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In the process of deep-water drilling, gas hydrate is easily formed in wellbores due to the low temperature and high pressure environment. In this study, a new, systematic, and accurate prediction method of temperature, pressure, and hydrate formation region in wellbores is developed. The mathematical models of wellbore pressure and transient heat transfer are established, the numerical solution method based on fully implicit finite difference method is developed, and the accuracy is verified by comparing with the field measured data. Combined with the hydrate phase equilibrium model, the hydrate formation region in wellbore is predicted, and the sensitivity effects of nine factors on wellbore temperature, pressure, and hydrate formation region are analyzed. Finally, the influence regularities and degree of each parameter are obtained. The increases of circulation time, geothermal gradient, displacement of drilling fluid, and injection temperature will inhibit the formation of hydrate in wellbores, and the influence degree increases in turn; the increases of wellhead backpressure and seawater depth will promote the formation of hydrate in wellbores, and the influence degree increases in turn. The changes of drilling fluid density, well depth, and hole deviation angle have little effect on the formation of hydrate in wellbores.
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INTRODUCTION
Natural gas hydrate is a crystalline cage compound formed by the interaction between methane or other hydrocarbon gases and water at low temperature and high pressure, commonly known as “combustible ice” (Van der Waals and Platteeuw, 1958; Sloan and Koh, 2007). In recent years, the exploration and development of deep-water oil and gas resources have been deepened. Different from drilling on land, the temperature and pressure conditions needed for the formation of natural gas hydrate are much easier to achieve in deep-water drilling, because of the low temperature in wellbores near and above the seafloor under the influence of the low-temperature environment of seawater, and the high pressure in wellbores. After drilling into oil and gas reservoirs, it is very easy to form natural gas hydrate in annulus, which will lead to drilling problems such as wellbore blockage and flow safety (Ng and Robinson, 1976; Bai et al., 2004; Ning et al., 2010). Therefore, the accurate prediction of hydrate formation region in wellbores is very important to ensure the safety of deep-water drilling. It is necessary to make a comprehensive and in-depth study of wellbore temperature fields and pressure fields under different drilling parameters to accurately and reliably predict the hydrate formation region in wellbores of deep-water drilling, as the formation of natural gas hydrate is mainly affected by temperature and pressure (John et al., 1985; Sloan, 2003; Demirbas, 2010; Feng et al., 2019; Kvamme, 2019).
The existing research on wellbore temperature fields mainly focuses on numerical and analytical method. In 1969, Raymond (Raymond, 1969) made great progress in the study of wellbore temperature fields. The transient and quasi-steady numerical calculation models of wellbore temperature were established, but effects of heat source terms and some drilling parameters on wellbore temperature were not considered and calculation results were not accurate enough. This model lays an important basic theory for the development of wellbore temperature field calculation. In 1970, Holmes and Swift (Holmes and Swift, 1970) established an analytical model of wellbore temperature fields based on Raymond’s model, which is simple and convenient to use, but it can only calculate wellbore temperature under steady heat exchange. In 1973, Keller et al. (Keller et al., 1973) established a two-dimensional transient heat transfer model between wellbore and stratum based on Raymond’s model, and solved it using the finite difference method, but they ignored axial heat transfer of drilling fluid. In 1980, Wooly (Wooley, 1980) developed a computer software for calculating wellbore temperature field, which can calculate wellbore transient temperature in drilling, but it only analyzes software function and calculation results, and the mathematical model used is not described. In 1982, Marshall and Bentsen (Marshall and Bentsen, 1982) established a transient mathematical model of wellbore temperature distribution during drilling and cementing, and used partial differential equation to describe temperature distribution in drill string, drill string wall, annulus, and stratum. In 1991 and 1994, Hasan and Kabir (Hasan and Kabir, 1991; Hasan and Kabir, 1994) established an analytical model of wellbore temperature under the condition of positive circulation, reverse circulation, and stop circulation with the assumption of steady heat flow in wellbore and transient heat flow in stratum. This model was based on the analytical model of wellbore temperature field established by Holmes and Swift. In 2004, Gilberto and Alfonso (Espinosa-Paredes and Garcia-Gutierrez, 2004) established the wellbore temperature model and numerical simulator when a mixture of mud, water, and air is used as drilling fluid in geothermal wells. In 2015, Li et al. (Li et al., 2015) established a wellbore temperature differential equation for horizontal well drilling in high temperature stratum, and solved it numerically using the finite volume method. In 2015 and 2016, Yang et al. (Yang et al., 2015; Li et al., 2016) established a wellbore temperature model under the condition of well kick and used the finite difference numerical calculation method to carry out temperature analysis of wellbores and stratum during circulation and shut-in. In 2018, Zhang et al. (Zhang et al., 2018) analyzed heat transfer between wellbores and stratum during drilling, established a heat transfer mathematical model, and carried out numerical calculations of finite volume method. In 2018, Sun et al. (Sun et al., 2018) studied wellbore temperature distribution in the development of horizontal geothermal wells with carbon dioxide as a working fluid, and established a heat transfer model and solution method. In 2019, Yang et al. (Yang et al., 2019) established a method for determining and controlling wellbore thermal variation based on wellbore temperature field analysis in drilling.
In addition, many scholars have carried out numerical calculation and experimental research of wellbore pressure field under different conditions. In 1963, Duns and Ros (Duns and Ros, 1963) designed a gas-liquid two-phase flow experiment, and carried out wellbore pressure experiment and theoretical calculation based on flow pattern division. In 1965, Zuber and Findlay (Zuber and Findlay, 1965) proposed a gas-liquid two-phase flow drift model to accurately calculate pressure distribution of wellbore two-phase flow. In 1982, Sadatomi and Sato (Sadatomi et al., 1982) established a method for calculating the pressure field of gas-liquid two-phase flow in a vertical non-circular pipeline. In 1994, Ansari et al. (Ansari et al., 1994) established a pressure drop model of rising gas-liquid two-phase flow under different flow patterns, and compared this with field data to verify accuracy. In 2003, Lage et al. (Lage et al., 2003) carried out a wellbore pressure field test in underbalanced drilling with gas injection, and established relevant numerical calculation methods. In 2011, Sun et al. (Sun et al., 2011) established a wellbore multiphase flow model in the process of overflow, blowout, and killing based on well control safety, and carried out numerical calculations and applications of wellbore pressure. From 2015 to 2019, Wei et al. established mathematical models of wellbore pressure with multiphase flow during drilling in hydrate reservoir, and developed a corresponding numerical solution method (Wei et al., 2015; Wei et al., 2016; Wei et al., 2018a; Wei et al., 2019).
In view of wellbore temperature fields and pressure fields in the process of drilling, some scholars have carried out a lot of research and made great progress, but the research on deep-water drilling is still insufficient, especially on wellbore temperature fields in deep-water drilling. Moreover, there is no research on the prediction of hydrate formation region in wellbores during deep-water drilling, and an accurate, reliable, and systematic prediction method has not been established. In this study, a new, systematic, and accurate prediction method of temperature field, pressure field, and hydrate formation region in wellbores is developed, which is of great theoretical significance for ensuring safety in the exploration and development of deep-water oil and gas resources.
PHYSICAL MODEL
The physical model of drilling fluid flow and heat exchange in deep-water drilling is shown in Figure 1. The drilling fluid is injected from the wellhead into the drill string, flows down to the bottom hole, flows into the annulus through the bit, and then flows upward from the bottom hole to the wellhead (Wei et al., 2018b). In this process, continuous heat exchange occurs above the mud line among fluid in the drill string, in the drill string, in the fluid in the annulus, in the riser, and in seawater; this also occurs below the mud line among fluid in the drill string, in the drill string, in the fluid in the annulus, in the casing, in the cement ring, and in the stratum. At the same time, fluid flow in wellbores will carry heat and rub against the wall to produce heat. Affected by the low temperature environment of seawater, wellbore temperatures near and above the seafloor is lower. Under the action of gravity and drilling fluid flow, wellbore pressure is high.
[image: Figure 1]FIGURE 1 | Physical model of drilling fluid flow and heat exchange in deep-water drilling.
We set the direction perpendicular to the wellbore as radial (r direction), and divided the wellbore and seawater or stratum around the well into different control layers along a radial direction. It is expressed by i; the control layers are 1, 2, 3, ···, i-1, i, i+1, ···. The wellbore direction is set to axial direction (z direction), and wellbore and seawater or stratum around the well are divided into different control nodes along an axial direction, expressed by j, and the nodes from top to bottom are 1, 2, 3, ···, j-1, j, j+1, ···. In order to simplify the description, casing in radial direction from inside to outside is named as the first, second, third layer, and so on. In this study, the actual process of deep-water drilling is taken as the base of the whole research, hypothetical, initial, and boundary conditions, and various influencing factors are all taken into account. The relevant mathematical models and numerical solution method are established, model verification, application, and sensitivity analysis are carried out, and influence regularities and degree of each factor are obtained.
MATHEMATICAL MODELS
Transient Heat Transfer Models of Wellbore in Deep-water Drilling
The following assumptions are made: 1) drilling fluid is incompressible and dense, thermal conductivity and specific heat capacity are constant; 2) in the process of drilling fluid flow in drill string and annulus, axial velocity is considered and radial velocity is ignored; 3) internal radial temperatures in a certain control layer are equal; 4) drill string is located in the center of the wellbore; and 5) seawater temperature is only related to depth and does not change with time. Then, the mathematical models of wellbore transient heat transfer in deep-water drilling are established as follows.
(1) Heat transfer in drill string
The energy of the fluid unit in the drill string consists of three parts: 1) the heat carried into the unit by the axial downward flow of the drilling fluid in the drill string; 2) the radial convective heat exchange between the drilling fluid in the drill string and the inner wall of the drill string; 3) the heat generated by flow friction between the drilling fluid in the drill string and the inner wall of the drill string. Based on the first law of thermodynamics, the heat transfer control equation in the drill string is established:
[image: image]
(2) Heat transfer of drill string
The heat transfer of the drill string unit consists of three parts: 1) the axial heat conduction of the drill string into the unit; 2) the radial convective heat exchange between the drilling fluid in the drill string and the inner wall of the drill string; 3) the radial convective heat exchange between the drilling fluid in the annulus and the outer wall of the drill string. The heat transfer control equation of the drill string is established:
[image: image]
(3) Heat transfer in annulus
The energy of the fluid unit in the annulus consists of four parts: 1) the heat carried into the unit by axial upward flow of the drilling fluid in the annulus; 2) the radial convective heat exchange between the drilling fluid in annulus and the outer wall of the drill string; 3) the radial convective heat exchange between the drilling fluid in the annulus and the inner wall of the casing; 4) the heat generated by flow friction between the drilling fluid in the annulus and the outer wall of the drill string or the inner wall of the casing. The heat transfer control equation in annulus is established:
[image: image]
(4) Heat transfer of the first layer of the casing
The heat transfer of the first layer of the casing can be divided into the heat transfer of the riser above the mud line and the heat transfer of the casing below the mud line.
For the well section above the mud line, the heat transfer of the riser unit consists of three parts: 1) the axial heat conduction of the riser into the unit; 2) the radial convective heat exchange between the drilling fluid in the annulus and the inner wall of the riser; 3) the radial convective heat exchange between the outer wall of the riser and the seawater. The heat transfer control equation of the riser above the mud line is established:
[image: image]
For the well section below the mud line, the heat transfer of the first layer of the casing unit consists of three parts: 1) the axial heat conduction of the first layer of the casing into the unit; 2) the radial convective heat exchange between the drilling fluid in the annulus and the inner wall of the first layer of casing; 3) the radial heat conduction between the outer wall of the first layer of casing and the cement sheath. The heat transfer control equation of the first layer of casing below the mud line is established:
[image: image]
(5) Heat transfer of casing, cement sheath, and surrounding stratum
For the well section below the mud line, the heat transfer of the unit of the casing, cement sheath, and surrounding stratum consists of the following three parts: 1) the axial heat conduction of the ith layer into the unit; 2) the radial heat conduction between the (i-1)th layer and the ith layer; 3) the radial heat conduction between the ith layer and the (i+1)th layer. The heat transfer control equation of the ith layer below the mud line is established:
[image: image]
Wellbore Pressure Model in Deep-water Drilling
In deep-water drilling, the change of wellbore pressure is mainly affected by gravity pressure drop, friction pressure drop, and accelerated pressure drop (Mohammad et al., 2016; Wei et al., 2018a; Wei et al., 2018b). The pressure gradient models in the annulus are established:
[image: image]
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Auxiliary Models

(1) The models for calculating heat source
The heat source of per unit length in the drill string is (Yang et al., 2015):
[image: image]
The heat source of per unit length in the annulus is (Yang et al., 2015):
[image: image]
(2) The models for calculating friction coefficient
Under the condition of laminar flow ([image: image]), the friction coefficient is (Zhang et al., 2018):
[image: image]
Under the condition of turbulent flow ([image: image]), the friction coefficient is (Zhang et al., 2018):
[image: image]
(3) The phase equilibrium model of hydrate
The hydrate phase equilibrium model is required to be established in order to determine whether temperature and pressure in wellbores meet the conditions required for hydrate formation (Gao et al., 2019). In order to simplify calculation, this study focus on the methane hydrate and adopts the phase equilibrium model established through experimental data analysis by Dzyuba et al. (Dzyuba and Zektser, 2013):
[image: image]
According to Equation 15, phase equilibrium pressure peq can be calculated in view of annulus temperature T3. If peq is greater than annulus pressure pa, hydrate will not form. If peq is equal to pa, it is regarded as the critical position of hydrate formation. If peq is less than pa, hydrate will form and the position is in the hydrate formation region.
MODEL SOLUTION AND VERIFICATION
Initial and Boundary Conditions

(1) Initial conditions
The initial temperature distribution of each layer of the well is equal to the original temperature of the seawater and stratum. Above the mud line ([image: image]), can be written as (Liu et al., 2008):
[image: image]
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Below the mud line ([image: image]), can be written as:
[image: image]
(2) Boundary conditions
The temperature of seawater does not change with time (Gao et al., 2017):
[image: image]
The temperature of distal stratum does not change with time:
[image: image]
The drilling fluid temperature in the drill string at the wellhead is equal to the drilling fluid injection temperature:
[image: image]
The temperatures of the drilling fluid in the drill string and the annulus and the drill string are equal at the bottom hole:
[image: image]
The annulus pressure at the wellhead is equal to wellhead backpressure:
[image: image]
Numerical Solution
In this study, the fully implicit finite difference method is used to solve mathematical models. As shown in Figure 2, two-dimensional mesh is used to describe wellbore and seawater or stratum. The mesh consists of an axial element (j) along the wellbore direction and a radial element (i) perpendicular to the wellbore direction. Combined with Figure 1, each axial unit corresponds to a different part of the axis from the wellhead to the bottom hole, and each radial unit corresponds to a different part of the radial direction from the interior of the drill string to the seawater or stratum.
[image: Figure 2]FIGURE 2 | Schematic diagram of two-dimensional mesh division of wellbore and seawater or stratum.
The first order spatial derivative of partial differential equation is represented by two-point discrete backward difference:
[image: image]
The first order time derivative of partial differential equation is represented by two-point discrete backward difference:
[image: image]
The second order spatial derivative of partial differential equation is represented by three-point discrete central difference:
[image: image]
The partial differential equations on each mesh can be expressed in the following general format [41]:
[image: image]
Based on the above difference method, the transient heat transfer models can be modified to the following finite difference scheme.
Heat transfer model in the drill string can be written as:
[image: image]
Heat transfer model of the drill string can be written as:
[image: image]
Heat transfer model in the annulus can be written as:
[image: image]
Heat transfer model of the riser in the well section above mud line can be written as:
[image: image]
Heat transfer model of the first layer of casing in the well section below the mud line can be written as:
[image: image]
Heat transfer model of the ith layer in the well section below the mud line can be written as:
[image: image]
The pressure gradient model in the annulus can be modified to the following finite difference scheme:in the well section above the mud line,
[image: image]
in the well section below the mud line,
[image: image]
The hydrate phase equilibrium model can be modified to the following finite difference scheme:
[image: image]
(4) Numerical solution
Combining the above analysis and solution methods, the numerical solution process is established in Figure 3. α and β in Figure 3 are calculated error accuracy. According to the numerical solution process, temperature, pressure, and hydrate formation region in wellbores can be obtained in deep-water drilling by using the models and solution methods. The parameters need to be adjusted according to the actual drilling process in calculation, such as drilling parameters, wellbore structure and casing parameters, basic thermophysical parameters, and so on. If the gas in the reservoir is not only methane, the phase equilibrium model of mixed-gas hydrate should be considered, which can be referred to (Kvamme and Tanaka, 1995; Kvamme et al., 2020; Mohammad et al., 2020). In addition, this method can be used separately to accurately predict temperature and pressure in onshore or offshore drilling without considering hydrate, and the calculation parameters should be adjusted according to the actual basic parameters and boundary conditions.
[image: Figure 3]FIGURE 3 | Numerical solution process.
Model Verification
In order to verify the accuracy of mathematical models and numerical solution method of wellbore pressure and transient heat transfer in deep-water drilling, the field measurement data during pilot hole drilling of deep-water well LW3-1-1 in the South China Sea (Ge et al., 2014) is selected to be compared with the calculation results. In addition, for further verification, the field measurement data during drilling of onshore well NP-X in China (Yang, 2012) is also used for comparison.
The basic parameters of deep-water well LW3-1-1 are as follows: seawater depth is 1,500.8 m, well depth is 1,530–1,630 m, sea surface temperature is 303 K, geothermal gradient is 0.035 K/m, diameter of wellbore is 0.660 m, outer diameter of drill pipe is 0.127 m, inner diameter of drill pipe is 0.108 m, displacement of drilling fluid is 0.025 m3/s, and drilling fluid density is 1,030 kg/m3. Through the numerical solution method established in this study, annulus temperature and pressure at the bottom hole during drilling are calculated, and the results are compared with field measurement data, shown as Figure 4.
[image: Figure 4]FIGURE 4 | The comparisons between numerical results and field measurement data of LW3-1-1: (A) annulus temperature at the bottom hole; (B) annulus pressure at the bottom hole.
The basic parameters of onshore well NP-X are as follows: well depth is 5,105–5,139 m; vertical depth is 4,101–4,114 m; diameter of the wellbore is 0.152 m; surface temperature is 283 K; geothermal gradient is 0.031 K/m; diameters of borehole drills are 660.4, 444.5, 311.1, and 215.9 mm; diameters of casings are 508, 339.7, 244.5, and 177.8 mm at 250, 2000, 4,050, and 5,105 m depths, respectively; outer diameter of drill pipe is 0.127 m, inner diameter of drill pipe is 0.108 m; displacement of drilling fluid is 0.018 m3/s; and drilling fluid density is 930 kg/m3. Then, annulus temperature and pressure at the bottom hole during drilling are calculated, and the results are compared with field measurement data, shown as Figure 5.
[image: Figure 5]FIGURE 5 | The comparisons between numerical results and field measurement data of NP-X: (A) annulus temperature at the bottom hole; (B) annulus pressure at the bottom hole.
As can be seen from Figures 4, 5, the errors between numerical results and field measurement data are small, and change trends are consistent. The accuracy of mathematical models and the numerical solution method of wellbore pressure and transient heat transfer in deep-water drilling is verified, which lays a foundation for the application and sensitivity analysis of the mathematical models.
MODEL APPLICATION AND SENSITIVITY ANALYSIS
The established mathematical models and numerical solution method are used to conduct the sensitivity analysis. Basic parameters of drilling, wellbore structure, and casing parameters, basic thermophysical parameters in the model application, and sensitivity analysis are shown in Tables 1–3.
TABLE 1 | Basic parameters of drilling.
[image: Table 1]TABLE 2 | Wellbore structure and casing parameters.
[image: Table 2]TABLE 3 | Basic thermophysical parameters.
[image: Table 3]Sensitivity Analysis of Circulation Time
Figure 6 shows the variation regularities of wellbore temperature field, pressure field, and hydrate formation region in deep-water drilling under circulation times of 1, 3, 5, 10, and 20 h.
[image: Figure 6]FIGURE 6 | Variation regularities of wellbore temperature field, pressure field, and hydrate formation region in deep-water drilling under different circulation times: (A) annulus temperature, (B) temperature difference between the drilling fluid in annulus and in drill string, (C) annulus pressure and phase equilibrium pressure, (D) hydrate formation region. The solid lines under different circulation times in (C) are overlapped.
In Figure 6A, from 4,500 m at the bottom hole to 0 m at the wellhead, annulus temperature decreases at first and then increases. The annulus temperature is lower than the stratum temperature at the bottom hole, higher than the submarine temperature at the seafloor, and the lowest occurs in the well section above the seafloor. With the increase of circulation time from 1 to 20 h (purple to orange curve), the annulus temperature increases in the upper well section and decreases in the lower well section. The main reason is that drilling fluid in the annulus continuously absorbs heat from the drilling fluid in the drill string in the upper well section, and transfers heat to it in the lower part. At the same time, continuous upward return of drilling fluid in the annulus carries heat from the bottom hole and surrounding stratum. In the later stage of the cycle, the temperature balance among the drilling fluid in the drill string, in the drill string, in the drilling fluid in the annulus, in the casing, in the cement ring, and in the stratum or seawater is gradually reached, so variation amplitude of annulus temperature is lower.
In Figure 6B, the temperature of drilling fluid in the annulus is higher than that in the drill string in the lower well section (“positive”), and it is lower in the upper part (“negative”). With the increase of circulation time, the temperature balance among the control layers is gradually reached. The temperatures tend to be closer, and temperature difference (absolute value) is gradually reduced.
In Figure 6C, circulation time has no effect on annulus pressure. According to Equation 15, the hydrate phase equilibrium pressure peq is calculated in view of annulus temperature T3. Therefore, with the increase of circulation time, the hydrate phase equilibrium pressure in the upper well section increases, which is consistent with the change of annulus temperature (Figure 6A).
In Figures 6C,D, the region where the phase equilibrium pressure curve intersects the annulus pressure curve is the “hydrate formation region.” In the hydrate formation region, phase equilibrium pressure peq is less than annulus pressure pa. In the well section below formation region, peq is greater than pa, and hydrate will not form, thus we call it the “no-hydrate region.” In the well section above formation region, peq is also greater than pa, and we call it the “hydrate decomposition region.” With the increase of circulation time, the lower intersection point of phase equilibrium pressure and annulus pressure curves moves up, the upper intersection point moves down, and the intersection region becomes shorter. It shows that the starting position of hydrate formation moves up in the annulus, the end position moves down, and the formation region shortens.
The annulus temperature and hydrate formation region are greatly affected by circulation time. With the increase of circulation time, the annulus temperature tends to be more stable and the variation range decreases, which is beneficial to the stability of drilling fluid parameters. Affected by annulus temperature, the increase of circulation time will inhibit hydrate formation in wellbores in deep-water drilling. In addition, increased circulation time can also clean the wellbore in actual deep-water drilling. All the above factors are beneficial to safe drilling.
Sensitivity Analysis of Displacement of Drilling Fluid
Figure 7 shows the variation regularities of wellbore temperature field, pressure field, and hydrate formation region in deep-water drilling under displacements of drilling fluid of 0.035, 0.040, 0.045, 0.050, and 0.055 m3/s.
[image: Figure 7]FIGURE 7 | Variation regularities of wellbore temperature field, pressure field, and hydrate formation region in deep-water drilling under different displacements of drilling fluid: (A) annulus temperature, (B) temperature difference between the drilling fluid in annulus and in drill string, (C) annulus pressure and phase equilibrium pressure, (D) hydrate formation region.
In Figure 7A, the annulus temperature in the upper well section increases with the increase of displacement of drilling fluid from 0.035 to 0.055 m3/s (purple to orange curve), but that in the lower well section decreases instead. This is because the continuous upward return of drilling fluid in the annulus carries heat from the bottom hole and surrounding stratum. The greater the displacement of drilling fluid, the more heat is carried.
In Figure 7B, the drilling fluid velocity increases with the increase of displacement, the heat exchange between the drilling fluid in the annulus and in the drill string increases, then the temperatures tend to be closer, and temperature difference (absolute value) decreases.
In Figures 7C,D, with the increase of displacement, hydrate phase equilibrium pressure peq increases in the upper well section, and annulus pressure pa increases because of the friction. The increase of peq will inhibit hydrate formation, while the increase of pa will promote that. The lower intersection point of phase equilibrium pressure and annulus pressure curves moves up, the upper intersection point moves down, the intersection region becomes shorter, and finally there is no intersection region. It indicates that the starting position of hydrate formation moves up in the annulus, the end position moves down, the formation region shortens, and finally there is no formation region.
The annulus temperature, pressure, and hydrate formation region are greatly affected by drilling fluid displacement. With the increase of drilling fluid displacement, the variation range of annulus temperature decreases and the drilling fluid parameters will be more stable. In addition, the annulus pressure increases slightly, and the annulus temperature increases as the dominant factor, which inhibits hydrate formation in the wellbore. Increased drilling fluid displacement can also cool the drilling stem, clean the wellbore, and so on.
Sensitivity Analysis of Drilling Fluid Density
Figure 8 shows the variation regularities of wellbore temperature field, pressure field, and hydrate formation region in deep-water drilling under drilling fluid densities of 1,030, 1,100, 1,200, 1,350, and 1,500 kg/m3.
[image: Figure 8]FIGURE 8 | Variation regularities of wellbore temperature field, pressure field, and hydrate formation region in deep-water drilling under different drilling fluid densities: (A) annulus temperature, (B) temperature difference between the drilling fluid in the annulus and in the drill string, (C) annulus pressure and phase equilibrium pressure, (D) hydrate formation region.
In Figure 8A, with the increase of drilling fluid density from 1,030 to 1,500 kg/m3 (purple to orange curve), the mass of drilling fluid per unit length in the wellbore increases and the amount of heat carried increases. Therefore, more heat is carried back from the bottom hole and surrounding stratum, and drilling fluid in the annulus absorbs more heat from the drilling fluid in the drill string in the upper well section and transfers more heat to it in the lower part. So the annulus temperature increases in the upper well section and decreases in the lower part.
In Figure 8B, with the increase of drilling fluid density, the heat exchange among the control layers increases. This will promote the temperature balance among the control layers, so that the temperature of drilling fluid in the annulus and in the drill string tends to be closer, and temperature difference (absolute value) is reduced.
In Figures 8C,D, with the increase of drilling fluid density, hydrate phase equilibrium pressure peq increases in the upper well section. The pressure drops as gravity and friction increase, so the annulus pressure pa increases. The lower intersection point of phase equilibrium pressure and annulus pressure curves moves up slightly, the upper intersection point is basically unchanged, and the intersection region is slightly shortened. It indicates that the starting position of hydrate formation moves up slightly in the annulus, the end position is basically unchanged, and the formation region is slightly shortened. The main reason is that the inhibitory effect of the increase of peq on hydrate formation is basically equal to the promotion effect of the increase of pa.
The annulus temperature and pressure are greatly affected by drilling fluid density. With the increase of drilling fluid density, the variation range of annulus temperature decreases and the drilling fluid parameters will be more stable; the annulus pressure increases and this will help to avoid the risk of overflow. Combining the influences of annulus temperature and pressure, the change of drilling fluid density has little effect on the hydrate formation region in wellbores.
Sensitivity Analysis of Drilling Fluid Injection Temperature
Figure 9 shows the variation regularities of wellbore temperature field, pressure field, and hydrate formation region in deep-water drilling under drilling fluid injection temperatures of 288, 293, 298, 303, and 308 K.
[image: Figure 9]FIGURE 9 | Variation regularities of wellbore temperature field, pressure field, and hydrate formation region in deep-water drilling under different drilling fluid injection temperatures: (A) annulus temperature, (B) temperature difference between the drilling fluid in the annulus and in the drill string, (C) annulus pressure and phase equilibrium pressure, (D) hydrate formation region. The solid lines under different drilling fluid injection temperatures in (C) are overlapped.
In Figure 9A, with the increase of drilling fluid injection temperature from 288 to 308 K (purple to orange curve), the drilling fluid injected into the drill string carries more heat, which will be transferred to the annulus, thus the annulus temperature in the upper well section will increase.
In Figure 9B, with the increase of drilling fluid injection temperature, the temperature difference (absolute value) between the drilling fluid in the annulus and in the drill string increases in the upper well section, and the variation amplitude decreases with the well depth increasing. When it comes to the lower section, it is little affected by injection temperature and does not change.
Figures 9C,D show that, with the increase of drilling fluid injection temperature, hydrate phase equilibrium pressure increases in the upper well section, and annulus pressure does not change. The lower intersection point of phase equilibrium pressure and annulus pressure curves moves up, the upper intersection point moves down, and the intersection region becomes shorter. It indicates that the starting position of hydrate formation moves up in the annulus, the end position moves down, and the formation region shortens.
The annulus temperature is greatly affected by injection temperature. The increase of drilling fluid injection temperature will increase annulus temperature and inhibit hydrate formation in the wellbore.
Sensitivity Analysis of Wellhead Backpressure
Figure 10 shows the variation regularities of wellbore temperature field, pressure field, and hydrate formation region in deep-water drilling under wellhead backpressures of 0.1 × 106, 1 × 106, 3 × 106, 5 × 106, and 7 × 106 Pa.
[image: Figure 10]FIGURE 10 | Variation regularities of wellbore temperature field, pressure field, and hydrate formation region in deep-water drilling under different wellhead backpressures: (A) annulus temperature, (B) temperature difference between the drilling fluid in the annulus and in the drill string, (C) annulus pressure and phase equilibrium pressure, (D) hydrate formation region. The lines under different wellhead backpressures in (A,B) are overlapped.
In Figures 10A,B, with the increase of wellhead backpressure from 0.1 × 106 to 7 × 106 Pa (purple to orange curve), the wellbore temperature is not affected, and the annulus temperature and the temperature difference between the drilling fluid in the annulus and in the drill string remain unchanged.
In Figures 10C,D, with the increase of wellhead backpressure, hydrate phase equilibrium pressure is constant, and annulus pressure increases significantly, the lower intersection point of phase equilibrium pressure and annulus pressure curves moves down, the upper intersection point moves up, and the intersection region becomes longer. It indicates that the starting position of hydrate formation moves down in the annulus, the end position of hydrate formation moves up, and the hydrate formation region increases.
The annulus pressure and hydrate formation region are greatly affected by wellhead backpressure. In the actual drilling process, the increase of back pressure can quickly adjust the bottom hole pressure and effectively prevent overflow. However, the increase of wellhead backpressure will promote hydrate formation in the wellbore. Therefore, back pressure should be appropriately adjusted in actual deep-water drilling.
Sensitivity Analysis of Geothermal Gradient
Figure 11 shows the initial temperature distributions of wellbore, seawater, and stratum under geothermal gradients of 0.025, 0.030, 0.035, 0.038, and 0.040 K/m. Figure 12 shows the variation regularities of wellbore temperature field, pressure field, and hydrate formation region in deep-water drilling under different geothermal gradients.
[image: Figure 11]FIGURE 11 | The initial temperature distributions of wellbore, seawater, and stratum under geothermal gradients.
[image: Figure 12]FIGURE 12 | Variation regularities of wellbore temperature field, pressure field, and hydrate formation region in deep-water drilling under different geothermal gradients: (A) annulus temperature, (B) temperature difference between the drilling fluid in the annulus and in the drill string, (C) annulus pressure and phase equilibrium pressure, (D) hydrate formation region. The solid lines under different geothermal gradients in (C) are overlapped.
In Figure 12A, with the increase of geothermal gradient from 0.025 to 0.040 K/m (purple to orange curve), the annulus temperature in the lower well section increases and the variation amplitude decreases with the decrease of well depth, and it is basically unchanged near the wellhead. That is because stratum temperature increases, and more heat will be transferred to the drilling fluid in the annulus. Then the annulus temperature will increase in the lower well section and will be less affected after the drilling fluid returns to the well section above the mud line.
In Figure 12B, with the increase of geothermal gradient, the temperature difference (absolute value) between the drilling fluid in the annulus and in the drill string increases, and the variation amplitude increases at first and then decreases with the decrease of well depth.
In Figures 12C,D, with the increase of geothermal gradient, annulus pressure remains unchanged, and hydrate phase equilibrium pressure in the lower well section increases and is basically unchanged near the wellhead. The lower intersection point of phase equilibrium pressure and annulus pressure curves moves up, the upper intersection point moves slightly down, and the intersection region becomes shorter. It indicates that the starting position of hydrate formation moves up in the annulus, the end position moves slightly down, and the formation region is shortened.
The annulus temperature and hydrate formation region are greatly affected by geothermal gradient. With the increase of geothermal gradient, the variation range of annulus temperature increases and the drilling fluid with more stable parameters are needed. The larger the geothermal gradient, the less likely it is to form hydrate in the wellbore, and this is beneficial to safe drilling.
Sensitivity Analysis of Seawater Depth
Figure 13 shows the initial temperature distributions of the wellbore, seawater, and stratum under seawater depths of 500, 1,000, 1,500, 2000, and 2,500 m (corresponding well depths of 3,500, 4,000, 4,500, 5,000, and 5,500 m). Figure 14 shows the variation regularities of wellbore temperature field, pressure field, and hydrate formation region in deep-water drilling under different seawater depths.
[image: Figure 13]FIGURE 13 | The initial temperature distributions of wellbore, seawater, and stratum under seawater depths.
[image: Figure 14]FIGURE 14 | Variation regularities of wellbore temperature field, pressure field, and hydrate formation region in deep-water drilling under different seawater depths: (A) annulus temperature, (B) temperature difference between the drilling fluid in the annulus and in the drill string, (C) annulus pressure and phase equilibrium pressure, (D) hydrate formation region. The solid lines under different seawater depths in (C) are overlapped in the upper well section.
In Figure 14A, with the increase of seawater depth from 500 to 2,500 m (purple to orange curve), the annulus temperature in the upper well section is greatly reduced. That is because in the upward return process of drilling fluid in the annulus, the time of heat exchange between the drilling fluid and seawater increases, and more heat will be transferred to the seawater. The temperature difference (absolute value) between the drilling fluid in the annulus and in the drill string increases in the upper well section, and the variation gradients and the maximum values are respectively equal in the lower well section (Figure 14B).
In Figures 14C,D, with the increase of seawater depth, annulus pressure is basically unchanged, and hydrate phase equilibrium pressure is reduced. The lower intersection point of phase equilibrium pressure and annulus pressure curves moves down, the upper intersection point moves up, and the intersection region becomes longer, indicating that the starting position of hydrate formation moves down in the annulus, the end position moves up, and the formation region becomes longer. At the same time, when the seawater depth is 500 or 1,000 m, there is no hydrate formation in the annulus under the calculation conditions.
The annulus temperature and hydrate formation region are greatly affected by seawater depth. With the increase of seawater depth, the variation range of annulus temperature increases and the drilling fluid with more stable parameters will be needed. The deeper the seawater is, the easier it is to form hydrate in the wellbore. This effect should be considered in actual deep-water drilling.
Sensitivity Analysis of Well Depth
Figure 15 shows the variation regularities of wellbore temperature field, pressure field, and hydrate formation region in deep-water drilling under well depths of 3,800, 4,100, 4,500, 5,000, and 5,500 m.
[image: Figure 15]FIGURE 15 | Variation regularities of wellbore temperature field, pressure field, and hydrate formation region in deep-water drilling under different well depths: (A) annulus temperature, (B) temperature difference between the drilling fluid in the annulus and in the drill string, (C) annulus pressure and phase equilibrium pressure, (D) hydrate formation region. The solid lines under different well depths in (C) are overlapped in the upper well section.
With the increase of well depth from 3,800 to 5,500 m (purple to orange curve), the time of heat exchange between the drilling fluid in the annulus and the stratum increases, and the drilling fluid will absorb more heat from the stratum. Thus, the annulus temperature in the lower well section increases (Figure 15A). In the upward return process of drilling fluid, the heat exchange between the drilling fluid in the annulus and the stratum or seawater will be stable after a period of time, so the annulus temperature in the upper well section is basically unchanged. Similarly in Figure 15B, the temperature difference between the drilling fluid in the annulus and in the drill string increases in the lower well section and is basically unchanged in the upper part.
Figures 15C,D show that, with the increase of well depth, annulus pressure gradient is basically unchanged, and hydrate phase equilibrium pressure in the upper well section is basically unchanged. The intersection point and intersection region of phase equilibrium pressure and annulus pressure curves are basically stable.
The annulus temperature and pressure in the lower well section are greatly affected by well depth. Therefore, the deeper the well is, the greater the influence on the drilling fluid performance is. Under the calculation conditions, the hydrate formation region in the wellbore is basically not affected by the change of well depth.
Sensitivity Analysis of Hole Deviation Angle
Figure 16 is the schematic diagram of wellbore trajectories with hole deviation angles of 0, π/6, π/3, π/2, and horizontal well. The corresponding depths of the five calculated wells are 4,500, 4,530, 4,646, 4,900, and 5,400 m. The well depths of deviation points are all 3,800 m and the vertical depths at the bottom hole are all 4,500 m. Figure 17 shows the initial temperature distributions of wellbore, seawater, and stratum under different calculation conditions. Figure 18 shows the variation regularities of wellbore temperature field, pressure field, and hydrate formation region in deep-water drilling under different hole deviation angles.
[image: Figure 16]FIGURE 16 | The schematic diagram of wellbore trajectories with different hole deviation angles.
[image: Figure 17]FIGURE 17 | Initial temperature distribution of wellbore, seawater, and stratum under different hole deviation angles.
[image: Figure 18]FIGURE 18 | Variation regularities of wellbore temperature field, pressure field, and hydrate formation region in deep-water drilling under different hole deviation angles: (A) annulus temperature, (B) temperature difference between the drilling fluid in the annulus and in drill string, (C) annulus pressure and phase equilibrium pressure, (D) hydrate formation region. The solid lines under different hole deviation angles in (C) are overlapped in the upper well section.
In Figure 18A, with the increase of hole deviation angle from 0 to π/2 and then to horizontal well (purple to orange curve), the annulus temperature in the lower well section increases, but that in the upper part is basically unchanged. That is because, in the inclined well section, the time of heat exchange between the drilling fluid in the annulus and the stratum increases, thus more heat will be absorbed from the stratum. The temperature difference between the drilling fluid in the annulus and in the drill string changes same as the annulus temperature (Figure 18B).
In Figures 18C,D, with the increase of hole deviation angle, annulus pressure in the upper well section is unchanged, and increases in the lower part because of the friction. Hydrate phase equilibrium pressure in the upper well section is basically unchanged. The intersection point and intersection region of phase equilibrium pressure and annulus pressure curves are basically stable.
The annulus temperature in the lower well section is greatly affected by hole deviation angle, which will affect drilling fluid performance. Besides, under the calculation conditions, the hydrate formation region in the wellbore is basically not affected by the variation of hole deviation angle.
COMPARATIVE ANALYSIS AND DISCUSSION
In order to obtain the influence degree of different factors on wellbore temperature field, pressure field, and hydrate formation region in deep-water drilling, we analyzed the effects of the above nine factors on some important parameters. The change rates of the calculation results are obtained when each influencing factor increases by 1%, as shown in Figure 19. The analytical equation is as follows:
[image: image]
[image: Figure 19]FIGURE 19 | The change rates of the calculation results when each influencing factor increases by 1%: (A) the annulus temperature at the bottom hole; (B) the minimum annulus temperature; (C) the maximum temperature difference between the drilling fluid in the annulus and in the drill string; (D) the minimum phase equilibrium pressure for hydrate formation in the annulus; (E) the annulus pressure at the bottom hole; (F) the length of hydrate formation region. (Ⅰ-circulation time; Ⅱ-displacement of drilling fluid; Ⅲ-drilling fluid density; Ⅳ-drilling fluid injection temperature; Ⅴ-wellhead backpressure; Ⅵ-geothermal gradient; Ⅶ-seawater depth; Ⅷ-well depth; Ⅸ-hole deviation angle).
In Figure 19, with the increase of influencing factor, the “positive value” shows that the parameter increases and the “negative value” shows that the parameter decreases. Under the calculation condition of this study, when each factor increases by 1%, the degree of the influence on the annulus temperature at bottom hole is: wellhead backpressure < drilling fluid injection temperature < circulation time < hole deviation angle < seawater depth < drilling fluid displacement < drilling fluid density < geothermal gradient < well depth; the degree of the influence on the minimum annulus temperature is: wellhead backpressure < hole deviation angle < well depth < circulation time < geothermal gradient < drilling fluid density < seawater depth < drilling fluid displacement < drilling fluid injection temperature; the degree of the influence on the maximum temperature difference between the drilling fluid in annulus and in drill string is: wellhead backpressure < hole deviation angle < seawater depth < circulation time < drilling fluid density < drilling fluid displacement < drilling fluid injection temperature < well depth < geothermal gradient; the degree of the influence on the minimum phase equilibrium pressure for hydrate formation in annulus is: wellhead backpressure < hole deviation angle < well depth < circulation time < geothermal gradient < drilling fluid density < seawater depth < drilling fluid displacement < drilling fluid injection temperature; the degree of the influence on the annulus pressure at bottom hole is: circulation time = geothermal gradient = drilling fluid injection temperature < hole deviation angle < wellhead backpressure < drilling fluid displacement < seawater depth < drilling fluid density < well depth; the degree of the influence on the length of hydrate formation region is: hole deviation angle < well depth < wellhead backpressure < drilling fluid density < circulation time < geothermal gradient < seawater depth < drilling fluid displacement < drilling fluid injection temperature.
In the process of deep-water drilling, the performance of drilling fluid is greatly affected by the annulus temperature at the bottom hole, the minimum annulus temperature, and the maximum temperature difference, and the influence degree can be used as a guide for the parameters design of drilling fluid. The influence degree of the annulus pressure at the bottom hole directly provides support for wellbore pressure adjustion and safety design in deep-water drilling. The hydrate formation region is controlled by the minimum annulus temperature, minimum phase equilibrium pressure, and wellbore pressure. The influence degree of the length of hydrate formation region is very important for risk assessment of hydrate formation in deepwater drilling. Overall, parameters should be adjusted based on influence degree in actual deep-water drilling.
CONCLUSION
In this study, the mathematical models of wellbore pressure and transient heat transfer in deep-water drilling are established, a set of numerical solution method based on the fully implicit finite difference method is developed, and the accuracy is verified by comparison with the field measured data. Combined with the phase equilibrium model, the hydrate formation region in wellbores is accurately predicted, the application and sensitivity analysis of the models are carried out, the influence regularities and degree of each parameter are obtained, and a new, systematic, and accurate prediction method of temperature field, pressure field, and hydrate formation region in wellbores is developed.
With the increase of circulation time, annulus temperature increases in the upper well section and decreases in the lower part, and the hydrate formation region shortens. With the increase of drilling fluid displacement, annulus temperature increases in the upper well section and decreases in the lower part, annulus pressure increases and the hydrate formation region shortens. With the increase of drilling fluid density, annulus temperature increases in the upper well section and decreases in the lower part, annulus pressure increases, and the hydrate formation region changes little. With the increase of drilling fluid injection temperature, annulus temperature increases in the upper well section and does not change in the lower part, and the hydrate formation region shortens. With the increase of wellhead backpressure, wellbore temperature is not affected, annulus pressure increases, and hydrate formation region becomes longer. With the increase of geothermal gradient, annulus temperature increases in the lower well section and changes little in the upper part, and the hydrate formation region shortens. With the increase of seawater depth, annulus temperature in the upper well section decreases greatly and the hydrate formation region becomes longer. With the increase of well depth, annulus temperature increases in the lower well section and is basically unchanged in the upper part, annulus pressure gradient is unchanged, and the hydrate formation region is basically unchanged. With the increase of hole deviation angle, annulus temperature increases in the lower well section, annulus pressure does not change in the upper well section, and the hydrate formation region is basically unchanged.
Under the calculation conditions of this study, the increases of circulation time, geothermal gradient, displacement of drilling fluid, and injection temperature will inhibit hydrate formation in wellbores, and the influence degree increases in turn; the increases of wellhead backpressure and seawater depth will promote hydrate formation in wellbores, and the influence degree increases in turn. The changes of drilling fluid density, well depth, and hole deviation angle have little effect on hydrate formation in wellbores.
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NOMENCLATURE
T temperature, K
Tf stratum temperature, K
Tin drilling fluid injection temperature, K
ρ density, kg/m3
v flow velocity, m/s
c specific heat capacity, J/(kg·K)
λ thermal conductivity, W/(m·K)
h convective heat exchange coefficient, W/(m2·K)
Q heat source per unit length, W/m
di(i) inner diameter of the ith layer, m
di(o) outer diameter of the ith layer, m
dpi inner diameter of drill string, m
dpo outer diameter of drill string, m
dri inner diameter of riser, m
dro outer diameter of riser, m
dci inner diameter of the first layer of casing, m
dco outer diameter of the first layer of casing, m
[image: image] total pressure drop in annulus, Pa/m
[image: image] gravity pressure drop, Pa/m
[image: image] friction pressure drop, Pa/m
[image: image] accelerated pressure drop, Pa/m
p3 annulus pressure, Pa
peq hydrate phase equilibrium pressure at a certain temperature, Pa
pa0 wellhead backpressure, Pa
z well depth, m
zw seawater depth, m
zH bottom hole depth, m
t time, s
θ hole deviation angle, radian
f friction coefficient, dimensionless
g gravity acceleration, m/s2
I number of boundary layers in which stratum temperature is affected by wellbore temperature, dimensionless
qV displacement of drilling fluid, m3/s
Re Reynolds number, dimensionless
m calculation coefficient, dimensionless
n fluidity index, dimensionless
GT geothermal gradient, K/m
(z,t = 0) parameters at initial condition, K
(z = 0,t) parameters at wellhead, K; (z = zH,t) parameters at bottom hole
(z = zw,t) parameters at submarine
ε change rate of the calculation result
k number of a certain influencing factor
x0 comparative basis of the same influencing factor
xi ith value of a certain influencing factor
F(x0) calculation result under x0
F(xi) calculation result under xi
SUBSCRIPT
i parameters of the ith layer, K
i-1 parameters of the (i-1)th layer, K
i+1 parameters of the (i+1)th layer, K
1 parameters of drilling fluid in drill string
2 parameters of drill string
3 parameters of drilling fluid in annulus
4 parameters of the first layer of casing
4r parameters of riser above mud line
4c parameters of the first layer of casing below mud line
5 parameters of the first layer of cement sheath
w parameters of seawater
(i-1)i parameters between the (i-1)th layer and the ith layer
i(i+1) parameters between the ith layer and the (i+1)th layer
12 parameters between the drilling fluid in drill string and the inner wall of drill string
23 parameters between the drilling fluid in annulus and the outer wall of drill string
34 parameters between the drilling fluid in annulus and the inner wall of the first layer of casing
4w parameters between the outer wall of riser and the seawater
45 parameters between the first layer of casing and the first layer of cement sheath
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