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A gas kick is one of the most dangerous phenomena during petroleum drilling operations, which, if not detected and handled in time, can result in hazardous blowout. To better understand and describe the behavior of gas kicks, this study presents a novel transient flow model by taking wellbore–formation coupling and gas solubility into account during drilling operations. Then, the main flow parameters such as gas void fraction, mixture velocity, and mixture density are analyzed in cases that do or do not consider the coupling effects. Furthermore, the flow behaviors for both oil-based mud (OBM) and water-based mud (WBM) are investigated for comparison. Finally, the reliable indicators of monitoring gas kicks in OBM and WBM drilling are discussed. The results indicate that the gas void fraction increases after an initial decrease with the increased wellbore depth with coupling effects, while it constantly decreases with the increase in the well depth with non-coupling effects. The variation in bottom-hole pressure (BHP) with gas kick time is similar in both cases. Both the mixture velocity and mixture density change more significantly in the middle–lower part of the wellbore compared with non-coupling effects. In particular, the performances of the surface response to a gas kick are quite different compared to the WBM under similar conditions in OBM drilling, and the potentially dangerous gas kick is easily neglected. More importantly, it is confirmed that pit gain is more beneficial for detecting gas kicks compared with the annulus return flow rate (ARFR) for WBM, but neither of these indicators is suitable for gas kick detection in OBM drilling. The results identify pit gain as a reliable indicator for detecting gas kicks in WBM drilling, while real-time bottom-hole pressure (BHP) monitoring is emphasized for OBM drilling under low influx rates.
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1 INTRODUCTION
In recent years, onshore oil exploration and exploitation have progressed from the shallow layer to the deep layer, and even to the ultra-deep layer (Lei et al., 2021; Zeng et al., 2022; Wang et al., 2022). Unfortunately, with the increasingly complex underground situations in the process of drilling, there are many problems associated with drilling safety, such as gas kicks. When a well is drilled into an abnormally pressured gas reservoir, a sudden influx of gas can occur, causing the two-phase flow to appear in the wellbore annulus. This condition can be very dangerous due to the gas’s rapid expansion near the wellhead. If it is not detected in a timely manner and handled properly, it will lead to a well control problem and a safety disaster, including personal injuries among rig personnel (Yin et al., 2015; Xu et al., 2018; Ju et al., 2022).
During the drilling process, drilling fluids are classified into two types, namely, water-based mud (WBM) and oil-based mud (OBM). Traditionally, OBM is widely used to drill deep, high-temperature wells because of its good rheological characteristics (Growcock et al., 2003; Amani et al., 2012; Kumar et al., 2020). However, one key issue related to use of OBM is how to detect in a timely manner the formation gas that enters the wellbore and dissolves quickly in OBM. Typically, the gas kick detection methods that determine whether the formation gas has invaded into the wellbore are based on measuring the pit gain and the delta flow rate (the difference between inlet and outlet fluids) (Anfinsen and Rommetveit, 1992; Santos et al., 2005; Ali et al., 2013; Fu et al., 2015; Tang et al., 2019; Hargreaves et al., 2021). If there is no kick, the delta flow rate should be close to 0, and the volume of the mud pit is constant. In WBM drilling, during a gas kick, the invaded gas will displace the drilling fluid, resulting in a continuous increase in pit gain. However, in OBM drilling, there are real issues related to the high gas solubility in the oil phase. The OBM can completely dissolve the invaded gas under high temperatures and pressures. In this case, there will be no obvious changes in the flow rate or pit gain, which causes huge difficulty in detecting gas kicks. Notably, the dissolved gas will be released from the OBM after the variation in the temperature and pressure is observed as it is circulated toward the wellhead. Generally, the evolution of the dissolved gas is observed near the wellhead, leading to severe well control problems.
At present, great efforts have been made to establish mathematic models for simulating the behavior of a gas kick occurring in WBM drilling. According to the limited experimental data reported in the literature, the empirical correlations for computing flow parameter variation in the annulus have been provided, but they are not able to provide reliable guidance on well control. The first steady model for predicting the change in the wellbore pressure after gas kick was proposed by Leblanc and Lewis (1968), which could not be applied to transient flow. Subsequently, some researchers also proposed studies on deciding the key parameters for calculating hydraulic pressure loss, such as liquid hold-up (Beggs and Brill, 1973; Mukherjee and Brill, 1985) and gas rise velocity (Johnson and Cooper, 1993; Yan et al., 2021). Based on the conservation of mass, momentum, and energy, the first unsteady two-phase flow model was developed by Nickens (1987). Similar unsteady models have been established after Nickens (Santos and Bourgoyne, 1989; Nunes et al., 2002; Avelar et al., 2009; Evje, 2011; Choi et al., 2013; Meng et al., 2015). Meanwhile, much attention has been paid to the effects of well geometry on gas kick development, including vertical, directional, and horizontal wells. In addition, the influences of drilling parameters and reservoir properties were investigated. However, some of the existing gas kick simulators assume that the invaded gas is insoluble in the drilling mud. As stated earlier, the solution behavior of gases needs to be considered. It is worth mentioning that well control problems caused by gas solubility in OBM were first studied by O’Brien (Meng, 1981).
According to Hoberock and Stanbery’s (1981) model, Thomas et al. (1984) analyzed the effects of kick on warning signs such as pit gain and concluded that pit gain was the most reliable indicator for detecting gas kicks in both OBM and WBM. A similar conclusion was obtained by Ekrann and Rommetveit (1985), Rommetveit and Olsen (1989), and Van Slyke and Huang (1990). White and Walton (1990) investigated gas kicks in OBM and WBM by adopting the drift-flux model (DFM), and the reliability of simulation results was validated by field and experimental data. O’Bryan et al. (1988) proposed empirical correlations for predicting the solubility of CH4 and CO2 in WBM and OBM separately by conducting numerous experiments. Similarly, Silva et al. (2004) focused on obtaining methane solubility in both n-paraffin and ester. For riserless drilling, Lima et al. (1999) developed models to simulate fluid flow and heat transfer when circulating a synthetic-based mud (SBM). Their models, however, were of steady-state type. He et al. (2015); He at al. (2017) investigated the solubility of H2S in WBM to improve managed pressure drilling (MPD) well control. The wellbore temperature profile was assumed to be linearly proportional to the well depth. Several researchers (Sun et al., 2017; Yin et al., 2017) studied the effects of gas dissolution on gas kick migration in deep water drilling. Furthermore, some previous works on gas solubility mainly focused on experiments with different OBM components (O’Bryan and Bourgoyne, 1989), gases (Matthews, 1984; O’Bryan and Bourgoyne, 1987), temperatures, and pressures (Silva et al., 2004; Monteiro et al., 2010; Flatabø et al., 2015). As a result, methods for estimating the gas solubility in a given OBM were developed (Feng et al., 2016). Wei and Chen (2021) presented a numerical scheme for simulating gas-influx behavior in wells equipped with MPD systems, which was based on the DFM and solved the control equations using the differential algebraic equation (DAE) approach. The authors validated their approach using measured data from a test well drilled with WBM. Manikonda et al. (2021) put forward a thermodynamic solubility model for simulating gas kicks by use of a mechanistic approach. Their model used pressure and temperature data to estimate the mole fraction of gas components in the liquid phase and accounted for the effects of gas solubility. Based on the machine learning approaches, gas kick detection models were proposed by Yang et al. (2019), Abbas et al. (2019), Nhat et al. (2020), Muojeke et al. (2020), Osarogiagbon et al. (2020), and Yin H. et al. (2022). The common ground in these studies is to create models according to abundant pilot-scale rig data or lab-scale experimental data, but its main difference lies in the methods used to create a model and the scenarios to which the model is applied to. Based on their findings, the long short-term memory (LSTM) recurrent neural network (RNN) shows better performance in early detection of gas kicks (Olamigoke and James, 2022). Li et al. (2022) built a novel method based on the propagation characteristics of downhole pressure waves for timely detection of gas kicks. For fractured carbonate reservoirs, Yin Q. S. et al. (2022) proposed an identification method for determining kick types based on the dynamic time warping algorithm and the two-phase flow model. They investigated flow behavior characteristics in cases of underbalanced pressure and gravity displacement. In addition, Tang et al. (2022) used CFD simulation and simplified models to study the gravity displacement gas kick in fractured carbonate reservoirs. They pointed that wellhead backpressure may effectively control its development. Khan et al. (2022) discussed the importance of determining the magnitude of a kick event in well design and execution and compared the efficiency of the single bubble model with that of the dynamic multiphase model in determining kick tolerance. They found that WBM has the capacity of allowing more kick tolerance than that of SBM.
After reviewing the previous works, it is found that the available well control models perform well for predicting and monitoring gas kicks during the WMB drilling process, but there is still an important drawback that needs to be solved with regard to OWM drilling. Most previous flow models ignored gas solubility effects when encountering gas kicks in a deep well drilled with OBM, which may delay the surface responses including pit gain and annulus return flow rate. In addition, the wellbore–formation coupling effect was ignored in previous research studies. Therefore, the key annulus flow parameters, such as gas void fraction that determines wellbore pressure, mixture density, and mixture velocity distributions, cannot be accurately determined by using previous models.
In this study, a transient mathematical flow model that accounts for one-dimensional flow while taking wellbore–formation coupling and gas solubility into consideration is established for adequately capturing dynamics flow behavior. Then, the flow parameters were examined with and without considering the effect of wellbore–formation coupling. Furthermore, OBM and WBM are compared regarding their corresponding gas void faction, pit gain, and ARFR and BHP profile. Finally, the discussions and comparisons between the reliable indicators of monitoring gas kicks in OBM and WBM drilling are illustrated.
2 PHYSICAL MODELS
Normally, the drilling fluid is pumped from the mud pit into the drill string and moves down. At the bottom hole, it flows through nozzles on the bit and then circulates upward of the annulus. Figures 1a,b show the physical models of the gas–liquid distribution in the wellbore after encountering gas kicks during OBM and WBM drilling, respectively. The flowing system in the annulus is divided into two parts in OBM drilling (as shown in Figure 1a): the two-phase flow occurs in the annulus near the wellhead, while a single-phase flow exists in the rest of the wellbore. The reason is that the temperature and pressure vary with well depth and can lead to a wide range of changes in gas solubility in the OBM. As shown in Figure 1b, since the gas lolubility in WBM is assumed to be zero, a two-phase flow takes palce right after the invaded gas enters the wellbore. As it moves upward to the wellhead, the entire wellbore annulus is occupied by a two-phase flow. In addition, the wellbore pressure decreases continuously during the gas kick, leading to an increase in the negative pressure difference, which, in turn, resulted in greater gas kick size. This phenomenon is known as the wellbore–formation coupling effect, and it makes flow behavior more complex. To establish the model, the following assumptions are made:
(1) In the same cross-section, both free gas and drilling fluid are at the same temperature and pressure.
(2) Gas solubility in the WBM is ignorable, and influx gas contains only methane. There is no gas entering the drill string when a gas kick occurs.
(3) It is assumed that gas instantaneously dissolves into or evolves from OBM. The released gas from the drilling fluid exists as a separate gas phase.
(4) It is assumed that the fluid flow in the drill string and annular space is treated as one-dimensional axial flow, without considering the solid phase.
(5) It is assumed that gas kicks only occur at the wellbore bottom hole, and there is no lost circulation in the well during drilling operations.
[image: Figure 1]FIGURE 1 | Physical models of the gas kick drilled with OBM and WBM: (a) OBM and (b) WBM.
3S MATHEMATICAL MODEL
As previously mentioned, the flow in the wellbore has become very complex when gas kicks occur. The drift-flux model (DFM) has been proven to be most accurate in characterizing the two-phase flow behavior (Rommetveit, 1989). More detailed information is included in Zuber and Findlay (1965). In general, the hydrodynamic equations including the conservations of mass and momentum are established as follows.
Conservation of gas-phase mass:
[image: image]
Note that the term qg in Equation 1 can be obtained by using Tang and Ouyang’s (2010) model in a gas source case, although it is 0 without a source of gas invasion. The term [image: image] on the left side of Equation 1 represents the total mass of the dissolved gas that flows out of the control element of unit thickness in unit time. The other term [image: image] shows the increase in mass of the dissolved gas in the control element of unit thickness in unit time. The term qg on the right side of Equation 1 expresses the mass of gas influx into the wellbore from the control element of unit thickness in unit time. qg increases with the differential pressure between the formation and the bottom hole. Then, the increase in the gas influx results in a higher differential pressure because the gas influx reduces the hydrostatic pressure in the wellbore, and the higher differential pressure in turn facilitates the gas influx velocity. Thus, the wellbore–formation coupling is taken into consideration in this study.
It should be noted that the fluid that invades the wellbore contains only methane. Hence, the conservation of liquid-phase mass is expressed as Equation 2:
[image: image]
Conservation of total momentum is expressed as Equation 3:
[image: image]
The drift–flux correlation is the common rule to determine the relative velocity between moving phases, as shown in Equation 4 (Zuber and Findlay, 1965). The previous literature suggests that two key parameters, namely, the distribution coefficient [image: image] and slip velocity [image: image], depended on the flow pattern (Kabir and Hasan, 1986; Shi et al., 2005; Bhagwat and Ghajar, 2014). Hence, the empirical relationship which was established by Hasan and Kabir was used for the determination of these two parameters (Bhagwat and Ghajar, 2014).
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where [image: image] is the mixture velocity which is
[image: image]
where [image: image] and [image: image].
Notably, when the formation gas dissolves into or evolves out from OBM, its density will change, which is calculated by the Equation 6 (Rommetvelt et al., 1989):
[image: image]
The frictional pressure loss for single-phase flow case is given by Equation 7 (Fan et al., 2014)
[image: image]
Normally, different kinds of rheology models correspond to different kinds of friction factor [image: image] under laminar flow. There are several frequently used types of drilling fluid rheological models, including the Bingham model, which was employed for the characterization of rheological properties. Therefore, its expression can be determined by Fan et al. (2014) for laminar flow, while Reed–Pilehvari correlation is utilized for turbulent flow (Reed and Pilehvari, 1993). However, for two-phase flow, its pressure loss became more complicated. Beggs and Brill’s (1973) model is applied to calculate the friction factor. The Beggs and Brill’s model is chosen because it is a mature model that has been testified by previous research studies (Yin et al., 2015; Sun et al., 2017; Ju et al., 2022). A comparison study shows that Beggs and Brill’s model can result in a more stable computation and faster convergence.
The void fractions between moving phases satisfy the relationship shown in Equation 8:
[image: image]
The mixture density can be calculated using Equation 9
[image: image]
O’Bryan et al.’s (1988) model is used to calculate the solubility of methane in OBM, which is expressed as follows: 
[image: image]
Note that the wellbore temperature T in Equation 10 can be obtained by using Yang et al.’s (2015) model.
4 MODEL VALIDATION
The proposed model is verified by comparing its results with those of Sun et al. (2019) and Yin et al.’s 2017) model. Detailed parameters are obtained from the previous literature, as shown in Table 1 (Sun et al., 2019). The pit gain increase against the time after the gas kick results predicted by these three models mentioned above is depicted, respectively, and compared in Figure 2. For the WBM, the result of the proposed model matches with that of Sun’s model and Yin’s model, with errors less than 5%, as shown in Figure 2a. Hence, it is revealed that the proposed model precisely predicts the multi-phase flow behavior in WBM after gas kicks. On the other hand, for OBM, the proposed model closely aligns with Yin’s model but differs significantly from Sun’s model. There are three reasons why the results differ between these three models in the OBM scenario. The first reason is that different calculation criteria for gas solubility in OBM are used in different models. The proposed model adopts the calculation induced by O’Bryan, while Yin’s model uses a classical equation of state, and Sun’s model applies a calibrated equation of state. Second, the wellbore temperature field calculation methods for different models vary. The transient temperature field model presented by Yang is incorporated in the proposed model, but Yin’s model utilizes their own temperature field model, and Sun’s adopts the temperature field model of Hasan and Kabir. In addition, the proposed model and the Yin’s model neglect the volume factor variation of the OBM in the wellbore due to the dissolution of the formation gas influx. As a result, the pit gain remains 0 before the dissolved gas comes out of the OBM. On the contrary, however, Sun’s model considers the volume factor variation of the OBM in the wellbore due to the dissolution of the formation gas influx. Consequently, the volume of the OBM in the annulus changes as the formation gas dissolves in the OBM, and the pit gain is positive since the start of the gas kick and increases with the gas kick time.
TABLE 1 | Detailed calculation parameters.
[image: Table 1][image: Figure 2]FIGURE 2 | Pit gain comparison of Sun et al. (2019), Yin et al. (2017), and proposed models. (a) WBM. (b) OBM.
The calibration equation in Sun’s model was not adopted for OBM due to its primary focus on synthetic-based muds (SBM) under deepwater conditions, which differ significantly from the solubility behavior in OBM. Instead, the O’Bryan correlation was used as it explicitly accounts for methane solubility in the oil phase and provides stable, convergent predictions under OBM drilling conditions. Validation results demonstrate that Sun’s model predicts pit gain inconsistently for OBM, while the proposed model aligns with the expected surface responses, highlighting its suitability for OBM applications.
5 RESULTS
To analyze flow behavior after encountering, a vertical well is taken as an example. The wellbore and formation data are shown in Tables 2 and 3, respectively. The preparation of the oil-based drilling fluid system is given as follows: white oil + 3%–5% organic clay + 5% primary emulsifier + 3% co-emulsifier + 2% wetting agent + 3% calcium oxide (CaO) + 25% calcium chloride solution + 5% filter loss reducer. The actual range of the gas phase solubility in OBM is 0 (at the wellhead) to 536.302 m3/m3 (at the bottom hole). It is assumed that gas kicks occurred in the Φ215.9-mm open hole at the well depth of 6,430 m, where the formation pressure is 81.88 MPa.
TABLE 2 | Basic parameters for multiphase flow behavior simulation in OBM drilling.
[image: Table 2]TABLE 3 | Basic parameters of the wellbore.
[image: Table 3]5.1 Effects of wellbore–formation coupling on flow behavior
5.1.1 Effect of wellbore–formation coupling on gas void fraction
The comparison of gas void fraction distribution with and without wellbore–formation coupling is shown in Figure 3. It constantly decreases with increasing well depth without the consideration of wellbore–formation coupling (blue line). The changes in the gas void fraction near the wellhead are more obvious than those near the bottom hole. The influx gas flow rate remains constant, as shown in Figure 4. As the drilling fluid and invaded gas are circulated up the annulus, both local temperature and pressure decrease, while the gas expands and occupies more space. This leads to an increase in the gas void fraction. However, its increase is not apparent in the middle–lower part of the wellbore, for the gas expansion is suppressed by the high hydrostatic pressure. Conversely, with the wellbore–formation coupling, the gas void fraction profile takes on the C-shape. That is, the void fraction decreases first and then increases with the increase in the well depth. It can be attributed to the following reasons: 1) as the kick develops, BHP continuously decreases. The differential pressure further increases, which causes an increase in the influx gas flow rate at the bottom hole. 2) At the bottom part of the wellbore, the concentration of the kick is high, so is the gas void fraction. As the invaded gas moves upward, at the middle part, the gas is dispersed or dissolved in mud with a larger volume. Consequently, a higher gas void fraction is visible in the lower part of the wellbore compared to the middle part of the wellbore. 3) When the gas arrives at a shallow depth in the annulus where the hydrostatic pressure is low enough to allow for rapid gas expansion, the gas void fraction increases sharply near the wellhead.
[image: Figure 3]FIGURE 3 | Comparison of the gas void fraction distribution with and without wellbore–formation coupling.
[image: Figure 4]FIGURE 4 | Comparison of BHP with and without wellbore–formation coupling.
5.1.2 Effect of wellbore–formation coupling on the BHP
The comparison of the BHP with and without wellbore–formation coupling is shown in Figure 4. During the process of gas kicks, the changes in BHP are similar in two cases. The BHP linearly decreases at a slow rate for the first 30 min, then drops faster because the gas moves upward to a location several hundred meters away from the wellhead, and then expands sharply. In the first 20.3 min after the gas kick, the BHP calculated by the wellbore–formation non-coupling model is slightly lower than that calculated by the wellbore–formation coupling model. After that, the opposite trend happens. The reasons are as follows: 1) gas is not able to expand freely because of the high external hydrostatic pressure, and there is a slight decrease in the fluid mixture density in the annulus. Hence, the BHP reduction is not obvious. Once the gas moves close to the wellhead, its volume increases dramatically and the reduction in the fluid mixture density in the annulus is significant (as shown in Figure 7), leading to a larger decrease in BHP. 2) The influx gas flow rate within 10 min in the coupling case is less than that without coupling, causing the BHP to be lower. However, the pressure difference between these two cases is not obvious, with a maximum of 0.02 MPa. However, the influx gas flow rate size in both cases exhibited an opposite trend after 10 min. In addition, the longer the gas kick time, the greater the difference between the BHP and formation pressure, and the higher the influx gas flow rate (as shown in Figure 4). It means that more formation gas enters the wellbore in unit time, and the upward movement of the invasion gas is accompanied by gas expansion. Therefore, the reduction in the former was more than that of the latter. There is a pressure difference of 0.38 MPa between these two cases. It needs to be clarified that the present results are intended to demonstrate a qualitative difference between the cases with and without formation–wellbore coupling.
5.1.3 Effect of wellbore–formation coupling on pit gain
The comparison of pit gain with and without wellbore–formation coupling is shown in Figure 5. The change laws of the pit gain under coupling and non-coupling conditions are similar. It is found that the pit gain in both cases increases exponentially with gas kick time. There is a significant change in the pit gain in the beginning, and the closer the gas to the wellhead, the faster the increase in the pit gain. In addition, its value obtained by the non-coupling model is slightly higher than that of the coupling model before 20 min. After that, its changes followed opposite trends. Because the invaded gas replaces the space of drilling mud in the annulus, there is a change in the pit gain. It means that the pit gain is associated with an influx gas flow rate. As mentioned previously, the influx gas flow rate within 10 min with the consideration of wellbore–formation coupling is less than that without coupling. Hence, the latter occupies a larger portion of drilling mud in the annulus than that of the former, resulting in a larger pit gain for the latter. Afterward, the influx gas flow rate of the former is larger than the given constant value. It means that the pit gain in the coupling model increases faster than that in the non-coupling model. Therefore, the difference between the pit gains of coupling and non-coupling models becomes larger than 0 at some point and continues to increase with gas kick time.
[image: Figure 5]FIGURE 5 | Comparison of pit gain with and without wellbore–formation coupling.
5.1.4 Effect of wellbore–formation coupling on mixture velocity and mixture density
The comparisons of mixture velocity and mixture density distribution with and without wellbore–formation coupling are shown in Figure 6. As shown in Figures 6a,b, it can be observed that there is a sudden change in the mixture velocity for both cases at depths of 6,300 and 1470 m in the wellbore. The mixture velocity is defined as the volume flow rate divided by the annular cross-section area. Hence, variations in the annulus space can cause the mixture velocity to change drastically. Meanwhile, the mixture velocity near the wellhead undergoes significant changes, while no obvious change appears near the bottom hole for both models. Furthermore, at the same well depth apart from the upper region, the mixture velocity varies significantly with consideration of the coupling effect, while it remains nearly unchanged without considering the coupling effect. The reason is that the mixture velocity and gas void fraction are positively correlated (as shown in Equation (5)). Moreover, the contribution of the gas superficial velocity for mixture velocity is larger than that of the liquid superficial velocity. As shown in Figures 6C,D, the mixture density distribution law is opposite to that of the mixture velocity. Because the drilling fluid density is much greater than gas density, it contributes the most to mixture density. Therefore, the mixture density is negatively correlated with the gas void fraction.
[image: Figure 6]FIGURE 6 | Comparison between cases with and without wellbore–formation coupling. (a) Mixture velocity distribution–coupling model. (b) Mixture velocity distribution–non-coupling model. (c) Mixture density distribution–coupling model. (d) Mixture density distribution–non-coupling model.
5.2 Effects of gas solubility on flow behavior
5.2.1 Effect of gas solubility on gas void fraction
The comparison of the gas void fraction distribution in OBM drilling and WBM drilling is given in Figure 7. It is found that the responses for the two drilling fluids are significantly different. In OBM drilling, before the gas kick time of 99 min, the gas void fraction is 0 on account of the influx of gas complete dissolution into OBM. However, the gas void fraction can be observed near the wellhead. Because both the local fluid pressure and temperature sharply decrease near the wellhead, gas solubility decreases remarkably. Hence, the dissolved gas will emerge approximately 180 m below the wellhead. In WBM drilling, the invaded gas will continue to migrate upward and is accompanied by expansion (as shown in Figure 7b). Hence, two-phase flow occurs in the annulus, and then its position will be gradually pushed to the wellhead, which makes the gas phase exists at any position in the wellbore annulus. As long as there is free gas at any depth in the annulus, the gas void fraction at that depth is greater than 0.
[image: Figure 7]FIGURE 7 | Comparison of gas void fraction distribution for the differential pressure of 2.0 MPa: (a) OBM and (b) WBM.
Figure 8 shows the gas distribution for the differential pressure of 3.0 MPa. The position that the dissolved gas begins to escape from OBM is deeper. The free gas occurs approximately 210 m in advance with a differential pressure of 3.0 MPa compared to the differential pressure of 2.0 MPa (Figure 7a). An increase in the differential pressure to 3.0 MPa can result in a higher gas invasion rate, and the density reduction in the fluid mixture will be worse. Therefore, as the pressure decreases, the dissolved gas easily escapes from OBM. The position of the gas separation is deeper, and the free gas occurs approximately 3.1 min earlier. It can be interpreted that the solubility of methane in OBM is limited under the given conditions; once the gas kick size exceeds the threshold level, a portion of the invaded gas dissolves into the OBM, and then the remaining gas exists in the form of free gas.
[image: Figure 8]FIGURE 8 | Gas void fraction distribution for the differential pressure of 3.0 MPa.
5.2.2 Effect of gas solubility on pit gain
Pit gain might indicate underground complexity during drilling. If a leakage occurs, pit gain will decrease. On the other hand, if a kick occurs, pit gain will increase. Because the overall space in the annulus is constant, gas (methane) replaces the space of drilling mud and pushes the drilling mud above it after entering the annulus. Therefore, additional drilling mud will flow out (the returned mud flow rate is higher than the inlet mud flow rate). The pit gain is calculated by the overall gas volume in the annulus (the conservation of the annulus volume). The variations in the pit gain for OBM and WBM drillings are compared and shown in Figure 9. In WBM drilling, the pit gain exponentially increases with time. At the beginning of the gas kick, only less pit gain is observed due to the small expansion of the free gas near the bottom hole. As the free gas is circulated toward the surface, it will rapidly expand, leading to a noticeable increase in the pit gain. In OBM drilling, the pit gain for OBM is much smaller than that for WBM. The change in the pit gain does not appear until the gas kick time of 99 min. All the gas is dissolved in OBM, and no gas expansion occurs as OBM is circulated up in the annulus. After OBM moves up near the wellhead, dissolved gas quickly escapes and expands, producing a sudden increase in gain. Especially, the free gas is quite near the wellhead (approximately 180 m as shown in Figure 6a), which means that the gas kick can be very difficult to control due to significant and unexpected gas expansion. Worse still, if circulation continues without shut-in, the free gas will push the drilling fluid out of the wellhead, which could cause a catastrophic blowout.
[image: Figure 9]FIGURE 9 | Variations in pit gain for OBM and WBM.
5.2.3 Effect of gas solubility on ARFR
The ARFR, defined as the outlet flow rate from the annulus, is another surface indicator of a gas kick. The variations of ARFRs for OBM and WBM are compared and shown in Figure 10. The ARFR increases from 25 L/s to 44.6 L/s for WBM, while for OBM, it increases from 25 L/s to 33.4 L/s. In OBM drilling, gas remains dissolved until it is circulated to near the wellhead, causing the ARFR to remain almost unchanged at 25 L/s. Consequently, the drillers cannot be able to recognize a gas kick according to the difference between inlet and outlet flow rates. When the dissolved gas is released at shallow depths near the wellhead, the ARFR begins to increase. In WBM drilling, the change in ARFR happens earlier and is more obvious. It can be attributed to the fact that gas migration and expansion always exist due to no dissolution of gas in the WBM case. Remarkably, the ARFR in WBM drilling increases at a lower rate in the beginning as the gas expansion is less significant. After that, the rapid expansion of free gas results in higher increases in the annular return flow rate for both OBM and WBM.
[image: Figure 10]FIGURE 10 | Variations of ARFR for OBM and WBM.
Despite their limitations in OBM scenarios, pit gain and ARFR are analyzed in this study due to their established use in field operations and their importance as benchmarks for surface detection methods. The results underscore the challenges posed by gas solubility as these indicators fail to provide timely warnings under low influx rates. However, at higher influx rates or during advanced stages of a gas kick, pit gain and ARFR can still offer late-stage insights, particularly near the wellhead. These findings pave the way for promoting real-time BHP monitoring as a more reliable alternative for early detection in OBM drilling.
5.2.4 Effect of gas solubility on BHP
The variations in BHP for OBM and WBM are compared and shown in Figure 11. In OBM drilling, there is a less noticeable reduction in BHP until OBM is circulated near the surface. In this case, the dissolved formation gas in OBM slightly reduces the density of the drilling fluid, which results in a small decrease in the BHP. Near the wellhead, the dissolved gas emerges out of OBM and rapidly expands, which causes a rapid decrease in the BHP, whereas in WBM, the drilling fluid is displaced by free gas entering the annulus from the formation, thus creating a reduction in the hydrostatic pressure and a corresponding decrease in the BHP. Note that when the gas arrives at the surface, the BHP decreases from 78.9 MPa to 75.9 MPa for WBM, while for OBM, there is very little decrease in the BHP (from 78.9 MPa to 77.58 MPa). As discussed above, the solubility of the gas in OBM is the key to understanding this phenomenon, and it is consistent with the results shown in Figure 7a.
[image: Figure 11]FIGURE 11 | Variations of BHP for OBM and WBM.
The quantification reveals that at a low influx rate (2.0 MPa differential pressure), surface responses are delayed by approximately 99 min due to gas solubility effects in OBM. As the influx rate increases (4.0 MPa differential pressure), this delay reduces to 54 min, as depicted in Figure 8. These results highlight the critical role of solubility in delaying surface responses, underscoring the necessity of integrating downhole pressure monitoring for early detection of gas kicks in OBM drilling.
5.3 Comparisons of gas kick indicators
It is widely acknowledged that both pit gain and annulus return flow rate are observable ground indicators for a gas kick. The typical criterion for a gas kick is that the pit gain increase be 1.6 m3 or the change in the annulus return flow rate be higher than 10% (White and Walton, 1990). The comparison of different indicators for the differential pressure of 4.0 MPa is shown in Figure 12a. The gas kick time is 35.8 min when the pit gain reaches the warning level in WBM drilling. When the pit gain increases from 0 to 1.6 m3, the gas kick time is 99.8 min in OBM drilling. Using the criterion of the outlet flow rate for gas kick detection, it can be seen that this level is reached after 50.6 min for WBM compared to 99.3 min in the OBM case, as shown in Figure 12a. The time for gas kick detection is seriously lagging using pit gain or ARFR as the kick indicator for OBM. Both pit gain and ARFR hardly change in the early stage of kick during OBM drilling. A very small increase in the pit gain or annulus return flow rate can be indicative of a very serious kick. Furthermore, it suggests that the pit gain is a more reliable indicator of a gas kick in WBM.
[image: Figure 12]FIGURE 12 | Comparison of wellhead and bottom hole indicators for a gas kick. (a) Ground indicators. (b) BHPs.
Moreover, downhole detection such as the measurement of BHP during the drilling process is another method for gas kick detection. For a low gas influx flow rate (differential pressure of 2.0 MPa), as illustrated in Figure 12b, a reduction of 1.1 MPa in the BHP is observed when the free gas occurs for OBM (t = 102 min), whereas for WBM, approximately 3.3 MPa reduction in the BHP is obtained (t = 100 min). Similarly, for a high gas influx flow rate (differential pressure of 4.0 MPa), the BHP is decreased by 2.09 MPa in the OBM (t = 54 min), whereas for the WBM, there is an approximately 4.54 MPa decrease in the BHP (t = 52 min). It means that the measurement accuracy of the system such as the Annular-Pressure-While-Drilling (APWD) system can monitor such a little variation in the pressure. Therefore, the real-time measurement of BHP is important for gas kick detection within the required accuracy.
6 DISCUSSION
The present study aims to investigate the effects of gas dissolution/separation and wellbore–formation coupling on flow behaviors during the drilling process. The results of this study demonstrate that gas solubility can weaken kick warning signals, making it more difficult to detect a gas kick. Another important finding is that wellbore–formation coupling strongly affects the distribution characteristics of flow parameters in the wellbore. This study is applicable to the accurate characterization of gas–liquid two-phase flow behavior in the annulus after gas invasion during the drilling process of both oil-based and water-based drilling fluids.
Overall, our findings are consistent with those of the previous literature, but the changes in the pit gain and return flow rate at the wellhead after considering gas solubility do not align with the results of Sun et al. (2019) and White and Walton (1990) and instead matches the conclusions of Yin et al. (2017). Specifically, in our study, before gas escapes from the oil-based drilling fluid, we observe that the pit gain is 0, and the return flow rate at the wellhead remains unchanged. However, Sun et al. (2019) and White and Walton (1990) found that both the pit gain and the return flow volume at the wellhead would increase. The primary reason for this difference is that they assumed gas dissolved in the oil-based drilling fluid would cause changes in the fluid volume coefficient, thereby affecting the pit gain and the return flow rate at the wellhead. In contrast, this study and the work of Yin et al. (2017) ignore this effect and instead consider the key factor affecting the pit gain and return flow rate to be the presence of free gas in the annulus. It is undeniable that the impact of gas dissolution in oil-based drilling fluids (especially in high-temperature and high-pressure downhole conditions) on the fluid volume coefficient warrants further extensive research.
Notably, the assumptions of the proposed model lead to certain limitations. The model assumes one-dimensional axial flow and neglects lateral effects and secondary flows. This assumption simplifies computation but may reduce the accuracy in wells with significant deviations or non-uniform annular geometries. For directional or horizontal wells, additional modeling considerations are required to account for three-dimensional flow dynamics. Although the model performs well under standard deep drilling conditions, its applicability to ultra-high-temperature (>200°C) or high-pressure (>150 MPa) scenarios remains unverified. Such extreme conditions could alter gas solubility behavior and flow dynamics, requiring further validation. The influx gas is assumed to be pure methane, which simplifies calculations but limits applicability to reservoirs with mixed gases (e.g., H2S and CO2). Future models should integrate multi-gas components and their interactions with OBM and WBM. The uniform wellbore assumption may not hold in real-world cases with varying casing diameters or irregular annular spaces. Incorporating variable geometries could improve the accuracy in simulating complex wellbore conditions.
The findings provide actionable insights for field operations. In WBM drilling, pit gain can be reliably used for early kick detection, while OBM drilling necessitates real-time bottom-hole pressure monitoring to compensate for the delayed surface responses caused by gas solubility. Drilling teams can optimize fluid selection, adopt enhanced well control procedures, and integrate advanced monitoring technologies to mitigate risks. Furthermore, incorporating these findings into simulation-based training and pre-drilling risk assessments can enhance the preparedness for effective management of gas kicks.
7 CONCLUSION

(1) The variations in the gas void fraction, influx gas flow rate, mixture velocity, and mixture density for the wellbore–formation coupling model are different from the non-coupling model. In the wellbore–formation coupling model, the influx gas flow rate is not a constant value, and it exponentially increases with the increase in gas kick time. Both the gas void fraction distribution and mixture velocity distribution profiles show the type of “C,” while the mixture density profile exhibits an inverse trend compared to the velocity profile.
(2) For both OBM drilling and WBM drilling, the gas void fraction, pit gain, ARFR, and BHP violently fluctuate in the last phase of a gas kick. It should be treated with more caution when the significant expansion of free gas occurs near the wellhead.
(3) Gas solubility can significantly delay the surface responses of a gas kick in OBM drilling, especially at a low influx rate. However, the surface responses are similar for both OBM and WBM at a very large influx rate. There is a turning point in the BHP curve for OBM drilling, which represents the dissolved gas that comes out of OBM. This can give an early gas kick warning.
(4) The pit gain, compared to the ARFR, proves to be a much more effective indicator for early gas kick detection in WBM. However, the severe lagging makes it infeasible for gas kick detection in OBM. Accurate BHP monitoring during the drilling process can help identify gas kicks.
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