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The small difference between formation pressure and fracture pressure in offshore oil and gas reservoirs poses a huge challenge to drilling. Managed pressure drilling (MPD) technology, as a drilling technique that can accurately control bottomhole pressure, is an effective technique to solve this challenge. In MPD technology, the pressure wave propagation behavior and mechanism in the wellbore induced by wellhead backpressure are crucial for parameter design and efficient application. In this paper, pressure wave propagation characteristics and mechanism in gas-liquid flow were investigated with a new proposed pressure wave velocity model that considers inter-phase mass transfer effect. This new model and its solution algorithm were verified with experimental data in literature. The influence of gas invasion stage, drilling fluid type, drilling fluid density and backpressure on pressure wave propagation characteristics were investigated. Results show that the time for pressure wave induced by wellhead backpressure in the wellbore cannot be ignored in the design of the backpressure value during MPD. This propagation time increases with occurrence of gas invasion. Moreover, the propagation time in water-based drilling fluid is longer than that in oil-based drilling fluid, which is because the interphase mass transfer between invaded gas and oil-based drilling fluid. The influence mechanism of high drilling fluid density and wellhead backpressure on pressure wave propagation characteristics is due to the suppression of gas invasion process. These findings could be used as guides in parameters design and optimization in MPD.
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1 INTRODUCTION
Managed pressure drilling (MPD) technology has been proven to be a highly efficient drilling technology with great potential (Kaidarov et al., 2022; Sheikhi et al., 2022). The MPD technology controls the circulating fluid in the wellbore as a closed-loop loop. This closed-loop fluid system inside wellbore is the core of pressure control in the MPD technology. In the application of MPD technology, wellhead backpressure is applied to control the equivalent density of wellbore pressure within the safe density window, and then safe and efficient drilling operation is achieved (Najjarpour et al., 2022). The backpressure applied to the wellhead is achieved by reducing the opening of the throttle valve in wellhead. The reduction of throttle valve opening compresses the fluid near the throttle valve, and then the density and pressure of the fluid at that position are changed. This squeezed fluid would change the density and pressure of adjacent fluid. Similarly, the pressure of the entire wellbore would be changed. In this way, a pressure wave is formed in the fluid of wellbore. During this process, the backpressure applied at the wellhead is propagated to the bottom of the wellbore in the form of pressure wave, with the fluid in the wellbore serving as the propagation medium. For the normal circulation drilling process in MPD, the fluid flow in the wellbore can be considered as single-phase flow (Yang et al., 2022). The propagation process of pressure wave in single-phase flow is simple with fast propagation velocity (Hou et al., 2021; Xue et al., 2023). However, if the bottomhole pressure is less than the reservoir pressure, the gas in the reservoir would invade into the wellbore, which is called gas invasion or gas influx. As a result, the fluid flow in the wellbore would be multiphase flow (Wang et al., 2023). Many literature have shown that the propagation characteristics of pressure wave in multiphase flow are far more complex than that in single phase flow (Li et al., 2016; Chen et al., 2023; Zhou et al., 2023).
The propagation of pressure wave in fluid is determined by fluid density and fluid compressibility. Compared to liquid, gas has stronger compressibility and lower density. The invasion gas would reduce the density of the mixed fluid in wellbore and increase the compressibility. Thus, the propagation characteristics of pressure wave in the mixed fluid are changed (Fang et al., 2021). Furthermore, the gas-liquid interface induced by the invasion gas continuously blocks the propagation of pressure wave in the mixed fluid. As a result, the propagation velocity and efficiency of pressure wave are decreased (Zhang et al., 2023). Meanwhile, the virtual mass force and drag force between the gas-liquid phases are the main forces that affect the propagation characteristics of pressure waves in multiphase fluids (Zhou et al., 2023).
The propagation characteristics of pressure wave in gas-liquid two-phase flow have been studied by many researchers (Wijngaarden, 1972). The study of pressure wave velocity in gas-liquid two-phase flow began with experimental research. As early as 1947, the propagation velocity of pressure wave in the liquid containing bubbles was measured (Carstensen and Flody, 1947). Subsequently, the propagation velocity of pressure seeding in bubbly flow and slug flow was experimentally studied (Hsieh and Plesset, 1961; Miyazaki et al., 1971; Mori et al., 1975; Ruggles et al., 1988; Legius et al., 1997). Henry et al. conducted the pressure wave velocity testing experiments in gas-liquid two-phase flow. The experimental results show that the propagation velocity of pressure wave rapidly decreases with increasing gas content when gas content are low. Moreover, during the initial increase in gas content, the decrease in wave velocity is particularly significant (Henry et al., 1971). The propagation velocity of pressure wave in multiphase flow is found to be related to gas proportion, fluid pressure, and temperature of gas-liquid fluid (Falk, 1998). The propagation and attenuation of pressure wave in vertical pipe fluid flow with rising bubbles have also been studied with experiments (Wang et al., 2000; Bai et al., 2005). The results show that the presence of bubbles increases the attenuation of pressure wave and reduces the propagation velocity.
Many models have been established to describe the propagation velocity of pressure wave in gas-liquid two-phase flow. In 1958, Campbell and Pitcher derived a pressure wave propagation velocity model for gas-liquid mixtures in pipelines (Campbell and Pitcher, 1958). Nguyen proposed a uniformity model that treats gas-liquid two-phase flow as a homogeneous mixture to predict the propagation velocity of pressure waves in gas-liquid two-phase flow. This model indicates that the propagation velocity of pressure waves first rapidly decreases with gas volume fraction, then remains stable, and finally increases with gas volume fraction (Nguyen et al., 1981). A homogeneous flow model considering the effects of wall shear force and gas compressibility was established and used to study the propagation characteristics of pulse pressure waves in drilling fluids. The results indicate that the propagation velocity of pulse pressure wave is influenced by the density and compressibility of drilling fluid (Liu et al., 2007). The pressure wave propagation model based on homogeneous flow ignores the interaction forces between gas-liquid phases, which reduces the accuracy of model calculations.
A dual fluid model has been established to describe the propagation velocity of pressure waves in gas-liquid two-phase flow (Huang et al., 2004). The interface momentum exchange caused by non drag forces, viscous shear forces, and drag forces are considered in this model. The principle of small perturbation linearization is used to solve the model. Results of this model indicate that the propagation velocity of pulse waves is controlled by the disturbance frequency, and the wave velocity decreases as the disturbance frequency decreases. When the disturbance frequency is infinite, the wave velocity would tend to stabilize (Huang et al., 2005). Similarly, pressure wave propagation velocity models based on two-phase flow models have been used by many researchers to study the propagation characteristics and influencing factors of pressure waves in gas-liquid two-phase flow (Li et al., 2011; Lin et al., 2013; Li et al., 2022).
A single-phase flow would change to a gas-liquid flow with gas-liquid mass transfer after gas invading under oil-based drilling fluid. The pressure wave formed by applying back pressure at the wellhead would propagate in this gas-liquid two-phase flow to bottomhole. However, the effect of gas-liquid mass transfer on pressure wave propagation characteristics has not been investigated.
In this paper, firstly, a new pressure wave propagation model considering gas-liquid mass transfer is proposed and verified. Secondly, the characteristics of pressure wave propagation under different gas invasion stage are investigated with this new model. Furthermore, influence of drilling fluid type, drilling fluid density and backpressure on pressure wave propagation characteristics are presented and discussed. This study could provide a guidance for backpressure design in MPD.
2 METHODOLOGY
2.1 Physical model and assumptions
The physical model of wellbore fluid flow after gas invasion during offshore MPD is shown in Figure 1. The physical process of fluid flow can be described as follows:
(1) Gas flows from the formation to the wellbore during gas invasion;
(2) Gas in annulus flows with the drilling fluid from the bottomhole to the wellhead;
(3) The outflow rate and pit gain are simultaneously applied to monitor gas invasion situations;
(4) By closing the wellhead choke valve, the pressure wave is generated and then propagated through the annular gas-liquid fluid to the bottomhole.
[image: Figure 1]FIGURE 1 | Schematic diagram of physical model after gas influx in MPD.
This paper establishes a pressure wave propagation model for the process of pressure wave propagation formed by the added backpressure in step (4). The main assumptions include:
(1) The fluid in wellbore and wellbore wall are in a thermal equilibrium state;
(2) There is no heat exchange between gas and liquid;
(3) There is a mass exchange between gas and liquid;
(4) The pressure wave formed by backpressure propagates one-dimensional along the wellbore axis.
2.2 Governing equations
The control volumes of gas and liquid phases are taken out separately and then mass conservation equations are established, as shown in Eq. 1.
[image: image]
where A means area of annulus, m2; [image: image] means volume fraction of fluid, dimensionless; [image: image] is the density of fluid, kg/m3; u means the velocity of fluid, m/s; [image: image] means gas influx rate, [image: image]; [image: image] means the gas-liquid inter-phase mass transfer rate, [image: image]; the subscripts g and l represent gas and liquid, respectively.
The momentum conservation equations for gas and liquid phases are as follows:
[image: image]
where P is the annulus pressure, Pa; F represents the external force acting on the fluid.
2.3 Auxiliary equations

(1) Gas influx rate
During the MPD process, once the bottom hole pressure is lower than the reservoir pressure, the reservoir gas would flow into the annulus in a negative pressure manner. The flow of reservoir gas into the annulus can be treated as a plane radial flow of an infinite formation flowing towards a point, which can be described by the following model, as shown in Eq. 3 (NygaardVefringFjelde et al., 2007):
[image: image]
where Pk is the bottomhole pressure when gas influx occurs, Pa; Pe means the reservoir pressure, Pa; [image: image] is the viscosity of gas, [image: image]; k is the permeability of reservoir, mD; [image: image] means the length of open hole section, m; s means the skin factor of reservoir, dimensionless; t indicates the time of gas influx, s; [image: image] is the Euler’s constant, equals to 0.557721, dimensionless; [image: image] is the porosity of the reservoir, dimensionless; rw is the radius of wellbore, m.
The open hole section of wellbore can be divided into n part, the length of every part is [image: image], then gas influx rate in each control volume i can be described as:
[image: image]
(2) Gas-liquid inter-phase mass transfer rate induced by gas dissolution [image: image]
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(3) Properties of gas
Gas density is calculated with the real gas state equation, as shown in Eq. 7.
[image: image]
where [image: image] means molar mass of gas, kg/mol, in this paper, it is assumed that all invading gas is methane, therefore [image: image]; R represents the gas constant, Z represents the gas deviation factor, and Z is calculated using the following equation (Eq. 8):
[image: image]
where A1∼A8 are the coefficients; [image: image] indicates dimensionless contrast density, [image: image] represents apparent contrast temperature.
The gas viscosity can be calculated using the following equations (Eq. 9–Eq. 12).
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where [image: image] indicates the viscosity of methane at temperature T and pressure P.
(4) Gas-liquid interfacial resistance
The external force acting on the gas phase is shown in Eq. 13.
[image: image]
The external force acting on the liquid phase is shown in Eq. 14.
[image: image]
where [image: image] means the gas-liquid interfacial resistance; [image: image] indicates the gas phase gravity; [image: image] is the shear stress between gas and casing wall or wellbore wall; D represents the equivalent hydraulic diameter of the annulus; [image: image] represents the momentum exchange term caused by drag stress, which is expressed as Eq. 15.
[image: image]
where [image: image] represents the drag force coefficient, dimensionless; [image: image] represents the average radius of the bubble, m; [image: image] represents the difference in gas-liquid velocity, m/s, expressed as Eq. 16.
[image: image]
[image: image] represents the momentum exchange term caused by non dragging stress, and its expression is shown in Eq. 17.
[image: image]
where, [image: image] is the virtual mass force coefficient, which is closely related to the void fraction and flow pattern of gas-liquid two-phase flow, the empirical expression for bubbly flow patterns is as follows:
[image: image]
2.4 Wave propagation velocity and solution
The mass conservation equations, momentum conservation equations, and auxiliary equations form a gas-liquid two-phase dual fluid model. Based on this model, the propagation velocity of pressure wave in gas-liquid two-phase flow is derived.
[image: image]
The partial differential components in the above equations are expanded into partial differential forms with V= ([image: image], [image: image], [image: image], P) as variables, and these equations are organized into the following form.
[image: image]
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The eigenvalues of the coefficient matrix ([image: image]) of Eq. 20 are related to the propagation velocity of pressure waves (Li et al., 2016). Thus, by solving the eigenvalues of the coefficient matrix of the equation system, the propagation velocity of pressure waves in gas-liquid two-phase flow considering gas-liquid mass transfer can be obtained.
In gas-liquid two-phase flow, both gas and water are considered as continuous media. The propagation velocity of pressure waves in each phase of the fluid can be described by the following equation:
[image: image]
The pressure wave velocity of two-phase flow considering gas-liquid mass transfer can be obtained by solving the following determinant:
[image: image]
The steps for solving the propagation velocity of pressure wave at various positions in the wellbore in gas-liquid two-phase flow are as follows:
(1) Input basic parameters, boundary conditions, and initial conditions;
(2) Divide grids to solve the multi-phase flow model of gas invasion in marine pressure controlled drilling;
(3) Obtain parameters such as pressure, void fraction, gas phase density, and liquid phase density of each spatial node at that time;
(4) Solve the semi implicit equation of pressure wave propagation velocity in a dual fluid model considering gas-liquid mass transfer;
(5) Solve the pressure wave velocity of each spatial node at that time;
(6) Solve all time pressure wave velocities.
2.5 Model verification
The reliability of the pressure wave propagation velocity model established in this paper is verified through experimental data. It is very difficult to directly measure the pressure wave velocity transmitted in the gas-liquid two-phase flow of the wellbore during drilling operations. Therefore, the pressure wave velocity measured in vertical gas-liquid two-phase pipe flow experiments by Henry et al. was used to validate the model. Henry et al. used a 2-inch diameter vertical stainless steel tube in their experiment to test the pressure wave velocity in a stable bubble flow with a gas volume fraction less than 40% (Henry et al., 1971).
As shown in Figure 2, the comparison results show that the error between the calculated pressure wave propagation velocity of model in this paper and the experimental data is within 15% with 6% average error. Thus, the accuracy of the pressure wave velocity model in this article is considered acceptable for wave velocity calculation in drilling engineering.
[image: Figure 2]FIGURE 2 | Comparison between the calculated results of the pressure wave velocity model in this paper and experimental results.
3 RESULTS AND DISCUSSION
The distribution of pressure wave propagation velocity at each stage of gas invasion was calculated and analyzed with a directional well as the target well. The influence of drilling fluid type, drilling fluid density and backpressure on the propagation velocity of pressure wave were investigated. Then the mechanism are explained. The specific parameters of this directional well are shown in Table 1.
TABLE 1 | Parameter and values used in calculation.
[image: Table 1]3.1 Pressure wave velocity at different stages of gas invasion
In this subsection, the propagation characteristics of pressure waves at different stages of gas invasion are investigated. Oil based drilling fluid with a density of 1.13 g/cm3 was used, and the difference between bottom hole pressure and formation pressure is set to 0.3 MPa. The invading gas in this paper is 100% pure methane with a density of 0.64 g/cm3. To thoroughly investigate the propagation characteristics of pressure waves in different states of gas invasion, the pit gains of 1 m3, 2 m3, 5 m3 and 10 m3 in this section. It must be noted that this assumed degree of gas invasion in this study is significant. In fact, if the a degree of gas invasion is that significant during the drilling process, this well would be shut down instead of continuing to use the MPD technology. The pressure wave velocity distributions at pit gain of 1 m3, 2 m3, 5 m3 and 10 m3 are calculated and compared.
Figure 3 shows the comparison of pressure wave velocity distributions when pit gains are 1 m3, 2 m3, 5 m3 and 10 m3. As described in Figure 3, the distributions of pressure wave propagation velocity along the wellbore are similar when the pit gain are is 1 m3, 2 m3, and 5 m3. The propagation velocity under these three gas invasion stages above 4,749 m are the same and relatively high. Below 4,749 m, propagation velocities are decreased by the increment of the pit gain. The distribution of pressure wave propagation velocity with a pit gain of 10 m3 is significantly different from these three stages. The low pressure wave propagation velocity length of 10 m3 pit gain is 1,135 m which is highly longer than 50 m of 1 m3, 2 m3, and 5 m3. The times required for pressure wave to propagate from the wellhead to the bottom of the well at these four gas invasion stages has been calculated. Results of times required are 4.3 s, 4.3 s, 4.4 s and 21.8 s, respectively. It can be seen that the time required for pressure waves to propagate in the wellbore changes relatively little under 1 m3, 2 m3, and 5 m3 pit gain. However, the propagation of pressure waves in the wellbore takes a longer propagation time under 10 m3 pit gain. The pressure wave propagates to the bottom of the well to restrain gas invasion, which cannot be completed instantaneously. This indicates that the propagation delay effect of pressure wave must be considered in wellhead back pressure design during well killing stage.
[image: Figure 3]FIGURE 3 | Comparison of pressure wave propagation velocities in different stages of gas invasion: (A) Distribution of pressure wave velocity throughout the wellbore; (B) Enlarged diagram of pressure wave velocity distribution in the lower part of the wellbore.
Figure 4 shows the comparison of free gas volume fraction at different gas invasion stage. As depicted in Figure 4, the free gas volume fraction near the bottom of the well increases significantly in the later stage of gas invasion, which is the main reason for the decrease in pressure wave propagation velocity. Due to the ability of oil-based drilling fluids to dissolve gas invading the wellbore, the propagation velocity of pressure waves is less affected by the invading gas under 1 m3, 2 m3, and 5 m3 pit gain. When the gas invasion is small, the gas can dissolve into oil-based drilling fluid through gas-liquid mass transfer. The free gas content in the wellbore is small, and the propagation process of pressure waves in the wellbore is mostly through single-phase liquid. The propagation velocity of pressure waves is relatively high, and the required time is short. As the amount of gas invasion increases, such as the mud pit increment reaches 10 m3, the gas-liquid mass transfer process of the drilling fluid reaches equilibrium, and the dissolution of the drilling fluid is saturated. Therefore, the gas in the drilling fluid becomes more and more abundant. The mass transfer between the gas and liquid phases in the wellbore becomes increasingly strong until it reaches stability. Therefore, an increasing number of gas exists in the form of free gas and reduces the propagation speed of pressure waves.
[image: Figure 4]FIGURE 4 | Comparison of free gas volume fraction at different gas invasion stage.
According to the calculation results and analysis in this section, the control strategy of wellbore pressure in MPD technology needs to be continuously adjusted according to the gas invasion state. The smaller the gas invasion, the earlier it is discovered, and the faster the response of wellbore pressure. The response time of wellbore pressure in the later stage of invasion needs to be calculated based on the gas invasion situation.
3.2 Influence of drilling fluid type on pressure wave velocity
In this subsection, the influence of drilling fluid type on pressure wave velocity is investigated. The propagation velocities of pressure wave at different positions in the wellbore under two different drilling fluid are calculated and compared. Figure 5 shows the comparison of pressure wave velocities between water based drilling fluid and oil based drilling fluid when the pit gain is 1 m3. The oil-water ratio of oil-based drilling fluid used in this part is 100:0, while the oil-water ratio of water-based drilling is 0:100.
[image: Figure 5]FIGURE 5 | Comparison of pressure wave velocities between water based drilling fluid and oil based drilling fluid.
As shown in Figure 5, the propagation velocity of pressure wave is unevenly distributed at various positions in the wellbore. The propagation velocity of pressure wave in the upper part of the wellbore is relatively high, while the propagation velocity of pressure wave in the lower part of the wellbore is relatively low. In the case of oil-based drilling fluid, from the bottom of well to wellhead, the propagation velocity of pressure wave first decreases from 124.8 m/s to 95.1 m/s, then increases to 113.6 m/s, and then remains at 1,190 m/s. While in the case of water-based drilling fluid, from the bottom of well to wellhead, the propagation velocities of pressure waves increase from 41.7 m/s to 69.5 m/s, and then decrease to 44.4 m/s, and then remains at 1,190 m/s. As indicated by Figure 5, the location of the minimum propagation velocity of wellbore pressure wave in the case of oil-based drilling fluid and water-based drilling fluid is 20 m and 1,135 m away from the bottom of the well respectively.
The influence of drilling fluid type on the propagation velocity of pressure wave is due to the influence of the existing form of invading gas in the wellbore. As shown in Figure 6, in gas-liquid two-phase fluid, the increase of free gas volume fraction would reduce the propagation velocity of pressure wave. In oil-based drilling fluids, most of the invading gases exist in the drilling fluid in liquid form due to the mass transfer between gas and liquid phases. On the contrary, in water-based drilling fluid, there is no inter-phase mass transfer behavior between the invading gas and the drilling fluid. The invading gas exists in the form of free gas, which greatly reduces the propagation speed of pressure waves in gas-liquid two-phase fluid. The distribution of free gas volume fraction in the annulus under two types of drilling fluids is calculated and shown in Figure 6.
[image: Figure 6]FIGURE 6 | Comparison of free gas volume fraction between oil based drilling fluid and water based drilling fluid.
Figure 6 shows the comparison of free gas volume fractions in annulus between oil-based and water-based drilling fluids when pit gain is 1 m3. As shown in Figure 6, the free gas volume fraction in the annulus of oil-based drilling fluid is basically close to zero, while the free gas volume fraction in water-based drilling fluid is high. The free gas volume fraction in the annulus of water-based drilling fluid is unevenly distributed. From the bottom to the wellhead, the free gas volume fraction increases from 1% to 11.4%, and then decreases to 0%. The maximum free gas volume fraction is located 78.5 m away from the bottom of the well. The form of invading gas in the annulus has an impact on the density of the annulus mixture. To analyze the effect of annular mixture density on pressure wave propagation velocity, the dissolved gas mass fraction and mud density distribution of annular mixture under two types of drilling fluids are calculated and displayed in Figure 7.
[image: Figure 7]FIGURE 7 | Comparison of dissolved gas mass fraction and mud density in annulus between oil based drilling fluid and water based drilling fluid: (A) Distribution of gas mass fraction; (B) Distribution of mud density.
Figure 7 shows the comparison of dissolved gas mass fraction mud density in annulus between oil-based and water-based drilling fluids when the pit gain is 1 m3. As depicted in Figure 7, the mass fraction of dissolved gas in the annulus is 0 in the case of water-based drilling fluid, while in the case of oil-based drilling fluid, the dissolved gas mass fraction in the annulus are relatively high. From the bottom of the well, the dissolved gas mass fraction increases from 0.16% to 2.1%, and then decreases to 0. The maximum position of the dissolved gas mass fraction is 50.4 m from the bottom of the well. From the bottom of the well, the density of oil-based drilling fluid decrease from 1.130 g/cm3 to 1.075 g/cm3, then increased to 1.2 g/cm3, then decreased upwards to 1.115 g/cm3, and finally increased to 1.118 g/cm3. Combining Figures 7A, B, dissolved gas mass fraction reduces the density of oil-based drilling fluid. Based on the comprehensive analysis of Figures 5–7, it can be concluded that the influence of drilling fluid type on the propagation velocity of pressure wave is mainly controlled by the free gas volume fraction, while the influence of annular mud density is relatively small. The response time to wellbore pressure after water based drilling fluid gas invasion is longer. This makes it more difficult to regulate the pressure of water-based drilling fluid after gas invasion than oil-based drilling fluid.
3.3 The effect of drilling fluid density on pressure wave velocity
In this subsection, the influence of drilling fluid density on the propagation velocity of pressure waves is studied. The drilling fluid type is oil-based with different fluid density. The propagation velocities of pressure waves in annulus at 200 s of gas invasion under three different drilling fluid densities are calculated and compared.
Figure 8 shows the comparison of pressure wave propagation velocity distribution after 200 s of gas invasion at drilling fluid densities of 1.11 g/cm3, 1.13 g/cm3, and 1.15 g/cm3. As depicted in Figure 8, after gas invasion for 200 s the pressure wave velocity above the well depth of 4,731 m under three different drilling fluid densities are greater than that below 4,731 m. Moreover, the propagation velocities of pressure wave below 4,731 m at a density of 1.15 g/cm3 is greater than that at densities of 1.11 g/cm3 and 1.13 g/cm3. To illustrate the mechanism of the influence of drilling fluid density on the propagation velocity of pressure wave, the distribution of free gas volume fraction in the annulus under three different drilling fluid densities is calculated and displayed in Figure 9.
[image: Figure 8]FIGURE 8 | Pressure wave propagation velocity under different drilling fluid densities.
[image: Figure 9]FIGURE 9 | Free gas volume fraction under different drilling fluid densities.
As shown in Figure 9, the distribution characteristics of free gas volume fraction in the annulus vary under different drilling fluid densities. The free gas volume fraction is unevenly distributed along the wellbore under three different drilling fluid densities. There is a peak free gas volume fraction at the bottom of the wellbore. The increase in drilling fluid density can reduce the peak value of free gas volume fraction at the bottom of the wellbore. This is mainly due to the fact that high drilling fluid density can suppress gas invasion and reduce the volume of gas invading the wellbore. In addition, high drilling fluid density can also enhance mass transfer between gas-liquid phases, thereby reducing the volume fraction of free gas. It can be concluded that under high drilling fluid density, the response and control time for wellhead backpressure are shorter than those of low drilling fluid density.
3.4 The influence of backpressure value on the pressure wave velocity
In this subsection, the propagation velocity of wellbore pressure wave under different backpressure values are calculated and compared to investigate the Influence of backpressure value on the pressure wave velocity.
Figure 10 shows the distribution of pressure wave propagation velocity at 300 s, 600 s, 900 s, and 1,200 s after the occurrence of gas invasion under 0.2 MPa and 0.5 MPa backpressure. As depicted in Figure 10, when a gas invasion occurs for 300 s, there is little difference in the distribution of pressure wave propagation velocity between 0.2 MPa and 0.5 MPa backpressure. In both cases, the propagation velocity of pressure wave near the bottom of the well is low due to the presence of free gas, while the propagation velocity of pressure wave at the upper position is high. Comparing the four figures in Figure 10, the length of the low pressure wave propagation velocity region near the wellbore increases over time. This is because gas invaded into wellbore increases with time, and it is transported from wellbore to wellhead with circulated drilling fluid. Compared with 0.2 MPa backpressure case, the wellbore length with lower pressure wave propagation velocity under 0.5 MPa backpressure is significantly shorter. The reason behind this phenomena is that high backpressure can effectively restrain the velocity of gas invasion into the wellbore, and therefore reduce free gas volume fraction in the annulus.
[image: Figure 10]FIGURE 10 | Propagation velocity of pressure waves at various positions in the wellbore under different gas invasion stage: (A) 300 s; (B) 600 s; (C) 900 s; (D) 1,200 s.
Figure 11 shows the comparison of time required for pressure waves to propagate from the wellhead to the bottom of the well under different backpressure values. As depicted in Figure 11, the propagation time of pressure waves under 0.2 MPa is greater than that under 0.5 MPa, and the difference between these two cases increase with the increase of gas invasion time. The difference between these two cases increases from 1.38 s at gas invasion 300 s–37.93 s at gas invasion 1,200 s. This also indicates that the propagation time of pressure waves should be considered in the design of wellhead backpressure values in MPD technology. The propagation time of pressure wave at 1,200 s under 0.5 MPa backpressure is lower than that at 900 s. This is because that the gas invasion under 0.5 MPa is controlled properly and the gas invasin is stopped. At the same time, a part of the invasion gas has been transported out at 1,200 s. Therefore, the amount of free gas at 1,200 s is smaller than that at 900 s.
[image: Figure 11]FIGURE 11 | Pressure wave propagation time under different gas invasion stage.
4 CONCLUSION
A new model has been established to investigate the propagation velocity of pressure waves in multiphase flow with gas-liquid mass transfer phenomena, and it has been proved reliable with experimental data in literature. The propagation characteristic of pressure wave in a real well is investigated and illustrated. Based on the obtained results, the following conclusions can be drawn.
(1) The propagation of pressure wave induced by backpressure from the wellhead to the bottom of the well is not instantaneous, and the time required for this process increases with the gas invasion time. Therefore, this time should not be ignored in the design of wellhead backpressure parameters for MPD.
(2) For oil-based drilling fluid, due to the mass transfer between invasion gas and drilling fluid, the free gas volume fraction in the drilling fluid is relatively low, and the propagation velocity of pressure wave is relatively high. While for water-based drilling fluid, since there is no mass transfer between gas and drilling fluid, the volume fraction of free gas and the propagation velocity of pressure waves are exactly the opposite.
(3) The influence of drilling fluid density and wellhead backpressure on the propagation behavior of pressure waves is mainly due to the fact that high drilling fluid density and high wellhead backpressure could suppress the occurrence of gas invasion. Then the volume fraction of free gas in the wellbore is reduced, which leads to an increase of pressure wave propagation velocity. The conclusion of this article can provide guidance on the propagation characteristics of pressure waves in multiphase flow and lay a foundation for the design of MPD parameters.
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