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Abstract:



In this paper, a two-dimensional (2-D) Finite Element (FE) analysis of a geothermal well was performed with respect to five different cross-sections corresponding to the design specifications for the geothermal well that is currently constructed in Pohang, South Korea. Among the essential components (such as ground formation, casing, and cementing) of a geothermal well, the thermal and mechanical stability of the cementing component was discussed based on a series of parametric studies with consideration of the thermal conductivity and Young’s modulus of the cementing component. With increasing number of casing layers, the cementing component experiences less stress concentration. In addition, the lower thermal conductivity of the cementing material is advantageous for effectively controlling radial displacement. Consequently, it should be noted in geothermal well cementing construction that long-term strength degradation of the cementing might cause the severe structural instability of an entire geothermal well.
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1. Introduction


At the World Summits on Sustainable Development (June 1992 in Rio, December 1997 in Kyoto, August 2002 in Johannesburg, and December 2015 in Paris), considerable emphasis has been placed on greenhouse gas emissions; strong recommendations have also been given to reduce the global consumption of fossil fuels and to make better use of the new and renewable energy sources, one of which is geothermal energy. Geothermal energy is the natural heat in the deep subsurface that can be extracted economically for the purpose of using as an energy source (Leibowitz, 1978) [1].



Since economically feasible geothermal resources in the Korean Peninsula are insufficient (Lee et al., 2010) [2], the Enhanced Geothermal System (EGS) can potentially be a promising renewable energy resources for generating electricity. The EGS concept is based on the enhancement of the porosity and the permeability of Hot Dry Rock (HDR) by injecting fluid. Since HDR has been hydro-fractured or stimulated, production wells can be drilled into the stimulated zone (refer to Figure 1).


Figure 1. Ideal hot dry rock production scheme for Enhanced Geothermal System (EGS).
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In order to successfully complete and operate the geothermal power plant constructed by the EGS, extensive studies have been performed with respect to the stabilization of the transmission fluid (mostly water) (Xu et al., 2005) [3], improving thermodynamic cycles (Chen et al., 2010) [4], use of carbon dioxide (CO2) instead of water for subsidiary benefits (Brown, 2000; Pruess, 2006) [5,6] and hydraulic stimulation techniques for HDR (Sasaki, 1998; Pearson, 1981) [7,8]. Among these studies, the completion of geothermal well cementing is of considerable importance for the following reasons: (1) the hydrated cement slurry must have sufficient strength to support the steel casing that tends to elongate due to the temperature changes; (2) the cement slurry should pre-flash and displace the water-based drilling fluids; and (3) complete cementing is needed to protect the steel casing from corrosive fluids (Edward et al., 1982) [9]. Therefore, the cement material for completing geothermal wells also mechanically supports the steel casing and protects it from initial corrosion or erosion by geothermal fluids that are heated to a maximum of 320 °C (Sugama, 2006) [10].



In order to evaluate the thermal and mechanical stability of the geothermal well cementing, a 2-D FE analysis of the geothermal well was performed using ABAQUS according to five different cross-sections based on the design of the geothermal well that is constructed at Pohang, South Korea. As input parameters in the numerical model, the thermal conductivity and Young’s modulus of cured cement samples were measured in the laboratory experiments. These parameters are crucial in characterizing thermal and mechanical behavior of the geothermal well cementing. G-class cement, which is most frequently used as oil well cement, was adopted for the laboratory experiments since the design components and considerations of the geothermal well are similar to an oil well in many aspects such as construction procedures, well stability, and drilling depth. Finally, a parameter study for the cementing component was performed with respect to thermal conductivity and Young’s modulus to investigate the effect of each property on a mechanical stability of the well.




2. Laboratory Experiments


Each experiment for the G-class cement was performed based on the mixture design proposed by Philippacopoulos and Berndt (2000) [11] (Table 1).



Table 1. Mixture design of G-class cement slurry (by mass).







	
Mix Type

	
Cement

	
Silica Flour

	
Water

	
Bentonite

	
Dispersant






	
40SF

	
1

	
0.4

	
0.55

	
0.034

	
0.012










The thermal conductivity of G-class cement was measured using a QTM-500 thermal conductivity meter equipped with a PD-13 probe (Kyoto Electronics, Kyoto, Japan). The cement specimen was cured in the mold with dimensions of 50 mm × 100 mm × 50 mm to measure the thermal conductivity. The QTM-500 thermal conductivity meter adopts the transient hot wire method corresponding to the following line source model (Kestin and Wakeham 1978; Roder 1981; Coquard et al., 2006) [12,13,14]:
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(1)




where k is the thermal conductivity (W/mK), Q is the applied heating power per unit length (W/m), t1 and t2 are the two arbitrary elapse times after applying the power, and T1 and T2 are the temperatures at t1 and t2 (°C). The wire equipped in the probe both generates a certain amount of heating power and measures response temperatures (T1 and T2) from the specimen at times t1 and t2.



To investigate the temperature effect on the thermal conductivity of the specimen the thermal conductivity of the G-class cement specimens was measured under two different surrounding temperature conditions (20 and 50 °C) established using a constant temperature water bath. An acrylic cell was designed to circulate water around the cement specimen for a few hours with the two target temperatures before measuring the thermal conductivity (see details in Won et al. (2015) [15]). The measurement was limited to the two temperature conditions due to the restricted specification of the water bath. The results of the thermal conductivity measurement are shown in Table 2. As seen in Table 2, the thermal conductivity is lower at the surrounding temperature of 50 °C than 20 °C.



Table 2. Thermal conductivity of G-class cement specimen.







	
Surrounding Temperature (°C)

	
Thermal Conductivity (W/mK)






	
20

	
0.6798




	
50

	
0.6243










Due to the complexity of subsurface formation and the well construction procedure, the curing of cementing in geothermal wells can potentially take place under different temperature and moisture conditions. Depending on the curing condition, the mechanical properties of cementing may vary, possibly causing a mechanical stability problem in the well. Therefore, the uniaxial compressive strength test for G-class cement specimens was performed under two different curing conditions for 28 days. One is the dry curing condition at 100 °C and the other is the wet condition in a water bath at 21 °C. Cement specimens of 100 mm diameter and 200 mm height were used for the uniaxial compressive strength test, and three strain gauges were attached to each specimen (two in the longitudinal direction and one in the lateral direction), to evaluate the Young’s modulus from the stress-strain relationship. Four specimens using each curing condition were tested to obtain an average value of the Young’s modulus (E) and unconfined compressive strength (qu). An automatic compression testing machine was used for the test, and the Young’s modulus was evaluated from the stress-strain curve by drawing the secant slope between the strain corresponding to 40% of the ultimate compressive strength and the strain of 5.0 [image: there is no content] 10−5 (ASTM, 2014) [16]. An arithmetic mean of the measured Young’s modulus and unconfined compressive strength are presented in Table 3. These values provide a reasonable range of material properties for the following parameter study (Won et al., 2015) [15]. The results, presented in Table 3, indicate that curing of the cement specimen under the wet condition leads to higher E and qu.



Table 3. Young’s modulus and uniaxial compressive strength of G-class cement specimens.







	
Curing Method

	
Dry (100 °C)

	
Water (21 °C)






	
E (MPa)

	
6224

	
26216




	
qu (MPa)

	
23.04

	
28.97











3. 2-D Numerical Modeling of the Geothermal Well


3.1. Preliminary Investigation


In order to verify boundary conditions around a geothermal wall, a 2-D plane strain model of a geothermal well under internal and external pressure loadings was generated in the domain (Figure 2), which will be adopted in the numerical analysis for the geothermal well. The well diameter is modeled to be 1.0 m corresponding to the diameter of the geothermal well at 200 m depth. The diameter of the model domain is 30.0 m, which is considerably greater than the well diameter to avoid boundary effects.


Figure 2. Configuration of the Finite Element (FE) model with applied boundary conditions (in ABAQUS).
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Four different boundary conditions applied to the model are presented in Table 4. The first boundary condition (Case 1) implies the first stage of well excavation only with horizontal earth stress (i.e., pressure). The second boundary condition (Case 2) represents an addition of internal fluid pressure to Case 1 to simulate well operation with no installation of the casing and cementing. In Case 3 and 4, thermal stress is applied to Case 1 and 2, respectively, by maintaining the temperature inside well at 100°C and in the ground formation at 20 °C.



Table 4. Classification of applied boundary conditions.







	
Case No.

	
Boundary Conditions






	
1

	
Horizontal stress only (7.824 MPa)




	
2

	
Horizontal stress + inner fluid pressure (10 MPa)




	
3

	
Horizontal stress + thermal stress




	
4

	
Horizontal stress + inner fluid pressure + temperature stress










The analytical closed-form solutions to Cases 1 and 2 are well referred and compared with results of the numerical analyses to verify the numerical model of the geothermal well. Kirsch’s solution to Case 1 provides the radial stress (σr), tangential stress (σθ), and radial displacement (ur) along with the normalized distance (r/a) from the center of well as follows (Hoek and Brown, 1980) [17]:
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(2)
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(3)
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(4)




where σv0 is the initial in-situ vertical stress (Pa), K0 is the coefficient of earth pressure at rest (-) and assumed to be unity, a is the radius of well (m), r is the radial distance from the center of well (m), θ is the angle from the horizontal line (-), and G is the shear modulus of ground formation (Pa). When the model domain is much larger than the radius of well (r >> a), which corresponds to the numerical domain presented herein (refer to Figure 2), The analytical solutions to the boundary condition of Case 2 are obtained with consideration of internal fluid pressure (Pi) exerted inside the well described as follows:
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(5)
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(6)
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(7)




where P0 is the external pressure applied to outside boundary (Pa), and ν is the Poisson’s ratio of ground (-).



The effect of boundary conditions for Cases 3 and 4 was exclusively evaluated by numerical analysis since there is no appropriate analytical solution relevant to such boundary conditions. The material properties input in the numerical model are summarized in Table 5, which corresponds to the result of the site investigation in the Pohang site (Lee, 2007) [18]. In other to apply thermal stress in Cases 3 and 4, the ground temperature was set to 20 °C representing the temperature at shallow depth (less than 200 m), and the temperature inside well of 100 °C was applied to consider high fluid temperature during operation of a production well.



Table 5. Material properties for model verification.







	
Themal Conductivity (W/mK)

	
Thermal Expansion Coefficient (/°C)

	
Young’s Modulus (GPa)

	
Poisson’s Ratio

	
Specific Heat (J/kg·°C)






	
2.8

	
1.345 × 10−5

	
9.7

	
0.3

	
818.0










Figure 3 compares the four boundary conditions demonstrating the tangential stress (σθ), radial stress (σr) and radial displacement (ur) along with the normalized radial distance (r/a). For Cases 1 and 2, the σθ, σr, and ur profiles obtained from the numerical analyses are in a good agreement with the analytical solutions (Equations (2)–(4) for Case 1 and Equations (5)–(7) for Case 2). In Case 1, representing the first stage of well excavation without internal fluid pressure, it is observed that the tangential stress is concentrated around the well perimeter, and the radial stress has vanished, which are typical in the elastic solution for a circular hole. In Case 2 with application of internal fluid pressure (10 MPa), the tangential stress decreases, and the radial stress increases substantially by applying the inner pressure. Both the tangential and radial stresses asymptotically converge to the horizontal earth pressure with increasing the radial distance (r/a > 5).


Figure 3. Comparison of (a) Tangential stress σθ, (b) Radial stress σr and (c) Radial displacement ur.
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The largest value of tangential stress around the well perimeter is observed in Case 3 due to the induced thermal stress by applying the temperature inside well at 100 °C and in the ground formation at 20 °C, respectively. However, Case 4 that approximately represents a real geothermal well in operation shows less tangential stress concentration than Case 3 because the induced thermal stress seems to be counterbalanced with the inner pressure. The radial displacement, which is one of the crucial considerations for the well stability, is compared in Figure 3c. The positive signed displacement means convergence into the well or inward displacement. Both Cases 1 and 2 show a positive radial displacement, with smaller convergence in Case 2 due to the application of internal fluid pressure. However, the induced temperature boundary conditions (i.e., Cases 3 and 4) yield thermal expansion, which causes a negative signed displacement. Similar to the tangential stress profile, Case 3 shows the steepest change in radial displacement due to the absence of inner pressure, which indicates well stability can be undermined without the application of proper internal fluid pressure.




3.2. Geothermal Well Modeling


A series of numerical analyses were performed for simulating a production well with five different cross-sections at depths of 200, 1000, 1500, 2000 and 2500 m from the ground surface. The configuration of each cross-section was determined based on the schematic drawing of the geothermal well (as shown in Figure 4), which is under construction in Pohang, South Korea. The number of casing and cementing component layers decreases as the well goes deeper reflecting the configuration of cross sections at each depth. The dimension of the entire model domain is more than 15 times as large as the well diameter to minimize the boundary effect.


Figure 4. Schematics of geothermal well design adopted in numerical analyses: rdrilling and rcasing represent radius of drilled borehole and casing.
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A large deformation analysis was performed using the ABAQUS/Standard program with generating 26,200 quad structured meshes in the domain. Sequentially, a series of coupled thermal stress analyses was implemented to observe thermo-mechanical behavior of the geothermal well. An axisymmetric model was adopted in this paper for computational efficiency (a quarter of Figure 2). Meshes were made smaller and more compact approaching from the outer ground boundary to the center of the well by applying the proper bias ratio at the straight edge of the domain. The convergence of the analysis was obtained until the largest residual force at any node is less than 0.5%. Bae et al. (2008) [19] reported the range of horizontal stress distribution with depth by performing a linear regression of the measured data adjacent to the Pohang area. In this paper, the in-situ horizontal stress for each depth was determined by averaging the upper and lower bound of horizontal stresses, which was applied to the outer boundary of the model domain corresponding to the five designated depths (200, 1000, 1500, 2000 and 2500 m). The in-situ ground temperature profile was obtained by adopting the Bullard method as follows (Bullard 1939; Beck and Sass 1966) [20,21]:
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(8)




where T(z) is the in-situ ground temperature at depth z (°C), T0 is the ground surface temperature (°C), q is the heat flow (W/m2), ∆zi is ith depth interval (m), and ki is the average thermal conductivity at ∆zi (W/mK or W/m·°C). According to the thermal characteristics of the Pohang area, T0 = 15 °C, q = 78.3 MW/m2 and ki = 2.8 W/mK were applied in the model.



Refering to Table 5, the thermal and mechanical properties of the ground formation were obained from the experimental data for the Pohang area (Lee, 2007) [18]. The typical thermal and mechanical properties of the casing and cementing adopted in the model are summarized in Table 6. In addition, the thermal conductivity of the cementing component was selected to be 0.5 W/mK, which reflects the decreasing trend of thermal conductivity with an increase in the surrounding temperature (refer to Table 2). Young’s modulus and Poisson’s ratio of cementing were determined by the uniaxial strength test presented in the previous section and density of cementing was applied based on the mixture design presented in Table 1 (Philippacopoulos and Berndt, 2000 [11]). The coefficient of thermal expansion and specific heat of cementing were referred to typical ranges of two properties presented in Cruz and Gillen (1980) [22] and Fu and Chung (1997) [23], respectively, and properties of casing were referred to steel properties presented in Eurocode 3 (1993) [24].



Table 6. Thermal and mechanical properties of casing and cementing adopted in the model.







	
Property

	
Casing

	
Cementing






	
Thermal conductivity(W/mK)

	
75

	
0.5 (1.0, 1.5, 2.0)




	
Coefficient of thermal expansion(/°C)

	
1.2 × 10−5

	
1 × 10−5




	
Specific heat(J/kg·°C)

	
460.24

	
750




	
Young’s modulus(GPa)

	
205.6

	
26 (20, 15, 10)




	
Poisson’s ratio

	
0.29

	
0.21




	
Density (kg/m3)

	
7850

	
1920








Note: Properties in parenthesis ( ) were used in parametric study.








The inner pressure was assumed to be 10 MPa regardless of the depth with consideration of the Soultz project case in France (Tester et al., 2006) [25], and the temperature in the well was fixed to 180 °C at 5 km, which is the target temperature of the Pohang project at the depth of 5 km (Lee et al., 2011) [26]. The maximum temperature difference between the geothermal reservoir and circulating fluid at the ground surface was assumed to be 20 °C. In other words, the thermal energy is dissipated in the production well while the circulating fluid transports from the deep subsurface to the ground surface with the final temperature of 160 °C at the surface.




3.3. Numerical Simulation of Geothermal Well


The numerical simulation results are compared in Figure 5, which shows the profiles of tangential stress, radial stress, and radial displacement at the different depths. All results are plotted herein from the first layer of inner casing (r/a = 1) to the far field of the ground with r/a ratio of 4. The positive sign indicates compressive stress to the material, and the negative signed radial displacement indicates the expansion of the geothermal well.


Figure 5. Stress and displacement of geothermal well.
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At all five designated depths, the tangential stress concentration is much greater than the radial stress in terms of the thermo-mechanical behavior of the geothermal well. As shown in Figure 5a, the first inner casing component is most vulnerable to tangential stress concentration with the maximum tangential stress of about 110 MPa at 1000 m depth, which is slightly lower than the compressive strength of ordinary steel normally, that is about 150 MPa. Note that the geothermal well undergoes tensile stress in some parts at the depth of 200 m. On the other hand, at the depths of 1000, 1500, and 2000 m, the outer cementing component undergoes relatively high tangential stress compared with the surrounding ground formation due to the relatively higher Young’s modulus. Since steel possesses high tensile strength (normally about 400 MPa), mechanical stability should be considered in the most outer cementing component at 200 m depth because cement only has a tensile strength of a few MPa. As the number of casing components increases, the less tangential stress concentration is exerted to the cementing component, so the steel casing can take the role of protecting the cementing component.



As shown in Figure 5b, the radial stress at the first inner casing (r/a = 1) is equal to the applied inner pressure of 10 MPa. With exhibiting radial stress concentration at the streel casings due to high modulus, the radial stress is asymptotically converged to the horizontal earth pressure exerted at each designated depth.



The radial displacement shows a negative sign (i.e., the geothermal well is expanded) at all designated depths and all components of the geothermal well due to the application of inner fluid pressure and the thermal expansion. The deeper the designated depth is, the less radial displacement is induced. That is to say, the radial displacement is greatest at the depth of 200 m because of the relatively high thermal expansion (the high temperature difference between the inside well and surrounding ground formation). One additional reason for this is that increasing of in-situ horizontal stress with depth may compensate the effect of the inner fluid pressure and thermal expansion.





4. Parametric Study for Cementing Component


In this paper, a parametric study was performed to investigate the effect of the thermal conductivity and Young’s modulus of cementing components. All of the properties were varied from the standard values that are obtained from the experimental data (Table 2 and Table 3). Only the results at the designated depths of 200, 1000, and 2500 m are presented in this paper because those at 1000, 1500, and 2000 m depth show the similar trend. Under the same properties (thermal conductivity and Young’s modulus) of the cementing part, slightly different stress and displacement between those three depths were observed, which is attributed to applying the different inner and ground temperatures.



4.1. Effect of Thermal Conductivity


Figure 6, Figure 7 and Figure 8 show the tangential and radial stress, and radial displacement at the different depths of the geothermal well with a variation of the thermal conductivity in the cementing component. The standard thermal conductivity of the cementing component was assumed to be 0.5 W/mK at 100 °C by referring to the experimental results of G-class cement in Table 2. The parametric study was performed with the thermal conductivity of 0.5, 1.0, 1.5 and 2.0 W/mK to investigate the effect of thermal conductivity of the cementing component on the mechanical behavior of geothermal wells.


Figure 6. Stress and displacement at 200 m with variation of thermal conductivity of the cementing component.
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Figure 7. Stress and displacement at 1000m with variation of thermal conductivity of the cementing component.
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Figure 8. Stress and displacement at 2500 m with variation of thermal conductivity of the cementing component.
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The temperature difference between the geothermal well and the surrounding ground formation increases when the thermal conductivity of the cementing material decreases, which results in a marginal increase in the tangential stress and radial stress. As a result, the largest concentration of tangential stress takes place at the most inner casing when the thermal conductivity of cementing is 0.5 W/mK regardless of depth (Figure 6a, Figure 7a and Figure 8a). On the other hand, the variation of the tangential and radial stress, and radial displacement according to the thermal conductivity decreases as the depth of the geothermal well increases, which increases the temperature of the surrounding ground formation (i.e., the temperature difference between the geothermal well and the surrounding ground formation becomes lessened). This implies that the geothermal well at relatively deep underground should be less affected by the thermal properties of cementing than the well at shallow depth.



Moreover, it should be pointed out that the radial stress in the inner cementing components (Cementing No. 1 and 2 at depth of 200 m, and Cementing No. 1 at depth of 1000 m) increases as the thermal conductivity decreases. However, this trend becomes reversed in the outmost cementing component and the ground formation. This is because the inner cementing may be more significantly affected by the internal fluid pressure, which yields compensation between the inner fluid pressure and thermal expansion.



On the other hand, the low thermal conductivity of the cementing component is effective in terms of the radial displacement control. Note that the thermal conductivity of cementing component directly affects the thermal expansion of the geothermal well (refer to Figure 6a, Figure 7a and Figure 8a). In addition, using the cementing material with lower thermal conductivity is known to be more advantageous with respect to the efficiency of electric power generation in geothermal wells because the cementing can more successfully insulate the geothermal well from heat. Consequently, the low thermal conductivity of cementing material is effective not only for the efficiency of electric power generation, but also for the radial displacement control of geothermal wells.




4.2. Effect of Young’s Modulus


Figure 9, Figure 10 and Figure 11 show the tangential and radial stress, and radial displacement at the different depths of the geothermal well with a variation of the Young’s modulus of the cementing component. The Young’s modulus of 26,000 MPa for the cementing component was selected for the standard value according to the experimental result in Table 3 (i.e., cured in the water bath at 21 °C for 28 days). The parametric study was performed with the Young’s modulus of 10,000, 15,000, 20,000, and 26,000 MPa to investigate the effect of the Young’s modulus of the cementing component on the mechanical behavior of geothermal wells.


Figure 9. Stress and displacement at 200 m with variation of Young’s modulus of the cementing component.
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Figure 10. Stress and displacement at 1000 m with variation of Young’s modulus of the cementing component.
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Figure 11. Stress and displacement at 2500 m with variation of Young’s modulus of the cementing component.
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The tangential and radial stress exerted in the geothermal well increase with an increase in the Young’s modulus of the cementing component (Figure 9, Figure 10 and Figure 11). In addition, a smaller stress and displacement variation was observed at the deeper position of the geothermal well, which is similar to the results obtained with different thermal conductivities of the cementing. Unlike less expansion of the well under low thermal conductivity of the cementing as presented in Figure 6c, a clear crossover point of radial displacement profiles was observed under different Young’s modulus values at all depths as presented in Figure 9c, Figure 10c and Figure 11c. Overall, it can be concluded that a lower Young’s modulus of the cementing is more advantageous in the concentration of stress at the casing, while it is not always beneficial to control the radial displacement of the well.





5. Conclusions


In this paper, a two-dimensional (2-D) FE analysis of a geothermal well was performed with consideration of the thermal and mechanical properties of the G-class cement. In addition, a series of parametric studies for the thermal conductivity and Young’s modulus of the cementing component has been performed. The findings in the current study are summarized as follows:

	(1)

	
The FE analysis of the geothermal well at five different depths revealed that the outer cementing undergoes relatively high tangential stress compared with the surrounding ground formation due to the relatively higher Young’s modulus. In addition, increasing the number of casings can lessen the tangential stress concentration in the cementing component.




	(2)

	
During numerically simulating operation of the geothermal power plants, the geothermal well experiences expansion outward (i.e., negative-signed radial displacement) at all designated depths and all components of the geothermal well because of the combined effect of the inner fluid pressure and the thermal expansion.




	(3)

	
Relatively low thermal conductivity of G-class cement (0.62–0.68 W/mK) might be suitable for geothermal wells to prevent heat loss in the production well, but it may still induce more concentration of tangential stress at the most inner casing based on the FE analysis. However, the low thermal conductivity of the cementing is effective to decrease the well expansion.




	(4)

	
The variation of the tangential and radial stress, and radial displacement according to the thermal conductivity decreases as the depth of the geothermal well increases, which is caused by the temperature difference between the geothermal well and the surrounding ground formation.




	(5)

	
The tangential and radial stress exerted in the geothermal well increase with an increase in the Young’s modulus of the cementing component. However, the variation of the stress and displacement along with the Young’s modulus decreases as the depth of the geothermal well increases.
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