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Abstract

:

This study investigates the transient behavior of an electro-thermal drilling probe (ETDP) during a close-contact melting process within a glacier. In particular, the present work analyzes the effect of the tip temperature on the formation of molten thin liquid films and the subsequent rate of penetration (ROP) through numerical simulation. We used the commercial code of ANSYS Fluent (v.17.2) to solve the Reynolds-averaged Navier–Stokes equation, together with an energy equation considering the solidification and melting model. The ROP of the drilling probe is determined based on the energy balance between the heating power and melting rate of ice. As the results, the ETDP penetrates the ice through a close-contact melting process. The molten liquid layer with less than 1 mm of thickness forms near the heated probe tip. In addition, the ROP increases with the heated temperature of the probe tip.
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1. Introduction


Glaciers and ice in polar regions have essential information about the past as well as recent geological history and climate change [1]. An unexplored subglacial lake, which is a lake formed under a glacier, attracts researchers from various fields, such as biology, astrobiology, and biochemistry [1,2,3]. After discovering unknown life and information in the Vostok glacier in Antarctica, a great deal of research has been conducted to reach the glacier and obtain microbial samples. Therefore, it is essential to develop polar exploration technology (i.e., drilling technology), facilitating quick penetration toward subglacial lakes without contamination in an ecosystem of the polar regions.



There are various conventional drilling techniques, such as wire-line drilling, hot-water drilling, and coiled-tube drilling that can penetrate the ice and reach a subglacial lake [4]. However, it is reported that such a conventional drilling method can cause contamination in both the polar regions and in retrieved samples [5,6]. An electro-thermal drilling probe (ETDP) is a promising way to facilitate the exploration of the subglacial lake without contamination and has been widely used to penetrate the glacier [7,8,9]. A heated probe tip is attached in the head of the ETDP, as shown in Figure 1. The ice which is in contact with the heated probe tip starts to melt and forms a thin liquid film [10,11,12]. Subsequently, the ETDP pushes the thin liquid film due to its weight and can slowly move downward through the close-contact melting process.



The rate of penetration (ROP), which indicates the speed at which the heated probe tip deepens the borehole, has been one of the key parameters in designing the shape and operating conditions of an ETDP [12,13,14,15]. Many researchers have analyzed the effect of factors, such as operating conditions and melting-tip shape, on the ROP. Shreve et al. [12] found that the ROP increased with heating power and the cross-sectional area of heated probe tip owing to a faster phase change with the increase in heating power. Talalay et al. [13] showed that a copper heated probe tip could penetrate ice faster because of its higher thermal conductivity. In addition, they conducted a parametric study to investigate the effect of the heated probe tip shape on the ROP. From the results, the heated probe tip with a 60° cone shape shows the highest ROP. They also found that the ROP increased with the weight of ETDP because heavier a ETDP can squeeze the molten liquid layer more strongly and move faster. Treffer et al. [15] provided several lab-scale experimental results showing that an ETDP with a spherical shape penetrates an ice-chamber faster with a higher heating power. The simple model was suggested to predict ROP based on the required heating power for melting ice. They over-estimated the ROP by about 30% compared to the experimental results. Suto et al. [14] studied the effects of the shape and material of the drill head and heater temperature on the rate of penetration via lab-scale experiments. They also estimated the total required thermal energy considering the thermal loss with various conditions through a one-dimension heat conduction problem. From the experimental results, a conical shape showed a higher ROP than a flat shape due to the large contact area with ice.



The studies mentioned above broadly analyzed the effects of design factors (shape and operating conditions) of ETDPs on the ROP. Unfortunately, there is a lack of information to understand the underlying physics of the drilling process considering the close-contact melting characteristics of ETDP. The heated probe tip melts the ice and forms a thin liquid layer [12]. The ETDP pushes the molten liquid layer and can move in a downward direction. The thin liquid layer plays a role in thermal resistance and influences heat transfer characteristics during the melting process. However, such close-contact melting characteristics of ETDP are not easily directly measured. Indeed, computational fluid dynamics (CFD) is a promising way to investigate various multi-physics problems in unsteady and quasi-steady states [16,17,18,19] and to obtain useful information which would not be easily measured directly. Therefore, the present study proposes a numerical approach to mimic the drilling process considering the close-contact melting phenomenon. This work aims to analyze the effects of the heated probe tip temperature on the formation of molten liquid layers and the subsequent ROP inside an ice region. In particular, we characterize the transient behavior of molten thin liquid layers near the heated electro-thermal drilling probe (ETDP), which is difficult to measure directly.




2. CFD Simulations


2.1. Governing Equations


The present study analyzes the transient behavior of thin liquid film formation near a heated probe tip. We used the commercial code of ANSYS Fluent (v.17.2) to solve the conservation equations of mass and momentum as follows:


    ∂ ρ   ∂ t   +   ∂ ( ρ  v →  )   ∂ x   = 0  



(1)






   ∂  ∂ t   ( ρ  v →  ) + ∇ · ( ρ  v →   v →  ) = − ∇ p + ∇ · (  τ ˜  ) + ρ  g →   



(2)




where ρ is the density, v is the velocity vector, p is the pressure, τ denotes the stress tensor, and g is the gravitational acceleration. The enthalpy-based energy equation considering the solidification and melting model is as follows [20,21,22,23]:


   ∂  ∂ t   ( ρ H ) + ∇ · ( ρ  v →  H ) = ∇ · ( k ∇ H )  



(3)




where H indicates the enthalpy and k is the thermal conductivity. The enthalpy, H, is defined as the sum of the sensible enthalpy, h, and the latent enthalpy, ∆H, as follows:


  H = h + Δ H  



(4)






  h =  h  r e f   +    ∫   T  r e f    T    c p  d T     



(5)






  Δ H = β L  



(6)




where href is reference enthalpy, Tref is reference temperature, cp is the specific heat, and L is the latent heat. The liquid fraction, β, is estimated by:


  β =      0    T <  T S       1    T >  T L        ( T −  T S  ) / (  T L  −  T S  )      T S  < T <  T L         



(7)




where TS denotes solidus temperature at which the solidification begins, and TL represents liquidus temperature at which the melting begins. However, Equation (7) can be used for the case where the values of TS and TL are different (e.g., alloys and multiple substances). In the case of a pure substance (e.g., water/ice), TS is equal to TL. Therefore, β should be expressed based on the enthalpy as follows:


  β =      0    H <  H S       1    H >  H L        ( H −  H S  ) / (  H L  −  H S  )      H S  < H <  H L         



(8)




where HS indicates enthalpy of the solid at which the phase change begins, and HL represents enthalpy of the liquid. The liquid fraction, β, is zero at the solid phase where the temperature is below 273 K. When the temperature of the solid phase increases to 273 K, the enthalpy of the material, H, starts to increase from HS to HL. The liquid fraction, β, changes with corresponding enthalpy, H.




2.2. Numerical Details


Figure 2 shows that the 2D axisymmetric computational domain has a length of 360 mm and width of 75 mm. We determined the geometry of the cylindrical ETDP with a flat shaped heated probe tip by referring to a previous experimental study [14]. The ETDP with a height of 160 mm and radius of 25 mm was placed within the ice region, as shown in Figure 2. The temperature of the ice boundary, Tice, was set as 253 K. The top and side temperatures of ETDP, Ttop and Tside, were determined as 323 K. The present study changed the heated probe tip temperature, Ttip, from 348 to 368 K to analyze the influence of the heated probe tip temperature on thin film formation near the ETDP and the corresponding ROP. A grid size of 0.5 mm was selected by the grid convergence tests, and the total grid number was 92,150. The present work used the pressure-implicit with splitting of operators (PISO) algorithm, which is widely used for solving solidification and melting problems to couple the pressure with the velocity [24,25,26]. The time-step was adaptively selected in the range from 10−5 to 10−3 s to reduce the computational time. Convergence criteria of the solution were set as the residual value of 10−3 for continuity, 10−4 for momentum, and 10−8 for energy.




2.3. Dynamic Motion of ETDP


The present study provides a numerical approach to mimic penetration movement of ETDP with the use of the dynamic meshing method. The ROP of ETDP is determined based on the simple energy balance between the heating power and latent heat of melting ice, as follows:


  P = π  R 2    d δ   d t    ρ  i c e   L  



(9)




where P represents heating power transmitted from the heated probe tip of ETDP to the ice, R is the radius of the heated probe tip, δ is the thickness of the molten liquid layer, ρice is the density of ice, and L is latent heat. By assuming that the melting rate of ice, dδ/dt, is equal to the velocity of the ETDP, v, Equation (9) can be expressed as follows:


    d δ   d t   ~ v =  P  π  R 2   ρ  i c e   L    



(10)







Finally, we calculate the ROP by using the user defined function (UDF) based on Equation (10).




2.4. Validation of the Numerical Method


Unfortunately, there is a lack of information on experiments to evaluate the proposed numerical method. As an alternative, additional CFD simulations were carried out to assess the numerical method established in the present study by comparing with previous report results [13]. Talalay et al. [13] reported the ROP of a heated cylindrical ETDP with flat shape heated probe tip with different heating power. We carried out additional CFD simulations by mimicking the ETDP geometry used in Talalay’s experiments. The present study compares the predicted ROP using the proposed numerical method with the experimental results [13]. From the comparison, the order of predicted ROP has a similar value with the experimental results, as summarized in Table 1. The present model overestimates the ROP with an 18% maximum discrepancy at the heating power of 480 W. Considering the experimental uncertainty, the current prediction of the ROP would be acceptable, but further work should be done to get a more accurate solution.





3. Result and Discussion


Firstly, we assumed the initial condition under which a molten liquid layer of 1 mm thickness is formed at t = 0 s around the ETDP by referring to previous literature [11]. Figure 3a–c shows the temperature for the case of Ttip = 368 K over time. The heat is diffused from the heated probe tip toward the ice region. The highest temperature can be found near the ETDP. The enlarged temperature and enthalpy fields are highlighted by a green box and are illustrated in Figure 3d,e, respectively.



Interestingly, the ice that contacted with the heated probe tip remained at 273.15 K since it is the mushy zone (highlighted by a blue dotted box) where the phase change occurs. Although the mushy zone has a constant temperature of 273.15 K, as shown in Figure 3d, it is worth noting that enthalpy within the mushy zone presents a gradient toward the vertical direction, as shown in Figure 3e. This means that when the temperature of ice reaches 273.15 K (melting temperature), enthalpy begins to increase with a fixed temperature (T = 273.15 K) and the corresponding liquid fraction from Equation (8) also increases during the melting process.



Figure 4a–c shows the liquid fraction fields for the case of a heated probe tip temperature, Ttip, of 368 K over time. As mentioned above, the ice region, where the temperature reaches 273.15 K, becomes a mushy zone where the liquid fraction is between 0 and 1. The liquid fraction inside the green dotted box in Figure 4d. Not surprisingly, it shows very similar distribution with the enthalpy distribution shown in Figure 3e. The thin liquid layer is formed near the heated probe tip. This implies that ETDP can move in a downward direction by pushing and squeezing the liquid layer, as shown in Figure 4e.



The ETDP slowly moves downward. The vertical positions of the heated probe tip, z, are 0, 14.7 and 29.8 mm at t = 0, 30 and 60 s, respectively. We can calculate the ROP of ETDP from the expression of ROP = dz/dt. As a result, the ROP of ETDP, dz/dt, has a roughly constant value of 0.49 mm/s for the case of Ttip = 368 K.



Figure 5 represents the penetration depth of ETDP, Δz, for the different temperatures of the heated probe tip. The present study determines the penetration depth of ETDP, Δz(t), from the following expression, z(t)–z(0), as shown in the subset image of Figure 5. The evolution of the penetration depth of ETDP shows a linear tendency with time for all cases of Ttip. The ROP are 0.38, 0.43 and 0.49 mm/s for the different Ttip of 348, 358 and 368 K, respectively. According to Equation (10), the ROP of ETDP, v, is proportional with the heating power, P, where P is the     ∫  0 R   q ′   r  π  r 2  d r   and q′(r) indicates the local heat flux at the heated probe tip. Therefore, the fact that ROP has a constant value over time can be interpreted as that the heating power of ETDP also maintains a constant value during the drilling process. The ROP, v, increases with the temperature of the heated probe tip, Ttip, due to the increase of heating power, P.



Figure 6a–c shows the evolution of heating power, P(t), over time for the different Ttip. The evolution of heating power, P(t), shows the fluctuation behavior, but its time-averaged values converge to (Pavg = 229.4 W, σ = 23.1 for Ttip = 348 K), (Pavg = 264.2 W, σ = 25.7 for Ttip = 358 K), and (Pavg = 298.6 W, σ = 28.4 for Ttip = 368 K) where σ is the standard deviation. The fluctuation behavior is from the results, the time-averaged heating power, Pavg, increases with the temperature of the heated probe tip. This is because the temperature difference between the mushy zone (273.15 K) and heated probe tip, ΔT = Ttip −273.15 K, becomes higher with the increment of Ttip. The temperature differences are 75, 85 and 95 K.



Therefore, the ROP increases with the temperature of the heated probe tip, Ttip, due to the higher heating power. Figure 7a–c represents the variations of ROP over time, predicted based on Equation (10). As a result, the time-averaged ROP, vavg, converges to (0.38 mm/s, σ = 0.02 for Ttip = 348 K), (0.43 mm/s, σ = 0.02 for Ttip = 358 K), and (0.49 mm/s, σ = 0.03 for Ttip = 368 K), respectively. The convergence of time-averaged ROP can be explained by that the time scale of the ROP of 10−3~10−4 is to with the time scale for thermal penetration, k/(ρcpδ), of 10−3 to 10−4, where δ is liquid layer thickness having an order between 10−4 to 10−3 (m) [11].



Figure 8 shows the evolution of liquid layer thickness for the different Ttip over time. As above-mentioned, the initial thickness of the liquid layer is assumed to be 1 mm based on previous literature [11]. It continuously decreases to 0.618 mm for the Ttip = 348 K, 0.623 mm for the Ttip = 358 K, and 0.629 mm for the Ttip = 368 K, at 60 s. Although the ice directly contacts with the heated probe tip, the thickness of the liquid layer does not become thicker; rather, it becomes thinner. This is because the molten liquid layer is squeezed by the ETDP and pushed radially outward. In addition, the time scale of the ROP of 10−3–10−4 has a similar order with the time scale of thermal penetration, k/(ρcpδ), of 10−3 to 10−4. Therefore, the liquid layer maintains its thickness within 1 mm during the drilling process, as shown in Figure 8.




4. Conclusions


The present study performed a numerical analysis of the close-contact melting characteristics of electro-thermal drilling probe (ETDP) based on CFD simulations. From the numerical results, the influence of the temperature of heated probe tip on the formation of the molten thin liquid layer, and, subsequently, the rate of penetration (ROP) of ETDP were analyzed. In particular, the present study mimicked the transient movement of ETDP in a vertical direction using a simple model for predicting ROP. The distribution of temperature and liquid fraction were investigated during the drilling process. The following conclusions were drawn:




	
The mushy zone, where the melting process occurs, exists near the heated probe tip, and its temperature remains at a melting temperature of 273.15 K. Although the temperature of the mushy zone has a constant value of 273.15 K, its enthalpy increases during the melting process.



	
A thin liquid layer forms during the melting process, and the electro-thermal drilling probe can penetrate the ice by pushing and squeezing the molten thin liquid layer. The penetration depth linearly increases with time, and it implies that the ROP has a nearly constant value. The time-averaged ROP increases with the temperature of the heated probe tip, and has the values of 0.38, 0.43 and 0.49 mm/s for the different heated probe tip temperatures of 348, 358 and 368 K, respectively.



	
The molten liquid layer maintains its thickness within the 1 mm around the heated probe tip. The thin liquid layer does not become thicker; instead, it stays at about 0.6 mm during the melting process. This is because the molten liquid layer is squeezed by the ETDP and pushed radially outward.
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Figure 1. Schematic of the drilling process of electro-thermal drilling probe (ETDP). 
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Figure 2. The schematic of the computational domain and corresponding boundary conditions. 






Figure 2. The schematic of the computational domain and corresponding boundary conditions.



[image: Applsci 11 03443 g002]







[image: Applsci 11 03443 g003 550] 





Figure 3. The temperature distribution around the electro-thermal drilling probe (ETDP) for the case of heated probe tip temperature of Ttip = 368 K at time (a) t = 0 s, (b) t = 30 s, and (c) t = 60 s. The enlarged fields of (d) temperature and (e) enthalpy within the green dotted box. 
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Figure 4. The liquid fraction distribution around the electro-thermal drilling probe (ETDP) for the case of heated probe tip temperature of Ttip = 368 K at time (a) t = 0 s, (b) t = 30 s, and (c) t = 60 s. The enlarged fields of (d) liquid fraction within the green dotted box. 
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Figure 5. The penetration depth, Δz, for different heated probe tip temperatures, Ttip. 
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Figure 6. Comparison of heating power for different heated probe tip temperature of (a) Ttip = 348 K, (b) Ttip = 358 K and (c) Ttip = 368 K. 
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Figure 7. Comparison of rate of penetration (ROP) for different heated probe tip temperature of (a) Ttip = 348 K, (b) Ttip = 358 K and (c) Ttip = 368 K. 
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Figure 8. The evolution of liquid layer thickness for different heated probe tip temperatures of 348, 358 and 368 K. 
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Table 1. Comparison of the predicted results of rate of penetration (ROP) with the experimental results [13].
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	Heating Power
	Rate of Penetration (Experiment Result)
	Rate of Penetration (Prediction Model Result)
	Error





	240 W
	0.380 mm/s
	0.329 mm/s
	13.4%



	300 W
	0.458 mm/s
	0.411 mm/s
	10.2%



	360 W
	0.508 mm/s
	0.494 mm/s
	2.7%



	480 W
	0.55 mm/s
	0.65 mm/s
	18%
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