature sensor, which is only mounted at the inlet and outflow, to accurately reflect the temperature along the entire depth during the test and the temperature of the bottom hole. Formation temperature fluctuation was not considered when analyzing the impact on the thermal conductivity measurement results. The thermal recovery time should also be accounted for to shorten the overall test duration and lower the cost of the thermal response test.



The on-site thermal response in a borehole in Changchun city was investigated in this work by combining the conventional thermal response test and the distributed optical fiber-based DTRT. The DOFTS continuously measures the temperature change at each location in the stratum, while the TRT module continuously tracks the temperature change at the intake and outlet. Within 130 m of the shallow layer, geothermal features were identified, and the variation trends of the formation temperature with the operation time and test depth were examined. The borehole was evaluated under three heat load conditions. The effects of the heat load and thermal load test time on the thermal conductivity results were studied in conjunction with the intake and outlet temperature data, as well as the temperature data at various depths in the formation. The parameters of temperature change during the thermal recovery phase of the formation following the test phase were also researched. The appropriate heat load, test time, and heat recovery time should be chosen based on the features of the temperature change at each depth in the formation during the test period and the initial temperature recovery period, considering the requirements of the cost and test accuracy.




2. Materials and Methods


2.1. In-situ Test Principle


Due to the inevitable errors between the data results obtained via field testing and the real thermal physical property values, the purpose of analyzing the influencing factors of thermal response testing is to determine error sources in the testing process and data processing and remove major error factors to the greatest extent to improve the accuracy of the test results. In this paper, the slope method of the linear heat source model was used to calculate parameters. The linear heat source model regards the buried pipe heat exchanger as an infinitely long line heat source model with a constant heat flow and regards the backfill material and soil outside the buried pipe as an infinite medium with uniform thermal resistance. The strata were assumed homogeneous, isotropic and borderless. The average temperature of the circulating liquid at the inlet and outlet can be expressed as Equation (1):
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In Equation (1), Tf is the average temperature of the fluid at the inlet and outlet of the buried pipe, (K); Q is the heat load, (W); λs is the average thermal conductivity of the rock and soil mass, (W/(m∙K)); L is the length of the buried pipe, (m); rb is the drilling radius, (m); α is the thermal diffusivity, (m2/s); γ is Euler’s constant, 0.5772; T0 is the average initial temperature of the rock and soil mass, (K); Rb is the thermal resistance of the drilling hole, (m∙K/W).



Equation (1) can be simplified as:


   T f  = k ln t + b  



(2)







By measuring the inlet and outlet temperatures of the buried pipe fluid at each time, the average fluid temperature at each time can be obtained:


   T f  =    T  i n   +  T  o u t     / 2  



(3)







According to the linear relationship between the fluid temperature and logarithmic time at each time point, the slope coefficient k can be determined via linear regression with the least square method, and the thermal conductivity of rock and soil λs can be further obtained:


   λ s  =  q  4 π k    



(4)







By analyzing Equation (1), the factors related to the calculated parameters mentioned in the equation include the initial soil temperature, measurement time, heat load, physical parameters of the backfill material and borehole aperture. The deviation in these parameters exerts a direct impact on the calculation and determination of the soil thermal conductivity.




2.2. Field Test Procedure


As shown in Figure 1, the Fengyue Automobile Factory plans to build a ground source heat pump in a plant located in Changchun city, Jilin Province, China. Therefore, the thermal response field test was conducted at the plant before construction to obtain the thermal physical property parameters of the rock and soil. Changchun city is located in the mid-temperate continental monsoon climate zone, with an annual average temperature of 4.8 °C and a low temperature of −39.8 °C in winter. Heating is required for up to 6 months of the year, which is essential for local production and life. The heat extracted from the proposed GSHP will be used to increase the temperature in the industrial workshop (heating target) to ensure that the workshop can be properly operated in winter. The distance between the heating target and the borehole is 300 m, and heat will be transported to the workshop through insulation pipes buried in the ground.



The thermal response test system consists of a traditional thermal response test module (TRT module) and a distributed thermal response test module (DTRT module), as shown in Figure 2. After the drilling process was completed and stable conditions were obtained, a high-density PE pipe was vertically lowered into the drilling hole under pressure. During the test, the circulating fluid was circulated in a U-Tube, as shown in Figure 2. Accordingly, the temperature acquisition probe (Figure 3a) arranged at the inlet and outlet of the pipe and the distributed optical fiber temperature sensor (Figure 3b) arranged throughout the well were used to monitor and collect temperature data. To stabilize the measurement of the DOFTS, in the installation process, the optical fiber was fixed on the tube wall at 0.2 m intervals through a high-temperature-resistant rolling strip. The temperature probe and recorder were connected with a temperature cable protected by a flexible metal hose, which also protected the optical fiber from breaking and being affected by the surrounding environment. Distributed optical fibers and steel tubes (fluid inlet and outlet) were introduced into the field thermal physical property test chamber to connect the DTRT module and TRT module, respectively. The TRT module recorded the temperature at the water outlet hole and water inlet hole in real-time, and the DTRT module observed the temperature at each depth in the formation in real-time. Temperature data measured by the DOFTS were automatically collected every 7 s and saved every 15 min. Therefore, the temperature changes with the depth and time during the test could be displayed on the computer.




2.3. Materials of the BHE


The length of the U-Tube was designed to be 130 m to match the drilling depth. In terms of the stratigraphic structure, silty clay, mudstone, argillaceous siltstone and mudstone mainly developed from top to bottom. The tube adopted a DN32 high-density PE double U-Tube. The backfill consists of mixed paddle material of bentonite and fine sand. The bentonite content ranged from 4 to 6% and the fine sand content reached 95%. After filling, the system was left to stand for 48 h. Backpacking prevents wall collapse during construction. It also improves thermal conductivity. Water was chosen as the circulating working fluid. For the field test, the parameters of the borehole and U-Tube are listed in Table 1.




2.4. Field Test Procedure


To measure the influence of the heat load and test time on the thermal conductivity, three operating conditions (A, B and C) and three restoration conditions (R1, R2 and R3) to restore the ground temperature were designed. The duration of the A, B and C conditions was set to 48 h, and the heat loads were 12, 8, and 4 kW, respectively. The duration of the three restoration conditions was set to 72 h. Test condition information is provided in Table 2. After the undisturbed ground temperature was measured, the constant heat flow experiment under working condition A was conducted first, and the heat transfer medium in the loop was heated under a 12 kW heat load. During the test, the thermal load and flow rate were basically maintained constant (a fluctuation range within ±5%). The TRT module recorded the flow rate and inlet and outlet temperatures of the heat transfer medium in the loop, and the DTRT module recorded the temperature at different depths of the stratum at different times. The observation time should not be less than 24 h after the temperature remains stable. After the test under working condition A, Condition R1 was employed, and heating was stopped for 72 h to restore the initial ground temperature. Similar to operating condition A and restoration condition R1, after restoring the initial ground temperature under Condition R1, Conditions B, R2, C and R2 were employed in sequence.




2.5. Uncertainty Analysis


According to the experimental observations, the parameters were obtained. The calculation results contain inaccuracies because the experimental equipment suffers a certain inaccuracy. Error propagation theory was used to examine the temperature uncertainty and ensure the efficacy of the results to validate the accuracy of test result processing. The circulation flow was measured using an ultrasonic flowmeter during the experiment, with a maximum measurement inaccuracy of ±1%. A heater was used to apply the thermal load during the test, and the power supply voltage exhibited a maximum inaccuracy of ±3%. The thermal resistance, with a maximum inaccuracy of ±0.05%, measured the fluid temperature at the input and output. With a measuring precision of 1 °C and a maximum uncertainty of ±0.5%, dispersed temperature sensors were used to continuously monitor the formation temperature. The distributed optical fiber provided a positioning precision of 1 m and a maximum error of ±0.4%.



Based on these parameters, the uncertainty in the thermal conductivity can be calculated as ±3.2% via Equation (5).
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3. Results and Discussion


3.1. Determination of the Geothermal Conditions


Geothermal conditions can determine the amount of heating. After the lower pipe was buried for 48 h, the distribution of the stratum temperature recorded by the distributed temperature measurement fiber along the depth is shown in Figure 4a. The bottomhole temperature was 11.4 °C at 130 m, with an average geothermal gradient of 3.0 °C/100 m. According to the temperature distribution trend, the underground temperature field could be divided into three layers: the 0–25 m stratum temperature was greatly affected by the surface covering layer, atmosphere and solar radiation and varied greatly in different seasons and regions; the formation temperature from 25–50 m remained basically constant, and this area could be regarded as a constant area of the underground temperature; then, the temperature increased linearly with increasing depth from 50–130 m, and it could be determined that 50–130 m was the temperature increasing area. The average temperature within the study depth range of 130 m was 10.0 °C without considering the 0–25 m variable-temperature area, which was greatly affected by atmospheric and light factors. Then, the circulating water pump was turned on, the heater was turned off, and the inlet and outlet temperature curves of the fluid were recorded, as shown in Figure 4b. When the temperature reached stability, the outlet temperature was 10.1 °C, which is consistent with the results obtained via distributed temperature measurement. Therefore, it is recommended to adopt the method of distributed temperature measurement, which can divide the temperature field of the stratum. In this paper, 10 °C was selected as the undisturbed ground temperature.




3.2. Influence of the Heat Load


The borehole was tested under Conditions A, B, and C with different heat loads, and the test duration under each condition was 48 h. During the test, the water flow rate in the pipe was kept at 0.68 m/s. The data acquisition system of the TRT module automatically recorded the temperature at the inlet and outlet every 60 s. After the test, the continuously recorded temperature data were considered to generate temperature curves of the inlet and outlet under the three working conditions with time, as shown in Figure 5.



With increasing time, the water temperature at the inlet and outlet of the buried pipe also increased. This occurred because with increasing time, the soil continuously absorbed heat and thus, heat transfer between the soil and the buried pipe gradually decreased. When heat diffusion in the soil reached a stable value with heat transfer between the buried pipe and the soil, the water temperature at the outlet of the buried pipe also reached a stable value. When Conditions A, B and C reached a stable state, the temperature difference between the inlet and outlet was 4.2 °C, 3.0 °C and 1.3 °C, respectively. With increasing heat load, the temperature difference between the inlet and outlet in the steady state increased.



Average temperature and logarithmic time curves of the inlet and outlet under the three working conditions were fitted. According to the slope and intercept of the fitting straight line, the average thermal conductivity of the rock and soil mass within the drilling range under the three working conditions A, B and C was calculated, at 1.864 W/m∙K, 1.859 W/m∙K and 1.826 W/m∙K, respectively. If working condition B was chosen as a reference, the heat load under working condition A increased by 50% and the thermal conductivity increased by 0.27%, while the heat load under working condition C decreased by 50% and the thermal conductivity decreased by 2.08%, with the error remaining within 5%. The heat load slightly influenced the test results of thermal conductivity test results.




3.3. Influence of the Test Time


The Chinese GCHPs technical specification [28] mentions that in a test using the heat load, a certain temperature difference should be maintained between the heat exchange fluid and the rock soil. After the outlet temperature of the buried pipe heat exchanger has stabilized, the temperature should be more than 5 °C higher than the initial average temperature of the rock soil, which is judgment condition I. The stability of the outlet temperature of the buried pipe heat exchanger suggests that the temperature fluctuation is less than 1 °C within no less than 12 h, which is judgment condition II.



3.3.1. Change in the Outlet Temperature of the Heat Exchanger


Figure 5 shows that the temperature under the three working conditions significantly increased from 0 to 12 h at the initial stage, and the outlet temperature did not reach the quasi-steady state. The temperature rise range and rate of temperature rise under working condition A were higher than those under working condition B, and the temperature rise rate under working condition B was higher than that under working condition C. To explore the time to reach the quasi-steady state, the changes in the outlet temperature of the heat exchanger within the range of 12 to 48 h under the three working conditions are shown in Figure 6. The outlet temperatures under the three working conditions were 29.1 °C, 23.9 °C and 18.5 °C when the test lasted up to 48 h, which are higher than the initial formation temperature by more than 5 °C, meeting Condition I. When testing for 12 h, the outlet temperatures under working conditions A, B and C were 25.8 °C, 20.3 °C and 15.9 °C, respectively, and 88.6%, 84.9% and 84.1%, respectively, of the quasi-steady state temperature increase range was achieved. Considering that the temperature fluctuation at the outlet of the heat exchanger was less than 1 °C for 12 consecutive hours, Conditions A, B and C met Condition II from 17 to 29 h, 25 to 37 h and 28 to 40 h, respectively, to achieve a quasi-steady state. The time for Condition A to reach the quasi-steady state was shorter than that for Condition B, and that for Condition B was shorter than that for Condition C. The heat load increased, and the temperature rose faster, which helped to reach the quasi-steady state faster.




3.3.2. Formation Temperature Change


When the inlet and outlet temperatures reached the quasi-steady state, the temperature data at the different depths recorded by the DTRT module were analyzed to observe the temperature changes in the actual formation at different times, as shown in Figure 7. At 0 h, the initial ground temperature applies, the temperature curve is smooth and approximates a straight line, and the temperature at each depth is basically the same. In contrast, the temperature changes at the different depths of the borehole in the heating process were different, which shows that the thermal conductivity of the rock stratum and soil is unevenly distributed among the different strata. The higher the thermal conductivity of the formation is, the faster the heat dissipation process, resulting in a relatively low temperature of the formation with high thermal conductivity, forming a fluctuating temperature curve. The temperature at the same depth under the different working conditions differed, but the changing trend of the temperature over time was the same, forming a temperature curve with a similar shape. Observing the interval of 12 h, the temperature rise at each point in the formation during the testing period under the three working conditions A (Figure 7a), B (Figure 7b) and C (Figure 7c) was large from 0 to 12 h and small from 12 to 24 h, 24 to 36 h and 36 to 48 h, respectively, which is the same as the outlet temperature change trend recorded by the TRT module. After 12 h, the rate of temperature rise declined. At 36 h and 48 h, the temperature curves at the various depths of the formation were nearly coincident, which indicates that the temperature change amplitude at these two time nodes was very small. Among them, the temperature change range under Condition A was very small 24 h later; under Condition B it was very limited 36 h later, and under Condition C it was very narrow 36 h later. Although the temperature change amplitude at each depth of the formation was different, the temperature change speed and temperature change trend were the same as those of the inlet and outlet temperatures. The temperature greatly increased from 0 to 12 h and the growth rate declined after 12 h, and the increase in the heat load accelerated the temperature change and shortened the time to reach the quasi-steady state.




3.3.3. Thermal Conductivity under the Different Test Times


Considering the time when the quasi-steady state was reached during the test, the thermal conductivity corresponding to this time under the times of 24, 30, 36, 42, and 48 h was calculated at 6 h intervals, and the results are listed in Table 3. The calculated soil thermal conductivity varied with the test time, as shown in Figure 8. The thermal conductivity fluctuated with increasing test time at intervals of 6 h, but the fluctuation was relatively limited. When the heat load under working condition A was 12 kW, the thermal conductivity ranged from 1.846 to 1.871 W/m∙K with increasing test time. When the heat load was 8 kW under working condition B, the thermal conductivity ranged from 1.791 to 1.826 W/m∙K with increasing test time. When the heat load was 4 kW under working condition C, the thermal conductivity ranged from 1.791 to 1.826 W/m∙K with increasing test time. It could be inferred from the analysis that if the test time is long enough, the fluctuation in the soil’s thermal conductivity decreases, and eventually converges to a certain fixed value. The thermal response experiment for measuring thermal conductivity requires a stable process under a certain time. According to Figure 8, when the heat load was 12 kW, 8 kW and 4 kW at time intervals of 24 h, the test results of the thermal conductivity decreased by 0.97%, 3.06% and 1.92%, respectively, from the levels at 48 h intervals. Compared to the test times of 36 h and 48 h, the test results of the thermal conductivity decreased by 0.64%, 0.91% and 1.92%, respectively, and the relative errors were small. The test time after reaching the quasi-steady state exerted little impact on the test results of the thermal conductivity.





3.4. Formation Temperature Recovery Characteristics


When the thermal response unit is running, the heat delivered to the soil under the different heat loads varies, and the final temperature of the stratum is also different. To study the formation temperature recovery, the TRT module recorded the change in the inlet and outlet temperatures under restoration conditions R1, R2 and R3, as shown in Figure 9. It should be noted that after 1.5 h and 2.7 h, heating was stopped under working condition R2, and the inlet and outlet interfaces were inspected twice to prevent water leakage. The heating was stopped after 1.7 h under working condition R3, and the TRT measurement module was moved for a safety inspection. The safety inspection led to a temporary abnormal rise in the measured temperature at these three time points, but this did not affect the thermal recovery of the entire formation. It could be found that with increasing recovery time, the outlet temperature gradually approached the initial temperature. During the first 12 h of the recovery period, the outlet temperature dropped rapidly. The outlet temperature dropped to 10.5 °C at 35 h, 16 h and 11 h under Conditions R1 (Figure 9a), R2 (Figure 9b) and R3 (Figure 9c), respectively, and it remained stable until the next heating period. The ground temperature could only be restored to 10.5 °C instead of the initial temperature of 10 °C in still water. The reason is that once the water in the U-Tube starts to circulate, even without heating or cooling, heat exchange between the upper and lower parts cannot be prevented. The water flow velocity in the tube in this experiment was 0.68 m/s, and the water in the tube was turbulent, so the water friction in the tube caused a temperature rise.



To explore the change in the temperature at the different depths in the stratum, we selected the time node corresponding to the outlet temperature and analyzed the temperature change at the different depths of the stratum over time, as shown in Figure 10. With the increase in recovery time, the soil temperature gradually approached the initial soil temperature, and the temperature change trend was the same at the different recovery time nodes, showing a nearly parallel downward trend. During the first 12 h of the recovery period, the formation temperature decreased rapidly, and the recovery range of the formation temperature was the largest. With increasing time, the speed of soil temperature recovery decreased, and finally, the temperature at each depth in the formation recovered to approximately 10.5 °C. Because the temperature in the formation was different under the different test conditions, the time needed to restore the initial temperature was also different. As shown in Figure 10, the initial temperature was restored at 36 h, 24 h and 24 h under restoration conditions R1, R2 and R3, respectively.



Combining the time to reach the quasi-steady state under Conditions A, B and C; the thermal conductivity test results at the different time nodes; the formation temperature recovery time under restoration conditions R1, R2, and R3 and considering the test accuracy and test cost, it is recommended to select a relatively high heat load of approximately 8 kW to shorten the time to reach the quasi-steady state; 36 h should be selected as both the test time and the time to recover the ground temperature, which can shorten the test time and reduce the test cost.





4. Conclusions


In this study, in-situ thermal response tests were performed involving a U-Tube with a depth of 130 m, and different test conditions were designed. The effects of the heat load and test time on the thermal conductivity were analyzed and described. Based on the temperature sensor probe and distributed optical fiber temperature sensor adopted, the initial formation temperature field was determined, and the temperature change trend of the formation during heating and heat recovery was studied. The specific conclusions are as follows:




	
The bottom hole temperature (130 m) measured by the distributed optical fiber temperature sensor is 11.4 °C. The underground constant-temperature zone is located at depths from 25 to 50 m, the temperature-increasing zone is located at depths from 50 to 130 m, and the geothermal gradient is 3 °C/100 m.



	
With increasing heat load, the temperature difference between the inlet and outlet increases when reaching the quasi-stable state. The heat load imposes a slight effect on the thermal conductivity test results.



	
During the heating test phase, the changing trend of the temperature in the formation is consistent with that of the outlet temperature, and it takes 36 h for the test to reach a quasi-stable state. The temperature rise at the initial stage of the test is obvious from 0 to 12 h. The temperature rise value from 0 to 12 h reaches 80% of the temperature rise range in the quasi-stable state. The heat load increases and the temperature rises faster, which helps to reach the quasi-stable state faster.



	
Once the quasi-stable condition is reached, there are slight differences between the thermal conductivity test results obtained at the various test times, and the test time imposes a slight influence on the thermal conductivity test results.



	
The temperature in the formation is different after test completion under the different test conditions, and the time needed to restore the initial temperature also varies. At the heat recovery stage, the changing trend of the temperature in the formation is consistent with that of the outlet temperature. A reduction in the heat load can shorten the time for the formation to recover the initial temperature. From the perspective of economic benefits and test accuracy, it is recommended to select a relatively high heat load of 8 kW and select 36 h as both the test duration and ground temperature recovery duration.
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Figure 1. Regional and specific locations of the borehole and heating target. 
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Figure 2. Schematic diagram of the combined thermal response test system. 
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Figure 3. Field thermal response test system. (a) TRT module. (b) DTRT module. 
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Figure 4. Undisturbed formation temperature. (a) Temperature distribution with the depth. (b) Stable inlet and outlet temperatures after water circulation initiation. 
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Figure 5. Inlet and outlet time temperature curves. (a) Condition A. (b) Condition B. (c) Condition C. 
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Figure 6. Change in the outlet temperature of the heat exchanger. (a) Condition A. (b) Condition B. (c) Condition C. 
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Figure 7. Temperature change at each depth of the formation. (a) Condition A. (b) Condition B. (c) Condition C. 
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Figure 8. Thermal conductivity at the different time nodes. (a) Condition A. (b) Condition B. (c) Condition C. 
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Figure 9. Outlet temperature after stopping heating. (a) Condition R1. (b) Condition R2. (c) Condition R3. 
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Figure 10. Formation temperature after stopping heating. (a) Condition R1. (b) Condition R2. (c) Condition R3. 
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Table 1. Borehole and U-Tube parameters.
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Item

	
Parameter

	
FY01 U-Tube






	
Borehole

	
Vertical depth (m)

	
130




	
Backfill material

	
Fine sand and bentonite




	
Wellhead diameter (mm)

	
150




	
PE pipe

	
External diameter (mm)

	
32




	
Internal diameter (mm)

	
26
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Table 2. Information on the test conditions.
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	Working Condition
	Duration (h)
	Heat Load (kW)





	Initial ground temperature
	96
	0



	A
	48
	12



	R1
	72
	0



	B
	48
	8



	R2
	72
	0



	C
	48
	4



	R3
	72
	0
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Table 3. Thermal conductivity under the different test times.
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Condition

	
Test Time (h)

	
24

	
30

	
36

	
42

	
48






	
A

	
Thermal conductivity

(W/m∙K)

	
1.846

	
1.856

	
1.852

	
1.871

	
1.864




	
B

	
1.794

	
1.796

	
1.803

	
1.828

	
1.859




	
C

	
1.791

	
1.794

	
1.791

	
1.802

	
1.826
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