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Abstract

:

Power transmission covering long-distances has shifted from overhead high voltage cables to underground power cable systems due to numerous failures under severe weather conditions and electromagnetic pollution. The underground power cable systems are limited by the melting point of the insulator around the conductor, which depends on the surrounding soils’ heat transfer capacity or the thermal conductivity. In the past, numerical and theoretical studies have been conducted based on the mechanistic heat and mass transfer model. However, limited experimental evidence has been provided. Therefore, in this study, we performed a series of experiments for static and cyclic thermal loads with a cylindrical heater embedded in the sand. The results suggest thermal charging of the surrounding dry sand and natural convection within the wet sand. A comparison of heat transfer for dry, unsaturated and fully saturated sand is presented with graphs and colour maps which provide valuable information and insight of heat and mass transfer around an underground power cable. Furthermore, the measurements of thermal conductivity against density, moisture and temperature are presented showing positive nonlinear dependence.
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1. Introduction


Modern society’s industrial growth and development are closely linked with its mastery of energy generation, transportation, and distribution effectively and efficiently. The past century saw a massive stride in this endeavour and a monumental shift towards energy generation from green sources [1]. The green sources are confined to favourable locations and require an efficient and reliable network to transport the generated power to industrial consumption centres [2]. The conventional power transmission network uses high tension transmission lines, which are prone to high winds, snow and ice storms, earthquakes, electromagnetic pollution, and metal wire theft [3,4,5]. The overhead lines also render a vast area underneath unusable. The limiting factor with the underground power cable system (UPGS) is the melting temperature of cross-linkable polyethene (XLPE) around the conductor which heats up due to resistance to electric current flow (Joule heating) [6,7]. Therefore, in the past decades, intensive research has been conducted to improve the understanding and enhance the knowledge about heat and mass movement around the UGPS. Simultaneously, research has been conducted to improve the trench backfill material [8,9,10,11]. However, the use of such costly materials for a vast stretch renders it impractical economically.



Although the problem of heat and moisture movement around UGPS seems straightforward, it is an interplay among the surrounding hydro-thermal interactions due to changes in surrounding environmental and biological conditions (Figure 1). The hydrological conditions are the estimation of surface runoff and infiltration after a precipitation event. The problem becomes more complex in regions with snowfall, which results in partial freezing of the ground and sudden outflow with snowmelt causing rapid changes in surrounding temperature and moisture fields [12]. The computation of thermal losses in the surrounding soil, a three-phase partially saturated porous media, is complex. Heat is transported by sensible, convective and latent modes driven by a gradient in temperature, liquid water and water vapour, respectively, [13,14,15,16]. The heat transport by these mechanisms is hard to measure in the laboratory under controlled laboratory conditions [17,18,19] but becomes impracticable in field conditions with variation in humidity, precipitation, fluctuating water tables, and variable wind velocity along with moisture and temperature-dependent material parameters such as the effective thermal conductivity, heat capacity, vapour diffusivity, density, moisture storage capacity and unsaturated hydraulic conductivity [20]. The environmental factors range from measurement of air and ground temperatures, evaporation, humidity, soil moisture content, and wind velocity. These parameters directly contribute to convective heat transfer and moisture transfer coefficients controlling free surface heat and moisture losses [21]. Finally, the biological factor involves calculating evapotranspiration from different plants, and knowledge of the flora and fauna that grow and dwell in the vicinity of the UGPS is desirable [22].



The simplified theoretical work is presented by Neher and McGrath [23] for calculation of thermal fields around a UGPS considering the series conduction heat transfer model which is later improved [24] and is adopted by the IEC [6]. The method computes quickly with reasonable accuracy for low-power transmission cables where conduction heat transfer dominates, and the moisture field around the cable is relatively constant. However, as the amount of current in the cable increases, so does the generated heat, and thus simplified calculations start to underestimate the temperature field [25]. Furthermore, the recent development in high voltage direct current cables (HVDC) and the transcontinental underground cable technology (elpipes) [26], which can transfer up to 20 GW and will produce a substantial amount of heat and drying around the UGPS, requires fundamental development and a deeper understanding of the complex interplay of the involved physics, phenomenon and boundary conditions.



In the past few decades, many researchers have tried to approach the coupled heat and mass transfer problem from theoretical, numerical and experimental sides. Jury [27] solved the full coupled thermodynamic equation with simple boundary conditions and straightforward assumptions, resulting in a decoupling of heat and mass transfer processes. He showed a good agreement with the mechanistic equations developed by Philips and deVries [13]. However, the theoretical work of mechanistic coupling of heat and mass transfer processes with many rudimentary assumptions and simplifications, such as soil is homogeneous and isotropic in a macroscopic sense, each phase is in thermodynamic equilibrium, and free convection in the gas phase is absent, applies to limited scenarios.



Numerical modelling due to abilities such as considering actual boundary conditions and complex material, geometrical nonlinearity and physics coupling [28] is applied to solve the coupled heat and mass transfer equations in sequential [29] and fully [25] coupled fashion. The dominant method used is the finite element method (FEM) [30] due to its superior ability to model nonlinearity (geometrical and material), better convergence, ability to deal with complex boundary conditions, and the solution in both weak and strong forms [31]. However, the FEM showed promising results but is limited to deal with a sudden change in moisture content due to drying or outflow, implementation of temperature and moisture dependent material parameters and considerable computation time. Marshall et al. [29] showed the effect of rainfall on the temperature field by coupling the heat transfer and unsaturated laminar flow equations. In a more extensive work, Kroener et al. [25] solved the full coupled Phillips and deVries [13] equation with FEM and real boundary conditions including precipitation, wind speed, solar flux and annual temperature variation and showed that the IEC [6] method underestimates the temperature field by a significant margin. In another work following the Finite Difference Method (FDM), the effect of daily ambient conditions on the UGPS is studied [32]. All the numerical methods presented were applied for sand type soil and the range in which vapour transfer by diffusion dominates (micropore size   10  − 6    m). The model is also limited to micro-scale fluid flow in the pores by diffusion and holds good for sand and larger granular system with bigger pores, but fails to consider nanoscale flow in slit-clay and clay type soil [14]. The movement of fluid in-between micro and nano-size pores is a combination of diffusion and effusion. A few experimental studies have been conducted so far to model diffusion–effusion driven drying in cemented particulate matter [33]. The lack of knowledge is due to improper understanding of the couple effects, and also the unavailability of the coupled partial differential equations to define the problem considering diffusion-effusion coupled with the heat transfer in unsaturated porous media is a limitation in proper modelling with numerical methods [34].



The experimental programs to study the distributions of temperature and moisture fields around the UGPS have been conducted at both field and laboratory scales [35]. The field-scale experiments offer a rich dataset of the real-world boundary and environmental conditions but are challenging to set up and resource-intensive [36]. The substantial effort is the work by Adams et al. [37] where the field measurements have been reported the first time. In recent work, the field measurements are also presented by Trinks [38] for different soil and surrounding conditions for 110 kV cables. Ainhirn [39] presented the field measurements of UGPS, and a sensitivity analysis is conducted for various environmental and material parameters. The study showed that surrounding soil temperature and thermal conductivity have the highest influence on the cable temperature and control the ampacity.



The field-scale experiments lack fine control on the boundary conditions and material heterogeneity, which is omnipresent influencing the measured temperature and moisture fields [40]. The small number of datasets available from field-scale experiments with many variables render the results limited in scope. Therefore, small- and large-scale laboratory tests gained more importance where process-controlling parameters are regulated in a better fashion for an adequate understanding of the physical phenomenon [41,42]. The small-scale laboratory setup to measure the temperature and moisture fields with a simple cylindrical cell is conducted with the top and bottom of the cell acting as a heat source and sink, respectively. The moisture and temperature sensors are placed in the longitudinal middle plane. The setup is used to study the behaviour of sand for theoretical and numerical models and is applied to quantify the response of modified backfill material as well [43]. The setup is limited in nature and representation, as it does not represent a radial symmetric UGPS embedded in the ground. For a better demonstration of UGPS in-ground, a medium size rectangular box with a heated cylinder is installed, and the temperature and moisture measurements are performed for sand [17], modified backfill [44] and heterogeneous layered media [40]. The experiments offer a good insight into the development of temperature and moisture fields with changing heating and boundary conditions. However, the effect of the boundary conditions and accumulation of generated heat in the surrounding soil mass due to limited size, resulted in a higher temperature field near the heater and excess moisture near the boundaries due to diffusion moisture transfer [36]. Therefore, large-scale boxes fitted with single [2] and multiple heaters [45] are built to eliminate the boundary effect, and have sufficient heat dissipation characteristics. The multiple heater setup offers a better understanding of the interacting temperature and moisture fields around the UGPS. However, the multiple horizontal or vertical arrangement is preferred for low voltage cables below 230 kV and is used for power distribution, or short-distance power transmission [36,38]. For long-distance high voltage transmission above 345 kV, the cables are placed at a maximum possible distance apart to avoid much interaction in moisture, temperature, electric and magnetic fields. The non-interacting cables help in ease of construction and maintenance as well. Therefore, for high voltage UGPS, the behaviour is often correlated to a single embedded heater in the soil.



The diurnal and seasonal fluctuations in power demand and variable production from green energy plants create a cyclic thermal loading of the cable. The cyclic thermal loading of the cables is studied in both numerical [46] and theoretical [47] fashion. However, no experimental study is reported in the literature. The changing weather conditions produce varying moisture in the surrounding soil, combined with cable heating it can result in a dry-out zone around the cable. However, the previous studies have only reported the two extreme conditions, namely, the dry and fully saturated cases. The soil around the cable under atmospheric boundary condition is unsaturated and tries to attain dynamic equilibrium.



Therefore, in this study, we performed a series of experiments with dry sand and an embedded cylindrical heater, heated to a temperature of 70 and 90 ℃ with cyclic heating to capture the diurnal fluctuations. Furthermore, the effect of moisture on the temperature field around the power cable is studied with, a series of five days of static heating temperature test of 70 ℃ with dry, unsaturated and saturated sand. The measurement of thermal conductivity for different density, moisture and temperature is also performed to provide material parameters for theoretical and numerical modelling. The test results could be used to benchmark such models.




2. Theory of Coupled Heat and Mass Transport in Sand


Heat and mass transfer in soil are complex interactions among gas, heat, liquid water and vapour flow. A detailed study of heat and mass transfer in sand based on the thermodynamics of the irreversible process is presented [27]. The agreement between theory and experiment was only partial and required many assumptions. The other approach is the ‘mechanistic’ explanation of the process and is used for many porous media due to simplicity of computation of diffusion parameters [13]. The theory has limitations, such as the hysteresis relation between the moisture potential and the moisture content is not taken into account. Furthermore, deformation of the solid matrix is not allowed, and the porous medium must be homogeneous and isotropic in a macroscopic sense. The phase change phenomena of boiling and freezing, and thawing are not included. The Knudsen effect in the gas phase and the surface phenomena at the interface between the matrix and the liquid are not considered. The following simplifications are also applied for the formulation of the governing coupled partial differential equations. For fluids in the porous media, the solutes are assumed to be absent; thus, the liquid phase is pure water, and the movement is driven by viscous flow under the influence of capillary and adsorptive forces.



Similarly, the vapour movement is by diffusion in the gas-filled pores and air as an inert gas, and the free convection in the gas phase is neglected. In the case of heat transfer, the radiation effect is negligible, and the assumption of local thermodynamic equilibrium among the liquid in contact with its vapour holds. Furthermore, the total pressure is assumed uniform and constant, and the temperature dependence of physical constants is neglected [14]. With these limitations and assumptions, the mass balance in the porous media is given as:


   q w  = − K ∇  ( ψ + g z )   



(1)
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The above two equations are solved with the finite element [25] and finite difference [32] methods with atmospheric boundary conditions for the UGPS to compute temperature and moisture fields. However, the “mechanistic” formulated equations offer significant errors at low and high moisture values and rapidly changing saturation levels. Therefore, for an accurate estimation of the temperature field around the heater for such a complex problem, experimental studies are ideal and are conducted here.




3. Materials and Methods


The heat and mass transfer around the power cable is studied with sand around a heated cylinder. The clay-type soils are avoided around UGPS due to low thermal conductivity, high heat capacity and susceptibility to crack at low moisture. The sand is procured from a pit near Flintbek, Germany, and material characterisation is performed.



3.1. Sand


The geotechnical laboratory investigation shows the sand to be a uniform sand with particle size ranging between (0–4) mm. The X-ray Diffraction (XRD) of the sand is plotted in Figure 2 and shows that the sand is made up of more than 98% Quartz mineral. Furthermore, Table 1 provides the XRF measurement performed on the sand and confirms the XRD measurement. The main constituent is the silica mineral and the rest of metal-oxides in trace amounts.




3.2. Experimental Setup


A large scale test apparatus is designed and operated to simulate a trench for the underground power cable. The test apparatus has a unique heavy-duty iron frame which was fabricated to hold the contents of the large sandbox. The large-scale sandbox (test apparatus) is rectangular in shape, having 1800 mm as the longest side and is 1200 mm high and 1000 mm wide (see Figure 3). It is installed with Plexiglas for clear visual observations of the contents in the box, which could be operated at temperatures ranging −30 to 180 ℃. Plexiglas is used instead of normal glass panels as these are more resistant to thermal shocks. Plexiglas panels are curbed at the edges, and rubber lining is installed to prevent cuts to the working personnel and ensure water-tight conditions inside the box at the same time. The top of the sandbox is covered with flexible aluminium sheets to avoid any heat escape.



Since our test apparatus is designed for carrying out tests for both saturated and unsaturated moisture conditions, four flexible rubber pipes are installed at each corner for the water supply running till the bottom of the box. The sandbox is also installed with a drainage outlet. Sand inside the box is filled in a layered manner, with each layer being 100 mm high and tamped with a wooden bar. The large-scale sandbox is isolated from the floor using rubber sheets and solid wooden planks. It helped reduce the heat loss and avoid the transfer of heat to or from the sandbox. A laminated paper scale is also stuck at one of the edges of the sandbox for measuring purposes. Commercially available water sealants are also used to ensure extra safety against moisture loss from the box.



A tubular heating rod is installed inside the sandbox to replicate as an underground power cable (see Figure 3a). The heating rod is 800 mm long and 50 mm in diameter, placed firmly between the two vertical stands. The vertical stands are each 50 mm wide amidst which the heater is placed parallel to the shortest edge of the box, i.e., along the 1000 mm long side. The tubular heater rod is positioned at a distance of 750 mm from the bottom of the box. The arrangement and schematics of the heater rod are shown in Figure 3b.



The oven-dried sand is placed in the box in a layer-wise fashion of 10 cm each. The grain size distribution is plotted in Figure 4a. The full saturation is achieved with a bottom-to-top approach to saturate the sand inside the box, removing any trapped air amidst the sand grains (inter-granular pores). The unsaturated condition is created by fully saturating the sand and then draining to a water table of 45 cm. A waiting time of 24 h is allowed before the test to achieve uniform moisture distribution.




3.3. Thermocouples and Heater


National Instrument’s K type Thermocouples (TC’s) and three-pin 150 mm long Time Domain Reflectometers (TDRs) were used for measuring temperature and moisture, respectively. In total, thirty-two TC’s and eight TDR’s were installed at selected locations. The TC’s have an operating range of −55 ℃ to 550 ℃ with an accuracy of ±0.5 K as reported by the National Instruments. Furthermore, the sensors presented a deviation smaller than ±0.3 K when tested against the resistance temperature detectors (RTDs) Pt-100 sensors. The heater temperature is also measured using four TC’s placed circumferential on top, bottom, and opposite sides. The average of the four TC’s is used as the temperature of the heater for comparison purposes.



Each sensor is cross-checked before finally putting them to work by testing on a water-filled box fitted with 4 Pt 100 sensors, which showed results in a range of 0.25 K, i.e., within permissible error limit. Furthermore, to measure the ambient temperature, two TC’s are placed outside the testing apparatus.





4. Discussion on Effective Thermal Conductivity of Sand


The effective thermal conductivity (ETC) of soil depends on the degree of saturation, density, temperature, mineralogical composition, particle size, shape, gradation, inter-particle physical contact, properties of soil components, ions, salts, additives, hysteresis effect, etc. [48]. However, the dominant factors controlling the changes are the environmental factors, such as the degree of saturation, porosity and temperature. The effect of ETC on the degree of saturation and porosity is well studied in the literature, and it is shown that degree of saturation is more sensitive than the porosity [49]. The effect of temperature on ETC is studied recently and showed a positive correlation but of a nonlinear trend [50,51]. The ETC of the sand used in the experiment is tested with varying degrees of saturation, density and temperature.



Figure 4b shows the variation of thermal conductivity with density. The standard KD2 pro device with a TR1 needle is used to measure the thermal conductivity. A minimum of three observations are made, and the mean value is plotted here. A total of 81 measurements were performed on the oven-dried sand. A linear correlation is found between the parameters and agrees with the previously presented results in the literature.



Figure 5a shows the effect of temperature on the thermal conductivity of the soil. The saturation is controlled by mixing a specified amount of water with the oven-dried sand. The samples are placed in a climate chamber with a membrane to avoid moisture loss. The samples are allowed to equilibrate for 4–6 h before performing the measurements. Three temperatures of 20, 50 and 70 ℃ are taken. The saturation is also checked pre- and post-measurement with the oven drying method, and it is found to defer less than 1% for all the samples. The measurements show a clear positive correlation with temperature, and the maximum value is achieved at 70 ℃. However, it is also observed that the difference diminishes at higher saturation values (Figure 5a). The temperature above 50 ℃ vapour flux starts to play a critical role in heat transfer through convection. The effect is visible with a high thermal conductivity value at lower saturation. However, for higher saturation, the vapour permeability decreases, so the vapour movement ceases to exist, thus bringing the mode of heat transfer to conduction only, showing a lower thermal conductivity value. The convective heat transfer becomes more significant at even higher temperatures, thus should be included in energy geotechnics calculation above 50 ℃.



Figure 5b shows the effect of density on the effective thermal conductivity of sand. A positive correlation is observed here as well. The sand in the study is poorly sorted and thus allows higher compaction. A higher compact results in more inter-granular contact and facilitates conduction, the dominant mode of heat transfer in the sand at room temperature. Poorly sorted sand has a better ability to resist drying due to lower permeability and porosity, which hinders movement of vapour from the heat source into the surroundings. Thus, well-sorted sand is avoided, which shows thermal instability with rising temperature and dries out quickly.




5. Results and Discussion


The underground power cables in previous studies are modelled with a heated cylinder with defined heat flux, or temperature [17,45]. However, temperature-controlled tests offer better control and are closely related to insulation melting condition. The rudimentary assumption of cable carrying a constant electric current allows equilibrating with the surrounding soil. Therefore, most of the experimental results reported in the literature are conducted using static thermal loading. However, the peak and nominal demands change daily, and with the integration of non-conventional energy generations from sources such as wind, tidal and solar, the fluctuation has increased many-fold. The diurnal and seasonal fluctuations result in cyclic thermal loading of the cables. Therefore, static and cyclic thermal loading tests are performed with heater temperature of 70 and 90 ℃ associated with nominal and maximum cable operating temperatures. Four thermocouples are placed at 90   ∘   on the outer circumference of the heater and an aluminium foil is wrapped to give uniform heat distribution from the cable. The average value of the four sensors is plotted as heater temperature in both static and cyclic thermal loading scenarios.



5.1. Static and Cyclic Thermal Experiment with Dry Sand


The dry condition is the worst-case scenario for the cable as it results in minimum thermal conductivity and causes a hot spot formation around the power cable. For most of the cable current carrying capacity calculations, a thermal conductivity value of 0.9–1.1 Wm    − 1   K    − 1    is assumed. The values are conservative in sandy soil with 5–10% saturation. It is also found that when a critical temperature difference between the dry and the wet regions is exceeded, the transport in the liquid and the vapour phases are in the same direction, resulting in the rapid advance of the drying front [14]. The situation could quickly form around the power cables as the cable surface temperature reaches about 60–75    ∘  C [25]. Therefore, the behaviour of the surrounding soil is studied with static and cyclic thermal loading and the results are given in the following sections.



5.1.1. Static Thermal Loading


The long-term behaviour of surrounding soil could be studied experimentally with a heater at either static heat flux or constant temperature. The constant temperature experiments correlates easily to maximum allowed temperature to prevent the XLPE insulation around the cable. Therefore, constant temperature tests are selected and are performed with two different heater temperature of 70 ℃ and 90 ℃.



Figure 6a–d show the temperature measurements around the embedded heater from 5 to 20 cm with thermocouples placed at 90 degrees apart on a semicircular profile. The thermocouple locations are named as top, side and bottom and are used in the text for all other measurements. Figure 6a shows the temperature rise around the heater for all the thermocouples, top, side and bottom along with heater temperature and the surrounding temperature of air outside of the box. The top thermocouple record a higher temperature and the bottom thermocouple records lower temperatures due to the unsymmetrical placement of the heater 45 cm from the top and 75 cm from the bottom surface. The positioning of the heater in such a fashion resembles the placement of underground power cables which are generally buried at a shallow depth ranging between 70 and 150 cm. The smaller thickness of soil above the heater allow large heat movement in upward direction as is offers larger thermal gradient. A significant temperature difference is observed for the top and bottom thermocouples at 5 cm for the thermocouples at 5 cm, but the effect pacifies for thermocouples at 15 and 20 cm. The results show channelisation of heat in vertical direction. Figure 7a–d show the behaviour of the sand with heater temperature at 90 ℃. The bottom thermocouples at all locations recorded the lowest temperatures, and an equilibrium is achieved after 48 h of heating. No significant changes are recorded after it for all the thermocouple.



The highest encountered temperature around the power cables recorded in the summer months when the air temperature is higher than the ground, and heating of the ground results in higher temperatures above the cable and is considered the worst case for the cable insulation melt. A uniform heat dissipation could be achieved with deeper burial but will burden the construction economics.




5.1.2. Cyclic Thermal Loading


Figure 8a–d and Figure 9a–d show the cyclic thermal behaviour of the surrounding soil with heater temperature fixed at 70 ℃ and 90 ℃. The underground power cables experience fluctuations in the amount of current due to variable power consumption demand and non uniform power generation from renewable sources such as wind, solar and tides. Previous studies focused on the long term thermal behaviour around the cables with static thermal loading. However, the results in Figure 8 and Figure 9 show a permanent thermal charging of the soil with cyclic loading raise the surrounding temperature with each cycles. The effect is more severe near the cable but visible in the far-field as well. The intensity of charging is also enhances with the rise in heater temperature from 70 to 90 ℃. A similar tendency is observed here with channelisation of heat in the vertical direction and more heating of the soil above the heater.




5.1.3. Comparison between Cyclic and Steady State


Figure 10a,b compares temperatures for steady and cyclic heating of the sand for 5 cm and 20 cm thermocouples above the heater, respectively. The thermal charging effect is visible in both cases as the relaxation time is insufficient to cool the system to its original state. The maximum temperature difference in cyclic and steady-state is more significant at the 5cm thermocouple (Figure 10a) and diminishes in the far-field at 20 cm distance (Figure 10b). It is also observed that the steady-state corresponds to the maximum possible temperature around the heater. However, the thermal cyclic heating of short duration is sufficient to heat the soil to a similar maximum temperature that of the static loading scenario.





5.2. Static Thermal Experiment for Full Range of Saturation


Figure 11a–f show the temperature difference of saturated and dry case(Sat-Dry) and unsaturated and dry case(Unsat-Dry) around the heater at 5 cm and 20 cm distances, respectively. The saturated and dry(Sat-Dry) difference above the heater at 5 cm and 20 cm show the formation of density-driven convection flow after 72 h of heating. However, the same is absent for (Unsat-Dry) difference graphs at both locations. The thermal buoyancy effect is visible at side thermocouples shown in Figure 11c,f at 5 cm and 20 cm distance from the heater. The thermal buoyancy effect is not considered in the thermal calculation of the power cables as it is assumed that the surrounding soil attains unsaturated condition after a precipitation event quickly. However, the assumption is valid for most cases but fails when the groundwater table is very shallow, or during prolonged periods of rainfall flooding.



Figure 11b,e shows the temperature below the heater at 5 cm and 20 cm, respectively. Figure 11b shows a significant difference between saturated and unsaturated condition; however, the trend is similar in both cases. The effect of thermal buoyancy is visible at 5 cm in saturated sand, and a significant difference is observed between the Sat-Dry and Unsat-Dry lines. The gap between the lines in Figure 11e is minimal, showing no convection cell formation below the heater at 20 cm depth for saturated sand.



Figure 12 is arranged in 3 columns representing the dry, unsaturated and saturated colour map. The four rows show the instances at 3, 6, 12 and 120 h of heating. The colour maps for the dry sand show inefficient heat dissipation and a hot spot around the heater. A comparison of the heat bulb of all cases shows its growth with time for all saturation conditions. After 120 h of heating, convection cell heating is visible for the fully saturated sand where the heat flame bulges outwards (Figure 12l). The observation reinforces and clearly shows the formation of convective heating driven by density difference from experimental measurements. Some irregularities are visible in all these figures due to a limited number of data points from which cubic interpolation is applied to generate the colour maps.




5.3. Discussion on Moisture Transfer in Soil


Water in the soil exists in complex dynamic equilibrium in various states, and the water oscillates between vapour and liquid states and in various forms of water in porous media, namely the hygroscopic, capillary and gravity water. For the saturated case, the vapour phase is absent, and most of the heat transfer is through conduction and some convection that depends on the pore size. However, a complex, fragile equilibrium exists within a soil volume at a uniform temperature, and water molecules will diffuse back and forth from one place to another. The migration of water due to a thermal gradient in the saturated case is buoyancy-driven density difference flow, but for the unsaturated case, it is more of a transient redistribution and not a continuous flow. Furthermore, it might exist in any of the several states for the unsaturated case and migrate by the continuous change of states.



The thermal gradient induced migration in unsaturated soil, studied with an initial uniform moisture content of the soil, reveals that the phenomenon noticeably occurs only over a range of moisture content bounded by two distinct water limits and attains a well-defined maximum. The literature defines the lower limit as the hygroscopic coefficient and the upper limit as the field capacity. The maximum water transfer occurs near the welting point. The range of capillary water well defines all these limits.



Although no drying of soil is observed around the heater in unsaturated conditions, the literature indicates moisture change due to vapour transfer resulting from the difference in partial pressures between vapour in the warmer and in the cooler zones. A longer heating time is required to set up the net movement of vapour towards the cooler zones. The drying process and models and theories devolved for the porous media comes in many flavours ranging from simple diffusion theory and complex ones like the receding front theory, Krischer’s theory, the champion work of Philip and de Vries, Luikov’s theory, and finally, Whitaker’s model, in which all mass, heat transport, and phase change and evaporation are considered. All the work mentioned earlier are material-specific, and the application of soil ranging from complex clay structure to granular sand is trivial. Therefore, large scale experiments still hold the key for proper identification and understanding of the unsaturated heat transfer mechanism, which is prevalent in nature.





6. Conclusions


This paper presents experimental findings of temperature rise around a heated cylinder representing an underground power cable. XRD and XRF studies are performed for the chemical composition and mineral identification of the sand used around the cylinder and were found to be made up of more than 98 % quartz. The thermal properties of sand are tested with a standard KD2 pro device, and the effect of varying density, saturation, and temperature is studied for the sand. These parameters show a nonlinear positive dependence on the thermal conductivity of the sand. A series of large-scale tests with cylindrical heating is performed with static and cyclic thermal loads of 70 ℃ and 90 ℃ for sand in the dry condition, which correlates to the worst case for power cable insulation melt. The cyclic thermal test shows the thermal charging of sand for both temperature conditions. A comparison of the static and cyclic cases shows that static thermal loading corresponds to maximal temperature rise in both near and far-fields irrespective of the thermal charging of cyclic loads. The static thermal test at 70 ℃ heat temperature and varying saturation show a positive heat dissipation effect due to enhanced thermal conductivity of the wet sand. 1D and 2D plots show thermal buoyancy effect and heat channelisation above the heater for full and partial saturated sand in near and far-fields. However, convective heating has been absent below the heater. This study is anticipated to be a progenitor in the development of UPC systems to fodder and support the promising green energy infrastructure.
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Abbreviations


The following abbreviations are used in this manuscript:







	a
	volumetric air content



	c,   C p  
	specific heat [J kg    − 1    K    − 1   ]



	C
	volumetric heat capacity [J m    − 3   K    − 1   ]



	D
	diffusion coefficient of water vapour in air [m   2  s    − 1   ]



	  D T  
	macroscopic diffusivity for moisture transport due to   ∇ T  [m   2  s    − 1   K    − 1   ]



	  D θ  
	macroscopic diffusivity for moisture transport due to   ∇  θ 1   [m   2  s    − 1   ]



	e
	empirical factor



	g
	acceleration due to gravity [ms    − 2   ]



	h
	relative humidity



	H
	specific enthalpy [J kg    − 1   ]



	T
	temperature [K]



	  x , y  
	horizontal coordinate [m]



	z
	vertical coordinate, positive downward [m]



	Greek Symbols
	



	 ε 
	low value of   θ l  



	  ζ   ( ∇ T )  a  / ∇ T  
	



	 θ 
	volumetric moisture content



	 λ 
	Effective thermal conductivity [W m    − 1   K    − 1   ]



	 ψ 
	moisture potential [m]



	 ρ 
	density [kgm    − 3   ]



	Subscripts
	



	0
	reference value



	a
	air



	d
	drying



	h
	heat



	k
	critical



	l
	liquid



	m
	moisture



	M
	matrix



	r
	reversal



	s
	saturation



	v
	vapour



	w
	wetting
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Figure 1. Interaction of underground power cables with surrounding soil and environments and different modes of heat and mass transfer in the soil mass. 
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Figure 2. XRD of sand the corresponds to Quartz mineral (blue) and trace amount of other minerals. 
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Figure 3. The experimental setup with (a) Schematic diagram of heating control unit and thermocouple arrangement with data acquisition unit; (b) large scale box setup showing heating and temperature control unit. 
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Figure 4. Physical properties of sand (a) particle size distribution of sand; (b) thermal conductivity measurements at different dry densities of sand. 
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Figure 5. Thermal properties of sand (a) plot of thermal conductivity vs. saturation for three different temperature values of 20 ℃, 50 ℃ and 70 ℃; (b) saturation dependent thermal conductivity at two density values. 
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Figure 6. Temperature plot with 5 days constant temperature heating of 70 ℃ of thermocouples at (a) 5 cm; (b) 10 cm; (c) 15 cm; (d) 20 cm from the heater surface. 
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Figure 7. Temperature plot with 5 days constant temperature heating of 90 ℃ of thermocouples at (a) 5 cm; (b) 10 cm; (c) 15 cm; (d) 20 cm from the heater surface. 
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Figure 8. Temperature plot with 5 days cyclic 12 h heating and 12 h cooling of 70 ℃ at (a) 5 cm; (b) 10 cm; (c) 15 cm; (d) 20 cm from the heater surface. 
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Figure 9. Temperature plot with 5 days cyclic 12 h heating and 12 h cooling of 90 ℃ at (a) 5 cm; (b) 10 cm; (c) 15 cm; (d) 20 cm from the heater surface. 
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Figure 10. Comparison between cyclic and steady state heating condition at 70 ℃ (a) 5 cm; (b) 20 cm from the heater surface. 
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Figure 11. The differences in temperature between the unsaturated-dry and saturated-dry soil conditions at a depth of 5 cm and 20 cm. (a) 5 cm of the top surface of heater; (b) 5 cm in the horizontal line of heater; (c) 5 cm of the bottom surface of heater; (d) 20 cm of the top surface of heater; (e) 20 cm in the horizontal line of heater; (f) 20 cm of the bottom surface of heater. 
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Figure 12. Colour map of temperature distribution around the heater and evolution of temperature field with heating for dry, unsaturated and saturated sand, after 3 hours (a–c), 6 hours (d–f), 12 hours (g–i), and 72 hours (j–l). 
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Table 1. XRF results for the sand.
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Weight Percent Oxides of the Soil Sample






	
Compound

	
SiO   2  

	
Al   2  O   3  

	
Fe   2  O   3  

	
CaO

	
MgO

	
K   2  O




	
Percentage

	
98.27819

	
0.593343

	
0.578948

	
0.04028

	
0.098282

	
0.019334
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