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Abstract

:

Unconventional oil and gas reservoirs are frequently developed using inclined and horizontal wells, leading to intricate multiphase flow patterns due to spatial asymmetry surrounding the wellbore and gravitational differentiation effects. Through the examination of water holdup imaging, the spatial arrangement of oil and water phases within the wellbore may be clearly depicted, yielding critical information for precisely assessing the ratios of oil and gas. This study employed No. 10 industrial white oil and tap water as fluid media, with measurements obtained using a resistive ring array tool (RAT) to evaluate its response properties over the wellbore cross-section. The data gathered throughout the trials were analyzed by two-dimensional interpolation imaging utilizing 2020 version MATLAB software. To enhance the analysis of water holdup distribution in the wellbore, three interpolation algorithms were utilized: Simple Linear Interpolation (SLI), Inverse Distance Weighting Interpolation (IDWI), and Ordinary Kriging Interpolation (OKI). The results indicated that RAT operates effectively in medium and low flow circumstances, correctly representing the real distribution of oil and water phases while yielding more dependable water holdup data. The SLI algorithm effectively delineates the oil-water interface during stratified flow of oil and water phases, rendering it the optimal algorithm for determining water holdup in standard flow patterns. Under DW/O&W and DO/W&W flow patterns, SLI continues to perform well; however, the accuracy of IDWI and OKI markedly enhances, with IDWI more effectively delineating the attributes of intricate mixed flow and more precisely representing the dynamic fluid distribution. Under DW/O and DO/W flow patterns, the OKI algorithm exhibits optimal performance in these intricate dispersed flow patterns. OKI more precisely represents the dynamic distribution of dispersed oil and water due to its capacity to simulate the spatial correlation of both phases, surpassing both SLI and IDWI.
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1. Introduction


The extensive use of horizontal well drilling technology has heightened the necessity for production profile logging in horizontal wells. The water holdup, a critical flow parameter for assessing the production profile of oil and gas wells, is vital for detecting water-producing zones and offers essential data for enhancing oil and gas recovery. The precise measurement of water holdup in the intricate flow patterns of horizontal wells presents significant challenges and practical importance. In horizontal wells, the multiphase flow of oil, water, and gas is generally characterized by horizontal stratified flow, which may display complex variations in flow patterns. In contrast to traditional vertical wells, the multiphase flow within horizontal wells exhibits a distribution of distinct flow layers rather than complete mixing. Vertical plane flow information along the wellbore diameter is essential for the precise characterization of the flow regime in horizontal wells. Conventional production logging instruments exhibit limitations in horizontal well logging, primarily due to the concentration of their sensors in the center of the wellbore. This configuration hinders the accurate capture of fluid distribution characteristics in horizontal wells, which necessitate specific logging requirements [1]. Multiple research teams and companies, both nationally and internationally, have developed instruments for measuring water holdup using array sensors. Increasing the number of sensors and optimizing their arrangement enables these instruments to acquire more comprehensive flow information, thereby facilitating accurate multiphase flow measurements. In the Daqing Oilfield, an array conductivity holdup rate instrument is employed, consisting of 24 conductivity sensors arranged radially on 12 support arms, facilitating accurate measurement of oil–water distribution within the wellbore [2]. Zhai et al. [3] developed a holdup combination that facilitates the measurement of oil–water two-phase flow in low-yield wells by employing a collection umbrella and a combination of centrally positioned capacitive and conductance sensors. Jin et al. [4] designed an optimized longitudinal eight-electrode array sensor, consisting of eight annular electrodes, intended for measuring multiphase flow holdup. Sondex’s MAPS instrument incorporates 12 capacitive sensors, 12 resistance sensors, and six turbine flowmeters for the measurement and imaging of multiphase fluids, delivering high-precision production profile data [5,6,7].



Array water holdup imaging logging is a nonlinear measurement technique that captures the dynamic behavior of non-uniform media and provides two-dimensional distribution information of multiphase fluids. It displays the fluid distribution across the entire wellbore cross-section in real-time by processing finite-point distribution data from oil and gas wells [8]. This table identifies flow patterns and determines phase fractions, addressing challenges that traditional measurement techniques struggle to resolve [9]. This method provides improved logging data for the dynamic oversight of production wells and has surfaced as an innovative resolution to the difficulties of dynamic monitoring in oilfields. Frisch et al. [10,11] used the capacitance array tool, which evaluates the location of each sensor relative to the wellbore to forecast the water holdup across the wellbore. This tool improves comprehension of multiphase fluid distribution, essential for analyzing multiphase flow in horizontal wells. Gysen et al. [12] used the MAPS system in real production, effectively addressing both qualitative and quantitative challenges in production logging. Zett et al. [13] employed MAPS for production logging in wells, generating high-quality records by accounting for the rotation of sensors along the drill track.



Recent years have witnessed substantial advancements in the utilization of diverse interpolation techniques for holdup measurements in gas–liquid and oil–water two-phase flows. Numerous studies have thoroughly examined the distribution and dynamic properties of various fluid phases by integrating multiple sensors with imaging methodologies. Cui et al. [14] employed the Holdup Rate Apparatus (AORT), consisting of fiber-optic and resistance sensors, to precisely quantify the holdup in gas–liquid and oil–water two-phase flows. The inverse distance interpolation approach was utilized to visualize the wellbore cross-section, producing imaging results that closely align with the real flow patterns. This work illustrated the efficacy of AORT in conjunction with this interpolation technique for the dynamic monitoring of multiphase flow, especially in intricate flow circumstances.



Dong [15] conducted an extensive consistency study of experimental data pertaining to oil–water two-phase flow, emphasizing discrepancies in sensor responses among CAT equipment. He suggested an imaging method predicated on local interpolation, highlighting the vicinity of the fluid interface. This method markedly enhanced the precision of interface imaging and offered a novel approach for more comprehensive fluid distribution studies. Hu et al. [16] investigated oil–water two-phase flow in vertical wells. They effectively quantified the retention of oil–water two-phase flow in vertical wells and accomplished two-dimensional imaging by integrating multiple array instruments, including CAT, RAT, and SAT. This imaging technology precisely quantifies the distribution of oil and water phases while providing significant insights and practical applications for monitoring the dynamics of oil–water two-phase flow in vertical wells. Song et al. [17] quantified the holdup of oil–water two-phase flow in horizontal wells utilizing the capacitance array tool and illustrated the fluid distribution through two-dimensional imaging. The conventional kriging interpolation approach accurately represents the distribution of oil–water two-phase flow, with imaging results closely aligning with measurements. The results suggest that the interpolation approach shows considerable potential for monitoring oil–water two-phase flow in horizontal wells.



Wang et al. [18] used 18 version Surfer software to analyze data on oil, gas, and water three-phase flow in horizontal pipes, producing flow imaging by radial basis function interpolation. The imaging findings closely matched actual images of the pipeline cross-section, hence validating the precision and dependability of radial basis function interpolation in complex fluid systems. The aforementioned research indicates that diverse interpolation techniques exhibit significant potential in two-dimensional and three-dimensional imaging of fluid dynamics. These algorithms not only improve the depiction of fluid distribution but also provide dependable data for more precise production monitoring. The extensive application of the MAPS instrument in actual production well settings validates its stability and adaptability in complex multiphase flow conditions.




2. Principle of Water Holdup Measurement by RAT


2.1. Oil-Water Two-Phase Flow Simulation Experiment in Horizontal Well


The simulation experiment of oil–water two-phase flow was performed by applying the multiphase flow simulation experimental platform for horizontal and severely deviated wells at Yangtze University, as seen in Figure 1.



The experimental configuration comprises a simulated wellbore, an oil tank, a water tank, and an oil–water separator, as shown in Figure 2. The simulated wellbore includes two transparent glass tubes and a revolving support structure. The total length of the wellbore is 14 m, while each glass pipe measures 12 m in length. The outside diameters of the wellbore are 124 mm and 159 mm. The glass pipe with an outside diameter of 159 mm was chosen to enhance the simulation of multiphase flow within the wellbore. This design facilitates a more precise depiction of the flow conditions within a real wellbore throughout the experiment. Furthermore, analyzing the flow characteristics in wellbores of varying dimensions enhances comprehension of the influence of size differences on multiphase flow behavior. The utilization of transparent glass significantly improves the visibility of the experiment, allowing researchers to directly monitor fluid flow patterns within the wellbore. This design element greatly enhances experimental execution and data acquisition, offering a crucial visual reference for assessing the dynamic properties of multiphase flow.



The rotating support frame enables the wellbore to rotate unrestrictedly within a range of 0° to 90°. The wellbore inclination angle for this experiment was established at 90° (horizontal). The experimental fluid media consisted of 10# industrial white oil and tap water, with their physical properties detailed in Table 1. The experiment was carried out at standard temperature and pressure, with total flow of the oil–water mixture established at 100 m3/d, 300 m3/d, and 600 m3/d, and water cuts of 20%, 40%, 60%, and 80%.




2.2. Analysis of Oil-Water Two-Phase Flow Patterns in the Horizontal Simulated Well


The complexity and polymorphism of horizontal oil–water two-phase flow patterns necessitate the precise identification of flow regime transition boundaries, which is crucial for the analysis of two-phase flow models. Trallero et al. [19] conducted experimental and theoretical studies on oil–water two-phase flow regimes in horizontal wells, dividing the flow regimes into two primary categories: segregated flow and dispersed flow. Segregated flow encompasses stratified flow (ST) and stratified flow with a mixed interface (ST&MI). Dispersed flow encompasses several flow regimes: oil dispersed in water in the upper layer with water in the lower layer (DO/W&W), water dispersed in oil in the upper layer with oil in the lower layer (DW/O&DO/W), dispersed oil-in-water flow (DO/W), and dispersed water-in-oil flow (DW/O), as illustrated in Figure 3.



This experiment recorded and organized the oil–water two-phase flow patterns under varying total flow and water cuts, as presented in Table 2. A flow pattern diagram of oil–water two-phase flow in horizontal wells has been developed, as shown in Figure 4.



Figure 4 shows that the oil–water two-phase flow patterns have considerable variations with changes in total flows and water cuts. At a total flow of 100 m3/d, the oil–water two-phase flow within the wellbore consistently exhibits stratified flow, irrespective of changes in water cuts. This phenomenon is primarily attributed to gravity segregation, where the oil phase, possessing a lower density than the water phase, occupies the upper layer, while the water phase remains in the lower layer. The oil–water interface exhibits stability, with minimal disturbance observed between the two phases. With an increase in total flow to 300 m3/d, the oil phase manifests as dispersed droplets within the water phase under low water cut conditions, while remaining concentrated in the upper region. The flow pattern transitions from a stable stratified state to a more complex configuration, featuring water-dominated lower layers and oil-in-water dispersions in the upper layer. When the water cut surpasses 60%, the flow pattern transitions to a configuration characterized by water predominating in the upper layer, accompanied by dispersed oil droplets within the water phase. The higher water proportion results in the water phase predominating the flow in the upper layer, with the oil phase dispersed as droplets within the water. When the total flow increases to 600 m3/d under low water cut conditions, the oil phase predominates. The elevated flow velocity facilitates the uniform distribution of the oil phase, whereas the water phase is uniformly dispersed as droplets within the oil. This stage exhibits a dispersed oil-in-water flow pattern. When the water cut surpasses 60%, the water phase predominates, developing a continuous phase with dispersed oil droplets, thereby altering the flow pattern to a dispersed water-in-oil configuration.




2.3. Measurement Principle and Response Characteristics Analysis of RAT


The Resistivity Array Tool (RAT) comprises a main body rod and 12 retractable bow-spring support arms, as shown in Figure 5a. Each arm contains a miniature sensor that is uniformly and accurately positioned along the inner surface of the wellbore, as depicted in Figure 5b. Each sensor generates independent response data contingent upon the specific fluid conditions present at its location. This multipoint configuration effectively captures variations in water holdup across various regions, illustrating the oil–water distribution patterns within the wellbore. As the tool traverses constricted areas of the well, the bow springs retract to facilitate unobstructed movement. Upon entering regions with larger casing cross-sections, the spring arms expand automatically, applying pressure to the sensors against the wellbore wall to gather fluid resistivity data from various positions.



This instrument works on a measurement principle that depends on sensors to apply a weak current to the surrounding fluid, which uses a low-voltage direct current to measure fluid resistivity and does not rely on specific frequency ranges, making it ideal for environments with high conductivity contrasts, subsequently measuring the resistance in the returned signal to ascertain resistivity values at different orientations within the wellbore. The sample rate is approximately 1 Hz in this experiment. The tool effectively identifies and distinguishes multiphase fluids downhole by using the variations in electrical conductivity among different fluids. This principle is effective in distinguishing between common downhole fluid types—oil, water, and gas—because of their notable differences in conductivity. Water demonstrates good conductivity and lower resistivity, while oil, as a non-conductive fluid, presents higher resistivity. Gas, being nearly non-conductive, exhibits the highest resistivity. Through the analysis of resistivity data from individual sensors, RAT can accurately differentiate between water, oil, and gas phases in downhole environments. Furthermore, it quantitatively delineates the vertical and lateral distribution of these fluids through the development of a spatial resistivity distribution map. Prior to initiating the experiment, the calibration of each sensor is conducted to determine its response values for each phase fluid, as shown in Figure 6.





3. Water Holdup Calculation Methods


The central positioning of the RAT instrument is essential for accurately measuring the fluid distribution within the simulated wellbore. Positioning the RAT instrument at the center of the simulated wellbore allows for a thorough capture of the fluid distribution throughout the entire wellbore cross-section, as shown in Figure 7. This positioning choice guarantees instrument stability within the wellbore and improves sensitivity to multiphase flow dynamics, thereby creating optimal conditions for accurately measuring water holdup and identifying variations in flow patterns.



This study analyzes the flow behavior of oil–water two-phase flow under different total flows and water cuts using experimental simulation. Data from the RAT sensors were collected for each condition. Normalization of the RAT sensor response data obtained in the experiment is necessary to enhance analytical accuracy and facilitate subsequent water holdup calculations. Normalization aims to remove measurement variations resulting from external factors, including flow rate and water cut, thereby enabling the comparison and analysis of water holdup data across different conditions on a standardized scale. This method offers a more precise depiction of the true water holdup. The formula for calculation is as follows:


    Y   i w   =      ∂   i   2       C P S   i   −   C P S W   i   +   ∂   i   2       



(1)




where     Y   i w     represents the local water holdup response value of the   i  th sensor,     C P S   i     is the response value of the   i  th sensor,     C P S W   i     is response value of the   i  th sensor in pure water, and     ∂   i     denotes the standard deviation of the original response for the   i  th sensor.



Figure 8, Figure 9 and Figure 10 illustrate the analysis of experimental data regarding the normalized local water holdup values obtained through the RAT in oil–water two-phase flow. This analysis led to the following conclusions:



(1) At a total flow of 100 m3/d, the oil–water two-phase flow in the wellbore shows a characteristic stratified flow pattern (ST). This pattern primarily arises from the density difference between oil and water, coupled with the effects of gravity. In stratified flow, the less dense oil phase typically occupies the upper region of the wellbore, whereas the denser water phase resides in the lower region, resulting in a clear oil–water interface. The RAT sensors are distributed throughout the wellbore cross-section. Under low water cut conditions, just a small portion of the sensors is situated in the water phase, while the majority are found in the oil phase. As the water cut increases, the water phase expands, resulting in a greater number of RAT sensors being located within the water region. This shift results in a more pronounced and concentrated sensor response in the water phase, facilitating the effective detection of changes in water holdup.



(2) At a total flow of 300 m3/d, the flow pattern of the oil–water two-phase flow experiences notable alterations. Under conditions of low water cut, the original stratified flow progressively evolves into a more complex pattern, characterized by an upper dispersed water-in-oil phase and a lower water phase (DW/O&W) pattern. The raised flow velocity increases turbulent effects, leading to the distribution of water droplets within the oil phase, while gravitational forces continue to result in the accumulation of the water phase at the bottom of the wellbore. In this scenario, the RAT sensors effectively identify the location of the water phase, particularly in the lower wellbore region where water accumulates, with local water holdup response values indicating the resistivity characteristics of the water phase. Due to the presence of dispersed water droplets in the oil phase, the RAT sensor response in the oil region exhibits intermediate values between pure oil and water. As the water cut increases to 60% and above, the oil–water flow pattern transitions to an upper dispersed oil-in-water phase and lower water phase (D/O&W) pattern. The water phase predominates in the wellbore, with the oil phase present as small, dispersed droplets within the water. The water phase concentrates in the lower region of the wellbore while also being significantly distributed in the upper region. In these circumstances, the local water holdup response values from the RAT sensors more precisely represent the distribution of the water and oil phases. Under water-dominant conditions, the RAT sensors effectively distinguish between dispersed oil droplets and the water phase in the upper region.



(3) At a total flow of 600 m3/d, the flow pattern of the oil–water two-phase flow demonstrates increasingly complex characteristics. Under low water cut conditions, the oil phase predominates, leading to a transition in the flow pattern from an upper water-in-oil and lower water phase to a dispersed oil-in-water (DO/W) flow pattern. The flow pattern demonstrates that the water phase exists as dispersed droplets within the oil phase, which serves as the primary continuous phase. The increased total flow leads to an elevated velocity of the oil–water mixture, facilitating a more uniform distribution. This results in water droplets being dispersed throughout the oil phase, thereby establishing a homogeneous, dispersed flow pattern. In this configuration, the local water holdup response values of the RAT sensors are positioned between the oil and water phases, with closer alignment to the oil phase. The oil phase predominates in the wellbore, with water existing as small, dispersed droplets within it. Consequently, the RAT sensors primarily detect the characteristics of the oil phase, while also indicating the presence of localized water droplets. When the water cut reaches 60% or higher, the water phase becomes predominant, leading to a transition in the flow pattern from a dispersed oil-in-water flow to a dispersed oil-in-water (DW/O) pattern. In this flow pattern, the oil phase ceases to function as the primary continuous phase and is instead observed as dispersed oil bubbles within the water phase. The water phase now functions as the continuous phase, occupying the majority of the wellbore, with oil droplets dispersed throughout. The transition of the flow pattern from oil-in-water to water-in-oil occurs as the water phase becomes predominant, indicating a significant alteration in flow behavior. Under high water cut conditions, the RAT sensor response values align more closely with the characteristics of the water phase, indicating the water’s predominance within the wellbore. The local water holdup response values recorded by the sensors now align more closely with the resistivity characteristics of the water phase, and the distribution of water holdup across the wellbore cross-section demonstrates significant consistency. The increased number of RAT sensors in the water phase enhances the accuracy of measuring the water holdup distribution throughout the wellbore cross-section.



Water Holdup Measurement and Calculation Methods


	(1)

	
Experimental measurement







Accurate determination of water holdup is crucial in multiphase flow experiments for the analysis of fluid distribution within the wellbore. The method for measuring water holdup in this experiment uses visual data to convert and quantify fluid proportions. This procedure comprises the subsequent steps: (1) Initially, the arc length   L   occupied by the water phase in the wellbore cross-section is measured using photographs of a scale within the experimental setup. The arc length indicates the distribution range of the water phase within the cross-section and serves as essential initial data for calculating water holdup, as shown in Figure 11a; (2) the arc length of the water phase is utilized to determine the corresponding central angle   θ  . The central angle indicates the spatial distribution of fluid in the wellbore cross-section. The ratio of the arc length to the circumference allows for an accurate determination of the spatial occupancy of the water phase within the wellbore, as shown in Figure 11b; (3) the fluid interface height and the area proportion of the water phase within the cross-section can be determined from the central angle   θ   and the cross-sectional geometry of the wellbore, as shown in Figure 11c. This area proportion is directly related to water holdup and serves as a crucial parameter for the subsequent analysis of water and oil phase flow behavior. The formula for the calculation is as follows:


  θ =    L   C    × 2 π  



(2)






    A   w   = A ×    θ   2 π    −      D   2     sin  ⁡  θ     8     



(3)






    Y   w   =      A   w     A     



(4)







In the formula,   C   represents the circumference of the wellbore, mm;   A   is the cross-sectional area of the wellbore, m2;   D   denotes the inner diameter of the wellbore, mm;   θ   is the central angle corresponding to the water-phase area;     A   w     is the area occupied by the water phase in the wellbore cross-section; and     Y   w     is the water holdup.



	(2)

	
Integration method







The integration method is a technique for calculating water holdup, utilizing normalized values obtained from measurement instruments. This method seeks to provide an accurate estimation of water holdup in the wellbore by employing linear interpolation and integration techniques. This approach ignores the influence of gravity on fluid flow, emphasizing the use of normalized data from measurement instruments as the primary calculation parameter. Dividing the wellbore into multiple parallel segments and employing linear interpolation and integration along each segment longitudinally enables precise calculation of water holdup distribution within the wellbore, as shown in Figure 12. The equation for determining water holdup using the integration method is as follows:


    Y   w   =   ∫  i   n         Y   i w   ×   L   i     A       



(5)




where     Y   i w     represents the interpolated instrument response value within the i-region;     L   i     is the area of the i-region divided into   n   equal segments,     m   2    ; and   A   is the cross-sectional area of the simulated wellbore,     m   2    .



	(3)

	
Arithmetic average method







The arithmetic average method is a simple calculation method used for determining the overall water holdup in multiphase flow water holdup measurements within the wellbore. This method calculates the total water holdup through interpolation and weighted averaging of data obtained from the sensors. The procedure consists of three distinct steps: (a) Employing the RAT sensors to gather real-time local water holdup data within the simulated wellbore; (b) following the acquisition of water holdup data around each sensor, using linear interpolation to estimate the water holdup in the vicinity of each sensor. Linear interpolation facilitates the estimation of water holdup in the vicinity of each sensor using restricted local measurements; (c) executing a weighted average on all interpolated water holdup estimates. The arithmetic average method integrates local water holdup from various positions, thereby ensuring that the overall holdup value accurately represents the actual fluid distribution within the wellbore. By calculating the arithmetic average of the water holdup data from each sensor, the total water holdup for the entire wellbore is determined. The formula for this method is as follows:


    Y   w i   =      m   i   −   m   o i       m   o i   −   m   w i       



(6)






    Y   w   =      ∑  i = 1   12      Y   w i       12     



(7)




where     Y   w     represents the water holdup measured by the   i  th sensor,     m   i     is the measurement value of the   i  th sensor,     m   o i     is the response value of the   i  th sensor in pure oil,     m   w i     is the response value of the   i  th sensor in pure water,     Y   w i     denotes the overall water holdup, and   i = 1 ,   2 ,   ⋯ ,   12 .  



	(4)

	
Imaging algorithm







The primary data source in this method comprises 12 RAT sensors positioned within the wellbore. These sensors provide real-time measurements of local water holdup and, when integrated with rotational angle data, facilitate precise fluid information across multiple directions and positions within the wellbore. The calculation of water holdup is performed by analyzing RAT sensor data, employing various imaging interpolation algorithms to determine the water holdup in the wellbore and to visually depict the distribution of oil–water two-phase flow. This method improves the monitoring of fluid flow in oil and gas production, offering a more intuitive and dependable analytical instrument for analyzing flow patterns and optimizing production within the wellbore.





4. Imaging Algorithms


The visualization of the interpolated data field necessitates the regional subdivision of the discrete data field, the construction of a mathematical model through interpolation, and the application of computer graphics techniques to reveal internal information within the data field. In graphics-based imaging, interpolation is essential, as it entails the development of a comprehensive mathematical model of the variable being examined. Various interpolation methods produce distinct mathematical models, resulting in differences in the representation of patterns in the final visualization. Common interpolation algorithms utilized in data field visualization encompass simple linear interpolation, inverse distance weighting (IDW) interpolation, and ordinary kriging interpolation.



4.1. Simple Linear Interpolation Algorithm


The Simple Linear Interpolation algorithm (SLI) is a widely utilized method for estimating unknown values between known data points by connecting these points with linear segments. The method employs a first-degree polynomial to approximate the original function, presuming linear variation between two known points to obtain the interpolation result. This method yields approximate values while minimizing calculation and derivation complexity. The main benefits of linear interpolation in practical applications are its simplicity and efficiency. For two known points,   m (   x   1   ,     y   1   )   and   n (   x   2   ,     y   2   )  , the coordinates of an unknown point   ( x ,   y )   can be calculated using the following formula:


  y =   y   1   +      y   2   −   y   1       x   2   −   x   1      ( x −   x   1   )  



(8)








4.2. Inverse Distance Weighting Interpolation Algorithm


The Inverse Distance Weighting interpolation algorithm (IDWI) works on the principle that the influence of known measurement points on an unknown target point diminishes with increasing distance. The attribute value of the target point is computed by assigning weights that are inversely proportional to the distances. Local water holdup values in oil–water two-phase flow within horizontal wells are measured at various positions in the wellbore using Resistivity Array Tool (RAT) sensors. Using these values in conjunction with the IDWI algorithm facilitates the estimation of the water holdup distribution throughout the wellbore, yielding a detailed visual representation of the water holdup distribution map. This offers a practical computational instrument for recognizing flow patterns and analyzing production flow in oil–water two-phase systems.



The cross-section of a simulated wellbore can be represented as a two-dimensional coordinate system, with the coordinates of a sensor on the cross-section denoted as   P (   x   0   ,     y   0   )   and those of a target     Q   i   (   x   i   ,     y   i   )  . The water holdup of oil–water two-phase flow within the wellbore cross-section can be calculated using the formula derived from the sensor response data from the RAT.


    Y   w   =      ∑  i = 1   12      D   i   2     Y   w i         ∑  i = 1   12      D   i   2        =      D   1   2     Y   w 1   +   D   2   2     Y   w 2   + ⋯ +   D   12   2     Y   w 12       D   1   2   +   D   2   2   + ⋯ +   D   12   2       



(9)






    D   i   =    1      (   x   i   −   x   0   )   2   +   (   y   i   −   y   0   )   2        



(10)




where     Y   w     represents the overall water holdup of the fluid within the simulated wellbore,     D   i       is the distance weight from the   i  th RAT sensor to a specific target point in the wellbore cross-sectional coordinate system,     Y   w i     denotes the water holdup response value of the   i  th RAT sensor, and   i = 1 ,   2 ,   ⋯ ,   12 .  




4.3. Ordinary Kriging Interpolation Algorithm


The ordinary kriging interpolation algorithm (OKI), recognized as spatial local interpolation, uses variogram theory and structural analysis to deliver an unbiased optimal estimation of regionalized variables within a confined area. It constitutes a primary element of geostatistics. OKI employs the original data of regionalized variables alongside the structural characteristics of the variogram to conduct a linear, unbiased, optimal estimation for unknown sample points. An unbiased estimator has a mathematical expectation of deviation equal to zero, whereas an optimal estimator minimizes the sum of squared differences between estimated and actual values.



It is assumed that     x   1   ,     x   2   ,   ⋯ ,     x   n     are a series of observation points in a region, with corresponding observed values   z     x   1     ,   z     x   2     ,   ⋯ ,   z (   x   n   )  , The regionalized variable at     x   0    , denoted as     z   *   (   x   o   )  , can be estimated using a linear combination:


    z   *       x   0     =   ∑  i = 1   n      δ   i     z (   x   0   )  



(11)







    δ   i   = ( i = 1,2 , ⋯ , 12 )   represents the weighting coefficients to be determined. The criteria for selecting     δ   i     are unbiasedness and minimizing the estimation variance, as follows:


  E   z     x   i     −   z   *       x   i       = 0  



(12)






  V a r   z   ( x   i     −   z   *       x   i     ] = m i n  



(13)




where   E   denotes the mathematical expectation, and   V a r   represents the variance.



Starting from the intrinsic assumption, it can be concluded that   E [ z   x   ]   is a constant, expressed as follows:


  E     z   *       x   0     − z     x   0       = E     ∑  i = 1   n      δ   i   z     x   i     − z     x   0         =     ∑  i = 1   n      δ   i       m − n = 0  



(14)







The relationship can be expressed as follows:


    ∑  i = 1   n      δ   i   = 1    



(15)







Using the Lagrange multiplier method to find the constrained extrema, the requirement for minimizing the estimation variance is achieved as follows:


     ∂   ∂   δ   i        E         z   *       x   0     −   z ( x   0   )     2     − 2 μ   ∑  i = 1   n      δ   i       = 0  



(16)




where     δ   i     represents the Lagrange multiplier, and   μ   denotes the Lagrange factor.



Further derivation leads to the system of equations for solving the weighting coefficients     δ   i    :


    ∑  i = 1   n      C  ¯  (   x   i   ,   x   j   )   δ   i     − μ =   C  ¯  (   x   0   ,   x   j   )  



(17)




where     C  ¯    represents the covariance, and   j = 1,2 , ⋯ , n .  



After determining the weighting coefficients, the water holdup values for non-sensor points on the wellbore cross-section can be calculated using Formula (11).





5. Discussion and Results


5.1. Comparison and Analysis of Different Water Holdup Calculation Methods


Table 3, Table 4 and Table 5 show the local water holdup response values obtained from the RAT sensors at a total flow of 100 m3/d, 300 m3/d, and 600 m3/d, corresponding to water cuts of 20%, 40%, 60%, and 80%.



The calculation of water holdup was performed using the integration method, arithmetic average method, and three interpolation algorithms. The results were compared with experimental values, as presented in Table 6, Table 7 and Table 8.



Table 6, Table 7 and Table 8 indicate that, under experimental conditions with a total flow of 100 m3/d, the integration method aligns most closely with the experimental measurement values, exhibiting superior accuracy and stability compared to other water holdup calculation methods. To evaluate the accuracy of alternative water holdup calculation methods, the relative errors of the arithmetic average method and three interpolation algorithms were determined using the results from the integration method. This serves as a reference for choosing the appropriate water holdup calculation method for various flow conditions and provides technical support for enhancing the accuracy and optimization of future water holdup measurements.



At a lower total flow of 100 m3/d, the oil–water two-phase flow exhibits a stratified flow pattern, distinguished by a distinct and smooth interface between the oil and water phases. In this flow pattern, the oil phase is situated above the water phase within the wellbore, and the flow pattern is stable and clearly defined. The variation in water holdup is consistent under these conditions, exhibiting a distinct fluid interface. The results from the SLI align closely with those derived from the integration method, indicating strong efficacy in representing trends in water holdup variation. The arithmetic average method and OKI exhibit larger errors under these conditions, with the method demonstrating lower precision and inadequately capturing subtle changes at the fluid interface. The IDWI demonstrates significant error, reflecting inadequate accuracy and a failure to accurately depict the spatial distribution of water holdup.



As the total flow reaches 300 m3/d, under low water cut conditions, the flow pattern shifts from a simple stratified flow pattern to a flow pattern characterized by an upper water-in-oil phase and a lower water phase, with water droplets dispersed throughout the oil phase. At this flow pattern, the flow pattern exhibits increased complexity, and the spatial distribution of water holdup is no longer uniform; nonetheless, the oil phase remains dominant. Despite an increase in overall calculation error under this flow pattern, the SLI maintains the highest accuracy, effectively capturing the trends in water holdup distribution. The error associated with the IDWI diminishes under these conditions, leading to enhanced accuracy. When the water cut increases to 60% or more, the oil–water two-phase flow pattern shifts to an upper oil-in-water and lower water phase arrangement. In this flow pattern, the water phase increasingly dominates, while the oil phase is present as dispersed droplets within the upper water phase, fluid distribution becomes increasingly complex, characterized by a notable rise in the water phase proportion within the wellbore, resulting in an irregular spatial distribution of water holdup. Currently, the errors associated with the arithmetic average method and the SLI are significantly increasing, with the arithmetic average method exhibiting a notable rise in error and inadequately representing the complex flow structure. The accuracy of the IDWI and OKI algorithms shows significant improvement, with the OKI excelling in capturing variations in water holdup under complex flow conditions.



With an increase in total flow to 600 m3/d, the complexity of the oil–water two-phase flow pattern increases. Under low water cut conditions, the flow pattern is defined by a dispersed oil-in-water flow pattern, with the oil phase acting as the continuous phase and the water phase present as dispersed droplets within the oil phase. Under high water cut conditions, the flow pattern transitions to a dispersed water-in-oil flow pattern, where the water phase serves as the continuous phase and the oil phase is dispersed as droplets within the water phase. At this flow pattern, the interface between the oil and water phases is no longer distinct, resulting in a more irregular and complex distribution of water holdup. The complex flow pattern results in significant errors in the arithmetic average method and the SLI, which inadequately represent the intricate distribution of water holdup. The accuracy of the IDWI and OKI algorithms improves, with the OKI demonstrating superior performance. It effectively addresses changes in the complex flow pattern and accurately reflects the water holdup distribution within the wellbore.




5.2. Comparison and Analysis of Imaging Results from Different Algorithms


This research examines the imaging results of the SLI, IDWI, and OKI algorithms across various experimental conditions. Figure 13, Figure 14 and Figure 15 illustrate the imaging results obtained from the three interpolation algorithms applied to the wellbore cross-section, considering the instruments’ positions within the wellbore. The images demonstrate the distribution of water holdup within the wellbore, providing a visual representation of how the relative positioning of instruments and fluids affects the imaging results. Furthermore, the imaging effects that do not account for instrument positions are presented, demonstrating that in these imaging diagrams, the algorithms depend exclusively on fluid distribution characteristics and interpolation methods, overlooking the influence of the instruments’ actual locations on the fluid distribution data, as illustrated in Figure 16, Figure 17 and Figure 18. In complex multiphase flow conditions, different interpolation algorithms exhibit distinct capabilities in capturing fluid distribution characteristics within the wellbore, offering valuable insights for selecting methods for fluid distribution imaging and water holdup calculations. In this study, two important assumptions are made: The impact of emulsions on the measurement is negligible, and the slip effect is insignificant.



Figure 13 and Figure 16 show that the SLI algorithm exhibits enhanced performance in stratified flow within oil–water two-phase flow. The interface between the oil and water phases is precisely depicted, and the resulting imaging closely corresponds with the flow pattern observed in experimental studies. In contrast, while the IDWI and OKI algorithms can generate imaging results, the images resulting from these methods display unreasonable curvature at the oil–water interface. The curvature fails to accurately depict the distribution of oil and water phases, resulting in a reduced correspondence with the actual flow pattern.



Figure 14 and Figure 17 show that a clear oil–water interface remains evident under the flow patterns of DW/O&W and DO/W&W. The SLI algorithm effectively delineates the oil–water interface, accurately representing the characteristics of this complex flow pattern and capturing the distribution of both oil and water phases. The imaging results correspond closely with the actual flow conditions. The performance of the IDWI algorithm is superior to that of the OKI algorithm in this flow pattern; however, the images resulting from IDWI remain somewhat coarse and do not adequately capture the details of the oil–water distribution. However, the imaging results obtained from IDWI exhibit greater smoothness compared to those resulted in by the OKI algorithm and are more aligned with the actual flow pattern, although they ultimately do not achieve the accuracy levels of the SLI results.



Figure 15 and Figure 18 show that as the flow pattern transitions to DW/O and DO/W, the oil–water interface vanishes, resulting in a highly mixed state of the two phases. Under these conditions, the SLI algorithm exhibits suboptimal performance, failing to accurately represent the oil–water interface, which results in considerable discrepancies in the imaging outcomes that do not align with the actual flow pattern. The limitation of SLI is its dependence on a clear interface; when the interface becomes ambiguous, the algorithm’s accuracy declines markedly. The performance of the IDWI and OKI algorithms is significantly enhanced in this dispersed flow pattern, particularly that of the OKI algorithm. In complex dispersed oil–water mixture flow, OKI uses its capability to model spatial correlation, accurately representing the dynamic distribution characteristics of the dispersed phases. The resulting imaging closely approximates actual flow conditions and reflects the complex characteristics of the oil–water mixture. Consequently, OKI delivers optimal imaging outcomes within this complicated flow pattern.





6. Conclusions


Water holdup image processing is essential in production logging for effective management of oil and gas fields, particularly regarding multiphase flow in horizontal wells. Generating water holdup images allows logging personnel to visually observe the dynamic changes in oil–water distribution within the wellbore, facilitating the understanding of phase distribution and related flow parameters. The MAPS system offers precise data support for production logging in oil and gas fields. The RAT used by MAPS is engineered for the measurement of multiphase fluids, effectively capturing response characteristics in oil–water two-phase flow and producing precise flow pattern data. This technology functions as a reliable instrument for quantifying and analyzing complex multiphase flow in oil and gas wells. This study analyzes the response characteristics of the RAT to oil–water two-phase flow across differing water cut conditions, using multiphase flow experiments conducted in horizontal wells. Multiple methods were used to calculate water holdup according to differing flow patterns, including the integration method, arithmetic average method, Simple Linear Interpolation algorithm, Inverse Distance Weighting algorithm, and Ordinary Kriging Interpolation algorithm. The spatial variation of oil–water distribution was analyzed using three algorithms for two-dimensional imaging inversion of the wellbore cross-section. Interpolation algorithms transformed experimental data into visualized water holdup distribution maps, enabling an understanding of oil–water distribution across differing water cut conditions. The subsequent conclusions were reached:




	(1)

	
The performance of each interpolation algorithm in water holdup calculation varies with different total flow and water cut conditions. The SLI algorithm exhibits optimal performance at low total flow and under consistent flow patterns; however, its accuracy diminishes in complex flow patterns. The OKI algorithm effectively captures water holdup distribution in complex flow patterns, especially under conditions of high total flow and higher water cut. The accuracy of the IDWI algorithm is intermediate, enhancing with the increasing complexity of the flow pattern.




	(2)

	
The SLI algorithm exhibits superior performance in imaging the wellbore cross-section under stratified flow conditions in oil–water two-phase flow, effectively capturing the smooth oil–water interface and establishing itself as the most reliable method for calculating water holdup in this flow pattern. With increasing flow complexity in mixed flow patterns like DW/O&W and DO/W&W, the SLI maintains good accuracy. However, the performance of the IDWI and OKI algorithms improves, with IDWI demonstrating superior capability in managing oil–water mixed regions compared to OKI. Under dispersed flow conditions such as DW/O and DO/W, the effectiveness of the SLI algorithm diminishes considerably. In contrast, the OKI algorithm, which models spatial correlation, more accurately represents the dynamic distribution of dispersed oil–water phases, thereby exhibiting superior performance. In complex flow patterns, the OKI algorithm is the optimal choice for imaging water holdup and calculating oil–water distribution. The choice of interpolation algorithm aligned with the flow pattern can markedly improve the precision and dependability of fluid distribution imaging and water holdup assessments.




	(3)

	
Current interpolation algorithms demonstrate diverse performance across various experimental conditions, revealing distinct advantages and disadvantages in relation to different flow patterns. Future research will aim to enhance the precision and applicability of interpolation algorithms in complex multiphase flow conditions by addressing the limitations of current algorithms and exploring more practical interpolation methods. The integration of flow pattern recognition with adaptive hybrid algorithms enhances the precision and reliability of technical support for imaging and calculating water holdup in multiphase flows, particularly in achieving high-precision imaging and fluid analysis in complex oil–water flow patterns.
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Figure 1. A photo of the multiphase flow simulation laboratory. 
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Figure 2. Schematic diagram of the multiphase flow simulation device. 
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Figure 3. Theoretical flow pattern chart of oil–water two-phase flow in horizontal well. 
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Figure 4. Flow regime chart of oil–water two-phase flow in the horizontal simulated wellbore. 
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Figure 5. (a) Schematic diagram of the RAT instrument (b) Cross-sectional distribution of RAT sensors. 
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Figure 6. The response values of oil, gas, and water three-phase fluid of the RAT sensor. 
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Figure 7. Schematic diagram of the simulated wellbore cross-section. 
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Figure 8. Local water holdup response of RAT sensors when the total flow is 100 m3/d. 
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Figure 9. Local water holdup response of RAT sensors when the total flow is 300 m3/d. 
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Figure 10. Local water holdup response of RAT sensors when the total flow is 600 m3/d. 
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Figure 11. Schematic diagram of oil-water two-phase flow water holdup experimental measurement method: (a) is the physics photo of simulated wellbore in the oil-water two-phase flow experimental, (b) is the water phase occupies the arc length and circumferential angle of the simulated wellbore cross-section, (c) is the area occupied by the water phase in the simulated wellbore cross-section. 
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Figure 12. Schematic diagram of the integration method. 
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Figure 13. Water holdup imaging diagram of wellbore cross-sections under different water cut conditions when the total flow is 100 m3/d (within RAT). 
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Figure 14. Water holdup imaging diagram of wellbore cross-sections under different water cut conditions when the total flow is 300 m3/d (within RAT). 
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Figure 15. Water holdup imaging diagram of wellbore cross-sections under different water cut conditions when the total flow is 600 m3/d (within RAT). 
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Figure 16. Water holdup imaging diagram of wellbore cross-sections under different water cut conditions when the total flow is 100 m3/d (without RAT). 
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Figure 17. Water holdup imaging diagram of wellbore cross-sections under different water cut conditions when the total flow is 300 m3/d (without RAT). 
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Figure 18. Water holdup imaging diagram of wellbore cross-sections under different water cut conditions when the total flow is 600 m3/d (without RAT). 
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Table 1. Physical property parameters of the fluid medium in the oil–water two-phase flow experiment.
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	Fluid Medium
	10# Industrial White Oil
	Tap Water





	Density (    k g  /    m   3      )
	826.3
	988.4



	Viscosity (  m P a · s  )
	2.92
	1.16










 





Table 2. Experimental photos of oil–water two-phase flow under different total flow and water cut conditions.
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   Total   Flow   (     m   3    /  d     )

	
Water Cut (%)

	
Experimental Photos






	
100

	
20

	
[image: Coatings 14 01535 i001]




	
40
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60
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80
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300

	
20
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40
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60
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80
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600

	
20
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40
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60
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80
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Table 3. Local water holdup of RAT sensors when the total flow is 100 m3/d.
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	Water Cut (%)
	20
	40
	60
	80





	01
	0.892
	0.901
	0.899
	0.885



	02
	0.887
	0.899
	0.877
	0.750



	03
	0.875
	0.831
	0.769
	0.676



	04
	0.859
	0.746
	0.666
	0.651



	05
	0.792
	0.655
	0.643
	0.622



	06
	0.633
	0.615
	0.622
	0.615



	07
	0.621
	0.611
	0.620
	0.612



	08
	0.629
	0.622
	0.625
	0.620



	09
	0.786
	0.668
	0.651
	0.631



	10
	0.866
	0.752
	0.659
	0.662



	11
	0.886
	0.825
	0.755
	0.681



	12
	0.895
	0.891
	0.881
	0.761










 





Table 4. Local water holdup of RAT sensors when the total flow is 300 m3/d.
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	Water Cut (%)
	20
	40
	60
	80





	01
	0.899
	0.891
	0.795
	0.786



	02
	0.890
	0.885
	0.742
	0.727



	03
	0.887
	0.823
	0.695
	0.689



	04
	0.831
	0.770
	0.652
	0.646



	05
	0.765
	0.655
	0.636
	0.629



	06
	0.629
	0.628
	0.620
	0.620



	07
	0.615
	0.619
	0.615
	0.613



	08
	0.626
	0.622
	0.622
	0.616



	09
	0.772
	0.640
	0.640
	0.631



	10
	0.820
	0.648
	0.648
	0.640



	11
	0.873
	0.709
	0.709
	0.693



	12
	0.884
	0.739
	0.739
	0.722










 





Table 5. Local water holdup of RAT sensors when the total flow is 600 m3/d.
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	Water Cut (%)
	20
	40
	60
	80





	01
	0.832
	0.817
	0.732
	0.721



	02
	0.811
	0.791
	0.721
	0.715



	03
	0.796
	0.788
	0.713
	0.706



	04
	0.775
	0.776
	0.706
	0.693



	05
	0.765
	0.761
	0.701
	0.686



	06
	0.768
	0.766
	0.692
	0.679



	07
	0.759
	0.752
	0.688
	0.671



	08
	0.762
	0.759
	0.695
	0.675



	09
	0.773
	0.768
	0.702
	0.683



	10
	0.781
	0.784
	0.708
	0.691



	11
	0.787
	0.790
	0.715
	0.704



	12
	0.815
	0.793
	0.723
	0.709










 





Table 6. Water holdup calculation results of different methods when the total flow is 100 m3/d.
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	Water Cut (%)
	Experimental Measurement
	Integral
	Average
	SLI
	IDWI
	OKI





	20
	0.2362
	0.2218
	0.2196
	0.2199
	0.1815
	0.2118



	40
	0.3855
	0.3649
	0.3578
	0.3603
	0.2981
	0.3469



	60
	0.5376
	0.5087
	0.4989
	0.5032
	0.4169
	0.4873



	80
	0.6981
	0.6593
	0.6475
	0.6541
	0.5383
	0.6381










 





Table 7. Water holdup calculation results of different methods when the total flow is 300 m3/d.
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	Water Cut (%)
	Integral
	Average
	SLI
	IDWI
	OKI





	20
	0.2539
	0.2416
	0.2497
	0.2268
	0.2436



	40
	0.3976
	0.3822
	0.3886
	0.3596
	0.3841



	60
	0.5244
	0.5031
	0.5075
	0.4785
	0.5069



	80
	0.6875
