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Abstract

:

Thermal response tests are used to assess the subsurface thermal conductivity to design ground-coupled heat pump systems. Conventional tests are cumbersome and require a source of high power to heat water circulating in a pilot ground heat exchanger. An alternative test method using heating cable was verified in the field as an option to conduct this heat injection experiment with a low power source and a compact equipment. Two thermal response tests using heating cable sections and a continuous heating cable were performed in two experimental heat exchangers on different sites in Canada and France. The temperature evolution during the tests was monitored using submersible sensors and fiber optic distributed temperature sensing. Free convection that can occur in the pipe of the heat exchanger was evaluated using the Rayleigh number stability criterion. The finite and infinite line source equations were used to reproduce temperature variations along the heating cable sections and continuous heating cable, respectively. The thermal conductivity profile of each site was inferred and the uncertainly of the test was evaluated. A mean thermal conductivity 15% higher than that revealed with the conventional test was estimated with heating cable sections. The thermal conductivity evaluated using the continuous heating cable corresponds to the value estimated during the conventional test. The average uncertainly associated with the heating cable section test was 15.18%, while an uncertainty of 2.14% was estimated for the test with the continuous heating cable. According to the Rayleigh number stability criterion, significant free convection can occur during the heat injection period when heating cable sections are used. The continuous heating cable with a low power source is a promising method to perform thermal response tests and further tests could be carried out in deep boreholes to verify its applicability.
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1. Introduction


Ground coupled heat pump systems, made of a ground heat exchanger (GHE) and a heat pump, are recognized as an efficient and environmentally friendly technology to cool and heat residential and commercial buildings. The thermal conductivity and the borehole thermal resistance are required to design such systems considering that an accurate estimation of these properties has a direct impact on their efficiency and cost [1,2].



Thermal response tests (TRTs) have been proposed by Mogensen [3] as an in situ method to assess the subsurface thermal conductivity and the borehole thermal resistance. The first mobile TRT devices were developed by Eklöf and Gehlin [4] and Austin III [5] at Luleå Technical University and Oklahoma State University, respectively, and historic reviews of the TRT development were published by Gehlin [6], Sanner et al. [7] and Spitler and Gehlin [8]. During a conventional test, the fluid circulating in the GHE is heated using an electrical element in the TRT ring to reproduce heat transfer phenomena occurring in the GHE. Inlet and outlet temperatures along with flow rate are recorded and then analyzed to determine the bulk subsurface thermal conductivity over the length intercepted by the borehole [9,10]. TRT analysis is usually performed using the infinite line source model, an analytical solution to the heat conduction equation [11,12]. This one-dimensional conductive heat transfer solution describes the mean temperature increment at a radial distance from an infinite source of heat having a constant heat flow rate and assuming a constant temperature at an infinite radial distance from the source.



Conventional TRT requires a source of high power (50–80 W·m−1 [13]) to heat the water circulating in the GHE and generate a temperature difference of 3–7 °C at the inlet and outlet of the GHE, reproducing the operation of a geothermal system. The bulk thermal conductivity is estimated over the length intercepted by the borehole [14]. Depending on the site properties, the estimated bulk thermal conductivity can be affected by the ground heterogeneity [15] and groundwater flow [16,17]. The use of fiber optic distributed temperature sensing (FO-DTS), a technology to monitor temperature at high frequency and spatial resolution [18], was proposed by Fujii et al. [15,19] to measure the vertical temperature profile during TRT as an alternative method to assess the vertical distribution of the ground thermal conductivity and associated ground heterogeneity. Subsequently, fiber optic cables have been used to validate analytical models of the vertical temperature evolution [20] and to measure borehole wall temperatures [21] during TRTs. FO-DTS and a heat trace cable was additionally used by Freifeld et al. [22] to estimate the ground thermal conductivity as a function of depth and to infer ground surface temperature history.



To reduce the power requirements of TRTs, which is one of the important expenses estimated to be 10–30% of the total test cost [23], and to evaluate the thermal conductivity as a function of depth, an alternative method to perform TRTs using heating cables and submersible temperature sensors was proposed by Raymond et al. [24,25]. In locations where the ground is heterogeneous, the GHE can preferentially be drilled into lithological units with a high thermal conductivity [19]. Obtaining the vertical distribution of the thermal conductivity may allow defining the most advantageous drilling conditions for the GHE in addition to better constrain the simulation of the system that can consider subsurface heterogeneity. Moreover, tests with heating cables are not affected by temperature variation at surface, such as atmospheric temperature changes and solar radiations, commonly influencing the heat injection rates of conventional TRT taking place at surface [25]. The proposed method uses a cable standing in the water column of the GHE pipe to heat the ground, with several advantages, such as avoiding water circulation, removing the adverse effect of surface temperature fluctuations, reducing the required heat injection rate and simplifying the field manipulations. Two types of cable were used to perform the tests: a continuous heating cable and interchanging sections of heating and non-heating cable. The heat injection rate of heating cables used for previous tests varied from 20 to 40 W·m−1 [24,23] and the required power of less than 1 kW was supplied by connecting the TRT unit to the electrical grid [24]. Tests with a continuous heating cable wete achieved in boreholes having a depth of approximately 30 m, while boreholes with more than 100 m in length have been the subject of tests with heating sections to keep a low power requirement [26].



The test analysis conducted when using the continuous heating cable is similar to that of a conventional TRT, based on the infinite line source solution to reproduce the observed temperature increments in the GHE. A finite heat source solution must be used for the analysis of a test with heating cable sections to adequately reproduce observed temperatures along the heating sections that can be 1–2 m in length [24]. These mathematical solutions are based on the assumption of conductive heat transfer only, while natural convection can occur in the standing water column of the GHE pipe, especially near the limits of the heating and non-heating sections due to the temperature gradient created within the pipe upon heat injection. Numerical simulations conducted by Raymond and Lamarche [23] and small-scale field experiments with one heating section [27] indicated that perforated plastic disks located between heating and non-heating sections can reduce convective heat transfer. It was, therefore, suggested to investigate the effect of natural convection during full-scale TRT experiments conducted in the field with continuous and heating cable sections.



The objectives of this work were to better understand free convection and conduction heat transfer mechanisms occurring during a TRT with a heating cable to estimate the subsurface thermal conductivity and its uncertainly, as well as to assess the effect of perforated plastic disks to reduce free convection when heating cable sections are used. Two TRTs using heating cables and FO-DTS were conducted at two experimental sites in Quebec City, Canada, and Orléans, France, with vertical closed-loop heat exchangers. A first test was done with ten heating sections in a 100 m borehole using a heat injection rate of ~40 W·m−1 while, at the other site, a second test was achieved in a borehole of equivalent length with a continuous heating cable and a heat injection rate of less than ~10 W·m−1. This paper describes first heating cable TRTs combined with FO-DTS and a first continuous heating cable TRT in a long borehole with a low heat injection rate. Conventional TRT with water circulation was previously conducted at both sites and the results were used for comparison purposes. The Rayleigh number stability criterion, a methodology to evaluate convective heat transfer in vertical groundwater wells proposed by Love et al. [28], was applied to assess convective heat transfer during the tests. FO-DTS technology used to monitor temperature in boreholes at high frequency and spatial resolution along a fiber-optic cable [18] provided the information needed to evaluate the Rayleigh number stability criterion. Thermal conductivity profiles were estimated using the infinite and finite heat source solution depending on the heating cable used and an uncertainty analysis of each test was performed.




2. Field Test Methodology


The TRT with heating cable sections was carried out at the Laboratories for scientific and technological innovation in environment of the Institut national de la recherche scientifique, located in Quebec City, Canada. A GHE made of a single U-pipe was used to perform the test to a depth of ~100 m. The borehole intercepts backfill material down to a depth of 2 m, followed by 8 m of clay and then shale constituting the host rock (Figure 1a). This last geological unit is the Les Fonds Formation of the Sainte-Rosalie Group in the St. Lawrence Lowland sedimentary basin [29]. The groundwater levels inside the borehole was approximately 2 m depth.



The second TRT with a continuous heating cable was carried out at the experimental geothermal test facility of the Bureau de Recherches Géologiques et Minière in Orléans, France. A GHE made of a double-U pipe was used for the test to a depth of ~100 m. This borehole intercepted 8 m of sand and clay of the Sologne Basin succeeded by limestone formations (Figure 1b), mainly Calcaire de Pithiviers and Calcaire du Gatinais [30].



The cable used for the test in Québec City is made of interchanging heating and no heating sections with length of 1.20 and 8.60 m, respectively (Figure 2a), while that for the test in Orléans was continuous (Figure 2b). The same field test methodology was applied to both sites, but the heat injection rate was adapted according to heating cable design to achieve a low-power requirement.



The equipment required to perform the tests consists of the heating cable assembly, a junction box to link the cable to the power supply (Figure 3), and submersible sensors to measure and record the temperature during the test. The junction box is composed of an automated switch to start and stop the heat injection, a voltage regulator, a power meter with an accuracy of ±0.02 W to monitor the power induced and circuit breakers to protect the electric circuits of the cable assembly and the power meter [25]. Additionally, when heating cable sections are used, perforated plastic disks are needed. Four disks separated by about 10 cm and defining the active heating length for analysis were installed at the interface between the heating and non-heating sections to reduce the possible convective heat transfer.



The temperature was measured for both tests using submersible sensors and a fiber-optic cable. The submersible sensors are DST-centi temperature data loggers with an accuracy of ±0.10 °C and a resolution of 0.032 °C made by Star-Oddi. The FO-DTS system used for the test in Québec City consisted of a BruSens fiber optic cable of 250 m length connected to a Silixa XT-DTS control unit in double-ended configuration with 2 km range [31]. This 3.80 mm diameter fiber optic sensing cable, armored with stainless steel, has a fast thermal response which allows for recording temperature changes efficiently. Two cable sections of 20 m long were placed in an ambient (37.40 °C) and cold (0.30 °C) temperature bath, respectively, to calibrate the DTS unit. A Starmon mini probe (±0.025 °C) and a RBRduet probe (±0.002 °C) were used in the bath to record the temperature for calibration purpose. The FO-DTS used in Orléans for the second test was an Orxy DTS in double-ended configuration with a temperature resolution of ±0.05 °C [30]. The temperature measured with the fiber optic was corrected using a calibration bath at 0 °C.



In the first case, the submersible temperature sensors were placed in the middle of each heating section located approximately every 10 m, from 5 to 95 m depth. The fiber optic cable was attached to the cable assembly that was lowered in a pipe of the ground heat exchanger reaching a depth of 100 m. The FO-DTS system was configured to collect data every 60 s with a 25 cm sampling interval along the fiber optic cable while the submersible sensors recorded temperature every 10 min. The sampling interval of the temperature sensor and the fiber optic are different because the FO-DTS data are used to assess free convection during the TRT and the data from the submersible sensors is used to infer the thermal conductivity. The test started with a measure of the undisturbed subsurface temperature followed by heat injection at an average rate of 42.50 W·m−1, after which the thermal recovery was monitored. The double U-pipe heat exchanger in Orléans was equipped with a FO-DTS system that allows measuring the temperature in two of the pipes of the GHE. The test was implemented with a continuous heating cable of 95 m. The submersible temperature sensors were placed every 6 m, from 5.50 to 83.60 m depth, and the FO-DTS system was programed to collect data each meter, every 10 min. Due to the small pipe diameter, the heating cable and the fiber optic cables could not be placed in the same pipe. Thus, it was installed in other pipes located at 0.06 and 0.82 m from the pipes containing the fiber optic. The four pipes in this GHE are separated with spacers. The test started with the measurement of the undisturbed subsurface temperatures followed by heat injection at a rate of 9.90 W·m−1 and, finally, thermal recovery monitoring. A test with a heat injection rate below 10 W·m−1 was possible due to the improvement of temperature sensor resolution accomplished in recent years. Sensors with a resolution less than 0.05 °C are able to measure small temperature changes allowing to perform the tests with a low heat injection rate, which was difficult to achieve with previously available technologies.




3. Test Analysis


3.1. Thermal Conductivity Assessment


The test analysis was done with the line source solution for conductive heat transfer. Two variations of this solution were used according to the cable deployed to perform the test. Heating cable sections were represented as finite line sources, whereas the infinite line source was used for the continuous heating cable. The methodology to analyze the TRT with both types of cable was previously described by Raymond and Lamarche [23] and Raymond et al. [24].



The temperature data collected with the submersible sensors were used to estimate the thermal conductivity at the depth of each sensor. The recovery temperature increments (ΔT = T − T0), defined as the increase of temperature with respect to the initial temperature T0, were reproduced with the analytical solutions using the temporal superposition principle to consider the recovery period where heat injection is zero. Numerical simulation results described by Raymond et al. [10] indicate that the temperature inside a slice of a borehole varies significantly according to the horizontal measurement location during the heat injection, making it necessary to consider the horizontal position of the temperature sensor to analyze the test. However, during the recovery period, the temperature becomes uniform and the position of the sensor does not influence the measurement. The horizontal position of the temperature sensor is difficult to determine; therefore, the thermal conductivity was estimated using only the late recovery temperatures at each depth. A linear heat source solution of finite length with a dimensionless g-function (Equation (1), [24,25]), which depends on the Fourier number (Fo), was used to analyze the test with heating sections:


   Δ T =  q  2 π  λ s     [  g  (  F o ,  r h   )  − g  (  F  o ′  ,  r h   )   ]      



(1)




with


   F o =    α s   ( t )     h 2        



(2)




and


   F  o ′  =    α s   (  t −  t  o f f    )     h 2        



(3)




where q (W·m−1) is the heat injection rate per unit length;     α s     (m2 s−1) and λs (W·m−1·K−1) are the thermal diffusivity and conductivity of the subsurface, respectively; r (m) is the radial distance from the heat source; h (m) is the active heating length; and toff is the time when heat injection was stopped. The heat capacity of the subsurface was assumed based on the rock type identified with drill cuttings and it was also used to determine the thermal diffusivity (    α s    ) and to compute Fourier’s number (Equations (2) and (3)). The heat injection rate q (W·m−1) for each heating section was assumed similar and determined according to Joule’s and Ohm’s laws:


   q =    R h   I 2    n h       



(4)




where


    R h  =  R  t o t   −  R  n h       



(5)




and


    R  t o t   =  U I      



(6)




where R (Ohm) is the electric resistance, I (A) is the electrical current intensity, U (V) is the potential difference, n is the number of heating sections and h (m) is the length of the heating sections. The subscripts h, nh, and tot correspond, to the electrical resistance of the heating sections, of the non-heating sections and of the whole cable assembly, respectively.



The computed temperature increments of the late recovery period were matched with a non-linear solver [32] to the observed temperature increments by adjusting the thermal conductivity using a least-squared fit. The analysis of the temperature measurements recorded with the submersible data loggers was performed using a spreadsheet program developed by Raymond et al. [24].



The infinite line source equation was used for the second test with a continuous heating cable to evaluate the temperature increase during the late recovery period. TRT theories indicate that, after a sufficiently long heat injection time (t), the thermal conductivity can be estimated from the slope m of the graphic relating the temperature increases with the logarithmic time (Equation (7); [33]):


   m =   Δ T   Δ ln  ( t )    =  q  4 π  λ s        



(7)







A negative heat injection rate is introduced at time toff to simulate the recovery period [34] and temperatures are plotted as a function of a normalized time t/(t − toff) to find thermal conductivity with the slope method:


    m ′  =   Δ T   Δ ln  (  t / t −  t  o f f    )    =  q  4 π  λ s        



(8)







The heat injection rate for the continuous heating cable was calculated from the electric potential difference and the electrical current intensity measurements (Equation (9)):


   q =   U I  h      



(9)




where h (m) is now the total length of the continuous heating cable.




3.2. Uncertainty Analysis


An analysis of the different sources of error influencing the test results was performed to determine the uncertainty associated with the tests. Witte [35] proposed a methodology to evaluate the accuracy of the thermal conductivity estimated during TRT, considering the sources of error associated with the variables that are measured repeatedly during the test, measured once before or after the test or estimated independently. This methodology is based on the infinite line source equation, which is the model commonly used to analyze conventional TRT, and utilizes the standard deviation and the confidence interval as the measures of error. The general procedures described in the supplement 1 to the guide to the expression of uncertainty in measurement [36] and by Ellison and Williams [37] were used to calculate the propagation of errors.



The methodology proposed by Witte [35] was adapted in this study to calculate the uncertainly associated with the thermal conductivity estimated with both continuous and separated heating cable sections. The error analysis was applied to the finite line source equation for the test with heating cable sections while Witte [35] theory could directly be used for the test with the continuous cable relying on the infinite line source equation.



The combined error of the cable electrical resistivity for the heating sections assembly δRtot (Equation (10)), the electrical resistivity of the heating section δRh (Equation (11)) and the heat injection rate δq (Equation (12)) were determined using the accuracy of the individual parameters.


     δ  R  t o t      R  t o t     =      (    δ V  V   )   2  +    (    δ I  I   )   2        



(10)






   δ  R h  =      (  δ  R  t o t    )   2  +    (  δ  (   R  n h    L  n h    )   )   2        



(11)




with


   δ  (   R  n h    L  n h    )  =  R  n h    L  n h        (    δ  R  n h      R  n h      )   2  +    (    δ  L  n h      L  n h      )   2        



(12)






     δ q  q  =      (    δ  R h     R h     )   2  +    (    2 δ I  I   )   2  +    (    δ h  h   )   2        



(13)







Then, the methodology was adapted to estimate the uncertainty associated with the g-function used to calculate the temperature increments (Equation (1)). This equation was simplified by removing the constant value of 2π (Equation (14)) and the equation was modified defining a variable Z = g(Fo) ΔT−1 (Equation (15)), allowing for determination of the error associated with the analytical solution. The uncertainty δZ was determined over 95% confidence (Equation (16); [27]) by the generalization of the error estimation of non-linear regression (Equation (17)). From Equation (1), we have


   Δ T =  q   λ s     [  g ( F o ) − g ( F  o ′  )  ]  =  q   λ s    f ( F o )     



(14)






    q   λ s    =   g ( F o )   Δ T   = Z     



(15)






   δ Z = 1.96    S Z      



(16)







The standard deviation of Sz was determined similarly to the standard deviation of a slope (Equation (17)), considering the standard deviation of the calculated temperature increases (ΔTc) and the measured temperature increases (ΔTm; Equation (18)).


    S z  =      σ 2     S  x g           



(17)




where


    σ 2  =      ∑   (  Δ  T m  − Δ  T c   )     2    n − 2       



(18)




and


    S  x g   =    ∑   (  g −  g ¯   )     2      



(19)






     δ λ  λ  =      (    δ q  q   )   2  +    (    δ Z  Z   )   2        



(20)







In this set of equations, n represents the number of temperature data considered in the analysis, g is the finite heat source function calculated at each time at the depth of each temperature sensor and    g ¯    is the mean value of the function at each depth (Sxg, Equation (19)). Finally, the uncertainty of the thermal conductivity estimation δλ was calculated considering the error of the heat injection rate and the error of Z (Equation (20)).



The accuracy of the individual parameters measured during the test with the continuous heating cable was used to calculate the combined error of the heat injection rate (Equation (21)) and the combined error of the slope of the graph relating the temperature increases with the logarithmic time    δ  m ′     (Equation (22)). The uncertainty of the slope is expressed in terms of the regression residuals     σ T    2     (Equation (23)) and the sum of the squared deviation from the sample mean (Sxt; Equation (24)). Finally, the uncertainty of the thermal conductivity δλ is calculated as a function of the error of the heat injection rate and the slope (Equation (25)).


     δ q  q  =      (    δ U  U   )   2  +    (    δ I  I   )   2  +    (    δ H  H   )   2        



(21)






   δ  m ′  =      σ T    2     S  x t           



(22)




where


    σ T    2  =      ∑   (   T m  −  T c   )     2    n − 2       



(23)




and


    S  x t   =    ∑   (  t −  t ¯   )     2      



(24)






     δ λ  λ  =      (    δ q  q   )   2  +    (    δ  m ′     m ′     )   2        



(25)








3.3. Free Convection Assessment Inside GHE Pipe


Love et al. [28] studied the diffusive transport induced by temperature variation in groundwater wells and formulated a Rayleigh number stability criterion to assess free convection in cylindrical wells. The stability criterion considers the well geometry and allows assessing the convection in a standing water column having temperature gradients between top and bottom. Free convection can be a dominant heat transfer mechanism when the Rayleigh number Ra calculated with Equation (26) exceeds a critical Rayleigh number Racr identified with Equation (27).


   R a =   G β  H 3  Δ T   ν  α w        



(26)




where G (m·s−2) is the gravitational acceleration, β (K−1) is the thermal expansion coefficient of the fluid, H (m) is the height of the water column, ΔT (°C) is the difference in temperature between the top and the bottom of the system,   ν   (m2·s−1) is the fluid cinematic viscosity and αw (m2·s−1) is the fluid thermal diffusivity. The critical Raleigh number computed for comparison is determined according to the cylinder geometry:


   R  a  c r   =   215.6    r a 4    ( 1 + 3.84  r a 2  )     



(27)




with


    r a  =  r   H t        



(28)




where r (m) is the well radius and Ht (m) is the height of the water column. The critical Rayleigh number is therefore a function of the well aspect ratio ra (-) only and an increment in the well aspect ratio results in a reduction of the Racr value [28].



The Rayleigh number stability criterion was proposed by Love et al. [28] to assess convection in groundwater wells in the presence of a geothermal gradient. In this study, the stability criterion was used to evaluate convection in GHE pipe where heat is injected using heating cables. Therefore, a similar approach based on the Rayleigh number stability criterion was applied to a system composed by a vertical pipe filled with water, where the temperature gradient is not uniform. Thus, Ht was defined as a critical length along the heating cable, rather than the well depth considered for groundwater well with a geothermal gradient. Nevertheless, defining a representative value for this variable is complicated because the critical Rayleigh number depends on the well aspect ratio. Increasing the well aspect ratio (larger radius and shorter height) results in a reduction of the critical Rayleigh number. Consequently, three different values of Ht were defined to evaluate its influence on the results of Rayleigh number stability criterion assessment.



A segment of 5.60 m of the cable assembly in the GHE was used to evaluate convection near a typical heating section. The segment is formed by a section of 4.40 m of non-heating cable located above a heating cable section of 1.20 m. The FO-DTS was used to determine ΔT in Equation (26) and compute the actual Raleigh number at different heights of the water column in the pipe varying over a range of 0.25–5.80 m to verify the Rayleigh number stability criterion.



The critical Rayleigh number was calculated for the pipe radius (r = 1.72 cm) and a critical length Ht of 3.00, 6.00 and 9.00 m. These values represent the mean height of the water column used to calculate actual Rayleigh numbers, the length of the maximum temperature difference between heating and non-heating sections and the total length of a system of a single heating and a non-heating section, respectively.



In the tests with a continuous cable, free convection is not expected because the heat injection rate is roughly uniform along the cable. Nevertheless, the Rayleigh criterion was evaluated to verify the absence of this effect. The shortest section showing the maximum temperature difference was selected, avoiding the first 5 m near the surface where the ambient temperature had an influence on the temperature measured in the pipe during the TRT. The criterion was evaluated between 18 m depth (minimal temperature of 12.30 °C) and 42 m depth (maximal temperature of 16.30 °C).



The actual Rayleigh numbers were computed considering a water column varying from 1 to 24 m. The pipe had a radius 1.31 cm and the critical Rayleigh number was first evaluated using a minimal critical length of 2 m. This value was defined as the minimal length because the sampling resolution of the fiber optic data was 1 m.





4. Results


The fiber optic measurements allowed visualizing the temperature evolution in the GHE during the whole test to better illustrate and understand heat transfer mechanisms. The undisturbed temperature was monitored during 26 h for the test in Québec City. Then, heat was injected for a period of 73 h (from 26 h to 99 h) and thermal recovery was monitored during the following 70 h, from 99 to 169 h (Table 1 and Figure 4). The total energy consumption during the test was 71.75 kWh and the average potential difference and electrical current intensity were 113 V and 8.7 A, respectively. The maximum temperature increase reached at the depth of each heating section was variable. Those differences are related to the variation in the subsurface thermal conductivity. High temperature increments at the depth of a heating section indicate a low subsurface thermal conductivity and a slight temperature increase corresponds to a greater thermal conductivity. The electric current during the field tests was fixed with a variable transformed allowing to reduce changes in heat injection rates. However, the heat injection rate was affected by the variation of the current intensity of the electrical grid. Local variation in the heat injection rate also in turn influenced the temperature increases. This effect was attenuated by analysis of recovery temperature measurements, where we know that heat injection is zero.



The distributed temperature measurement reveals an increase of approximately 2 °C from the initial temperature at the middle of non-heating sections, with measurements at 40.0 m depth provided as an example (Figure 5). Differences of more than 2 °C were also observed between the top and the middle of the heating sections, which are 45.0 and 45.5 m in the example (Figure 5), indicating important temperature variations over a short distance.



The undisturbed temperature was monitored during 100 h for the second test in Orléans. Then, heat was injected for 135.60 h and a recovery period of 481.30 h was monitored (Figure 6 and Table 1). A geothermal gradient was observed at the Orléans site before conducting the TRT (Figure 6). A uniform temperature increase occurred during the heat injection period but ground temperature initially varied with depth such that the temperature increase was affected by the geothermal gradient, reaching a higher temperature at the bottom of the GHE (Figure 6). The heat injection rate was 9.90 W·m−1, a lower rate compared to the first test. This rate was defined for the 100 m heating cable to cope with the potential difference provided by the electrical grid (120 V) and respecting the limits of the voltage regulator (140 V and 10 A). The total energy consumption during the test was 127.60 kWh and the average potential difference and electrical current intensity were 104 V and 8.99 A, respectively.



4.1. Thermal Conductivity Estimation


The analysis described below was based on submersible temperature measurements. A heat capacity of 2.3 MJ·m−3·K−1 associated with shales was assumed to compute the temperature increments and reproduce observations recorded for the first test in Québec City. The first 30 h of the recovery period was neglected and the analysis considered only the last 40 h to avoid the influence of the sensor location in the temperature measurement.



Adjustment between observed and computed temperature increments was achieved at the depth of each submersible temperature sensor tied to a heating section (Figure 7). However, to avoid repetition, only the curve matched at 45 m depth is provided as an example.



The first 20 h of the recovery period was neglected for the assessment of the thermal conductivity for the second test in Orléans. The temperature during the late recovery period was plotted as a function of the logarithmic time (Figure 8) and the slope of this line was used to determine the thermal conductivity at each measurement depth with submersible sensors according to Equation (8).



The estimated thermal conductivity in Québec City ranged 1.72–2.19 W·m−1·K−1, with an average value of 2.02 W·m−1·K−1 (Figure 9a). Minimal and maximal thermal conductivities of 1.71 and 2.03 W·m−1·K−1 were estimated in the conventional TRT with water circulation using the slope method and considering a constant heat injection rate. The maximal value was estimated during a TRT with a constant flow rate, and the minimal value during a second TRT in which the flow rate was reduced after 30 h of heat injection. A thermal conductivity of 1.75 W·m−1·K−1 was further obtained with analysis of the conventional TRT using the line source model with the superposition principle to consider variations in the heat injection rate [29,38]. The thermal conductivity points estimated with the heating cable section methodology differ between −25.30% and 1.70% from the bulk value estimated during the conventional TRT, using the line source model with a variable heat injection rate, while it is closer to the upper range of the slope analysis assuming constant heat injection rate.



The bulk thermal conductivity estimated with the conventional TRT in Orléans was 1.47 W·m−1·K−1 [39], while thermal conductivity points identified with the heating cable methodology varied from 1.08 to 2.18 W·m−1·K−1 with a mean value of 1.47 W·m−1·K−1. Differences varying from −48.30% to 26.53% were found when comparing the thermal conductivity profile with the bulk result of the conventional test. The maximal difference was found at 71.60 m depth, corresponding to the maximal thermal conductivity (Figure 9b).




4.2. Uncertainty Analysis


The absolute error of the measured parameters was determined from the accuracy associated with the measurement instruments (Table 2), except for the electrical resistance of the non-heating cable section, which was measured in the laboratory during previous work [40] and where the standard deviation of the measurements was used for the absolute error.



Measurement errors in Table 2 provided the basis to calculate combined errors in Table 3 to identify the accuracy of the heat injection rate (q) and the uncertainty of the analysis method, whether it is the finite line source equation (Z) or the slope (m′) with the infinite line source equation. The parameters Z and m were calculated using the data of each temperature sensor such that the values presented in Table 3 are the mean of all the sensors.



The uncertainty of the point thermal conductivity assessment estimated for each profile was calculated from the combined errors. An uncertainty varying from 0.27 to 0.33 W·m−1·K−1 was determined for the test with heating cable sections (Table 4) with a mean value of 0.31 W·m−1·K−1 (15.18%). An uncertainty varying from 0.02 to 0.05 W·m−1·K−1 was obtained for the continuous heating cable test (Table 5), with a mean value of 0.03 W·m−1·K−1 (2.14%).




4.3. Free Convection Assessment


The FO-DTS measurements enlarged for a heating section taken as an example indicate that the highest recorded temperature is located in the upper part of the heating sections (Figure 10). This observation combined with the temperature increments of about 2 °C away from the heating sections and highlighted in Figure 5 suggest the presence of free convection in the GHE pipe water during TRT with heating sections, even though perforated plastic disks were used to reduce convection.



The Rayleigh number was evaluated with temperature recorded in the pipe water for the heating section example from approximately 40 to 46 m depth (Figure 5 and Figure 10). The top of the system was fixed at 40.6 m, a depth at which the minimum temperature during the heat injection was recorded. The Rayleigh number calculation was done with temperature data recorded at 25, 95 and 121 h, representing the beginning and the end of the heat injection, and the recovery period, respectively. The highest Rayleigh number occurs at the end of the heat injection period near the location of the heating section and up to 1.5 m above. The maximal Rayleigh value is located at the upper part of the heating section, agreeing with the temperature peak (Figure 11).



The three critical lengths of 3, 6, and 9 m to calculate the critical Rayleigh number with Equation (27) were compared to the actual Rayleigh number. When defining Ht = 3 m, the Rayleighactual > Rayleighcritical for all the cases considered (28.5, 95, and 121 h), suggesting the presence of significant heat transfer by free convection in all the water column. Nevertheless, the recorded temperature between 41 and 43 m depth did not have an important variation and free convection at this depth was not expected. The choice of Ht = 3 m can be too small for the studied system.



In the second case, defining Ht = 6 m, Rayleighactual at the beginning of the heat injection (28.5 h) and during the recovery period (121 h) did not exceed the critical value. However, Rayleighactual > Rayleighcritical at the end of the heating period (95 h) for a portion of the heating section and up to 1.50 m above, suggesting the presence of free convection. The third case, considering Ht = 9 m, shows a critical Raleigh number that is always larger the than actual Rayleigh number, suggesting the absence of free convection. Defining Ht = 9 m can, however, overestimate Rayleigh’s critical value, since temperature increases far above from the heating section is a strong evidence of heat transfer due to free convection.



The effect of the perforated plastic disks to reduce free convection is difficult to evaluate. Nevertheless, the Rayleigh number reaches its maximal value at the top of the heating section (45 m) and decreases above heating sections where the perforated plastic disks were located. A similar effect occurs at the end of the heating section.



A similar analysis was done for the test with the continuous heating cable at 98.6, 234.6 and 404.6 h, corresponding to the beginning of the heating period, the end of the heating period, and the end of recovery period, respectively. The critical Rayleigh number was evaluated with a minimum critical height of 2 m. In this case, the critical Rayleigh number was not exceeded during any of the three selected times (Figure 12). A difference of approximately one order of magnitude was observed between the actual Rayleigh number and its critical value, showing that free convection is not a dominant heat transfer mechanism during the test with the continuous heating cable. The analysis was not repeated with higher critical length because it will result in higher critical Rayleigh number, increasing the difference with the actual Rayleigh number.





5. Discussion


The monitoring of temperature for the whole cable assemblies using FO-DTS allowed evaluating the temperature evolution beyond the submersible sensors to better understand the heat transfer phenomena occurring during both TRTs in addition to assessing thermal conductivity profiles of the ground. Thermal conductivity values are provided with error estimation for each case. In the case of the heating cable sections, it was particularly important to evaluate the temperature increases near the heating section extremities and along the non-heating sections. The additional temperature data provided by the FO-DTS allowed to identify significant temperature increases at the top of the heating sections and slight temperature increments at the middle of the non-heating sections, where temperature changes were not expected.



5.1. Thermal Conductivity Estimation


The subsurface thermal conductivity was evaluated using the finite and infinite line source solutions, to simulate conductive heat transfer at both tests with heating cable sections and a continuous heating cable. A thermal conductivity profile with a mean value of 2.02 ± 0.31 W·m−1·K−1 was estimated from the test with heating cable sections conducted in Quebec City, Canada. This value is 15.45% higher than the thermal conductivity evaluated during a conventional TRT made on the same GHE with water circulation analyzed with the infinite line source model and considering variations in the heat injection rate [29,38]. Analysis of a conventional TRT can, however, depends on the analysis method itself. The mean thermal conductivity estimated with the heating section TRT carried out in Quebec City differs by only 0.47% when compared to the maximum bulk thermal conductivity evaluated with the slope method for a conventional TRT performed in the same GHE [29,38]. A previous field test with heating cable sections reported by Raymond et al. [24] indicates a mean thermal conductivity 12% higher than that estimated with a conventional TRT. These results suggest that TRT with heating cable sections can slightly overestimate the ground thermal conductivity when compared to a conventional TRT. Free convection generated above the heating cable section can explain this difference since TRT analysis is made considering conductive heat transfer only. Free convection in a TRT using heating cable sections was identified by Raymond and Lamarche [23], through numerical simulation of the borehole temperature evolution during a TRT. The use of perforated plastic disks placed at the extremities of the heating section had been suggested to reduce the possible free convection. Nevertheless, the effect of natural convection was still identified during the full-scale test with heating cable sections, indicating that the four perforated plastic disks are not sufficient to totally control free convection during the heat injection period. A test with a reduced heat injection rate could be performed to evaluate if natural convection induced by the heating sections decreases.



The analysis of the Rayleigh number stability criteria for the GHE in Quebec City, made of a single U-pipe and drilled in sedimentary rocks, was conducted in a section of the GHE pipe considering half of a non-heating section (40.0–45.0 m) and a heating section (45.0–46.2 m) to have a temperature gradient increasing with depth as it is expected in analogous ground water well [28]. Considering the significant temperature increase above the heating section and the results of the Rayleigh number stability criterion with a critical height of 6 m, the presence of free convection is likely to be significant along the heating section and approximately 1.5 m above it.



A mean thermal conductivity of 1.47 ± 0.03 W·m−1·K−1 was estimated for the test with a continuous heating cable carried out in the GHE made of a double U-pipe drilled in limestone in Orléans, France. This value corresponds exactly to the bulk thermal conductivity estimated with the conventional TRT [39]. Previous comparison between TRT using continuous heating cable and a conventional TRT has not been made before. A constant initial temperature increase with depth, influenced by the natural geothermal gradient was observed before the TRT and seems to remain during the heat injection period with the continuous heating cable. Free convective heat transfer due to the geothermal gradient or caused by anthropogenic heat sources is possible since it has been observed in groundwater wells [28] and in the water column of open boreholes [41,42]. However, this weak convection mechanism can be neglected for TRT analysis, where heat conduction triggered upon heat injection is assumed more important than any natural convection. The actual Rayleigh number for the test performs with the continuous heating cable did not exceed the critical Rayleigh number evaluated between 18 m and 42 m depth, indicating that convective heat transfer can be neglected in this case. In future works, the thermal conductivity could be evaluated using the FO-DTS to allow an increase in the spatial resolution currently limited by the number of temperature sensors and to provide an additional independent estimation of the thermal conductivity.




5.2. Uncertainty Analysis


Uncertainty of TRT with heating cable sections conducted at a small scale was initially evaluated by Simon [27], which reported an accuracy of approximately 25% of the estimated thermal conductivity. A similar methodology adapted for the field test had been applied here. The highest uncertainty for the test is the error associated with the heat injection rate (δq = 6.07 W·m−1). The estimate of the electric resistance of the heating sections is the parameter with the most important uncertainly when calculating the heat injection rate. The uncertainty of the heat injection rate corresponds to 76–96% of the total test uncertainty. The remaining proportion of uncertainty corresponds to the error associated with the analytical model (δZ). The final test uncertainty ranged 14.6–16.4%, showing a reduction of approximately 10% compared to the uncertainly estimated during the laboratory tests performed in three 10 m wells [27]. The power injected underground for the laboratory tests was divided into three heating cable sections using a power switching supplies because three single heating section tests were carried out at the same time. The efficiency of this switch influenced the uncertainty of the heat injection rate, increasing the total uncertainly of the test. The electric current transmitted to the cable inducing the thermal power injected underground for the full-scale test presented in this study was controlled by a voltage regulator and measured using a power meter at the entry of the cable assembly, allowing to reduce the uncertainty associated to the evaluation of the heat injection rate. To adapt error calculation for conventional TRT to continuous heating cable TRT, both of which are using the slope analysis method, some modifications were introduced to the approach proposed by Witte [35]. The error of the heat injection rate and the slope of the regression of the temperature increments were calculated as a combination of errors for the continuous heating cable TRT. It was not necessary to calculate the average temperature, as in a conventional TRT, because the analysis was based on the temperature increments measured at the depth of each temperature sensor. The error associated with the heat injection rate only depended on the electric current intensity and the electric potential difference that are measured with accuracy in the field. Thus, the accuracy of the temperature sensors only influences the error attributed to the slope when plotting the temperature response.



The parameter with the highest uncertainty for the continuous heating cable TRT is the heat injection rate, with an error of 0.21 W·m−1, which corresponds to 99% of the total uncertainty. The remaining 1% corresponds to the uncertainty of the slope. The final uncertainty of the thermal conductivity profile was 2.14%, a lower value than the 5.10% estimated for a conventional TRT by Witte [35]. The accuracy of the heat injection rate appears to be the key factor, in any TRT method, that directly affects the uncertainty of the thermal conductivity estimate. Achieving an accurate assessment of the heat injection rate for TRTs with flowing water based on flow rate and temperature measurements tend to be more difficult than evaluating the heat injection rate transmitted through a continuous heating cable with potential difference and current intensity measurements. However, these measurements become complex for heating sections TRT, increasing the uncertainly associated with the analysis performed with the finite line source solution. This last analysis method with the finite line source solution requires assuming the heat capacity of the geological formation [23], adding an additional uncertainly to the analysis.




5.3. Comparison of TRT Methods


The assessment of thermal conductivity as a function of depth achieved using the heating cable methodology allows to define advantageous drilling conditions for the GHE according to the vertical ground thermal conductivity variations. The ground thermal conductivity inferred with a high spatial resolution, also obtained with TRTs coupled to FO-DTS, is valuable when detailed simulations of the GHE performance with several ground layers are considered.



Both heating cable sections and a continuous heating cable allowed reducing the power required to perform a TRT, as well as avoiding issues associated with water circulation, when compared to conventional tests (Table 6). The test error is reduced with a continuous heating cable compared to conventional TRT [43] and heating sections TRT [27], for which the estimation of the heat injection rate has most influence on the test error that is increasing when comparing the three methods (Table 6).



The time required to perform a TRT with a continuous heating cable and a low power source can be longer than TRT with heating sections [24,23] or a conventional TRT with FO-DTS. However, the equipment is left on site and there is no need for a follow-up, which reduces the time spend in the field and the cost of operations.



The temperature monitoring during the recovery period is necessary in all cases, when trying to infer the thermal conductivity at depth [24], making the test longer than the 50–80 h recommended for conventional heat injection TRTs [13] assessing the bulk thermal conductivity only. However, the estimation of the thermal conductivity based on the recovery temperature is more appropriate than using the heat injection period only [44]. The heat injection rate per unit length has to be considerably low with a continuous heating cable of approximately 100 m in length, resulting in an increase of the heat injection period to achieve a minimum temperature increase of at least 3 °C in the GHE pipe. However, the reduction of the test uncertainty and the simplified field manipulations make the continuous heating cable test a reliable alternative to perform TRT. In boreholes of more than 150 m, the increase of the cable weight can be a challenge to install and remove the cable that could be done with a winch. The test time could further be reduced with the improvement of the resolution of submersible temperature sensors that could detect smaller temperature perturbations to decrease the minimum temperature increase and, consequently, test time.





6. Conclusions


Thermal conductivity profiles and the errors associated were estimated at two different experimental sites using alternative heating cable methods to conduct the thermal response tests (TRT). The assessment of free convection in the standing water column suggested the presence of significant convection inside the pipe of the ground heat exchanger during the heat injection period when the heating cable sections were used. This analysis indicates that the perforated plastic disks installed at the interface between the heating and the non-heating sections do not remove all free convection during the heat injection period. However, the uncertainty range of the subsurface thermal conductivity estimated with heating section TRT was within the value inferred for a conventional TRT with water circulation. Considering the significant temperature increase observed above the heating section in the TRT carried out in Quebec City, the active heating length used to estimate the thermal conductivity can be revaluated. Further analysis is required to evaluate the ratio of conduction and convection heat transfer to adjust the test analysis methodology. Laboratory tests, comparing a standing water column with a column in which free convection is avoided using additives to make water become a gel, could be performed in future work to assess the temperature decrease caused by free convection movements. Convective heat transfer could additionally be taken into account for the analysis process through numerical simulations including free convective heat transfer mechanism.



The field tests performed, including the free convection and the uncertainty analysis, indicates that the TRT with the continuous heating cable has a better accuracy than the heating sections TRT. The assumption of dominant conductive heat transfer is valid when using the continuous heating cable and the total uncertainly of the test is lower than that obtained for both, the heating sections TRT and a conventional TRT with water circulation carried out under typical circumstances. The TRT with heating cable sections provides advantages to perform tests in deep boreholes (potentially more than 100 m), without increasing the heat injection rate and the power requirement. However, the analysis of the heating section TRT is limited by the effect of free convection that is not included in the analytical modeling approach. The limiting factor associated with the continuous heating cable TRT in deep boreholes is the electric resistance of the cable that increases with its length. The heat injection rate can be reduced maintaining a low power requirement, as shown in this study, but the use of high resolution temperature sensors to measure small temperature differences becomes necessary. TRT with a continuous heating cable and a low power source is a promising method and further tests could be carried out in boreholes of more than 100 m to verify the applicability of this methodology in ground heat exchangers commonly installed for ground-coupled heat pump systems.
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Nomenclature


(M L T t I) are used to denote units of mass, length, temperature, time and electric current, respectively





	
Fo

	
Fourier’s number (-)




	
G

	
gravitational acceleration (L t-2)




	
g

	
finite heat source function (-)




	
h

	
length of heat source (L)




	
H

	
height of the water column (L)




	
I

	
electric current intensity (I)




	
m

	
slope (-)




	
n

	
number of observations (-)




	
q

	
heat injection rate per unit length (M L t−3)




	
R

	
electric resistance (M L2 t-3 I−2)




	
r

	
radius (L)




	
Ra

	
Rayleigh number (-)




	
S

	
error of the estimate




	
t

	
time (t)




	
T

	
temperature (T)




	
U

	
electric potential difference (M L2 t-3 I−1)




	
Greek symbols




	
α

	
thermal diffusivity (L2 t−1)




	
λ

	
thermal conductivity (M L T−1 t−3)




	
δ

	
uncertainty




	
σ

	
standard deviation




	
ν

	
cinematic viscosity (L2 t−1)




	
subscripts




	
a

	
aspect-ratio (-)




	
c

	
calculated




	
cr

	
critical




	
h

	
heating




	
nh

	
non-heating




	
m

	
measured




	
off

	
end of heat injection




	
s

	
subsurface




	
t

	
critical height




	
tot

	
total




	
0

	
initial condition
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Figure 1. Stratigraphic description of the borehole located in: (a) Quebec City (modified from Raymond et al. [29]); and (b) Orléans (modified from Philippe [30]). 
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Figure 2. Apparatus for TRT with: (a) heating cable sections; and (b) a continuous heating cable (modified from Raymond [26]). 
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Figure 3. Junction box for TRT with a heating cable. 
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Figure 4. Temperature evolution during the three steps of the TRT in Quebec City with heating cable sections. 
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Figure 5. Observed temperature at the middle of a non-heating section (40 m) and at the top (45 m) and the middle (45.5 m) of a heating section. 
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Figure 6. Temperature evolution during the three steps of the TRT in Orléans with a continuous heating cable. 
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Figure 7. Observed and computed temperature increments (Equation (1)) during the recovery period for the submersible sensor located at 45 m depth for the test with heating cable sections. 
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Figure 8. Observed temperatures during the recovery period for the submersible sensor located at 53.6 m depth for the test with a continuous heating cable. 
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Figure 9. Point subsurface thermal conductivity (crosses) obtained with the (a) heating cable sections in Québec City and (b) the continuous heating cable in Orléans. The results are compared to the bulk values provided by the conventional TRT with water circulation (green and red dashed lines). 
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Figure 10. Temperature distribution during the TRT around a typical heating section at 45–46 m depth. 






Figure 10. Temperature distribution during the TRT around a typical heating section at 45–46 m depth.



[image: Energies 11 03059 g010]







[image: Energies 11 03059 g011 550] 





Figure 11. Verification of the Rayleigh number stability criterion considering different critical lengths Ht to calculate the critical Rayleigh number (dashed lines) for the test with heating cable sections. 
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Figure 12. Verification of the Rayleigh number stability criterion for the test with a continuous heating cable. 
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Table 1. Experimental condition and configuration of TRT.
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	Parameter
	Quebec City
	Orléans





	Heating cable type
	Heating section
	Continuous heating cable



	Test analysis method
	Finite line source
	Infinite line source



	Borehole configuration
	Single U-pipe
	Double U-pipe



	TRT start date
	31 August 2016
	3 July 2017



	TRT start time
	11:20:00
	13:00:00



	TRT end date
	7 September 2016
	2 August 2017



	TRT end time
	12:11:00
	10:00:00



	Borehole depth (m)
	150
	100



	Heating cable length (m)
	100
	95



	Borehole diameter (mm)
	114
	180



	Pipe diameter (mm)
	32.00
	26.20



	Duration of undisturbed temperature monitoring (h)
	26.00
	100.00



	Heat injection period (h)
	73.00
	135.70



	Thermal recovery period (h)
	70.00
	481.30



	Total test duration (h)
	169.00
	717.00



	Initial temperature (°C)
	8.20
	13.10



	Heat injection rate (W·m−1)
	42.50
	9.90



	Temperature sensors vertical distance (m)
	10
	6
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Table 2. Error associated to measured parameters.






Table 2. Error associated to measured parameters.












	Parameter Measured Repeatedly during the Test
	Absolute Error
	Relative Error (%)
	Reference Value-Quebec City
	Reference Value-Orléans





	Temperature T (°C)
	0.10
	
	
	



	Electric power P (W)
	0.02
	0.002
	985.13
	940.45



	Electric current intensity I (A)
	0.02
	0.17
	8.71
	8.99



	Electric potential difference U (V)
	0.02
	0.01
	113.12
	104.70



	Parameter measured once and separately
	
	
	
	



	Length of the heating cable H (m)
	0.01
	0.01
	-
	95.00



	Length of the heating section Lh (m)
	0.01
	0.81
	1.24
	-



	Electrical resistance per unit length of the non-heating section Rnh (Ω·m−1)
	0.0002
	0.50
	0.04
	-
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Table 3. Combined errors.






Table 3. Combined errors.





	Continuous Heating Cable
	Absolute Error
	Relative Error (%)
	Reference Value



	Heat injection rate q (W·m−1)
	0.21
	2.12
	9.91



	Slope m′ (-)
	0.001
	0.23
	0.55



	Heating Cable Section
	Absolute Error
	Relative Error (%)
	Reference Value



	Total electrical resistance of the cable assembly Rtot (Ω)
	0.12
	0.94
	12.99



	Electrical resistance of the heating cable sections Rh (Ω)
	0.13
	14.26
	0.90



	Heat injection rate q (W·m−1)
	6.07
	14.29
	42.50



	Analytical model Z (-)
	1.06
	5.00
	21.14
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Table 4. Uncertainly of the point thermal conductivity assessment for the heating cable sections test in Québec City.
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	Depth (m)
	Thermal Conductivity (W·m−1·K−1)
	Absolute Error δk (W·m−1·K−1)
	Relative error (%)





	5.3
	1.72
	0.27
	15.61



	15.5
	1.86
	0.31
	16.38



	25.4
	2.03
	0.30
	14.85



	35.6
	1.91
	0.29
	15.02



	45.5
	2.07
	0.30
	14.62



	55.7
	2.19
	0.33
	14.95



	65.6
	2.08
	0.32
	15.44



	75.5
	2.12
	0.33
	15.31



	85.4
	2.12
	0.32
	14.88



	95.6
	2.06
	0.30
	14.73



	Average
	2.02
	0.31
	15.18
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Table 5. Uncertainly of the point thermal conductivity assessment for the test with a continuous heating cable in Orléans.
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	Depth (m)
	Thermal Conductivity (W·m−1·K−1)
	Absolute Error δk (W·m−1·K−1)
	Relative Error (%)





	11.6
	1.08
	0.02
	2.13



	17.6
	1.27
	0.03
	2.13



	23.6
	1.18
	0.03
	2.13



	29.6
	1.23
	0.03
	2.13



	35.6
	1.4
	0.03
	2.13



	41.6
	1.35
	0.03
	2.13



	47.6
	1.47
	0.03
	2.14



	53.6
	1.57
	0.03
	2.14



	59.6
	1.52
	0.03
	2.13



	65.6
	1.72
	0.04
	2.14



	71.6
	2.18
	0.05
	2.15



	77.6
	1.55
	0.03
	2.13



	83.6
	1.53
	0.03
	2.14



	Average
	1.47
	0.03
	2.14
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Table 6. Comparison of TRT methods for thermal conductivity profile assessment.
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	Parameter
	Continuous Heating Cable
	Heating Cable Sections
	Conventional with FO-DTS





	Power requirement
	Low
	Low
	High



	Test time
	+++
	++
	++



	Equipment complexity
	+
	++
	+++



	Cost
	$
	$$
	$$$



	Measured parameters
	T0, λs
	T0, λs
	T0, λs, Rb



	Surface disturbances
	No
	No
	Yes



	Analysis method
	Infinite line source solution
	Finite line source solution
	Infinite line source solution
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