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Abstract

:

Ground source heat pump (GSHP) systems are becoming popular in space heating and cooling applications. Despite this fact, in most countries, the role of this energy is not as important as it should be nowadays according to its capabilities for energy generation without CO2 emissions, mainly due to the lack of technical knowledge about GSHP performance. The analysis of the physical processes that take part in the geothermal exchanges is necessary to allow the optimal exploitation of the geothermal resources. For all the above, an experimental geothermal device was built in the laboratory to control the phenomena that take place in a borehole heat exchanger (BHE). A 1-m high single-U heat exchanger was inserted in the center of a polyethylene container which also included granular material (surrounding ground) and the grouting material. Temperature sensors were situated in different positions of the experimental setup. Physical processes are evaluated to finally validate the model. Numerous applications can be developed from the experimental BHE. In this research, the determination of the thermal conductivity of the material used as medium was carried out. Results of this parameter were also compared with the ones obtained from the use of the KD2 Pro device.
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1. Introduction


There is an emerging need (at a global scale) of electrical driven heating systems in order to reduce CO2 emissions. Heat pump (HP) systems (geothermal and air source HPs) are a very efficient way of using the electrical energy to provide heating and cooling services at any scale. A great growth of these types of installations all over the world in the next few years is expected [1]. On this matter, Ground Source Heat Pump Systems (GSHPs) seem to be more efficient with average energy needs, so this type of installation may become much more popular in the near future [2].



In the process of finding improvements for vertical GSHPs, the physical analysis of the process of heat exchange in the ground is one of the most important features in the development of new and improved installations and devices [3,4]. This improvement could be studied and defined in three different ways: through mathematical software running in computers and simulating the geothermal process, by sensor monitoring of real geothermal systems, and by building scale models in the laboratory [5,6]. Numerous analytical and numerical models have been evaluated and used as an analysis tool of the heat transfer in a Borehole Heat Exchanger (BHE). However, these models usually require validation through experimental data from real systems, for which obtaining is often inviable due to difficulties of in-field measurements [7,8,9]. In this regard, physical models offer a solution to those phenomena that are not simple to solve analytically or numerically. They are commonly used in the verification of numerical or analytical applications and can be implemented to describe a large number of thermodynamic processes [10,11]. In the specific geothermal heat exchange, some published researches are focused on the creation of experimental devices to analyze the thermal phenomena that takes place in a shallow geothermal system at laboratory scale (including different applications; heat pumps and heat-exchanger technologies; and energy recovery) [12,13,14,15,16].



Already in 1999, Remund, C. P. [17] states that vertical ground heat exchangers are a common method of linking geothermal heat pump systems to the Earth. Until then, very little attention had been given to the thermal properties of the materials on the thermal performance of the vertical ground heat exchanger. Laboratory experiments were focused on the effect of grout thermal conductivity, borehole diameter, pipe size, and pipe configuration on the total thermal resistance in the borehole. Since then, several laboratory simulations of geothermal systems have been proposed [18,19] Results derived from controlled laboratory experiments can be used to verify predictions from analytical and numerical models of heat transfer. Moreover, this drastically reduces the installation cost associated with the ground source heat pump (GSHP) [18]. However, in the proposed experiments, the comparison of soil thermal conductivity values obtained using different calculation methods show considerable differences, being around 11 % higher than that calculated from element tests using Fourier’s law. Moving forward to 2015, Luo et al. [20] performed an experimental investigation measuring thermal conductivity of layered ground. Enhanced Geothermal Response Test (EGRT) and numerical analysis are used. Specifically, the effect of groundwater flow on the thermal performance is assessed in this experiment, finding that the EGRT deviates drastically to the laboratory outcomes under groundwater flow. Currently, studies are also focused on measurements of thermal conductivity on sedimentary rocks and thermally enhanced materials [21,22]. Still, the outcomes reveal that additional data is required to improve the reliability of the estimates and understanding of the thermal processes [22].



The present research is based on the reproduction of a scale physical model of a BHE. Thus, a single-U heat exchanger was inserted into a polyethylene cylinder container, which also includes sandy material simulating the surrounding ground. The measurements of a set of temperature sensors distributed at different levels of the experiment allow the analysis of the physical processes involved in the geothermal exchange. After the theoretical validation of the scale model, it allows the computation of a series of physical measures such as the temperature in different positions; the heat exchange; and, from them, the thermal conductivity of the material.



Another important feature when designing a geothermal system is the thermal conditions of the subsoil, specifically the thermal conductivity of the ground [23]. This parameter is crucial in defining the length of the boreholes in the well field of the GSHPs. After an exhaustive evaluation and validation of the model implemented in the experimental setup, the thermal conductivity of the material used as surrounding ground was estimated [24,25,26].



Although a more detailed explanation of the scale model will be given in Section 2, as a brief introduction, it is worth mentioning that the present research will take place in two phases:




	■

	
Phase 1: Using the general equation of heat conduction in cylindrical coordinates and the Dirichlet border condition [27], the temperature measurements of the sensors in the model should be predicted by the theoretical equations. This is the way we can be reasonably confident in the predictability of our scale model.




	■

	
Phase 2: Characterization of the thermal conductivity of the sandy material simulating the ground. This will also be accomplished by using the heat conductivity model from phase 1 in order to obtain the thermal conductivity through the thermal resistivity. Beyond this “global conductivity” of the model, several measurements of thermal conductivity at local points will be made at different depths using the KD2-PRO analyzer with RK-1 sensor [28]. Results of those measurements will be related to the global conductivity in order to evaluate the local distribution of thermal conductivities and their contribution to the global value.









In a summarized way, this work proposes an experimental setup that will be validated from the theoretical model and that, in turn, will be used as a method to estimate the thermal conductivity of the material included in the setup. Finally, a successful comparison between the laboratory measurements and that obtained with the KD2 Pro device is obtained. Therefore, this novel device represents an inexpensive, less time-consuming, and reliable approach to measure thermal conductivity. Such approach can step in for, or complement, well-known but costly methods, such as the Thermal Response Test (TRT). The following sections present the theoretical basis of the model and the experimental steps, the results of the laboratory tests, and the final modules of discussion and main conclusions.




2. Materials and Methods


2.1. Description of the Experimental Setup


In this work, a borehole heat exchanger is reproduced on a laboratory scale. The main structure consisted of a cylindrical polyethylene container of 1.20 m height and 0.77 m interior diameter. Moreover, a vertical geothermal borehole was fitted in the middle of the system. Thus, all the following elements composed the settled experimental structure:




	■

	
A vertical borehole, consisting of a single-U polyethylene heat exchanger, a grouting high conductive material, and an external cylindrical polyethylene structure. The grouting material was selected from previous research results [29] and consisted of an aluminum cement, water, and silica sand mixture in portions of 25/25/50.




	■

	
Working fluid that eased the heat-exchange throughout the system. Water directly taken from a hydraulic system was the selected fluid since no freezing temperatures were expected along the study.




	■

	
A glass container that kept the working fluid. This container was equipped both with (i) an electric resistance that allowed setting the fluid to a fixed temperature and (ii) an immersed pump that conducted the previously heated working fluid inside the single-U heat exchanger and returned it to the glass container to begin a new cycle.




	■

	
The connection between the heat exchanger and the pump, made using additional polyethylene tubes insulated by thermal protective material.




	■

	
A sandy material with a humidity of 15%, placed to fill the space between the vertical borehole and the container of the entire experimental system up to 1 m height, used to simulate the surrounding ground of a common geothermal system.




	■

	
Six copper tubes of 10 mm diameter placed inside the sandy material and used to keep the temperature sensors to monitor this parameter along the study time at different distances from the vertical heat exchanger. One of the tubes was placed right next to the external container, while the other 5 were equally separated 41 mm thanks to the development of a fixed structure in a 3D printer.




	■

	
Thirteen sensors set in several components of the experimental setup to monitor and control significant parameters for its proper performance: (i) 6 temperature sensors placed inside the copper tubes in the sandy material (S1 to S6), (ii) 2 temperature sensors to control this thermal parameter when the working fluid was driven in and outside the vertical single-U heat exchanger from the glass container (S7 and S8), (iii) 2 sensors to control the room temperature conditions during the study time (S9 and S11), (iv) 1 temperature sensor inside the glass container of the working fluid (S10), (v) 1 laser sensor to measure the external temperature of the main cylindrical container of the setup (S12), and (v) a flowmeter sensor to measure the flow rate of the system, placed right after an external valve that let control this parameter in the inlet heat-exchanger tube (S13).




	■

	
Insulating polyurethane base with a thermal conductivity of 0.08 W/m·K placed on the bottom of the main container to avoid additional heating losses during the experiment. The top has been left without insulation to replicate the real conditions of the well field in typical geothermal installations.









Figure 1 presents a basic schema of the experimental setup described above with the aim of easily recognizing all the mentioned components. Additionally, Figure 2 shows the setup assembly process and the final appearance of the system.



It must be noted that the material filling was made following a specific procedure to ensure the homogeneity of the horizontal layers. As the previous Figure 1 shows, the temperature registers were made in a radial way (keeping the z coordinate constant) with the aim of avoiding different material density states probably derived from the gravity effect.



2.1.1. Temperature Control


As briefly mentioned above, the temperature was measured along several points of the analyzed geothermal setup every 5 s. For this purpose, DS18B20 temperature sensors with ±0.5 °C of accuracy were used. This set of sensors was connected to a unique device that recorded all the measured data in a removable memory card. Additionally, all measured parameters could be accurately controlled in the laboratory in real-time using a Wi-Fi connection in an external handheld machine from any standard mobile phone.



Specifically, the external temperature of the main polyethylene container that capsuled the entire structure was measured using an infrared sensor. This device measured both the external temperature of the container from a fixed distance and the room temperature of the working environment. Besides all the temperature sensors, a flowmeter sensor was also used to measure the flow rate in the circuit. Figure 1 showed the sensors’ location along the geothermal setup while Table 1 presents the measures taken by each sensor and the corrections applied.



Before starting the geothermal heat exchanging performance in the laboratory and hence measuring temperatures, sensors were calibrated so the corresponding correction factors were applied to each of them before carrying any other calculation. The flowmeter sensor was also tested in a smaller deposit in such a way that the flow rate measures were adjusted depending on the obtained results.



The ground temperature sensors (S1–S6) were set in the copper tubes of 10 mm diameter carefully placed in the ground of the main container.



Before using, all the temperature sensors were calibrated and the corresponding correction factors were applied to each of them. The flowmeter sensor was equally tested and adjusted in function of the results obtained during its calibration. Figure 3 shows the schema of the data acquisition system implemented in the experimental device.




2.1.2. Experimental Procedure


The experimental setup presented in this research was assembled with the aim of reproducing the same thermal phenomena that takes place in a real geothermal installation but on a laboratory scale. Given the limitations, the reproduced process was actually opposite to the one experienced in real installations. While the working fluid is normally ground-heated and flows through the heat exchanger, the developed system used a resistance placed in the glass tank that contained the water. Thus, the working fluid got heated inside the tank and cooled down while flowing through the heat exchanger in a close system.



Once the geothermal process started, the thermal response of the sandy filling material placed between the vertical borehole and the external container was evaluated using the temperature sensors previously described. The geothermal system worked for 6 entire days, being both the water pump and the heat resistance stopped in the middle of the study period. In this way, the thermal response of the sand both when the working fluid was exchanging heat and cooling down could be studied. Moreover, this approach eased determination of the stationary period.



Finally, the thermal conductivity of the sandy material was calculated following the existing theoretical basis, as being one of the most significant parameters that define the efficiency of the geothermal systems. Moreover, results were compared with those obtained using a commercial measuring device.





2.2. Theoretical Basis


The basis of the experiment consisted of providing a certain amount of heat through the heat-exchanger system to increase the temperature of the sand that filled the surroundings. Thus, the sand temperature was warmer when measured closer to the borehole and cooler down radially depending on the thermal conductivity of the material.



This thermal parameter was measured at certain distances to the geothermal borehole using the sensors placed inside the cupper tubes (S1 to S6). Given the system geometry, the heat transmission took place in a radial way so the proper mathematical model to analyze the system was based on cylindrical coordinates. Figure 4 shows the heat transmission and the location of the temperature sensors in the sand, with r1 to r5 as the distances from each sensor (S1 to S5) to the center of the vertical borehole.



The sandy material (ground) behaves as an insulating layer, so the heat transmitted through the first radial cylinder must be necessarily transferred through the second and so on. This behavior defined the developed experimental system as a series-resistive model. The general equation that defines the heat transmission is presented in cylindrical coordinates as Equation (1) and is further described in Figure 5.


   1 r   ∂  ∂ r    (  k r     ∂ T   ∂ r    )  +  1   r 2     ∂  ∂ ∅    (  k   ∂ T   ∂ ∅    )  +  ∂  ∂ z    (  k   ∂ T   ∂ z    )  +   e ˙  g  = ρ c   ∂ T   ∂ t    



(1)




where




	
k = material thermal conductivity



	
r = radio



	
 ∂ r = radio differential



	
 ∅  = angle



	
  ∂ ∅   = angle differential



	
 ∂ z = height differential



	
p = material density



	
c = material specific heat



	
    e ˙  g    = energy generated



	
 ∂ T = temperature differential



	
  ∂ t   = time differential








Once the boundary restrictions are considered, integrating and applying the Dirichlet border condition in the two lateral areas of the cylinder, the following Equation (2) is obtained.


  T  ( r )  =    (    l n  (  r /  r 1   )    l n  (   r 2  /  r 1   )     )   (   T 2  −  T 1   )  +  T 1   



(2)







In this way, the heat rate through a cylinder can be defined as follows:


   Q ˙  =   − k A   d T   d r     →    Q ˙  = 2 π k L    T 1  −  T 2    l n  (   r 2  /  r 1   )     



(3)







As the usual practice uses the concepts of thermal resistance and thermal circuit in analogy to electric circuits, Equation (4) is deduced.


   Q ˙  =   Δ T    R T     



(4)




where




	
   Q ˙  =   Heat rate equivalent to the electrical power



	
  Δ T =   Temperature difference (T1 − T2) comparable to the potential difference in an electric circuit



	
RT = Thermal resistance



L = Borehole length








All the above allows writing the previous Equation (4) as follows:


   Q ˙  =      T 1  −  T 2     (    l n  (   r 2  /  r 1   )    2 π k L    )     



(5)







Thus, the thermal resistance could be obtained as shown in Equation (6).


   R T  =   l n  (   r 2  /  r 1   )    2 π k L    



(6)







2.2.1. Model Validation


The validation of the theoretical model applied on the developed geothermal setup was based on the measurements made with the temperature sensors S1–S5. As previously stated, the thermal resistances were based on a series resistive cylindrical system so the following expression (Equation (7)) had to be verified.


   Q ˙  =      T 1  −  T 2     (    l n  (   r 2  /  r 1   )    2 π k L    )    =    T 2  −  T 3     (    l n  (   r 3  /  r 2   )    2 π k L    )     



(7)







In this way, if the model is correct, when the permanent regime is reached, the equalities presented in Equations (8)–(10) must be also satisfied.


     T 3  −  T 2     T 2  −  T 1    =   l n  (   r 3  /  r 2   )    l n  (   r 2  /  r 1   )            →            T 3  −  T 2     T 2  −  T 1    −   l n  (   r 3  /  r 2   )    l n  (   r 2  /  r 1   )    = 0  



(8)






     T 4  −  T 3     T 3  −  T 2    =   l n  (   r 4  /  r 3   )    l n  (   r 3  /  r 2   )            →            T 4  −  T 3     T 3  −  T 2    −   l n  (   r 4  /  r 3   )    l n  (   r 3  /  r 2   )    = 0  



(9)






     T 5  −  T 4     T 4  −  T 3    =   l n  (   r 5  /  r 4   )    l n  (   r 4  /  r 3   )            →            T 5  −  T 4     T 4  −  T 3    −   l n  (   r 5  /  r 4   )    l n  (   r 4  /  r 3   )    = 0  



(10)








2.2.2. Temperature Sensors Calibration


The temperature sensors used in the several tests performed for this experiment were thoroughly calibrated beforehand (Section 2.1.1). With that aim, all these sensors were actively measuring the same room and location during a certain period of time. Despite the fact that sensors do not need calibration, temperature tests were made to determine the possible measurement deviation among sensors. These measurements are graphically represented in Figure 6.



The calibration of the sensors considering the measurements previously presented was performed as follows:




	■

	
Calculation of the average value read by each sensor.




	■

	
Determination of the difference between the mean value and the sensor measurement for each reading.




	■

	
For each sensor, calculation of the mean value of the difference estimated in the previous step. This average value represented the correction factor to be applied to the measurement of each sensor. These factors can be observed in Table 2.









Additionally, the standard deviation of each sensor measurement regarding the mean temperature value was calculated using the expression of Equation (11).


  σ =    σ 2    =     ∑    (  x − μ  )   2   N     



(11)




where




	
 σ  = deviation



	
x = Temperature sensor measurement



	
 μ  = Mean value from the set of measurements of each sensor








As a result of the individual calculation of the deviation of each sensor in each reading, the total deviation associated to the measurement of each temperature sensor is shown in Table 3. These deviations are only an indication of the relative quality of the measurements acquired. It is a way of controlling the possible deviation respect to the real value depending on which sensor the measurement comes from.





2.3. Experimental Phase


Once the setup was installed and after making all the corresponding verifications and calibrations, the experimental workflow was carried out following the sequence described in Figure 7.



Thermal Conductivity Characterization


The thermal conductivity of a certain material is a constant parameter supposing a homogeneous and isotropic medium. Effective thermal conductivity of the surrounding ground is the foremost parameter for geothermal applications [31]. Thus, experimental models and measurements are required to both understand and verify the results obtained following the theoretical basis, comparing it to commercial measurement instruments. All measurements were taken in a model that, even on a laboratory scale, reproduced the working flow of a real geothermal installation. Moreover, this experiment was a great alternative to measure and analyse the thermal properties of the soil in an inexpensive and more effective way than using thermal response tests (TRTs) on a real installation [32].



The estimation of this property in the ground that constitutes the experimental setup derives from the determination of the thermal resistance between two points. To obtain these thermal resistances, the heat transfer that goes through the model must be defined. With that aim, the following Equation (12) was implemented.


   Q ˙  =  m ˙   c p   (   T i  −  T o   )   



(12)




where




	
   Q ˙    = Heat rate



	
  m ˙   = mass flow rate (kg/s)



	
cp = working fluid specific heat



	
Ti = inlet temperature



	
To = outlet temperature








From the flow rate (m3/h) established in the pump, the mass flow rate can be directly obtained using the following Equation (13).


   m ˙   [    k g  s   ]  = F    [     m 3   h   ]  · p  [    k g    m 3     ]  ·  [    1   h   3600   s    ]   



(13)







Finally, calculating the thermal resistance applying Equation (6), the thermal conductivity is deduced by the expression of Equation (14):


  k =   l n  (     R 2     R 1     )    2 π  R T  L    



(14)










3. Results


3.1. Preliminary Test


After several experimental tests trying to define the correct operation of the geothermal device, in the final test, the setup was working for a period of time of approximately six days. In the third day of the experiment, the water pump and the heating device were disconnected but the sensors continued measuring. In this way, the response of the ground was evaluated during the fluid circulation and heating and during the cooling down with no fluid flowing. As already described in the workflow (Figure 7), the water tank was heated by the thermal resistance before connecting the set of sensors.



Results of the complete tests are represented in Figure 8, where all the measurements of the temperature sensors are shown. Additionally, Figure 9 shows the flow rate during the same test period. The water pump was paused working around the mid-term of the total experimental test, and hence, the flow rate was radically reduced to zero (Figure 9). Water flow rate was established from different preliminary tests that allowed the establishment of the most appropriate system performance and conditions.



As can be observed in Figure 9, the water pump was paused around mid-term of the total experimental test, the moment in which the flow rate is reduced to zero.



The following step consisted of determining when the permanent regime was achieved. This regime is settled when all the temperatures values remain quite constant, without remarkable variations in time (below 10%). Finally, applying the correction factors presented in Table 2 for temperature sensors S1–S10, the corrected temperature measurements can be graphically observed in Figure 10.




3.2. Validation


As explained in Section 2.2.1, the developed geothermal model must satisfy Equations (8)–(10). Thus, these calculations were determined once detected and corrected the permanent regime (Figure 10).



In the setup built to perform the present research, distances (r1–r5) mentioned in Equations (8)–(10) and graphically represented in Figure 4 have the values contemplated in Table 4.



Considering that the temperatures measured by the temperature sensors should remain timely constant in the permanent regime according to its definition, already corrected data from a certain instant of this period were used for the model validation. The fixed temperature values used are collected in Table 5.



Based on the data of the previous Table 4 and Table 5, the results of each of the terms of Equations (8)–(10) are presented in Table 6.



The difference between the first and second terms of each equation (Equations (8)–(10)) should be zero. As observed in Table 6, these differences are quite low, representing errors of less than the decimal point (10%), meaning that it is correct to assume that the system reached the steady state (also verified by Figure 10). In this way, the developed model was considered valid for performing the corresponding analysis of the geothermal exchange in a borehole. From the validation of this model, numerous studies could be carried out. This research considered the estimation of the thermal conductivity of the material used as a surrounding ground as it is a crucial parameter that determines the heat transmission and hence the installation efficiency [31].




3.3. Estimation of the Ground Thermal Conductivity


As already mentioned, the final aim of this work is calculating the thermal conductivity of the surrounding material that represents the ground on a real geothermal installation. In this way, this was the approach selected among the multiple applications of the experiment. Temperatures measured by sensors S1–S5 were the basis for this estimation. Figure 11 shows the evolution of the heat transfer process between the working fluid and the surrounding material based on the data recorded by sensors S1–S5.



Heat transmission variations were really notable during the first stages of the experiment (stages 1 to 6 in Figure 11) and were almost imperceptible afterwards (stages 6 to 12) (Figure 11). This fact was due to the gradual appearance of the permanent regime in the second half of the study.



Based on the corrected temperature values recorded by sensors S1–S5 during the permanent regime (Figure 10) and the theoretical basis (Section 2.2), the thermal conductivity of the surrounding material was estimated following the next steps:




	■

	
Determination of the mass flow rate and heat rate using Equations (12) and (13). Data of a certain instant from the set of corrected temperature results in the permanent regime (inlet and outlet fluid temperatures) were used to calculate the mentioned parameters. Table 7 presents all the required parameters and the results of the mass flow rate and heat rate. As this Table shows, the difference between the temperature of the inlet and outlet fluid is 0.18 °C. Since the BHE constituting the proposed apparatus is just one meter long, higher differences are not possible because of scale limitations. It should be also noted that previous tests allowed verifying that lower flow rates did not contribute to increasing the mentioned temperature difference. With reduced flow rates, the fluid behaved in laminar regime, reducing the thermal exchange among pipes, grouting material, and ground, making the temperature between inlet and outlet fluids even lower.




	■

	
Calculation of the thermal resistances of the material found between sensors S1–S2, S2–S3, S3–S4, and S4–S5. The expression presented in Equation (4) was used with that aim. Results are shown in Table 8.




	■

	
Determination of the ground thermal conductivity applying Equation (14). This calculation, also made for the material contained between the couple of sensors S1–S2, S2–S3, S3–S4, and S4–S5, is based on the thermal resistances presented in Table 8. The results of the thermal conductivity parameter can be found in Table 9.











4. Discussion


This paper presents an experimental setup that is capable of determining the thermal conductivity of the surrounding material of the borehole heat exchanger. After validating the developed model, the temperature values recorded by a set of sensors placed at several distances from the main geothermal heat exchanger were used to calculate the ground thermal conductivity. This parameter was estimated for several sections of the material applying the same mathematical procedure. The average value obtained was 0.543 W/m·K (Table 9), with a standard deviation of 0.001 W/m·K.



KD2 Pro Measurement


Even obtaining a clearly low value for the standard deviation and hence quite a proper result for the thermal conductivity, which demonstrated the validity of the developed system, a supplementary method was also applied and compared. Thus, KD2 Pro device was used on the same sandy material and under the same conditions. It is a thermal properties analyzer developed by Decagon Devices [28] that allows the measurement of the thermal resistivity or the thermal conductivity of a certain rocky material. In this case, the portable controller was connected to the sensor RK-1, usually named as “needle probe”. Based on the infinite line heat source theory, heat is applied to the needle for a set heating time and the temperature is measured in the monitoring needle during heating and for an additional time after the heating period. Expressions applied for the computation during heating and cooling are shown in Equations (15) and (16). Additionally, Equation (17) presents the way of computing the thermal conductivity [33,34,35].


  T =    m 0  +  m 2  t +    m 3  l n t  



(15)






  T =    m 1  +  m 2  t +  m 3  l n  t  t −  t h     



(16)






  k =  q  4  m 3     



(17)




where




	
m0 is the ambient temperature during heating



	
m2 is the rate of background temperature drift



	
m3 is the slope of a line relating temperature rise to logarithm of temperature



	
q is the heat flux applied to the needle probe for a certain set of time








RK-1 sensor (3.9 mm in diameter, 6 cm in length, and ±10% of accuracy) was used in this work to measure the thermal conductivity of the material placed in the experimental device holding the same role as the ground in a real geothermal installation. Since this thermal parameter is affected by the state of compaction, the measurement was carried out in several levels to finally obtain a representative value of the whole volume contained in the experimental setup. This is the only way the level of compaction could be equaled in both methods towards a valid comparison. Thus, KD2 Pro was used in different locations: at the surface and at the depths of 25 cm, 50 cm, and 75 cm. The bottom of the experiment could not be reached due to the limited length of the sensor cable. Figure 12 shows one of the measuring processes taken with KD2 Pro.



The results obtained are shown in Table 10. It is worth noting that each measurement was made three times, calculating the mean value for each location.



In order to estimate the measurement that this device would determine in the deepest level of the container, the relation between the thermal conductivity and depth (directly related with the level of compaction of the material due to the weight of material supported) was graphically obtained (Figure 13). Thus, applying the equation that relates both variables, a thermal conductivity value of 0.676 W/m·K was obtained for the depth of 100 cm (bottom of the container).



Finally, the mean value for all the values of Table 10 and the one deduced from them was calculated. In this way, the thermal conductivity of the material used as ground in the suggested experiment takes the value of 0.522 W/m·K ± 0.01 W/m·K by applying KD2 Pro procedure.



As way of comparison, Figure 14 represents the thermal conductivity value obtained from three procedures: the suggested experimental setup (0.543 W/m·K), the KD2 Pro device (0.522 W/m·K), and a standard tabulated value for a dry sandy material (0.582 W/m·K) [36].



Observing Figure 14, the thermal conductivity result obtained from the implementation of the experimental setup is similar to the one coming from the use of KD2 Pro equipment (0.543 W/m·K and 0.522 W/m·K, respectively). Both solutions were obtained by measuring the thermal parameter of the material in the same conditions, and the low difference of values (0.021 W/m·K) could be attributed to the limitation of the KD2 Pro to measure at all levels of the medium. Low deviations are also indicative of proper system operation beyond the scale and geometric limits derived from its design.



Regarding the standard tabulated value, it is highly conditioned by the measuring conditions (ambient temperature, material humidity, compaction, etc.). Thus, obtaining the same value would not be realistic since the probabilities that the conditions of the material in the experimental test are equal to the conditions of the sandy material considered in the standard table are low.





5. Conclusions


It is important to accurately study the actual thermal exchange between the ground and the geothermal components in order to design Ground Source Heat Pumps (GSHPs). The development of this experimental device offers new approaches for analyzing the different thermal parameters that define the geothermal field. In this first research, the design of the system was both tested and validated from the physical model and applied in the calculation of the thermal conductivity parameter. Thus, as an example of the several applications this device could have, the thermal conductivity of the surrounding sandy material (ground-role) was estimated from the temperature sensors measurements. The agreement found among the thermal conductivity results obtained from the different sections defined by the set of sensors initially confirmed the system validity. For a more consistent corroboration, KD2 Pro equipment was also used on the same material and conditions. The final thermal conductivity value obtained using this instrument highly corresponded to the experimental setup results.



In addition to this application that allows both calculating and monitoring of the thermal conductivity of the ground, future researches will analyze other essential factors that thoroughly affect the geothermal behavior and hence the system efficiency. In the short term, the following studies are expected:




	■

	
Modification of the original state of the sandy material used as geothermal ground. Different humidity states will be applied, and the evolution of the thermal conductivity parameter will be analyzed.




	■

	
Application of different flow rates (controlling them using the valve installed in the system) and study of the thermal exchange and fluid circulation regime.




	■

	
Use of new working fluids, varying the content of glycol and analysis of the influence of each fluid in the thermal behavior.




	■

	
Study of the minimum distances among the boreholes of a certain geothermal system. Results from the laboratory device could be a valuable reference in real GSHP installations and heat-exchange affection between neighbor boreholes.









Finally, it must be clarified that, despite the fact that the proposed experimental device constitutes a useful tool to understand the phenomena taking part in the geothermal exchange, it cannot be considered as a substitute of the TRT. Nevertheless, it constitutes a preliminary step in the estimation of the ground thermal conductivity, resulting from special interest when in situ tests (as the TRT) are not viable. Beyond this application, the apparatus is also valuable to perform different analyses on the ground as an approach to understand the thermal phenomena that take place in low enthalpy geothermal systems (as the ones detailed before).
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Nomenclature




	
Symbols




	
k

	
Material thermal conductivity [W/m·K]




	
r

	
Radio [m]




	
  ∂  r

	
Radio differential [m]




	
  ∅  

	
Angle [°]




	
   ∂ ∅   

	
Angle differential [°]




	
  ∂  z

	
Height differential [m]




	
   ∂ t   

	
Time differential [s]




	
p

	
Material density [kg/m3]




	
c

	
Material specific heat [J/kg°C]




	
     e ˙  g    

	
Energy generated [J]




	
  ∂  T

	
Temperature differential [°C]




	
L

	
Borehole length [m]




	
   Q ˙   

	
Heat rate [W]




	
F

	
Flow rate [m3/h]




	
   Δ T   

	
Temperature difference [°C]




	
RT

	
Thermal resistance [m·K/W]




	
  σ  

	
Deviation




	
x

	
Temperature sensor measurement [°C]




	
  μ  

	
Mean value from the set of measurements of each sensor [°C]




	
   m ˙   

	
Mass flow rate [kg/s]




	
cp

	
Working fluid specific heat [J/kg°C]




	
Ti

	
Inlet temperature [°C]




	
To

	
Outlet temperature [°C]




	
m0

	
Ambient temperature during heating [K]




	
m2

	
Rate of background temperature drift [K]




	
m3

	
Slope of a line relating temperature rise to logarithm of temperature [K]




	
   q ˙   

	
Heat flux applied to the needle probe for a certain set of time [W/m]




	
Acronyms




	
GSHP

	
Ground Source Heat Pump




	
HP

	
Heat Pump




	
BHE

	
Borehole Heat Exchanger
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Figure 1. Schema of the geothermal setup reproduced in the laboratory. 
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Figure 2. Installation of the experimental setup: (A) Thermal insulation of the main container, (B) main container and first cupper tube, (C) geothermal borehole placement, (D) Set of cupper tubes set to equal distances, and (E) overview of the setup with all the sensors and accessories. 






Figure 2. Installation of the experimental setup: (A) Thermal insulation of the main container, (B) main container and first cupper tube, (C) geothermal borehole placement, (D) Set of cupper tubes set to equal distances, and (E) overview of the setup with all the sensors and accessories.



[image: Energies 13 01270 g002]







[image: Energies 13 01270 g003 550] 





Figure 3. Schema of the data acquisition system. 
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Figure 4. Heat transmission through the ground system and temperature sensors location. 
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Figure 5. A differential volume element in cylindrical coordinates [30]. 
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Figure 6. Temperature sensors measuring in a common ambient for the corresponding calibration. 
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Figure 7. Description of the experimental methodology followed on the geothermal device. 
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Figure 8. Measurements of the set of temperature sensors used in the experimental setup. 
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Figure 9. Flow rate during the test carried out on the experimental setup. 
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Figure 10. Corrected temperature measurements in the permanent regime by applying the correction factors on sensors S1–S10. (Note that S7 measurements are hidden due to their coincidence with the measurements from S8). 
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Figure 11. Heat transfer between the working fluid (water) and the surrounding material (silica sand with 15% humidity) according to the temperature values recorded by sensors S1–S5: Step 1 = 21,600 s, step 2 = 43,200 s, step 3 = 64,800 s, step 4 = 86,400 s, step 5 = 108,000 s, step 6 = 129,600 s, step 7 = 151,200 s, step 8 = 172,800 s, step 9 = 194,400 s, step 10 = 216,000 s, step 11 = 237,600, and step 12 = 259,200. 
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Figure 12. Measuring the ground thermal conductivity using KD2 Pro equipment and RK-1 sensor. 
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Figure 13. Relation between the thermal conductivity of the material and the depth where the parameter was measured. 
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Figure 14. Thermal conductivity of the sandy material obtained from the experimental setup, the KD2 Pro device, and the standard tabulated value. 
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Table 1. Description of the temperature sensors used in the experimental device.
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	Sensor Identification
	Sensor Model
	Measurement
	Unit of Measure





	S1
	DS18B20
	Ground temperature
	°C



	S2
	DS18B20
	Ground temperature
	°C



	S3
	DS18B20
	Ground temperature
	°C



	S4
	DS18B20
	Ground temperature
	°C



	S5
	DS18B20
	Ground temperature
	°C



	S6
	DS18B20
	Ground temperature
	°C



	S7
	DS18B20
	Inlet fluid temperature
	°C



	S8
	DS18B20
	Outlet fluid temperature
	°C



	S9
	DS18B20
	Ambient temperature
	°C



	S10
	DS18B20
	Fluid temperature in the heater container
	°C



	S11
	MLX90614
	Ambient temperature
	°C



	S12
	MLX90614
	External container temperature
	°C



	S13
	YF-S201
	Flow rate
	L/h
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Table 2. Correction factors to be implemented in the temperature measurement of each sensor.
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	Sensor
	S1
	S2
	S3
	S4
	S5
	S6
	S7
	S8
	S9
	S10





	Correction Factor (°C)
	−0.04
	0.18
	0.28
	−0.31
	−0.03
	0.01
	0.09
	−0.09
	0.03
	−0.12
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Table 3. Deviations of each sensor measurement in relation to the mean value.
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	Sensor
	S1
	S2
	S3
	S4
	S5
	S6
	S7
	S8
	S9
	S10





	Deviation
	0.04
	0.18
	0.28
	0.31
	0.04
	0.02
	0.09
	0.10
	0.04
	0.12
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Table 4. Distances of sensors S1–S5 to the center of the cylinder tank used to hold the geothermal experimental device.
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	Distances
	r1
	r2
	r3
	r4
	r5





	(mm)
	126.8
	167.8
	208.8
	249.8
	290.8
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Table 5. Temperature values of sensors S1–S5 for a certain moment of the permanent regime.
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	Temperatures
	T1
	T2
	T3
	T4
	T5





	(°C)
	37.7
	34.2
	31.4
	29.3
	27.4
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Table 6. Results of each term of Equations (8)–(10), differences, and errors.
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Equations

	
First Term (°C)

	
Second Term (mm)

	
Difference

	
Error * (%)






	
Equation (8)

	
    T 3  −  T 2  /  T 2  −  T 1    

	
   ln  (   r 3  /  r 2   )  / ln  (   r 2  /  r 1   )    

	
0.02

	
2.50




	
0.800

	
0.780




	
Equation (9)

	
    T 4  −  T 3  /  T 3  −  T 2    

	
   ln  (   r 4  /  r 3   )  / ln  (   r 3  /  r 2   )    

	
−0.07

	
9.33




	
0.750

	
0.820




	
Equation (10)

	
    T 5  −  T 4  /  T 4  −  T 3    

	
   ln  (   r 5  /  r 4   )  / ln  (   r 4  /  r 3   )    

	
0.06

	
6.63




	
0.905

	
0.848








* Error is obtained from the expression: (Difference/First term) ∗ 100.
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Table 7. Calculation of the mass flow rate and heat rate (   m ˙  ,    Q ˙   )
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	  Q   (m3/h)
	  p   (kg/m3)
	    T i     (°C)
	    T o     (°C)
	   m ˙    (kg/s)
	   Q ˙    (W)





	0.182
	1000
	47.31
	47.13
	0.051
	42.325
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Table 8. Thermal resistances for the material included between sensors S1–S2 (R1-2), S2–S3 (R2-3), S3–S4 (R3-4), and S4–S5 (R4-5).
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	R1-2 (m·K/W)
	R2-3 (m·K/W)
	R3-4 (m·K/W)
	R4-5 (m·K/W)





	0.083
	0.066
	0.049
	0.045
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Table 9. Thermal conductivities of the surrounding material obtained from the measurement of sensors S1–S5.
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	k1-2 (W/m·K)
	k2-3 (W/m·K)
	k3-4 (W/m·K)
	k4-5 (W/m·K)





	0.535
	0.527
	0.576
	0.535
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Table 10. Thermal conductivity results from the KD2 Pro measuring in each of the established depth positions.
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	Thermal

Conductivities
	Position 1 (Surface)
	Position 2 (25 cm)
	Position 3 (50 cm)
	Position 4 (75 cm)





	K1 (W/m·K)
	0.282
	0.356
	0.398
	0.462



	K2 (W/m·K)
	0.291
	0.352
	0.401
	0.475



	K3 (W/m·K)
	0.286
	0.365
	0.410
	0.466



	Mean Value (W/m·K)
	0.286
	0.358
	0.403
	0.468











© 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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