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Editorial on the Research Topic 
Multiphase flow behavior in complex and critical environment


Due to an increasing demand for oil and gas resources in both developed and developing countries, producing crude oil and natural gas from offshore deep-water reservoirs and inland deep tight reservoirs becomes ever more important. However, it is a challenging job to produce hydrocarbons from such reservoirs since the working environments are normally quite tough. The wellbore temperature in deep-water wells can range from 4 to 200°C, while the wellbore pressure can range from 10 to 200 MPa. As a result, multiphase flow under such challenging environments tends to be more complex than that under normal environments. Since multiphase flow can pose a significant effect on well productivity, it is of utmost importance to study the multiphase flow behavior in such complex and critical environments.
This Research Topic aims to report recent developments related to the multiphase flow behavior in complex and critical environments and focuses on the following two aspects: 1) Gas adsorption, single-phase flow, and multiphase flow in porous media, 2) multiphase flow in wellbores and pipelines.
First, we summarize the studies related to the first aspect. Guodai et al. experimentally investigate the adsorption characteristics of CH4 on different coal samples with different coal structures and find that the D-A adsorption potential model has the highest adaptability to describe the adsorption characteristics of CH4 on coal. Wang et al. propose a modified desorption model for low-rank coal and couple it to a numerical simulator to study the flow dynamics of gas-water mixtures in coal seam reservoirs. Using the numerical simulation model, they are able to find out the optimal well patterns for developing high-dip-angle coal seam reservoirs. Huang et al. investigate the effects of the magnetic force on ferrofluid flow in complex porous media by the finite element method and reveal the essential mechanisms of ferrofluid flow in fractured porous media. Jia et al. further point out that the ferrofluid is a potential tracer that can locate the displacement front and can also work as a displacing fluid to enhance oil recovery. Jia et al. numerically present an improved two-scale continuum model and study the effects of the physical parameters of an isolated fracture on the outcomes of acidification. They find that the properties of an isolated fracture (including length, aperture, and position) have an obvious influence on the acidification. Cheng et al. use the Eulerian-Eulerian method to study the migration and distribution of proppants in a fracture network. Based on the simulated migration characteristics of proppants, the authors are able to define three distinct regions: corner anomaly area, buffer area and stability area. They point out that the turning angle has a large effect on proppant migration.
Second, we summarize the studies related to the second aspect. Jiang et al. numerically study the flow behavior of high-pressure gas through the orifice of a subsea throttling valve, and point out that a 7–8 MPa prefilling pressure of the pipeline downstream to the throttling valve can help maintain a downstream temperature above 0°C, thereby reducing the risk of hydrate formation and blockage. Guimin et al. propose a new model to predict the hydrate formation region in the drainage line of a gas hydrate production well. The simulation results show that the hydrate formation region is enlarged with an increase in electric submersible pump (ESP) pressure and a decrease in water production rate. Zhang et al. develop a spatio-temporal evolution model to study the hydraulic transport characteristics of particulate solids. The conclusions reached in their study provide useful insights into the optimization of the hydraulic-transport efficiency of particulate solids in pressurized pipelines and open flow channels. Wei et al. study the effect of flute tube on the liquid maldistribution and the gas maldistribution experimentally. Their experimental results indicate that a horizontal manifold without flute tube is more conducive to the suppression of the average liquid maldistribution degree under slug flow patterns and the suppression of the average gas maldistribution degree under annular flow patterns.
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The Baiyanghe block in Fukang, Xinjiang, China, is rich in coalbed methane (CBM) resources, and several pilot experimental wells have yielded high production. Due to the high dip angle (35–55°) of the coal seam in this area, the lack of understanding of the geological characteristics, the physical properties of coal, and gas–water migration law lead to immature development techniques and poor overall development benefits. We first conducted desorption and adsorption tests on low-rank coal of this area and found residual gas in the coal. We established a coalbed methane desorption model suitable for this area by modifying the isotherm adsorption model. Next, by analyzing the influence of the gas–water gravity differentiation in the high–dip angle coal seam and the shallow fired coalbed methane characteristics in this area, we discovered the leakage of CBM from the shallow exposed area of the coal seam. Given the particular physical property of coal and gas–water migration characteristics in this area, we optimized the well pattern: (i) the U-shaped along-dip horizontal well group in coal seams is the main production well for gas production with a spacing distance of 312 m; (ii) a multistage fracturing well drilled in the floor of coal is for water production; and (iii) vertical wells with a spacing distance of 156 m in the shallow area is to capture CBM leakage. Using numerical simulation and net present value (NPV) economics models, we optimized the well pattern details. Applying our CBM desorption model, the numerical simulator can improve the accuracy of the low-rank coalbed methane productivity forecast. The optimization results demonstrated the following: 1) the cumulative gas production of single U-shaped well increased by 89% with the optimal well spacing, 2) the cumulative gas production of the well group increased by 87.54% after adding the floor staged horizontal well, and 3) the amount of CBM leakage decrease by 67.59%.
Keywords: coalbed methane, high–dip angle coal seam, desorption model, reservoir numerical simulation, well pattern optimization, Baiyanghe mining area
INTRODUCTION
Background
Coalbed methane (CBM), also called coal seam gas (CSG), is an unconventional resource. The development of CBM has three practical applications: first, it alleviates energy shortages as a clean energy. Second, it sequesters carbon dioxide to alleviate the greenhouse effect. Most importantly, it reduces the risk of underground coal mine operations by improving the safety of the miners (Zhang et al., 2016). The Baiyanghe block in Fukang, Xinjiang, China, is rich in coal and CBM resources. The CBM development in the Baiyanghe mining area was the first CBM development case in Xinjiang (Mu et al., 2015), which played a positive role in promoting China’s low-rank CBM development and made full use of the abundant resources in China’s northwest area. During the block’s early pilot tests, traditional vertical wells and horizontal wells were drilled. Few wells achieved good production, while most wells did not get a satisfactory development benefit. In this study area, the coal seam is thick with a high dip angle. Optimizing the CBM development method and improving the CBM production and economic benefits are the top priorities.
The accurate CBM reservoir numerical simulation is the most commonly used development optimization method. Using numerical simulation, engineers can provide effective development plans before drilling expensive production wells. They can also update and redescribe the reservoir by history matching during the development process to track and optimize the development plan. Optimizing the well pattern is a crucial task for CBM development. By optimizing the CBM well pattern, we can improve drainage efficiency, accelerate pressure reduction speed, and obtain higher economic benefits. However, the work is arduous and complicated, especially when multiparameter optimization is required. Zulkarnain (2006) conducted a multiparameter simulation to optimize well spacing for CBM production. He found that narrow well spacing can accelerate the drainage process and increase the recovery of CBM. Clarkson and McGovern (2005) developed a new CBM exploration tool to optimize well spacing. Chen et al. (2010) found that the best wellbore direction of four-sided CBM wells should be parallel to the butt cleat direction. The central well angle of a pinnate horizontal well is affected by the anisotropy ratio of permeability. The reservoir simulation conversion method performed by Keim et al. (2011) can optimize the well pattern to maintain high productivity in low-permeability (less than 1.0 MD) coal seam. There are many cases of CBM well spacing optimization, but they mainly focused on horizontal coal seams.
There are also some learning optimization algorithms involved. The main idea is to build many simulation cases and set objective functions for a simulator to run until achieving an optimal value. Beckner and Song (1995) first applied a repetition simulation algorithm and an objective function of the net present value (NPV) to optimize a horizontal well’s position with a fixed direction. Genetic algorithm (GA) is one of the most popular optimization algorithms, and Güyagüler et al. (2002) used it to optimize well positions. Bouzarkouna et al. (2013) applied an optimization method based on the covariance matrix adaptation evolution strategy to optimize the well location trajectory. The particle swarm optimization algorithm application can significantly reduce the optimization time (Onwunalu and Durlofsky, 2010). Feng et al. (2012) used it to optimize the layout of a single well and multiple wells by maximizing the NPV in the synthetic reservoirs. However, these methods did not consider the stability and feasibility of wellbore drilling in high-dip coal seams, meaning currently unable to learn particular reservoir characteristics.
There have been some studies on the optimization of well patterns for high–dip angle coal seams. Mu et al. (2014) considered that wells should not be drilled in the structure’s shallow area, but rather at the structural wing. Ni et al. (2007) proposed different well layout methods for different structural positions: the inverted trapezoid method was for the anticline and syncline, and the triangular method or rhombus method was for the structural wings. Wang et al. (2019) proposed that horizontal wells should be drilled at the shallow area of the coal seam, along the coal seam at the structural wings, and the end of the horizontal well is at the bottom of the coal seam. Vertical wells or T-shaped wells can be drilled at the deep area. Other well layout ideas for high–dip angle coal seams include fan-shaped well layout methods and small well pattern methods. The above methods focus on drilling particular wells in particular areas, while ignoring the cooperation of different types of wells. Besides, they did not consider the desorption and adsorption characteristics of low-rank coalbed methane and the special gas–water migration characteristics caused by the coal seam’s large inclination angle.
The main factors affecting CBM production include the field pressure–volume–temperature (PVT) data, gas content, hydrological data, coal seam structure, and permeability (Tao et al., 2019). Our study focuses on the desorption and adsorption characteristics of low-rank coal, gas–water migration characteristics, and the comprehensive influence of different well types on gas production. Palmer (2008) proposed three specific solutions to utilize CBM reservoirs effectively: 1) locating a high-yield area in the mining area through structural geological maps and coal thickness maps; 2) drilling horizontal wells to produce gas; and 3) developing advanced production stimulation technologies to expand the natural fractures in the coal seam. We started the research with the second and third aspects.
First, we performed adsorption and desorption experiments on low-rank coal samples and found that the coal samples still had a considerable residual gas after negative pressure desorption. Second, we modified the Langmuir isotherm adsorption line to improve the accuracy of absorption data and productivity prediction. Then we analyzed the main negative effects of the high–dip angle coal seam’s gas–water gravity phenomenon through numerical simulation methods. Finally, given the above characteristics of high–dip angle coal seams, we optimized the well type, well spacing, and drilling location to combine an optimal well pattern.
Geological Background of the Research Area
Much of CBM in Xinjiang is low-rank CBM. The estimated CBM resources are 9.5 trillion m3, accounting for 26% of the national CBM resources. The Baiyanghe block in Fukang is a typical low-rank coal area. CBM exploration and production tests of small well groups have achieved breakthroughs in production, demonstrating that the area has good development prospects. The geographical location is shown in Figure 1A. The ridge formed by sandstone of the Sangonghe Formation is located in the southern part of the mining area, while the flat beam formed by flaming rock is located in the northern part of the mining area. The directions of the ridge and the flat beam are consistent with the stratigraphic direction.
[image: Figure 1]FIGURE 1 | Location and reservoir accumulation diagram of the Baiyanghe mining area: (A) the location, (B) the reservoir accumulation diagram.
The Baiyanghe mining area’s overall structure is a south-dipping monoclinic structure, with a strike of nearly east–west direction and a high dip angle. The coal-bearing strata change little in strike and tendency. The structural complexity is a simple structural type. There is a Honggou fault on the west side of the mining area, which is a normal fault, inclined to the west. The main coal seams are the Middle Jurassic Xishanyao Formation and the Lower Badaowan Formation. There are 17 layers of coal seams in the Xishanyao Formation, of which Nos. 39, 41, 42, and 43 coal seams are the main mineable coal seams. The coal seam’s thickness is large, with the maximum thickness of a single layer being 22 m. There are 45 seams in the Badaowan Formation. Among them, there are seven mineable and thick coal seams. The maximum thickness of a single layer is 28.15 m. The total thickness of the Badaowan Formation stratum is 940.5 m. The average thickness of the coal seam is 68.5 m, with the coal content coefficient of 7.28%.
We considered No. 42 coal seam as the main research object. The total thickness of the No. 42 coal seam is between 8.67 and 25.01 m, with the average thickness of 19.36 m, the total thickness variation coefficient of 22.38%, and the secondary difference variation index of 42.66%. Its minable thickness is between 8.67 and 22.85 m, with an average thickness of 18.59 m, the recoverable thickness variation coefficient of 21.19%, and the second-order difference variation index of 41.53%. The estimated resource thickness is between 8.67 and 22.39 m, with an average of 18.32 m and the stratum dip of 45–53°. There are 0–3 layers of gangue with a simple structure and lithology of siltstone and carbonaceous mudstone. It is the largest, minable, and stable thick coal seam in the whole area. The roof is a dark gray powder with fine sandstone, with the floor of siltstone and medium sandstone. The distance from the No. 41 coal seam is between 24.91 and 35.66 m. The diagram of the reservoir accumulation is shown in Figure 1B.
MODIFIED DESORPTION ISOTHERM FOR LOW-RANK COAL
Coal Samples
The coal samples were from the Baode block, where the coal is also of low rank. The original samples were irregular lumps of different size with a total amount of about 100 kg. We smashed large coal samples into small ones with a diameter of less than 5 cm. Then we crushed them into powder to them pass through sieves. Only the coal samples between the sieves of 60 and 80 mesh were used for the experiment. We prepared three kinds of samples: dry coal samples, moisture equilibrium samples, and moisture saturated samples.
Experimental Method
The device used in the experiment is the Large Sample Adsorption and Desorption Simulation Device version 2.0 developed by Xi'an University of Science and Technology and China University of Petroleum. Figure 2 shows experimental equipment and the device.
[image: Figure 2]FIGURE 2 | Schematic diagram of CBM negative pressure desorption experiment and desorption device. 1: high-pressure CH4 cylinder; 2: booster pump; 3: vacuum pump; 4: compressor; 5: gas filter; 6: pressure gauge; 7: pressure sensor; 8: reference cylinder; 9: sample cylinder; V-1 – V-5: valve.
We performed the adsorption experiment following the national standard (GB/T 19560-2004). The temperature of the isothermal adsorption and desorption experiment was 25°C. The maximum experimental pressure point was 8 MPa. There were no less than seven and six pressure points in the adsorption and the desorption process, respectively. We used a computer to record the temperature of the negative pressure desorption experiment and manually read the precision vacuum gauge (-0.1–0 MPa).
In the first step, we weighed the crushed coal sample and added it to the sample cylinder. After sealing, the samples were put in the thermostat. We opened the valve at the inlet of the intake pipe and filled the reference cylinder and the sample cylinder with methane. After the pressure of the two cylinders reached a certain value, we closed the intake valve. After keeping it for 6 h, we observed whether the pressure in each cylinder changed obviously: if there is, checking whether the equipment is leaking; if not, repeating the steps. We continued to fill each cylinder with gas to increase the pressure until the value reached the highest pressure required for the experiment. Then we evacuated the test system for 12 h and then carried out the negative pressure desorption experiment. We pumped the reference cylinder pressure to negative pressure (about 20 kPa) and opened the balance valve to make the sample cylinder and the reference cylinder pressure balance. Finally, we recorded the pressure after balance and calculated the desorption volume.
Experimental Results and Modified Desorption Model
Figures 3A–C show the experimental results of three kinds of samples. We found that all three kinds of samples had residual gas in the negative pressure desorption experiment. We used the Langmuir isotherm to fit the experimental results. The adsorption data fitted well, while the desorption curve did not fit accurately.
[image: Figure 3]FIGURE 3 | Experiment data fitting: fitting by the Langmuir isotherm: (A) dry coal sample, (B) moisture-equilibrated coal sample, and (C) moisture-saturated coal. Fitting desorption data by modified Langmuir isotherm: (D) dry coal sample, (E) moisture-equilibrated coal sample, and (F) moisture-saturated coal.
According to Weishauptová and Medek (1998); Weishauptová et al. (2004), they divided the methane adsorption in the coal matrix mainly into five types. The first type is a monolayer of CH4 molecules adsorbed on the surface of medium and large pores. The second type is the methane molecules controlled by molecular forces near the matrix, which can move freely. They were also included in the calculation of the total gas content of coal. The third type is the dissolved methane molecules in moisture. The fourth type is the methane molecules filled in micropores. The fifth type is the molecules bound to the macromolecular coal matrix structure.
As pressure decreases, the bottleneck-shaped coal matrix gradually swells and the channels shrink, which leads to the generation of residual gas. Therefore, we supposed residual gas is also a function of pressure. To accurately characterize the desorption process of the low-rank coal in the study area, we modified the Langmuir isotherm. When pressure equals 0 kPa, the Langmuir curve returns to zero. Therefore, a residual gas content item n needs to be added, as shown in Eq. 1. At this time, the curve only moves up as a whole, and the residual gas term needs to be corrected as follows:
[image: image]
where [image: image] is the gas content at pressure [image: image]; [image: image] is the Langmuir volume, m3/ton; [image: image] is the Langmuir pressure, kPa; and n is the residual gas content term, m3/ton.
From the negative pressure desorption experiment, we can record two data points accurately: the residual gas content and the pressure point at the beginning of the desorption experiment (the maximum test pressure). The minimum pressure of the negative pressure desorption experiment is 20 kPa, approximated as 0 kPa. We used a linear equation of pressure to make the residual gas term as follows:
[image: image]
where [image: image] is the residual gas content, m3/ton, and [image: image] is maximum experimental pressure, kPa.
We used the desorption model with a linear residual gas term to fit the data and found that the determination coefficient (R2) is low. Therefore, we modified the residual gas term to be nonlinear, as shown in Eq. 3:
[image: image]
where [image: image] is the residual gas term relevant factor.
In order to retain the adsorption characteristics, we did not fit the Langmuir volume and pressure of the desorption data. Instead, we used the Langmuir volume and pressure of the adsorption data. The modified desorption model is shown as Eq. 4:
[image: image]
Now, only the residual gas term relevant factor in Eq. 4 needs to be fitted. When [image: image], in Eq. 3, then n = 0. Therefore, Eq. 4 is equivalent to the Langmuir isotherm. With the decrease in pressure, the bottleneck-shaped coal matrix gradually swells, the hysteresis effect of coalbed methane takes place, and residual gas is gradually generated. Therefore, we can use alpha to fit the generation process of residual gas. When p = 0 kPa, then n = Vr, which reflects the final residual coalbed methane in the sample.
Table 1 and Figures 3D–F show the comparison of fitting the desorption data using the modified and original Langmuir isotherm. Taking dry coal in Figure 3A,(a) as an example, R2 of the Langmuir isotherm fitting the adsorption curve is 0.993 9. The Langmuir volume and pressure are 21.18 m3/ton and 9,000.91 kPa, respectively. However, R2 of the Langmuir fitting desorption data is only 0.594 3. The Langmuir volume and pressure obtained are 7.98 m3/ton and 29.19 kPa, respectively. Then we used the modified Langmuir model to fit the desorption data. First, the Langmuir volume and Langmuir pressure of the Langmuir adsorption curve were retained. Second, we calibrated the starting point of the desorption experiment at 8,000 kPa and the residual gas content under the vacuum state of the negative pressure experiment to 5.08 m3/ton. Finally, we only fitted the residual gas term relevant factor, which resulted in a value of 0.722 1 with an R2 of 0.972 3, which is much better than the Langmuir isotherm result.
TABLE 1 | Fitting results of adsorption and desorption data.
[image: Table 1]The coal seams’ maximal gas content in the study area is about 10.47 m3/ton, while the average gas content is only 8.35 m3/ton. For 8.35 m3/ton, the critical desorption pressure is about 900 kPa calculated by the Langmuir isotherm adsorption curve. Critical desorption pressure from the new two-point calibrated desorption–adsorption curve is about 600 kPa.
The negative pressure desorption experiment shows that coalbed methane desorption no longer follows the Langmuir isotherm in the low-pressure stage. Therefore, we used the two-point calibration to modify the isotherm. Due to the low-pressure stage, the decompression space is limited, the gas desorption power is insufficient, and the CBM desorption volume relatively shrinks, which is extremely unfavorable to the development of CBM resources. It is necessary to increase the drainage intensity.
NUMERICAL SIMULATION METHOD
Numerical Model
We used the CMG-GEM simulator to build the numerical model and generated the optimization scenarios of development. The GEM is a three-dimensional compositional simulator capable of simulating the sorption, diffusion, dual-porosity, and single-permeability flowing of CBM in coal, which is widely used in CBM development engineering studies (Karacan and Olea, 2015; Zhang et al., 2020).
We built the geological model using Cartesian grids with grid numbers of 100, 80, and 10 in the x, y, and z directions, respectively, and set the grid size to 15 m × 15 m × 2.57 m. The boundary is closed. We used the formula editor to edit the grid top burial depth to set the dip angle to 45 degrees along the y direction. Layers 1–7 and 8–10 are coal seams and sandstone floor layers, respectively, as shown in Figure 5. The initial physical property parameters of the model are from the actual geological data of a well in the No. 42 coal seam, as shown in Table 2.
TABLE 2 | Original geological parameters and parameters after history matching.
[image: Table 2]Figures 4A,B show the gas content contour and buried depth contour of the pilot test. It can be found that the gas content distribution in the range of 200–1,150 m buried depth is 2-12 m3/ton. By fitting the gas content with buried depth data, we found that the relationship between the depth and gas content is approximately linear. Therefore, we used the gas content gradient of 0.009 m3/ton m to set up the model. The permeability in this area is strongly anisotropic. Zhang et al. (2021) studied the relationship between permeability and dip angle through experiments and modeled coal seam permeability. We set the permeability of the model in three directions from his theory. Simultaneously, the permeability of the fired coal area, where the buried depth is less than 300 m, is increased tenfold.
[image: Figure 4]FIGURE 4 | (A) Gas content contour and (B) buried depth contour of No. 42 coal seam in the Baiyanghe mining area.
Simulation of Gas–Water Gravity Differentiation Phenomenon
During the drainage process, water in the coal seam migrates to the well bottom under the influence of the production pressure difference. Simultaneously, gas is always affected by the vertical downward gravity and the free gas is affected by vertical upward buoyancy. Due to the influence of gravity and buoyancy on gas–water migration, gravity differentiation occurs in the flow process when the production pressure difference is small. Water flows to the deeper part of the reservoir, while gas accumulates on top of the reservoir. Zhou et al. (2015) and Cui et al. (2007) studied the CBM accumulation model of the study area. They revealed exposed areas and fired areas in the study area, which causes particular geological phenomena such as changes in hydrodynamic conditions. Wang et al. (2020) studied the dynamic characteristics of the gas content in the Baiyanghe block. He conducted a simulation and found that when the shallow part of the reservoir is in a closed state, a CBM accumulation area is formed in the shallow part of the coal seam at the later stage of drainage. Therefore, if the shallow area is not closed and the fired coal area has high permeability, CBM will leak from the exposed areas. To simulate CBM leakage, we inserted a row of virtual wells (wells 1, 3, and 5 in Figure 5), where the burial depth is 0 m. The study area is a monoclinic structure, while the exposed areas in the north of the Yilinhegel Mountain receive surface water replenishment. Groundwater migrates from shallow to deep areas along the steep slope. Since the water depth is difficult to be obtained, the bottom-hole pressure is assumed as 151 kPa (1.5 atm). To simulate surface water replenishment, we inserted a row of water injection virtual wells (wells 2 and 4 in Figure 5) between production wells with a buried depth of 0 m. Bottom-hole pressure is set to 151 kPa. By observing the simulation results of wells 1, 3, and 5, we discovered CBM leakage from the shallow part.
[image: Figure 5]FIGURE 5 | Numerical simulation method of migration of gas and water in the exposed area: wells 1, 3, and 5: the virtual wells for simulating gas leakage; wells 2 and 4: the virtual wells for simulating water replenishment; and well 6, an along-dip horizontal well for production.
History Matching
Affected by the uncertainty of the exploration and the limitations of the test method, the parameters obtained during the test may not reflect the actual field conditions. If these parameters are used for simulation, the accuracy of the simulation results cannot be guaranteed. To evaluate the accuracy of the geological model and modify the parameters, we first performed historical matching on the pilot test well data. We used the modified desorption model derived in Experimental Results and Modified Desorption Model section.
We selected the vertical well X1 field production data and used the fixed bottom-hole pressure method to fit the water and gas production rate. 80% of the field data are for history matching parameter correction and 20% for production prediction to test the accuracy of the model. Figures 6A,B show the history matching results of gas and water production rates. The cumulative gas production and cumulative water production errors in the prediction stage are 4.29 and 1.67%, respectively. The numerical model after history matching restores the actual coal seam characteristics from the perspective of productivity simulation. Table 2 shows the data after fitting. Relative permeability is an important characteristic for studying gas–water migration. However, the field data of the relative permeability were unavailable. Therefore, we adjusted the curve from the default curve of GEM. Figure 6C shows the adjusted relative permeability used in the research.
[image: Figure 6]FIGURE 6 | Results of history matching for (A) gas production rate, (B) water production rate, and (C) adjusted relative permeability.
WELL PATTERN OPTIMIZATION AND RESULTS
Development Optimization Objective Functions and Economic Parameters
We used the productivity and NPV simultaneously as the objective function to perform pattern optimization (Hazlett and Babu, 2005; Zhang, 2010). The NPV model is based on the following:
• The wells produce 330 days a year, and the evaluation time is 15 years.
• The cost of a horizontal well includes the cost of a vertical well and horizontal part.
• The cost of a U-shaped well includes the cost of two vertical wells and horizontal part.
• The cost of a horizontal well contains the cost of staged fracturing operation.
• The cost of a vertical well is constant, neglecting the effect of location.
Eq. 5 shows the NPV prediction model we used to optimize the well pattern:
[image: image]
where NPV is the economic net present value of the well pattern, Chinese Yuan (CNY); [image: image] is the gas production rate, m3/d; [image: image] is the water production rate, m3/d; [image: image] is the commodity rate of CBM; [image: image] is the sale price of CBM, CNY/m3; [image: image] is the operation and management cost of CBM, CNY/m3; [image: image] is the processing cost of water, CNY/m3; i is the benchmark rate of return; t is the production date, year; [image: image] is the cost of drilling a vertical well, CNY; [image: image] is the cost of drilling a horizontal well, CNY/m; [image: image] is the number of vertical wells in a well pattern; and [image: image] is the number of horizontal wells in a well pattern.
The economic evaluation data were taken from Zhang (2010): the horizontal well drilling cost is 0.35 × 106 CNY/m; the vertical well drilling cost is 7 × 105 CNY per well; the CBM sales price is 1.2 CNY/m3; the commodity rate is 95%; the operation and management cost of CBM is 0.36 CNY/m3; the processing cost of water is 6.5 CNY/m3; and the benchmark rate of return is 15%.
Development and Optimization Cases
We performed the optimization from three aspects: well type, drilling method, and well pattern spacing. First, we investigated the primary gas well type with its drilling direction, and well spacing distance. Second, we focused on water production in the deep area of high–dip angle coal seam. Finally, we studied how to capture gas, which can move to the fired coal area and leak into the air.
Wang et al. (2014) analyzed the influence of gas–water gravity difference, solid-phase blockage, and pressure drop propagation characteristics in the process of CBM extraction. He also analyzed the gas production of CBM wells. He found that there is an apparent negative gas–water gravity differentiation impact in vertical wells. The coal powders are easy to concentrate and block the migration channel, resulting in the slow transfer of pressure and difficulty to form effective well interference. The stable inclined section of an along-dip horizontal well can effectively reduce the negative impact of gas–water gravity differentiation. Therefore, we chose horizontal wells as the main development wells and studied the optimal drilling method.
There are some different types of horizontal wells in high-dip coal seams, which are easy to confuse. Figure 7 shows four different horizontal wells in high-dip coal seams. A horizontal well in high–dip angle coal seam refers to well drilling along the horizontal direction, shown as wells 03 and 04 in Figure 7. An along-dip horizontal well indicates that after the drill bit enters the coal seam, the wellbore trajectory maintains the same angle as the coal seam and has a particular extension, shown as wells 01 and 02 in Figure 7.
[image: Figure 7]FIGURE 7 | Different well-drilling styles: well 01 was drilled along the up-dip direction; well 02 was drilled along the down-dip; well 03 was drilled along the direction of the coal seam trend; and well 04 was a horizontal well drilled in the coal seam floor with vertical fractures through a specific staged fracturing process.
Optimization of Primary Production Well Pattern
Dong et al. (2018) studied the drilling stability of inclined coal seams. He proposed the action zone, the transition zone, and the reversal zone based on drilling stability at different angles. In the Baiyanghe block, drilling horizontal wells along inclination is the safest, while drilling along the coal extension is dangerous. The greater the anisotropy of ground stress, the higher the collapse pressure is and the smaller the range of safe drilling azimuths is. Therefore, we chose the horizontal well drilling along the dip as the primary gas production well.
The buried depth of the No. 42 coal seam under development is around 300–1,100 m with an angle of 45 degrees and the length along the dip angle of about 900 m. Therefore, we designed the length of the drilling the along-dip well as 900 m. The production duration was set to 15 years, which covers the general life span of CBM wells (Feng et al., 2012; Salmachi et al., 2013; Feng et al., 2014).
Figure 8 shows the results of the drilling direction optimization. The daily gas production curve of up-dip drilling shows the characteristics of a typical CBM production curve. It reaches a peak of 16,755 m3/d at 1,858 d. When drilling along the down-dip direction, the gas production showed an increasing trend. Meanwhile, the production fluctuated sharply in the later period. The highest value only reached 4,912 m3/d after 15 years. The cumulative gas production of the up-dip and down-dip horizontal wells is 4.66 × 107 m3 and 0.861 × 107 m3, respectively. The results of the up-dip drilling method are 5.18 times more than those of the down-dip drilling method.
[image: Figure 8]FIGURE 8 | Production comparison between different drilling directions: (A) gas production, (B) water production, (C) cumulative gas production, and (D) cumulative water production.
A problem in drilling along the up-dip direction is the turning corner of the drill bit. Therefore, we modified the plan to use down-dip drilling. Besides, we finally added a vertical well at the end of the horizontal well to form a U-shaped well. Figure 9 shows the NPV of the three wells. Although the U-shaped well case increases the cost of a vertical well, the ultimate NPV is the highest.
[image: Figure 9]FIGURE 9 | Comparison of NPVs of different well drilling types.
Furthermore, we optimized the well spacing distance of the U-shaped wells. According to the microseismic data, the hydraulic fracture length of the pilot test well is 60–80 m. Therefore, we built cases with well spacing distances of 100, 200, 300, 400, and 500 m to prevent fracture interference and ensure economic benefits. For the well spacing distance optimization schemes, we used a production group of all three wells. In order to ensure the correct single well control range, we will set the grids close to the boundary to null grids to meet the distance between the well and the boundary of half the well spacing distance, when the model boundary is too large. Since the boundary is closed, the pressure interference characteristics and the control area of a single well can be guaranteed according to the mirror principle.
Figure 10 shows the results of well spacing optimization. We took the influence of the number of wells in the NPV model into consideration. The R2 of cumulative production and NPV parabola fitting is 0.9221 and 0.9783, respectively. From the perspective of productivity, productivity is optimal when well spacing reaches 299 m. From the perspective of NPV, the NPV reaches its peak when well spacing is 312 m. We determined optimal well spacing based on the NPV, which can ensure the well-controlling area, the effect of well interference, and economic benefit.
[image: Figure 10]FIGURE 10 | Simulation results of different well spacing distances: (A) Cumulative gas production rate and (B) NPV.
When a single U-shaped well produces, the cumulative production of 15 years is 4.66 × 107 m3. When the three wells with the optimal spacing produce, the cumulative production of the group is 2.66 × 108 m3. The cumulative production of each well is 8.85 × 107 m3, with an increase of 89%.
Optimization of Drainage Well
The negative impact of gas–water gravity differentiation during development is that a large amount of water migrates to the deep part of the coal seam, resulting in difficult production. We proposed a plan to drill a staged fracturing horizontal well in the sandstone floor of the coal seam for drainage. According to the formation stress analysis, it is more challenging to drill horizontal wells directly in the coal seam. Therefore, we chose a relatively stable sandstone layer for horizontal wells and fracturing vertical fractures. The gravity plays a significant role in drainage. Cao et al. (2017) gave the feasibility study of CBM floor fracturing. He proposed that water gravity can assist coal seam drainage and pressure drop. This feature is more prominent in the high–dip angle coal seam, so floor horizontal well fracturing has advantages over horizontal wells in the coal seam in the study area.
Figure 11 shows the coal pillar connection among a pilot test well group. We found a stable sandstone layer under the No. 42 coal seam. A horizontal well can be drilled into this layer and fractured to generate vertical fractures into coal. We used the production well pattern optimized in Optimization of Drainage Well section as the base case, including three U-shaped along-dip horizontal wells. The well H1 in Figure 11 shows the numerical simulation method of the floor fracturing horizontal well. Figure 12 shows the simulation results after the floor fracturing horizontal well added. The gas production of the horizontal well is 0 m3, while the water production remained at about 900 m3. After 15 years, the NPV reaches 1.36 × 108 CNY with an increase of 40% compared to the original well pattern of 9.69 × 107 CNY. The cost of the horizontal well becomes negligible.
[image: Figure 11]FIGURE 11 | Schematic diagram of numerical simulation of the floor fracturing horizontal well and coal pillar connection among a pilot test well group: U1-3 is the U-shaped along-dip horizontal well group; H1 is the horizontal well drilled in the floor; and FS1-5 is the pilot test well group.
[image: Figure 12]FIGURE 12 | Comparison of the simulation cases: (A) Gas production rate, (B) NPV.
Optimization of Inserting Wells
Another negative impact of gas–water gravity differentiation is the leakage of CBM. We used the well pattern optimized above to simulate the CBM leakage phenomenon. Figure 13A shows the amount of CBM leakage. The phenomenon starts on day 1,423 with the amount of CBM leakage gradually increasing with production. After 15 years, the daily leakage rate reaches 12,882 m3/d, leading to a total waste of 2.9 × 107 m3 of resources and production capacity affection. In order to capture leaked gas, we inserted wells in the beginning of the CBM leakage. We inserted five vertical wells at a depth of 300 m. To control a larger area, we set the spacing of inserting wells to half of the optimal bedding well spacing, 156 m. Simultaneously, we chose a well as a reference well and set it to start production together with the U-shaped wells.
[image: Figure 13]FIGURE 13 | Results of inserting well simulation: (A) gas leakage rate and (B) gas production rate.
Operators also considered the characteristics of gas–water gravity differentiation and upward migration of gas in the early pilot test and drilled a vertical well in the shallow part. However, the test result was not good. From Figure 13B, we can observe that if the reference well starts producing from the initial production date, the productivity of the reference well is indeed not ideal. On the one hand, the gas content of the shallow part is low. On the other hand, the CBM from the deep coal seam has not migrated up to the well. After 1,423 days, the productivity of the vertical well has increased significantly. The leakage of CBM has been effectively limited at the same time.
Discussion
Figure 14 shows the specific process of well pattern optimization, the statistical values of the cost, productivity, and NPV of each case. We first optimized the well spacing and found that 312 m is the optimal well spacing, of which the productivity and the NPV reach 2.66 × 107 m3, and 5.44 × 107 CNY, respectively. In order to solve the problem of the difficulty in producing deep water caused by the gas–water gravity differentiation, we proposed a plan to drill a staged and fractured horizontal well in the floor. Although the well did not produce gas, the overall productivity reaches 4.97 × 108 m3 with an increase of 87.54%. The NPV reached 1.16 × 108 CNY with an increase of 123.23%. Finally, in order to solve the impact of CBM leakage, we inserted a vertical well in the shallow part to capture the upwardly moving gas. The production capacity reaches 5.34 × 108 m3 with an increase of 6.93%. The NPV reaches 1.21 × 108 CNY with an increase of 4.3%.
[image: Figure 14]FIGURE 14 | Optimization process and result statistics of well pattern in the high-dip coal seam.
From the above data, we found that the most effective measure to increase productivity is to drill a horizontal well in the floor to increase drainage capacity. In the research, the cost of a staged fractured horizontal well is 2.88 × 106 CNY. However, the NPV increases by 6.16 × 107 CNY for the well pattern. Although the five vertical wells inserting at the shallow area did not make a significant contribution to the increase in productivity and NPV, they effectively reduced the leakage of CBM.
CONCLUSION
We proposed a modified desorption model for low-rank coal and an optimal well pattern for the high–dip angle coal seam. The desorption model can record the information adsorption process and mark the residual gas of low-rank coal. Besides, the desorption model was applied to improve the accuracy of the numerical simulation. We optimized the well pattern, by determining the primary production well, optimizing the wells for producing water, and inserting the wells for capturing CBM leakage.
The U-shaped wells were chosen as the primary production wells, with the optimal well spacing of 312 m. A staged fracturing horizontal well drilled in the floor of the coal seam was chosen for producing water. To capture the leaking CBM from the shallow area, we inserted some vertical wells when leakage starts. The optimal well pattern can improve the NPV significantly and reduce the waste of resources effectively.
The modified desorption model, along-dip horizontal well spacing optimization method, and horizontal wells drilled in the floor proposed in this study can be applied to other inclined low-rank coal reservoirs. Because there are an exposed area and shallow fire coal areas with high permeability in the Baiyanghe mining area, inserting wells that capture CBM leakage are specifically proposed. At the same time, in order to improve the accuracy of the simulation of CBM leakage, field tests should be carried out in the future.
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Ferrofluid is a kind of magnetic fluid, the flow of which is controlled by an external magnetic field. Owing to this property, ferrofluid, as a new function material, has raised extensive concern in the oil industry. In this paper, the issue of ferrofluid flow in complex porous media has been studied by numerical simulation, and the validity and accuracy of the numerical algorithm are demonstrated through a 1-D horizontal tube example. Later, the effects of the magnetic force on ferrofluid flow in complex porous media, such as heterogeneous and fractured porous media, are investigated. The results show that there is basically no flow in low permeability or secondary fracture without a magnetic field, due to the characteristics of porous media and displacement pressure distribution. However, the ferrofluid flow velocity and domain can be changed by applying an external magnetic field. This novel phenomenon may provide a new idea to enhance oil recovery based on controllable flooding technology or meet other industrial needs by using ferrofluid.
Keywords: ferrofluid flow, porous media, numerical simulation, multi-field coupled, finite element method
INTRODUCTION
Water flooding, as is well recognized, is an effective approach to maintain reservoir pressure and improve oil recovery. However, heterogeneities or fractures present in reservoirs can significantly decrease the sweep efficiency, leading to poor utilization ratios, and low oil recovery (Qitai, 2000; Han, 2007; Li, 2009). Therefore, how to change the direction of the displacement fluid to increase the flooding area plays a vital role in enhancing oil recovery. At present, there are many methods to achieve that. First, the subsurface fluid flow can be regulated by optimizing the well production and injection. Second, increasing rock permeability in low-sweep zones, such as by fracturing and acidizing methods (Zeng et al., 2018; Lei et al., 2019; Lu et al., 2020; Zeng et al., 2020; Jia et al., 2021), can significantly improve the flow capacity of the zones. In addition, it is also an alternative to apply polymer flooding or surfactant flooding to change the properties of the displacement fluid and reduce its flow ability in high-sweep zones or increase its flow ability in low-sweep zones (Zhu et al., 2019a; Zhu et al., 2019b; Sidiq et al., 2019). However, all of the above methods are time-consuming and labor-intensive work.
Ferrofluid is a stable colloid composed of nanoscale magnetic particles (usually magnetite, Fe3O4) which are coated with a molecular layer of a dispersant (amphiphilic molecules, like oleic acid) and suspended in a liquid carrier (Popplewell and Charles, 1981), as is shown in Figure 1. Ferrofluid exhibits the characteristics of a general fluid in that its motion follows the hydrodynamic law. However, it is a magnetic substance that receives the magnetic body force in the presence of an external magnetic field, so that its behavior and property can be controlled by the magnetic field (Odenbach, 2008). The idea of creating a colloidal fluid with ferromagnetic properties was put forward independently and almost simultaneously by several investigators. One of the first and most easily prepared colloidal systems was developed by NASA in the early 1960’s (Rosensweig, 1982). At present, ferrofluid has many industrial applications, such as dynamic sealing, inertial and viscous damper, magnetic drug targeting, liquid microrobots, and so on (Raj and Moskowitz, 1990; Hou et al., 1999; Scherer and FigueiredoNeto, 2005; Fan et al., 2020). Recently, researchers have been studying the potential of using ferrofluid to detect fractures and heterogeneity in reservoirs (Sengupta, 2012; Rahmani et al., 2015).
[image: Figure 1]FIGURE 1 | Sketch of ferrofluid composition.
In this paper, we focus on the ferrofluid flow in porous media using the numerical simulation method based on the finite element method. First, the validity and accuracy of the model and the numerical algorithm are demonstrated. Then, several problems of the heterogeneous and fractured porous media flow are studied. The results show that the ferrofluid flow in complex porous media can be manipulated by applying an external magnetic field. For example, the flow velocity and the flow region can be changed under the action of magnetic force. This phenomenon may provide a new idea for enhancing oil recovery, such as using ferrofluid as controllable displacement fluid in complex or unconventional reservoirs.
COMPUTATIONAL METHODOLOGY
Magnetic Body Force
When applying an external magnetic field, the secondary magnetic field produced by the magnetic particles in the ferrofluid and the interaction between the two magnetic fields produce a magnetic body force on the ferrofluid (Neuringer and Rosensweig, 1964):
[image: image]
where [image: image]= 4π × 10−7 Tm/A is the magnetic permeability of vacuum, [image: image] is magnetization, and [image: image] is magnetic field strength.
We considered a water-based ferrofluid whose properties are provided by a nanomaterial company in China. Its viscosity and density respectively equal 5.8 mPa∙s and 1,187 kg/m3. Although the composition of the fluid was not offered, the magnetization curve of the fluid was provided to us as is shown in Figure 2. The ferrofluid magnetization curve can be generally approximated by simple two-parameter arctan functions of the form (Oldenburg et al., 2000):
[image: image]
where [image: image] = 1 × 104, [image: image] = 3.5 × 10−5.
[image: Figure 2]FIGURE 2 | Schematic diagram of ferrofluid: (A) A bottle of water-based ferrofluid; (B) Magnetization vs. magnetic field strength curve of the ferrofluid.
Calculation of Magnetic Field
In this paper, the external magnetic field provided by the NdFeB magnets and the three-dimensional magnetic field could be calculated by analytic equations (Maccaig, 1987): 
[image: image]
where,
[image: image]
[image: image]
[image: image]
[image: image]is residual flux density of the magnet and is measured in Tesla (T) in SI units. [image: image], [image: image], and [image: image]are the length of the magnet in three directions as is shown in Figure 3.
[image: Figure 3]FIGURE 3 | A sample of NdFeB magnet and its local coordinate system.
Single-phase Ferrofluid Flow Equations
For a ferrofluid affected by an external magnetic field, a body force Fm is produced, as is shown in Eq. 1. Thus, an additional magnetic force term appears in Darcy’s equation: 
[image: image]
where [image: image] is the mass flow velocity, [image: image] is permeability tensor which changes into scalar [image: image] in isotropic porous media, [image: image]is the density of ferrofluid, [image: image]is the viscosity of ferrofluid, and [image: image]is the acceleration of gravity. And the conservation of mass equation is shown as: 
[image: image]
where [image: image] is the source term and [image: image]is the porosity of porous media.
Finite Element Discretization
In this paper, we only take the isothermal flow of impressible single-phase ferrofluid into consideration whereas we neglect the impact of gravity for simplicity, which is similar to the analysis of other flow problems. Eqs.7, 8 can be simplified as:
[image: image]
Define mobility as [image: image], then:
[image: image]
The Galerkin weighted residual method is used to derive the formulation of the finite element in the above equation: 
[image: image]
where [image: image] equals [image: image]. By applying the Integration by Parts method and considering the impermeable boundary, Eq. 11 turns into:
[image: image]
The finite element approximation of the pressure [image: image], magnetic field strength [image: image], and potential function [image: image] on the grid unit are:
[image: image]
where [image: image] is the number of grid points, [image: image] is the shape function at grid point, [image: image]is the pressure at grid point, [image: image]is the magnetic field strength at grid point, and [image: image]is the potential function at grid point. Taking Eq. 13 into Eq.12, we can obtain a set of pressure equations:
[image: image]
where [image: image], [image: image][image: image] The ferrofluid pressure can be obtained by solving the above equations, and then be combined with Eq.7 to obtain the velocity.
VERIFICATION OF ALGORITHM
Morris et al. set up a one-dimensional experimental system to verify the validity of the magnetic force expression by comparing the experimental and theoretical results (Moridis et al., 1998). Here we used this method to verify the correctness of the algorithm.
Consider a one-dimensional closed horizontal tube model with a radius that is small enough to approximate the porous media. The tube is filled with ferrofluid and a magnet is placed on the left side, as is shown in Figure 4. The length [image: image] of the magnet is 0.127 m, the width [image: image] and height [image: image] of the magnet are both 0.0508 m, and the residual magnetization [image: image] of the magnet is 1.19 T. The distance [image: image] between the magnet and the tube is 0.01 m while the length of the tube is 0.19 m.
[image: Figure 4]FIGURE 4 | Configuration of the 1-D horizontal tube model.
For the 1-D model, combined Eqs 3, 4, the calculation of magnetic field strength can be simplified as:
[image: image]
Based on the Eq.15, the magnetic field strength gradient can be obtained:
[image: image]
Combining Eqs 1, 2, 16, the magnetic force term [image: image] can be obtained. Moridis et al. used a single exponential function to fit the magnetic force term (Moridis et al., 1998). Based on this form, here the magnetic force term is fitted by a double exponential function to obtain higher precise fitting:
[image: image]
where these coefficients [image: image] = −1860 TAm/(m3Kg), [image: image] = 51.55, [image: image] = 1465 TAm/(m3Kg), and [image: image] = 50.3. The fitting results of magnetic force term are shown in Figure 5:
[image: Figure 5]FIGURE 5 | Comparison of theoretical value and fitting value of magnetic force term.
Because the tube is closed and horizontal, [image: image] and [image: image]equals zero. Combining Eqs 7, 17, one can obtain:
[image: image]
Solving the above equation, the analytic solution of pressure can be obtained:
[image: image]
where [image: image] is the initial pressure and is assumed to equal the atmospheric pressure, which is 101.3 × 103 Pa, the distance [image: image]. The analytic solutions obtained by Eq.19 and the numerical solutions obtained by the finite element method are basically the same, as is shown in Figure 6. Therefore, the validity and effectiveness of the presented algorithm, which is mentioned in Finite Element Discretization, have been illustrated.
[image: Figure 6]FIGURE 6 | Analytical and computational ferrofluid pressure vs. distance from a magnet.
EXAMPLES AND DISCUSSIONS
Porous Media With Horizontal Heterogeneities
Consider two 1/4 five-spot horizontal heterogeneous porous media models, as Figure 7 shows, both with a size of 0.2 m × 0.2 m. The first model contains elliptical high-permeability zones while the second model contains elliptical low-permeability zones. The former permeability is 1.0 × 10−13 m2 and the latter permeability is 1.0 × 10−16 m2. Assuming both models have a porosity of 0.2 it are outside of the elliptical zones, then the permeability will be 1.0 × 10−14 m2. The injection and production rates of both models were set to 1.0 PV/min, where PV is the total pore volume. The initial pressure is 101.3 × 103 Pa. Two magnets were placed on both porous media models, as is shown in Figure 7, and the magnet properties have been mentioned in Verification of Algorithm.
[image: Figure 7]FIGURE 7 | Two different kinds of heterogeneous porous media models and the location of permanent magnets: (A) Porous media with a high-permeability zone; (B) Porous media with a low-permeability zone.
For the former heterogeneous model, the injected ferrofluid mainly flows through the high permeability zone when there is no external magnetic field (the size and direction of black arrows represent the flow velocity). While in the lower permeability area, ferrofluid is barely flowing because the pressure gradient is too low, as is shown in Figure 8C
[image: Figure 8]FIGURE 8 | Distribution of ferrofluid pressure and external magnetic field strength, the black arrow stands for flow velocity: (A) Mesh grid; (B) External magnetic field strength, 103A/m; (C) Pressure map without external magnetic field influence, KPa; (D) Pressure map with external magnetic field influence, KPa.
However, when applied to an external magnetic field (Figure 8B), ferrofluid begins to flow towards the magnets and the pressure increases under the effect of the magnetic force. The magnetic force acts as a “shunt effect,” as is shown in Figure 8D.
For the latter heterogeneous porous media, the flow velocity in the low permeability zone is nearly zero. Ferrofluid flows bypassing the low permeability zone and the velocity is low when there is no external magnetic field, as is shown in Figure 9C.
[image: Figure 9]FIGURE 9 | Distribution of ferrofluid pressure and external magnetic field strength, the black arrow stands for flow velocity: (A) Mesh grid; (B) External magnetic field strength, 103A/m; (C) Pressure map without external magnetic field influence, KPa; (D) Pressure map with external magnetic field influence, KPa.
When an external magnetic field is applied (Figure 9B), the magnetic force speeds up the flow of ferrofluid around the low permeability zone which leads to a “drainage effect.” The magnetic force leads to the flow velocity and the fluid pressure increases, as is shown in Figure 9D.
Porous Media With Fractures
The fractures’ geometric configuration was simplified by using the discrete-fracture method (Huang et al., 2011). Assuming the representative element volumes of both matrix and fracture system exist, and the flow equations (FEQ) are applied to the entire research area, then for the discrete-fracture model, the integral form of the flow equation can be expressed as:
[image: image]
where [image: image] represents the matrix, [image: image] represents the fracture, and [image: image] is the aperture of fracture.
Consider two horizontal fractured porous media models as are shown in Figure 10, and the model size is 0.2 m× 0.2 m. The aperture of fracture equals 1 mm, and the permeability of fracture is 8.33 × 10−10 m2. The other parameters are the same as mentioned above. Both two models have the same magnetic field as is shown in Figure 8B.
[image: Figure 10]FIGURE 10 | Two different kinds of fractured porous media models and the location of permanent magnets: (A) Porous media with a single-fracture; (B) Porous media with multiple-fracture.
Because fracture is regarded as a kind of preferential pathway, the injected ferrofluid mainly flows along with the primary fractures (between the injector and producer), but the ferrofluid in the matrix or secondary fractures hardly flow, as is shown in Figure 11C,E (the red and black arrows stand for flow velocity in fractures and matrix respectively). When an external magnetic field is applied, the ferrofluid is forced to flow towards the magnet. As a result, the flow velocity in the primary fracture decreases and the ferrofluid in the matrix and secondary fractures begins to flow, as is shown in Figure 11D,F.
[image: Figure 11]FIGURE 11 | Distribution of ferrofluid pressure, the red and black arrows stand for flow velocity in fractures and matrix respectively: (A) Mesh grid of single-fracture model; (B) Mesh grid of multiple-fracture model; (C) Pressure map of single-fracture model without external magnetic field influence, KPa; (D) Pressure map of single-fracture model with external magnetic field influence, KPa; (E) Pressure map of multiple-fracture model without external magnetic field influence, KPa; (F) Pressure map of multiple-fracture model with external magnetic field influence, KPa.
Heterogeneous and Fractured Porous Media
Consider a heterogeneous and fractured porous media model as is shown in Figure 12A, and the model size is 0.6 m × 0.2 m. The magnetic field and heterogeneous permeability map are shown in Figure 12B,C.
[image: Figure 12]FIGURE 12 | A heterogeneous and fractured porous media model and the location of permanent magnets: (A) Model diagram; (B) External magnetic field strength, 103A/m; (C) Permeability map, log10(K).
When there is no external magnetic field, the ferrofluid mainly flows in the fractures and the matrix with high permeability between injector and producer, as is shown in Figure 13B. However, the fluid flows slowly in the upper left and lower right corners of the reservoir due to the small pressure gradient.
[image: Figure 13]FIGURE 13 | Distribution of ferrofluid pressure, the red and black arrows stand for flow velocity in fractures and matrix respectively: (A) Mesh grid; (B) Pressure map without external magnetic field influence, KPa; (C) Pressure map with external magnetic field influence, KPa.
Instead, if an external magnetic field (shown in Figure 12B) was applied, the flow state of the ferrofluid was changed, as is shown in Figure 13C. First, the flow velocity of the fluid in the matrix and fractures near the magnet increased due to magnetic force. Second, the flow velocity in the area far away from the magnetic source became relatively small. Third, the direction of fluid flow in some fractures is even reversed because the magnetic field force overcomes the displacement pressure gradient. The above results show that the flow of ferrofluid can be significantly affected by the external magnetic field, and therefore, its flow can be changed and the flow region can be expanded.
CONCLUSION
In this paper, the ferrofluid flow in complex porous media is investigated. The magnetic force is introduced into the Darcy equation and the Galerkin finite element method is used for discrete equations. From the simulation results, it is found that the ferrofluid flow in complex porous media can be manipulated by applying an external magnetic field. Moreover, some interesting phenomenon during ferrofluid flow in heterogeneous and fractured porous media have been found: 1) there is basically no flow in low permeability areas or secondary fractures without a magnetic field due to small displacement pressure; and 2) the ferrofluid flow direction and velocity can be changed, so that the magnetic force allows this magnetic fluid to be manipulated to flow in the desired direction through control of the external magnetic field, and makes the flow area larger.
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Carbonate reservoirs are one of the most important fossil fuel sources, and the acidizing stimulation is a practical technique for improving the recovery of carbonate reservoirs. In this study, the improved two-scale continuum model, including the representative elementary volume (REV) scale model and the upscaling model, is used to study the acidizing process with an isolated fracture. Based on this model, a comprehensive discussion is presented to study the effect of the physical parameters of the isolated fracture on the acidizing results and dissolution images, including the isolated fracture geometry, location, and morphology. Results show that the isolated fracture system is still the target system for the acidizing stimulation. The isolated fracture provides a limited contribution to the core porosity. The permeability of the core sample with fracture can be obviously increased only when the fracture penetrates through the whole sample. The existence of the isolated fracture reduces the consumption of acid solution to achieve a breakthrough. The acidizing curve is sensitive to the change of the length, aperture, and position of the isolated fracture. The acidizing curve difference corresponding to different rotation angles has not changed significantly for clockwise rotation and anticlockwise rotation groups.
Keywords: fracture acidizing, two-scale continuum model, carbonate reservoirs, reactive flow, carbonate acidizing
INTRODUCTION
Carbonate reservoirs are one of the significant parts of fossil fuel sources (Zhao et al., 2018; Liu et al., 2020). Compared with sandstone sedimentary rocks, carbonate reservoirs have strong heterogeneity due to complex geological processes, which result in more formation energy consumption in some carbonate reservoirs with low permeability (Zhao et al., 2020; Liu et al., 2021). Carbonate acidizing is a widely used stimulation technology to effectively improve the oil recovery of carbonate reservoirs using the acid solution to dissolve the low permeability matrix (Wei et al., 2019).
Large numbers of articles have been published to study the carbonate matrix acidizing process. Experimental studies are mainly conducted through core flooding experiments, in which constant concentration acid solution is pumped at the inlet boundary of the core sample (Fredd and Fogler, 1999; Dong, 2012). During the experimental process, the pressure at the inlet boundary of the core sample is always recorded as an indirect indicator variable for monitoring the acidizing implementation. As the pore structure inside the core sample is constantly dissolved by the acid solution, the migration resistance of the acid fluid inside the core sample also constantly changes, causing the pressure at the core entrance to vary from time to time. Usually, the core displacement test is stopped when the inlet boundary pressure of the core sample is observed to decrease significantly (Zakaria and Nasr-El-Din, 2016). The obvious decrease of pressure means that the fluid migration resistance inside the core sample has dropped significantly, which is usually defined as the breakthrough moment during the acidizing process. The amount of acid consumed at the breakthrough time has been widely determined as a quantitative indicator to study the effectiveness of the acidizing process and evaluate the impact of different influencing factors on the acidizing process, including the acid solution types, concentration, injection rate, and core sample geometry (Dong, 2012; Furui et al., 2012; Wadekar and Pandya, 2014; Sarmah et al., 2020). One of the most important findings of these experimental studies is that there exists an optimum value for the acid breakthrough consumption curve, at which the injected acid solution consumes the minimum amount of the acid solution to achieve a breakthrough (Fredd and Fogler, 1999; Furui et al., 2012). Another important finding is that when acid solution is injected into the core sample at different rates, the final dissolution structure inside the core sample is also different when achieving the breakthrough (Sarmah et al., 2020). The high acid injection rate makes the acid solution to be transported to most of the core sample, causing the solid matrix to be uniformly dissolved. When the acid injection rate is reduced at the optimum value, the migration of the acid solution is controlled by the convection, diffusion, and core heterogeneity together. Finally, a major dissolution channel is formed inside the core sample named as the wormhole. When the acid solution injection rate further decreases, the width of the main wormhole is enlarged because the acid solution obtains sufficient time to dissolve the solid matrix.
Several mathematical models have also been developed to capture and reproduce the important results observed in the experimental studies, including the pore network model, empirical model, and continuum model (Maheshwari et al., 2013). The pore network model is the most realistic model, in which the initial calculation domain uses the pore network obtained through the true target stimulated core sample. The acidizing process is simulated inside each pore and throat of the real core sample (Tansey, 2014). However, huge calculation expense decides that the pore network model can only be conducted within the limited domain (Tansey and Balhoff, 2016). The empirical model has the smallest calculation expense, but the model accuracy depends on the assumptions for deriving the empirical model and the benchmark data obtained through the experimental studies (Maheshwari et al., 2016; Palharini Schwalbert et al., 2019). Finally, the continuum model has been extensively developed recently due to the high model accuracy compared to the empirical model and less computational consumption compared to the pore network model. The continuum model was first proposed by Panga et al. (2005) including the Darcy-scale model and pore-scale model. Hence, the continuum model is also referred to as the two-scale continuum model (Panga et al., 2005; Maheshwari et al., 2013; Liu et al., 2017). Recently, the two-scale continuum model was further improved by Jia et al. (2021a) to more accurately simulate the stimulation process, in which the additional mass term is added in the fluid phase continuity equation to consider mass exchange term between the solid matrix and acid solution. Also, the Stoke–Darcy equation is used instead of the Darcy equation to describe acid solution flow (Jia et al., 2021b).
Apart from the solid matrix, fractures are also very common in carbonate reservoirs. And, the carbonate rocks with isolated fractures are also the target reservoirs for the acidizing stimulation (Li and Voskov, 2021). However, few studies are conducted to study the acidizing process in carbonate rocks with isolated fractures. One of the reasons is that the efficient and accurate characterization of fractures is still a challenge in numerical simulation. Usually, the fracture models can be divided into the discrete fracture model and the duel-medium model according to the fractures’ descriptions. The discrete fracture model explicitly distinguishes the location of each fracture, and the fluid flow in each single fracture can be simulated (Neuzil and Tracy, 1981; Tsang and Witherspoon, 1981). The simplest discrete fracture model uses two parallel, infinite planes to represent single fracture (Snow, 1969). The cubic law is used to determine the fracture permeability used in the Darcy equation (Muralidhar, 1990). In actual application, the fracture aperture is generated through a random function to consider the effect of the roughness of the fracture surface (Zimmerman et al., 1991; Zimmerman et al., 1992). Different from the discrete fracture model, the duel-medium model assumes that the simulated domain contains both the solid matrix and the fracture (Moreno et al., 1988; Tsang and Tsang, 1989). The governing equations are developed both for the solid matrix region and the fracture region (Meyer and Bazan, 2011). The flow exchange between the solid matrix region and the fracture region is a function of the fluid pressure difference in the solid matrix region and the fracture region (Wu, 2015). It is worth noting that the fluid flow in the above fracture models is all described by the Darcy equation. However, the matrix acidizing results have proven that the applicability of the Darcy equation is only validated when the acid injection rate is relatively high, and the solid matrix is uniformly dissolved. When wormholes appear, the Darcy equation is not able to accurately describe the fluid flow because it only considers the effect of the structure of porous media (Jia et al., 2021b). However, in the wormhole region, the complex porous structure is dissolved into free-flow region. And, for the fracture region, it can also be seen as a special wormhole region, in which the applicability of the Darcy equation is still challenged and needs to be further validated. Hence, a more general mathematical model is still needed to simulate the acidizing process with fractures.
In this study, the improved two-scale continuum model is used to study the acidizing process with an isolated fracture. The detailed model descriptions are given in the next section. In the discussions and results section, both the classical and the improved two-scale models are used to simulate the acidizing process with an isolated fracture. Several cases are designed to investigate the effect of the fracture physical parameters on the stimulation results and compare the differences between the classical and the improved two-scale models. The main conclusions are summarized in the last section.
Model Descriptions
The mathematical models used in the acidizing process simulation with an isolated fracture is referred as the improved two-scale continuum model (Panga et al., 2005), which contains the representative elementary volume scale model and the upscaling model.
Representative Elementary Volume Scale Model
The representative elementary volume scale model is developed based on the mass and momentum conservation principles. The chemical reaction between the solid matrix and the acid solution proceeds according to the following equation:
[image: image]
The specific reaction rate is expressed by the concentration of hydrochloric acid in the acid solution system:
[image: image]
where [image: image] is the acid surface reaction rate and [image: image] is the acid surface concentration. Then, the mass conservation equations of the fluid phase, acid solution, and solid matrix are given in turn as follows:
[image: image]
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where [image: image] is the porosity, [image: image] is the fluid phase density, [image: image] is the fluid phase velocity, [image: image]is the molar mass of calcite, [image: image] is the specific surface area, [image: image] is the acid bulk concentration, [image: image] is the acid diffusion coefficient, and [image: image] is the solid phase density. As for the determination of fluid phase velocity, the Darcy equation is most commonly used in both matrix and fracture regions (Wu, 2015):
[image: image]
where [image: image] is the fluid viscosity, [image: image] is the permeability, and [image: image] is the fluid phase pressure. Because it is usually accepted that fluid flow inside the porous media is mainly influenced by the porous media structure, however, our recent study results (Jia et al., 2021b) have proved that acid solution migration in porous media is affected by the porous structure for acidizing processes. The influence of viscous dissipation between acid solutions becomes more significant in the wormhole region and should also be considered. Instead, the Stokes–Darcy equation is adopted in the improved two-scale continuum model to determine acid solution convection velocity (Jia et al., 2021b):
[image: image]
In this work, both the Darcy equation and the Stokes–Darcy equation are used to simulate the acidizing process with an isolated fracture to further compare the effect of differences between the classical and the improved two-scale models on the acidizing results.
Upscaling Model
The upscaling model is developed to link the actual acidizing process with the REV scale model. In the actual stimulation process, the chemical reaction between the acid solution and the solid matrix occurs on the pore surface inside the solid matrix. However, the reaction terms involved in the model established on the REV scale are based on the control volume. The connection between the actual chemical reaction rate at the pore scale and the equivalent, chemical reaction term on the REV scale is achieved through the mass transfer equation:
[image: image]
where [image: image] is the acid mass transfer rate, which is determined by an analytical expression (Balakotaiah and West, 2002):
[image: image]
where [image: image], [image: image], [image: image], and [image: image] are the dimensionless numbers, the asymptotic Sherwood number, [image: image], is usually valued as 3.66 for circular pore structure, pore Reynold number, [image: image], and Schmidt number, and [image: image] is defined as [image: image] and [image: image], [image: image] is the dynamic viscosity. During the acidizing process, the continuous dissolution of the solid matrix by the acid solution causes the porous structure to change from time to time. The modified Carman–Kozeny equations update the change of the physical parameters of the solid matrix (Panga et al., 2005; Maheshwari et al., 2013):
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where [image: image], [image: image], and [image: image] are the initial rock parameters of permeability, pore radius, and specific surface area, respectively, and [image: image] and [image: image] are the parameters related to pore connection and cementation. At the same time, the porous structure of the solid matrix also affects the diffusion process of the acid solution:
[image: image]
where [image: image] is the molecular diffusion coefficient, [image: image] is the unit vector, [image: image] is the pore radius, [image: image] is the fluid velocity norm, and [image: image] and [image: image] are the components of fluid phase velocity.
Initial and Boundary Conditions
The application of the initial and boundary conditions is consistent with the core displacement experiment (Fredd and Fogler, 1999; Dong, 2012). The core sample is saturated with water at the beginning. When the acidizing stimulation begins, the acid solution is continuously injected from the core inlet boundary at a constant injection rate and concentration, and the right boundary of the core sample maintains a constant pressure. The surrounding of the core sample is kept closed (Dong et al., 2014).
RESULTS AND DISCUSSION
The study domain is selected as a common core sample size adopted in the experimental study with a dimension of 4 cm width and 10 cm length. The initial porosity and permeability of the core sample are measured as 0.15 and 5 m D (Dong et al., 2014). The isolated fracture is located in the center of the core sample with a length of 5 cm and an aperture of 0.15 mm. The acid system is selected as a hydrochloric acid solution with an injection concentration of 15% (4.42 mol/L). The molecular diffusion coefficient of the acid solution is determined as [image: image] cm2/s and surface reaction rate is determined as [image: image] cm/s (Panga et al., 2005; Jia et al., 2021b). The values of other physical parameters used in numerical models are summarized in Table 1. The governing equations are discrete and solved based on the finite element method. During the calculation process, the core inlet boundary pressure is detected to monitor the acidizing process. The calculation stops when the core apparent permeability increases 100 times (Dong et al., 2014). The apparent permeability is determined based on the Darcy equation using the pressure difference between the inlet and the outlet boundaries. The volume of acid consumed at the calculation stops is normalized by the core initial pore volume to obtain the evaluation variable for the acidizing result, pore volume to breakthrough (PVBT) (Panga et al., 2005).
TABLE 1 | Values of physical parameters used in numerical models.
[image: Table 1]Model Comparison with the Existence of an Isolated Fracture
This section mainly investigates the influence of the isolated fracture on the acidizing process. We first study the influence of the single fracture on the core porosity and permeability. Figure 1 shows two typical single fracture patterns inside the core sample, separately named as the connected fracture and the isolated fracture. The porosity values are determined as 0.1815 and 0.1657, respectively, for the connected fracture and isolated fracture core samples. The permeability of the isolated fracture core sample is numerically measured at 7.94 mD, while the permeability of the connected fracture core sample is at 50 mD. The matrix porosity and permeability is 0.15 and 5 mD. It can be observed that both the isolated fracture and the connected fracture have a limited influence on porosity. The isolated fracture also has limited contribution for the core permeability. Only the connected fracture obviously increases the core permeability. Hence, the core sample with an isolated fracture is still the target core sample for the acidizing stimulation.
[image: Figure 1]FIGURE 1 | Typical fracture patterns inside the core sample: (A) isolated fracture; (B) connected fracture.
In the classical two-scale continuum model (Panga et al., 2005), the Darcy equation is used to describe the fluid flow during the acidizing process. In our recent work (Jia et al., 2021b), the Stokes–Darcy equation is suggested to determine the fluid phase velocity instead of the Darcy equation. Because the applicability of the Darcy equation is questioned within the wormhole regions, in the wormhole regions, the porosity value is very high, even up to 1. The effect of the porous structure on the fluid flow becomes less and less obvious. The viscous dispersion between the fluid phase becomes more important and should be considered. Figure 2 shows the carbonate matrix acidizing curves separately determined by the Darcy equation and the Stokes–Darcy equation. The results support the application of the Stokes–Darcy equation. When the acid solution is injected at high rates, the difference between the two acidizing curves is not very obvious. Because most of the solid matrix is not totally dissolved into wormholes with high acid injection rates. The effect of porous structure on the fluid flow is still dominated in this case compared to fluid phase viscous dispersion. The acidizing curve difference becomes apparent with low acid injection rates. When the acid injection rate is very low, the acid solution has sufficient time to react with the solid matrix, causing most of the solid matrix to completely dissolve into wormholes. Because the Darcy equation cannot consider the effect of fluid viscosity dissipation, the acid breakthrough volume calculated by the Darcy equation is obviously less than that determined by the Stokes–Darcy equation. The acidizing efficiency of the acid solution is artificially enhanced by using the Darcy equation. Figure 3 further compares the acidizing curves separately determined by the Darcy equation and the Stokes–Darcy equation with an isolated fracture. With contrast to Figure 2, the difference between the acidizing curves with an isolated fracture becomes obvious within the whole injection rate interval, even though the acid injection rate is at high values. The results show that the existence of an isolated fracture also challenges the applicability of the Darcy equation at high injection rates.
[image: Figure 2]FIGURE 2 | Matrix acidizing curves of pore volume to breakthrough.
[image: Figure 3]FIGURE 3 | Isolated fracture acidizing curves of pore volume to breakthrough.
Figure 4 continues to compare the acidizing curves with an isolated fracture and without an isolated fracture. The results show that the acid breakthrough volume with an isolated fracture is smaller than that of the matrix acidizing result within in both acidizing curves determined by the Darcy equation and the Stokes–Darcy equation. The acid breakthrough volume difference between the acidizing curves with and without an isolated fracture is quite obvious when the acid injection rate is at a high value for both the Darcy equation and the Stokes equation. The acid breakthrough volume difference between the acidizing curves with and without an isolated fracture starts to differ at lower injection rates. The acid breakthrough volume difference determined by the Stokes–Darcy equation gradually becomes less apparent at low injection rates. The acid breakthrough volume difference determined by the Darcy equation is still significant when the injection rate is low. Figure 5 compares the dissolution images of the core sample with and without an isolated fracture. The isolated fracture greatly influences the final dissolution patterns especially when the acid solution is injected into the core sample with high and intermediate rates. The isolated fracture provides an advantageous passage for acid migration in porous media, in which isolated fracture prevents more acid from being ineffectively consumed to dissolve the solid matrix. Table 2 further studies the effect of mass exchange term between solid matrix and acid fluid solution on the stimulation results with an isolated fractured, which is neglected by most previous numerical studies (Panga et al., 2005). The results show that ignoring the mass exchange term still leads to an overestimated acid breakthrough volume, which is consistent with the conclusions obtained from the matrix acidification process (Jia et al., 2021a).
[image: Figure 4]FIGURE 4 | Comparison of acidizing curves of pore volume to breakthrough between matrix and isolated fracture: (A) Stokes–Darcy equation; (B) Darcy equation.
[image: Figure 5]FIGURE 5 | Comparison of dissolution images of matrix and isolated fracture core samples: (A) 0.1 cm/s; (B) 0.01 cm/s; (C) 0.001 cm/s.
TABLE 2 | Effect of mass transfer term on acidizing results of isolated fracture core sample.
[image: Table 2]Effect of Isolated Fracture Geometry
This section mainly studies the influence of fracture geometry on the stimulation process, including fracture length and fracture aperture. The fracture length is selected to vary from 3 to 8 cm, in which the fracture remains in the middle of the core sample with an aperture of 1.5 mm. The results show that the porosity of the core increases from 0.16 for a 3 cm fracture length to 0.18 for an 8 cm fracture length. The core permeability increases from 6.1 mD for a 3 cm fracture length to 15.1 mD for an 8 cm fracture length. The permeability and porosity of the matrix core sample correspond to 0.15 and 5 mD, separately. As for the influence of the aperture, the porosity increases from the matrix porosity of 0.15–0.18, corresponding to the fracture aperture of 3 cm. The permeability increases from the matrix permeability of 5 to 8.2 mD. Hence, different fracture lengths and apertures have a very limited effect on the growth of core porosity and permeability.
Figure 6 shows the acidizing curves corresponding to different fracture lengths. The results show that the acid breakthrough volume increases with the increase of the isolated fracture length. And, the existence of isolated fracture can obviously affect the distribution of pressure and velocity inside the core sample, as shown in Figure 7. Inside the matrix core sample, the acid fluid injection rate is parallel to the length direction of the core sample, and the pressure gradient also decreases uniformly along the core length. When an isolated fracture exists, the uniformly changing pressure gradient inside the matrix core sample is intuitively broken. The pressure within an isolated fracture is generally lower than the pressure of the matrix core sample. A pressure convergence zone and a pressure divergence zone separately forms at the inlet and the outlet boundaries of the isolated fracture. Hence, the fluid tends to flow into the convergence zone and the divergence zone and also leads to the formation of wormhole branches at the outlet boundary of the isolated fracture. Figure 8 continues to study the influence of fracture aperture on the acidizing results. The results show that the increase of the fracture opening can reduce the amount of acid consumed at breakthrough. High fracture apertures increase the affected domain generated by the isolated fracture and causes the acid solution migration within the core sample affected more obviously. More acid solution is induced by the high fracture aperture, resulting in less acid solution consumed.
[image: Figure 6]FIGURE 6 | Isolated fracture acidizing curves of pore volume to breakthrough with different lengths.
[image: Figure 7]FIGURE 7 | Comparison of velocity and pressure profiles with acid injection rate at 0.01 cm/s: (A) matrix core sample; (B) isolated fracture core sample.
[image: Figure 8]FIGURE 8 | Isolated fracture acidizing curves of pore volume to breakthrough with different apertures.
Effect of Isolated Fracture Location
In this section, several cases are designed to study the isolated fracture locations on the acidizing results. The isolated fracture developed in the center of the core sample is selected as the reference comparison case. Here, nine different isolated fracture locations are assumed, covering the top, middle, bottom, left, and right positions. For the simplicity, these nine positions can be divided into three categories: left group (left-up, left-center, and left-down), center group (center-up, center-center, and center-down), and right group (right-up, right-center, and right-down). These nine types of core samples at different isolated fracture locations have the same porosity of 0.17.
Figure 9 compares the acidizing curves corresponding to different groups of fracture positions. It can be found that there is no obvious difference between the acidizing curves with the same group of isolated fractures in the up, center, and down positions. The difference in the acidizing curves becomes obvious between the different groups of left, center, and right positions. The acid consumption volume with the fracture position at the left boundary of the core sample is larger than the breakthrough volume of the acid corresponding to the fracture position at the right boundary of the core sample. When the fracture is located at the entrance boundary, the existence of fracture provides an advantageous channel for the migration of acid solution. During the acidizing process, the acid solution tends to migrate along the main direction of the fracture. Until the acid moves to the right end of the fracture, the acid begins to come into contact with the core sample with low permeability, which causes the acid solution not to be transported as efficiently as it moves in the fracture. The acid solution is forced to accumulate in the fracture and ineffectively consumed. More acid solution is used to increase the width of the fracture, as shown in Figure 10. When the fracture is at the outlet boundary, the acid tends to contact the fracture. Moreover, once the wormhole formed inside the matrix begins to contact the fracture, the core breakthrough can be easily realized. Because the fracture directly communicates with the right boundary, the negative acid accumulation no longer exists. Less acid is needed to break through the core.
[image: Figure 9]FIGURE 9 | Isolated fracture acidizing curves of pore volume to breakthrough with different locations: (A) left group; (B) center group; (C) right group; (D) group comparison.
[image: Figure 10]FIGURE 10 | Comparison of dissolution images of isolated fracture core samples with different positions: (A) left-center; (B) right-center.
Effect of Isolated Fracture Morphology
This section studies the influence of fracture morphology on acidizing process by rotating the isolated fracture at a certain angle. Two rotation directions, clockwise and anticlockwise rotation, are adopted. Each type is rotated by 10, 20, and 30°, respectively. Finally, six different fracture morphologies are obtained. The isolated fracture results with 0° rotation is selected for reference comparison. Although the isolated fracture has different rotation angles inside the core sample, the change of permeability is not obvious. The permeability values are estimated around 7 mD, and the permeability of the matrix core corresponds to 5 mD. Figure 11 studies the acidizing curves corresponding to different rotation angles. The acidizing curves corresponding to different rotation angles are divided into the clockwise rotation and anticlockwise rotation groups. The results show that the change of the acidizing curve corresponding to different rotation angles of the same rotation sequence is very similar. The difference between them has not changed significantly both for clockwise rotation and anticlockwise rotation groups.
[image: Figure 11]FIGURE 11 | Isolated fracture acidizing curves of pore volume to breakthrough with different angles: (A) clockwise; (B) anticlockwise.
Then, we continue to consider an extreme case, in which the rotation angle of the isolated fracture reaches 90°, and the fracture is vertically distributed inside the core sample. Both the vertically distributed and the horizontally distributed isolated fractured cores have a porosity of 0.16. The permeability of vertical and horizontal isolated fracture cores is measured as 5.2 mD and 6.1 mD, respectively. The increase in porosity and permeability is still not obvious. However, the difference between the acidizing curves corresponding to the horizontally and the vertically distributed fracture begins to become obvious, as shown in Figure 12. Compared with the horizontal distribution of fracture, the vertical distribution of fracture simultaneously reduces the breakthrough volume of acid solution and the optimal injection rate. When the fracture is distributed horizontally, the horizontal tips of the fracture form a convergence zone and a divergence zone to attract the acid solution. The acid solution tends to penetrate the fracture through the inlet boundary and form a branch structure at the outlet boundary of the fracture, as shown in Figure 13. When the fracture becomes vertically distributed inside the core sample, the convergence zone and divergence zone are also formed around the fracture. Nevertheless, unlike the divergence zone formed by horizontal fracture, the divergence direction of the velocity corresponding to the vertical fracture divergence zone is consistent with the direction of core breakthrough flow. In contrast, the divergence zone formed by horizontal fracture maintains a certain angle with the direction of core breakthrough. Hence, the formation of the horizontal fracture divergence zone shows an impediment to the breakthrough of acid solution in contrast to vertically developed fracture.
[image: Figure 12]FIGURE 12 | Isolated fracture acidizing curves of pore volume to breakthrough.
[image: Figure 13]FIGURE 13 | Comparison of dissolution images of isolated fracture core samples: (A) horizontal fracture; (B) vertical fracture.
CONCLUSION
Apart from the low-permeability matrix, carbonate rocks with isolated fractures are also the target reservoirs for the acidizing stimulation. In this study, the improved two-scale continuum model is used to study the acidizing process with an isolated fracture. Several cases are designed to present a comprehensive discussion on the isolated fracture parameters, including the isolated fracture geometry, location, and morphology. The main conclusions are summarized below:
1) Both the isolated fracture and the connected fracture have a limited influence on the core sample porosity. Only the connected fracture obviously increases the core permeability. The core sample with an isolated fracture is still the target core sample for the acidizing stimulation.
2) The isolated fracture provides an advantageous passage for the acid migration, in which the isolated fracture prevents more acid from being ineffectively consumed to dissolve the solid matrix reducing the amount of acid breakthrough.
3) Ignoring the mass exchange term still leads to an overestimated acid breakthrough volume, which is consistent with the conclusions obtained from the matrix acidizing process.
4) The existence of an isolated fracture also challenges the applicability of the Darcy equation at high injection rates.
5) The isolated fracture length, aperture, and position have an obvious influence on the acidizing process. The difference of the acidizing curve corresponding to different rotation angles has not changed significantly both for clockwise rotation and anticlockwise rotation groups.
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A vug porosity system, in addition to a matrix, is also the target rocks for the acidizing. In this work, the acidizing process in two typical core-scale separate-vug porosity systems is studied in detail. Numerous cases are conducted to discuss a parametric study on the acidizing process and hydraulic behavior. Results indicate that the presence of vug reduces the pore volume of acid solution consumed to achieve a breakthrough, which is consistent with experimental observations. Increasing the vug diameter and porosity decreases pore volume to breakthrough both for a vugular carbonate rock and isolated vug carbonate rock. In comparison, the acid mass does not change a lot. Typical dissolution patterns can also be observed in the acidizing process when a vug exists. Compared to matrix dissolution patterns, the presence of vug induces wormhole to pass through the vug region.
Keywords: two-scale continuum model, carbonate acidizing, vug carbonate reservoir, reactive flow in porous media, carbonate reservoirs
INTRODUCTION
Reactive flow in porous media plays an essential role in various physical, chemical, and biological processes in nature and has many applications (Fredd and Scott Fogler, 1998; Acharya et al., 2007; Li et al., 2008; Bijeljic et al., 2013; Nick et al., 2013; Menke et al., 2015; Li et al., 2018). This work is conducted to study the carbonate acidizing process in vug carbonate rocks.
Before, lots of studies have been conducted to study the carbonate matrix acidizing process. Both experimental (Bernadiner et al., 1992; Wang et al., 1993; Frick et al., 1994; Fredd and Fogler, 1999; Izgec et al., 2008; Furui et al., 2012a; Furui et al., 2012b; Dong, 2012; Aidagulov et al., 2018; Qiu et al., 2018) and numerical (Kanaka and Panga, 2003; Panga et al., 2005; Kalia and Balakotaiah, 2007; Kalia and Balakotaiah, 2009; Maheshwari et al., 2013; Maheshwari et al., 2016b; Liu et al., 2019) results show that an optimum acid injection rate widely exists, at which the minimum amount of acid solution is consumed to achieve a breakthrough (Jia et al., 2021). Meanwhile, different dissolution patterns (Hoefner and Fogler, 1989; Fredd and Fogler, 1998; Fredd and Fogler, 1999; Huang et al., 2000; Izgec et al., 2008; Aidagulov et al., 2018) can also be observed through visualization techniques at different acid injection velocities. Apart from the matrix, vug is also a widespread presence in carbonate rocks, which is a void space in the reservoir rock and provides the main storage space for reserves (Kossack and Gurpinar, 2001; Wang et al., 2016; Yue et al., 2018). According to the vug interconnection, a vuggy pore space can be divided into the separate-vug porosity system and toughing-vug porosity system (Nair et al., 2008). Because of complex porosity systems, a flow behavior is more complicated in vug carbonate rocks (Sadeghnejad and Gostick, 2020). In the toughing-vug porosity system, a vug is usually associated with fabric dissolution and karst process (Lucia, 2007), in which an interconnected pore system forms and has a much larger permeability (Zhang et al., 2005) of average 103–106 times more than that of the disconnected vug system (Kossack and Gurpinar, 2001). For a separate-vug porosity system, the addition of vug only increases the total porosity but has no significant contribution for the core permeability (Zhang et al., 2005). Such rocks are also the target reservoirs for the acidizing stimulation. However, a few studies have been performed to study the acidizing process in the separate-vug porosity system. For an experimental study, Izgec et al. (2008) have shown that the presence of vug does affect the acidizing process for calcite rocks. The pore volumes to breakthrough decreases with the increase of the vuggy fraction. Furthermore, Izgec et al. (2009) also developed a two-scale continuum model to simulate the acidizing process in the separate-vug porosity system, in which vuggy carbonates are divided into two distinct regions of the matrix region and the vuggy region. The Darcy equation is used in the matrix region, and the Stokes equation is used to account for the fluid flow in the vug (free flow) region. However, it is worth noting that when most of the matrix is dissolved, compared to the damping effect of porous media, the fluid phase viscous dissipation becomes dominant and cannot be ignored anymore. In such cases, the Darcy equation is not applicable any longer. Also, Izgec’s model neglects mass exchange between solid and liquid phases. Hence, a more accurate mathematical model is still needed to study the acidizing process in the separate-vug porosity system.
In this work, the Stokes–Darcy equation is used to describe the fluid flow instead of the Darcy equation, and a source term is added to the fluid mass conservation equation for considering the dissolution mass term from the solid phase to the fluid phase. A detailed explanation of the two-scale continuum model is given in the next section. In the third section, numerous cases are conducted to discuss a comprehensive parametric study on the acidizing process, including acid injection velocity, acid injection concentration, vug filling degrees, vug diameter, and matrix porosity heterogeneity.
MODEL DEVELOPMENT
Reaction and Kinetics
In this study, a solid mineral is supposed to only containing calcite [image: image] (Alkhaldi et al., 2010; Maheshwari et al., 2016a; Mahrous et al., 2017). For simplicity, an overall chemical reaction equation is adapted to represent the acid consumption and calcite dissolution, which is given below:
[image: image]
Calcite [image: image] and hydrochloric acid [image: image] react to form calcium chloride [image: image] and carbonic acid [image: image]. The surface reaction rate is dependent on the concentration by the power law expression:
[image: image]
where [image: image] is the acid reaction rate, [image: image] is the acid reaction rate at the solid surface, [image: image] is the reaction order, and [image: image] is the surface acid concentration. The reaction rate of other components can be further determined according to Eq. 1.
Governing Equations
Modeling and numerical simulation of vuggy carbonate reservoirs is still challenging because of vug’s presence (Popov et al., 2009). The modeling of vuggy media is traditionally done based on the multiple-continuum concept model. In this model, the matrix and vug are assumed to have uniform and homogeneous properties, and the intercommunication flow between the matrix region and the vug region is at a pseudo-steady state (Kang et al., 2006; Wu et al., 2007). The continuum approaches behave pretty well in vug well-developed reservoirs, but the challenging part of this mode is that it is hard to determine accurate rock properties such as porosity and permeability (Yao et al., 2010). Another popular approach is based on the coupled Stokes and Darcy equations, in which the Darcy equation is only used in the porous region, and the Stokes equation is used in the free-flow region. Moreover, at the interface between the porous and free-flow regions, the additional boundary condition is employed to guarantee continuity of mass and momentum across the interface (Izgec et al., 2009; Yao et al., 2010). However, it is still very complicated and less practical to apply the coupled Darcy–Stokes approach to vuggy reservoirs. Because, on the one hand, the interface condition also introduces additional parameters such as material property, [image: image], in Beavers–Joseph–Saffman (BJS) condition (Beavers and Joseph, 1967; Saffman, 1971), which needs to be further determined numerically or experimentally. On the other hand, the Stokes equation used in the free-flow region can only handle the vug region free of any obstacles (Popov et al., 2009). The limitation of the coupled Darcy and Stokes approach can be overcome by using the Stokes–Brinkman equation, which uses a single equation rather than coupled equations to describe the fluid flow in entire vuggy reservoirs and avoids explicit modeling of the interface (Popov et al., 2009; De Oliveira et al., 2012; Fadlelmula F et al., 2016). In this work, a new two-scale continuum model is inspired by the Stokes–Brinkman equation. The Stokes–Darcy equation is employed to predict the momentum transport behavior of the fluid phase. The equation is given below:
[image: image]
where [image: image] is the porosity, [image: image] is the density of fluid phase, [image: image] is the superficial velocity, [image: image] is the permeability, [image: image] is the viscosity, and [image: image] is the fluid pressure. The equation can represent all regions during the acidizing process. For example, in an undissolved matrix region with a low permeability, the damping effect of the solid structure is relatively significant, which is represented by the last term in Eq. 3. Moreover, in wormhole and vug regions, the influence of solid skeleton is gradually diminishing with a large permeability, and the viscous dissipation of fluid behaves dominantly, which can be considered by the viscous term in Eq. 3.
Then we continue to develop the mass conservation equations. According to Equation 1, the fluid phase consists of water [image: image], acid [image: image], calcium chloride [image: image], and carbonic acid [image: image]. And the acid component [image: image] is chosen as the main component. The matrix only contains calcite [image: image]. Therefore, the governing equations for the fluid phase, acid solution, and calcite are independently developed by (Jia et al., 2021), which is as follows:
[image: image]
[image: image]
[image: image]
where [image: image] stands for the specific surface area; [image: image], [image: image], [image: image], and [image: image] are the component for [image: image], [image: image], [image: image], and [image: image], respectively; [image: image] is the acid concentration in the bulk phase; [image: image] is the acid diffusion coefficient, determined as [image: image]; [image: image] is the unit tensor; [image: image] is the molecular diffusion rate; and [image: image] is the matrix density. The main difference between the conventional two-scale continuum model (Panga et al., 2005; Kalia, 2008) and the model used in this study is reflected in the last term in Eq. 4, which represents a source term to the fluid mass conservation equation for considering the dissolution mass term from the solid phase to the fluid phase. Almost all of the previous numerical studies neglect it. The acid reaction rate [image: image] is further determined as follows:
[image: image]
where [image: image] is the mass transfer rate, and it is quantified by a model derived by Balakotaiah (Balakotaiah and West, 2002)
[image: image]
where [image: image] is the Sherwood number, [image: image] is the asymptotic Sherwood number, the value used in this work is 3.66 for a circular pore structure, [image: image] is defined as [image: image], [image: image] is defined by [image: image], and [image: image] is the Schmidt number defined by [image: image]. The modified Carman–Kozeny equations are used to determine the changes of core parameters (Edery et al., 2011; Jia et al., 2021) which is given as follows:
[image: image]
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where [image: image], [image: image], and [image: image] are the parameters describing pore connectivity and broadening structure, and [image: image], [image: image], [image: image], and [image: image] are the initial porosity, permeability, pore diameter, and specific surface area, respectively.
Boundary and Initial Conditions
The calculation domain is selected as a 2D cross section of a cylindrical core with 4 cm diameter and 10 cm height. The boundary and initial conditions refer to the core flooding experiments (Izgec et al., 2008). Acid is injected at a constant velocity and concentration from one side of the core sample. The acid injection concentration is identical to the value, 15%, used in the experimental study. Constant pressure is held on the other core sample side. Because in the experiment process, the core sample is always surrounded by a high confining pressure to avoid the acid solution going through the gap between the core sample and the core holder plug. Initially, the core sample is saturated with water, and matrix porosity has a value of 0.15. Matrix permeability is assumed isotropic and has a value of 5 mD. Furthermore, a uniform distribution random function creates a heterogeneous distribution of porosity (Maheshwari et al., 2016a; Wei et al., 2017). Boundary and initial conditions are summarized below:
[image: image]
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where [image: image] is the boundary unit direction vector, [image: image] is the injection velocity, [image: image] is the injection concentration, [image: image] is the pressure at the core outside, and [image: image] is the initial heterogeneity magnitude of porosity.
RESULTS AND DISCUSSIONS
The separate-vug porosity system covers a wide range of structures from millimeters to meters in the diameter (Arns et al., 2005; Sok et al., 2010; Mousavi et al., 2012; Sadeghnejad and Gostick, 2020). This study is concerned with two typical core-scale separate-vug porosity systems: the vugular carbonate rock and the isolated vug carbonate rock, as shown in Figure 1. For numerical studies, vug in vugular carbonate rock is supposed uniformly embedded in the matrix region, and each vug initially has a diameter of 3 mm (Casar-Gonzalez and Suro-Perez, 2000; Izgec et al., 2010). Moreover, for the isolated vug carbonate rock, vug has a centimeter diameter, 1.5 cm (Zhang et al., 2004; Casar-Gonzalez and Suro-Perez, 2000). For a separate-vug porosity system, the addition of vug only contributes to the increasing storage space. The acid breakthrough condition is still consistent with matrix acidizing, determined by a 100 times increase of the core average permeability (De Oliveira et al., 2012). The pore volume at a breakthrough condition is counted and normalized with the sample initial pore volume as an evaluation parameter cited as pore volume to breakthrough (PVBT) (Jia et al., 2021). Besides, acid breakthrough injection mass (AMBT) is also collected in this work because PVBT is simultaneously a function of porosity.
[image: Figure 1]FIGURE 1 | Two typical core-scale separate-vug porosity systems: (A) vugular carbonate rock and (B) isolated vug carbonate rock.
Model Comparison and Validation
The two-scale continuum model is widely accepted and used to describe the core scale stimulation process (Kalia and Balakotaiah, 2007; Liu et al., 2017; Maheshwari et al., 2013). The Darcy equation is usually employed to determine the superficial velocity of the fluid phase. In this study, the Stokes–Darcy equation, as shown in Eq. 3, is employed to predict the fluid phase momentum transport behavior. When the acid solution acquires a very high injection rate, the core sample is uniformly dissolved by acid and still keeps the characteristic of porous media because of no existence of a wormhole. At this time, the Darcy equation can still be applicable. The acid breakthrough consumption volume calculated based on the Darcy equation has little difference from the value of PVBT calculated based on the Stokes–Darcy equation (Jia et al., 2021). Thus, the model can be validated by comparing PVBT values with the previous two-scale continuum model with high acid injection velocities. Table 1 shows the values of PVBT separately calculated by the current and previous two-scale continuum models with high acid injection velocities. The results show that the difference of PVBT values between the current and previous two-scale continuum model is not noticeable when acid acquires a very high injection rate. Figure 2 further compares dissolution images of current and previous two-scale continuum models with very high acid injection velocities. The current two-scale continuum model is well validated.
TABLE 1 | Comparison of PVBT values of different two-scale continuum models.
[image: Table 1][image: Figure 2]FIGURE 2 | Comparison of dissolution images between the current and previous two-scale continuum model with high injection rates: (A) 1 cm/s and (B) 0.5 cm/s.
Effect of Acid Injection Velocity
This section studies the effect of the acid injection rate on the acidizing process of the vugular carbonate rock and the isolated vug carbonate rock. The porosity of the vug region is initially set as a high value of 0.99. The whole sample porosity is calculated as 0.3875 for vugular carbonate rock and 0.1871 for isolated vug carbonate rock. The whole sample mean permeability of the vugular carbonate rock and the isolated vug carbonate rock is measured as 10 and 6.6 mD, respectively. In comparison, the permeability of the matrix zone is 5 mD. The results show that the existence of vug in the vugular carbonate rock and the isolated vug carbonate rock does provide more storage space but has a little contribution to hydraulic conductivity for the matrix core sample.
Figure 3 shows the acidizing results of vugular carbonate rock. It can be observed from Figure 3A that the pore volume to breakthrough (PVBT) of vugular carbonate rock is less than the PVBT of matrix carbonate rock. The same change trend of the PVBT is also observed in the experimental study (Izgec et al., 2008). The acid mass to breakthrough (AMBT) change of the vugular carbonate rock and the matrix carbonate rock is not apparent compared to the change of the PVBT. The AMBT value of vugular carbonate rock is slightly lower than the AMBT value of matrix carbonate rock. However, in general, the AMBT values of the vugular carbonate rock and matrix carbonate rock are very close, as shown in Figure 3B. Figure 4 compares the dissolution patterns of the vugular carbonate rock and the matrix carbonate rock with different acid injection velocities. Typical dissolution patterns, including uniform, ramified wormhole, wormhole, and conical wormhole dissolution patterns (Jia et al., 2021), are also observed in the acidizing process of vugular carbonate rock. Compared to dissolution patterns of matrix carbonate rock, vug presence induces wormhole to pass through the vug region. Besides, more wormholes can be stimulated due to vug existence with a high acid injection rate, as shown in Figure 4B. Also, because of the existence of vug, less acid is used to dissolve the solid matrix. The apparent difference in pore volume to breakthrough is mainly caused by the vug increasing initial pore volume. Furthermore, according to the definition of PVBT, a higher initial pore volume leads to lower PVBT.
[image: Figure 3]FIGURE 3 | Effect of the acid injection rate on acidizing curves of the vugular carbonate rock: (A) PVBT and (B) AMBT.
[image: Figure 4]FIGURE 4 | Comparison of dissolution patterns with different acid injection velocities: (A) 0.5 cm/s, (B) 0.05 cm/s, (C) 0.005 cm/s, and (D) 0.0005 cm/s.
Figure 5 and Figure 6 compare acidizing curves and dissolution patterns of the isolated vug carbonate rock and matrix carbonate rock, respectively. Similar conclusions can also be observed with the vugular carbonate rock. Because the presence of isolated vug is increasing the initial pore volume, the PVBT of isolated vug carbonate rock is higher than the PVBT of matrix carbonate rock, which is also consistent with the experimental observation (Izgec et al., 2008). Four typical dissolution patterns can also be observed in the acidizing process of the isolated vug carbonate rock, as shown in Figure 6. The induction effect of isolated vug on wormhole growth is more intuitive for the isolated vug carbonate rock. The main wormhole has a trend to close to and go through isolated vug. The main wormhole grows in a single direction for the matrix carbonate rock without any turning trend. The difference of the AMBT between the isolated vug carbonate rock and matrix carbonate rock is still not noticeable.
[image: Figure 5]FIGURE 5 | Effect of the acid injection rate on acidizing curves of the isolated vug carbonate rock: (A) PVBT and (B) AMBT.
[image: Figure 6]FIGURE 6 | Comparison of dissolution patterns with different acid injection velocities: (A) 0.5 cm/s, (B) 0.05 cm/s, (C) 0.005 cm/s, and (D) 0.0005 cm/s.
Effect of Acid Injection Concentration
Acid injection concentration is also significant for the practical acidizing application. Initially, Fredd and Fogler (1999) adopted the concentration of 2% in core-flooding experiments. The concentration of 15% is widely used in the subsequent experimental studies (Furui et al., 2012a; Dong et al., 2014; Aidagulov et al., 2018; Kumar et al., 2020). Wang et al. (1993) ever used different concentrations such as 0.5, 3.4, and 15% to experimentally study the influence of acid injection concentration on the acidizing results. The results indicate that increasing acid injection concentration decreases the PVBT, while the optimum injection rate change is not apparent.
Figure 7 numerically calculates the acidizing curves with acid injection concentration changing from 5 to 25%. It can be found that when the acid injection concentration increases from 5 to 25%, PVBT values shows a pronounced decrease both for the vugular carbonate rock and isolated vug carbonate rock, which is consistent with experimental studies conducted by Wang et al. (1993) and numerical studies of matrix acidizing presented by Jia et al. (2020a). Besides, acid mass to breakthrough (AMBT) is also compared with different acid injection concentrations. Because it is very important to note that when we are studying the influence of acid injection concentration on acidizing results, the amount of acid solute and acid solvent are both changing. The change of PVTB reflects more information on the amount of acid solute (Fredd and Fogler, 1999; Panga et al., 2005). Few studies before noticed and discussed the change of acid solvent mass. Figure 7 shows that compared to the apparent change of PVBT, the amount of acid mass required to breakthrough does not change apparently with increasing acid injection concentration. Hence, the amount of solute in the acid system has an apparent relationship with the acid injection concentration, but the solvent required to achieve a breakthrough has a less obvious influence.
[image: Figure 7]FIGURE 7 | Effect of acid injection concentration on the acidizing results: (A) pore volume to breakthrough (PVBT) and (B) acid mass to breakthrough (AMBT).
Effect of Vug Porosity
The filling phenomenon is widespread in vug carbonate rocks. It is affected by multiple factors, such as mechanical deposition, collapsed deposition, chemical deposition, and so on, which eventually leads to the vug with different porosities (Li, 2017). This section studies the influence of vug porosity on the acidizing process of vugular carbonate rock and isolated vug carbonate rock. Figure 8 summarizes the change of core porosity and permeability, with the vug porosity varying from 15 to 99% considering different degrees of filling. The results show that both core porosity and permeability increase as the vug porosity increases. For the vugular carbonate rock, compared to the change of core porosity increasing from 15 to 40%, the change of core permeability is limited, increasing from 5 to 10 mD. The increase of core porosity and permeability in isolated vug carbonate rock is not apparent. Core porosity increases from 15 to 19%, and core permeability increases from 5 to 5.6 mD. Figure 9 further compares the acidizing results with different vug porosities from the low filling degree with vug porosity of 15% to the high filling degree with vug porosity of 99%. The results show that vug porosity mainly has a noticeable influence on the pore volume to breakthrough. Higher vug porosity results in a lower value of the PVBT. However, the difference of acid injection mass consumed to achieve breakthrough between different vug porosities is still not apparent.
[image: Figure 8]FIGURE 8 | Effect of vug porosity on core physical parameters: (A) core porosity and (B) core permeability.
[image: Figure 9]FIGURE 9 | Effect of vug porosity on acidizing curves: (A) pore volume to breakthrough (PVBT) and (B) acid mass to breakthrough (AMBT).
Effect of Vug Diameter
This section studies the influence of vug diameter on the acidizing performance of vugular carbonate rock and isolated vug carbonate rock. Here, we suppose that for the vugular carbonate rock, the diameter of vug has the magnitude of a millimeter (Casar-Gonzalez and Suro-Perez, 2000; Ramakrishnan et al., 2001; Sok et al., 2010; Mousavi et al., 2012). Figure 10 shows core porosity and permeability with a vug diameter varying from 0.5 to 3.5 mm. It can be observed that when the vug diameter reaches 3.5 mm, core permeability is different from core permeability of other core samples with a vug diameter less than 3.5 mm. Besides, core porosity with a vug diameter of 3.5 mm reaches 47.33%. Hence, the final vug diameter below 3.5 mm is determined as the threshold diameter for the acidizing stimulation for the vugular carbonate rock. Then, we study the effect of isolated vug diameter on the acidizing process. The diameter of isolated vug on the core scale is supposed to have a centimeter magnitude (Casar-Gonzalez and Suro-Perez, 2000; Zhang et al., 2004; Arns et al., 2005). Unlike the vugular carbonate rock, the core porosity and permeability slowly increase with an increase of the isolated vug diameter. With the isolated vug diameter varying from 0.5 to 3 cm, the core porosity increases from 15.41 to 29.84% and core permeability increases from 5.1 to 6.9 mD.
[image: Figure 10]FIGURE 10 | Effect of vug diameter on core physical parameters: (A) core porosity and (B) core permeability.
Finally, two varying vug diameters from 0.5 to 3 mm and 0.5 to 2.5 cm are separately chosen to study the influence of vug diameter on acidizing curves, as shown in Figure 11. The results indicate that the PVBT decreases as the vug diameter increases. The difference of the AMBT between different vug diameters is also not noticeable. For the isolated vug carbonate rock, the results indicate that the PVBT decreases as the isolated vug diameter increases. Acid mass does not change a lot with different isolated vug diameters. The noticeable difference of the AMBT in different isolated vug diameters is only shown when acid solution is pumped at an intermediate injection velocity of 0.05 cm/s. Compared to a core sample with a big isolated vug diameter, less acid is needed to achieve the breakthrough with a low isolated vug diameter. In acid solution with intermediated rates, a wormhole-shaped dissolution image is formed, as shown in Figure 12. The isolated vug with a higher diameter induces a wormhole to pass through the isolated vug, which leads to more acid consumption. Lower isolated vug diameter has little effect on the development of wormhole.
[image: Figure 11]FIGURE 11 | Effect of vug diameter on acidizing curves: (A) pore volume to breakthrough (PVBT) and (B) acid mass to breakthrough (AMBT).
[image: Figure 12]FIGURE 12 | Effect of isolated vug porosity on dissolution pattern with an acid injection velocity of 0.05 cm/s: (A) isolated vug diameter of 0.5 cm and (B) isolated vug diameter of 2.5 cm.
Effect of Matrix Porosity
Unlike sandstones, the pore structure of carbonate rock is more complex due to complicated geology processes, which makes the carbonate rock with obvious porosity heterogeneity (Sok et al., 2010; Kim et al., 2011; Milad et al., 2020). This section studies the effect of matrix porosity on the acidizing process of vugular carbonate rock and isolated vug carbonate rock. In a recent work by Jia et al. (2020b), lots of rock sample porosity values measured by experiments are collected and compared. The results show that matrix acidizing target carbonate rock samples usually have rock porosity varying between 0.05 and 0.3.
Figure 13 first studies the effect of matrix porosity on carbonate core porosity. It can be founded that the matrix porosity has a more evident effect on the vugular carbonate rock porosity. The core porosity of vugular carbonate rock increases from 0.31 to 0.46, with an increase of the matrix porosity from 0.05 to 0.25. While for isolated vug carbonate rock, the core porosity only increases from 0.09 to 0.28. Figure 14 further compares the effect of matrix porosity on acidizing results. It can be observed from Figure 14 that matrix porosity mainly has an apparent influence on the stimulation process when acid is injected into the vugular carbonate rock and isolated vug carbonate rock core sample with high rates. Acid consumption mass increases as matrix porosity increases. Compared to the high acid injection rates, the acidizing curve difference becomes less obvious. It is because when the acid injection rate is high, the acid transportation process is more governed by the convection process, and acid is preferred to being uniformly transported into the core sample. Core samples with higher matrix porosity can provide more storage space, which results in more acid being stored in the solid matrix. When acid injection velocity is low, the PVBT slightly decreases as the matrix porosity increases.
[image: Figure 13]FIGURE 13 | Effect of matrix porosity on core porosity: (A) vugular carbonate rock and (B) isolated vug carbonate rock.
[image: Figure 14]FIGURE 14 | Effect of matrix porosity on the acidizing results: (A) pore volume to breakthrough (PVBT) and (B) acid mass to breakthrough (AMBT).
CONCLUSION
Apart from the matrix region, the presence of vug is very common in the carbonate rock, which provides the main storage space for reserves. In this work, the acidizing process in two typical core-scale separate-vug porosity systems, the vugular carbonate rock and the isolated vug carbonate rock, is studied in detail. The Stokes–Darcy equation is used to describe the fluid flow to avoid using different equations in the free-flow region and porous media region. Parameter sensitivity analysis is preformed to ascertain the effect of acid injection velocity, vug filling degrees, and vug diameter on acidizing results. The main conclusions are presented below:
1) Acid injection velocity and concentration have a noticeable influence on pore volume to breakthrough (PVBT) both for the vugular carbonate rock and isolated vug carbonate rock. The existence of vug reduces the PVBT values of both vugular carbonate rock and isolated vug carbonate rock, which is consistent with the experimental observations. In contrast, acid injection velocity has little influence on acid mass to breakthrough (AMBT).
2) Typical dissolution patterns, including uniform, ramified wormhole, wormhole, and conical wormhole dissolutions, can also be observed in the acidizing process when vug exists. Compared to dissolution patterns of matrix carbonate rock, the wormhole is induced to pass through the vug region.
3) The presence of vug in a separate-vug porosity system contributes to more storage space but has little contribution to hydraulic conductivity. Core porosity and permeability both increase as filling degrees of vug and vug diameter increase. However, the increasing core permeability is limited.
4) Increasing the vug diameter and vug porosity decreases the pore volume to breakthrough both for the vugular carbonate rock and isolated vug carbonate rock.
To sum up, this study provides a powerful two-scale continuum model for the 2D vug acidizing simulation. The improved two-scale continuum model can avoid to use different governing equations in the vug region and the matrix region. The fluid phase continuity equation is also modified to consider the solid matrix dissolution mass term into the fluid phase. Further, the 3D vug simulation will be performed in our following studies.
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With the motivation to investigate the role of coal physical structure on the adsorption performance of coal reservoir, 18 different types of coal samples with different coal structures were collected from six coal profiles of four production mines located at China. The adsorption characteristics of CH4 on coal samples with different coal structures were examined, and then experimental results were fitted and analyzed by the Langmuir model and the adsorption potential model (D-R and D-A). The prominent factors in terms of adsorption capacity of coal with different coal structures and its adaptability to the model were discussed. Results indicate the following: a) under the condition of a similar coal rank, the adsorption performance of coal is governed by coal rock composition and adsorption heat, the effect of structural deformation on the adsorption performance of coal is not obvious; b) the Langmuir model has a certain adaptability to coal samples with different coal structures, while the D-R model is evidently not suitable to describe coal samples with scaly coal, part of broken coal with small vitrinite content; c) the D-A model has a high adaptability to coal samples with various coal structure types, and the stronger the coal deformation is, the higher the accuracy is.
Keywords: theoretical adsorption model, coal structure, laboratory experiment, data analysis, coal rank
INTRODUCTION
Adsorption is a kind of surface interaction between coal solid surface and gas or liquid, and coalbed methane mainly exists in the adsorption state in coal reservoirs. All the metamorphic degree of coal, coal rock composition, moisture, temperature, reservoir pressure, and other factors have important impacts on the adsorption performance of coal. Previous studies have made many achievements in this area (Fu, 2001; Zhong et al., 2002; Zhong, 2004; Su et al., 2005; Sang et al., 2005; Zhang et al., 2006; Zhang and Sang, 2008), and the structural coal reservoir is the critical research subject for the development and prevention of coalbed methane (Zhang et al., 2007; Sang et al., 2005; Sun et al., 2019), associated deformation mechanism and structural evolution of tectonic coal have attracted extensive attention (Wang and Zhu, 1998; Jiang et al., 1998; Jiang and Ju, 2004). The coupling characteristics of different structural types of tectonic coal to gas have required due attention as well (Li, 2001; Jiang et al., 1998, Jiang and Ju, 2004; Jiang et al., 2009, Zhao et al., 2019). Moreover, the soft stratification in tectonic coal is the dangerous area of gas enrichment and outburst, which has formed a consensus in both the academy and industry. With the strengthening of structural deformation, the alteration of the occurrence state of gas inside coal takes place. And, it is worth mentioning that the evolution of coal structure leads to the change of pores and fissures, which inevitably imposes a direct impact on the adsorption behavior of coal. However, there are few reports on the related research, and current research is heavily dependent on the theoretical analysis of the Langmuir model (Ju, 2003; Zhang and Liu, 2009), while the application of the Langmuir model in the adsorption of coal with a complex pore structure remains in debate (Chen et al., 1998; Sun et al., 2020). In contrast, the volume filling model (D-R) and the optimal volume filling model (D-A), which are important models in the field of adsorption theory, both have been widely used in the study of adsorption behavior of coal (Crosdale et al., 1998; Laxminarayana and Crosdale, 1999; Dai et al., 2009). However, both D-R and D-A models have not been used in the study of adsorption behavior of coal samples with different coal structures. Therefore, adaption of different theoretical adsorption models on coal is of great significance for further understanding the influence of coal structure evolution on the adsorption performance of coal reservoir.
SAMPLE SELECTION AND ADSORPTION EXPERIMENT
In this study, 18 samples of primary structure coal, catallactic coal, granulated coal, flake coal, and mylonitic coal were collected from four production mines in China. The evolution of coal structure on the same coal rock section is continuous, which is beneficial to reduce the interference of other factors in the following comparative analysis. Concrete experimental contents include industrial analysis, vitrinite reflectance measurement, equilibrium water test, and isothermal adsorption experiment. The basic physical properties of each sample are shown in Table 1.
TABLE 1 | Vitrinite reflectance measurement and industrial analysis of samples.
[image: Table 1]The high-pressure isothermal adsorption instrument produced by raven ridge company of the United States is used for isothermal adsorption. The sample processing and experimental procedures are introduced in detail in our previous literature (Wu, 2010). This experiment simulates the temperature and reservoir pressure under formation conditions: the experimental temperature is 30°C and the maximum reservoir pressure is 12 MPa. The pressure adsorption capacity at seven equilibrium points is tested.
RESULTS AND DISCUSSION
Basic Physical Characteristics
The maximum reflectance (RO, max) of vitrinite falls in the range of 0.725–0.849%, which belongs to gas coal. The metamorphic degree of the same coal section is similar.
Adsorption Characteristics of Coal Samples With Different Coal Structures
The adsorption characteristics of coal samples with different coal structures are depicted in Figure 1. It can be observed that when temperature is 30°C and the maximum pressure is 12 MPa, on the same coal rock section, with the evolution of coal structure, the adsorption characteristics of coal samples behave differently. The isothermal adsorption curves of flake coal and crushed coal are close, which have stronger adsorption capacity than deformed mylonitic coal. The adsorption capacity of three samples on the section of working face B is the largest under the maximum equilibrium pressure; it can be demonstrated that adsorption capacity increases with the increase of coal deformation strength. The adsorption capacity of mylonitic coal on the working face C is the largest. The results suggest that the adsorption capacity of one broken coal is similar to that of the mylonitic coal, while the adsorption capacity of the other broken coal is smaller than that of the primary structure coal. The adsorption curves of the two broken coal on the working face D are similar, but the adsorption capacity is different. The adsorption capacity of the primary structure coal, broken coal, broken coal, and mylonitic coal on the working face E is the largest, in which the adsorption capacity of the broken coal is the highest. Notably, the adsorption capacity of fractured coal in working face F is evidently larger than that of primary structure coal.
[image: Figure 1]FIGURE 1 | Distribution map of MRE to adsorption model of sheared coal.
According to the comparative analysis of adsorption curves (Figure 2) and basic physical property characteristics (Table 1), it can be concluded that the adsorption characteristics of the studied coal samples is obviously governed by coal structure, ash content, and metamorphic degree. As for the case of the same coal rock section, adsorption capacity of coal increases with the increase of structural deformation but decreases with the increase of ash content due to the weak adsorption capacity of the ash content. Among the rock sections, coal section B shares the highest metamorphic degree and the largest overall adsorption capacity.
[image: Figure 2]FIGURE 2 | Adsorption Characteristics of coals with different structures on the same coal rock section.
Model Fitting and Evaluation
Kinetic models (Langmuir monolayer model, BET multilayer model, etc.) and Polanyi adsorption potential models (D-A model and D-R model) are commonly used to describe the coal adsorption mechanism. Different theoretical adsorption models are supported by a large number of experimental data; also each model has its own application scope. It is generally believed that Langmuir equation is mainly used to describe type-I adsorption isotherm, which is suitable for solid substances with developed pores such as activated carbon or solids with uniform surface without pores. The BET equation is mainly applied to describe porous substances with rich mesopores, while the deviation enlarges when it comes to supercritical fluids; therefore, it can be used to describe type I, II, and III adsorption isotherm and calculate specific surface area of porous substances. The D-R equation is generally suitable for adsorbents with small pore size, in which the multilayer adsorption or capillary condensation is unfavorable (Clarkson, 1997). The parameter n in D-A equation varies with the pore structure of adsorbents, which considerably expand its application scope.
Because the premise of the application of the BET model is to determine four or five points in the range of P/Po (the ratio of equilibrium gas pressure and saturated vapor pressure) = 0.05–0.35, and the monolayer adsorption volume (Vm) can be calculated, while the P/Po of the seven equilibrium points in isothermal adsorption test is mostly greater than 0.35, the calculation of BET model parameters from the data of seven equilibrium points will be seriously distorted or even have no solution. However, the Langmuir, D-R, and D-A models are not limited by the above factor, so this study uses the Langmuir, D-R, and D-A models to analyze coal samples with different coal structures.
The calculation formulas of the three models are as follows. For the Langmuir monolayer localization adsorption model:
[image: image]
where V is the adsorption capacity, m3/g; VL is the Langmuir volume, m3/g, which represents the adsorption capacity when the surface of each gram of coal is covered with monolayer; PL is the Langmuir pressure, MPa, which represents the corresponding equilibrium pressure when the adsorption reaches half of the maximum adsorption capacity; and P is the equilibrium gas pressure, MPa.
The theoretical adsorption potential models (D-R model and D-A model) are as follows:
[image: image]
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where V is the adsorption capacity, m3/g; V0 is the volume of micropore per gram (regarded as completely filled with adsorbed gas molecules), m3/g; D is the constant related to net adsorption heat in the equation; n is the parameter related to temperature and pore distribution of coal; and P is the equilibrium gas pressure, MPa.
Under the condition of 30°C, CH4 belongs to the supercritical state. The virtual saturated vapor pressure of CH4 can be calculated according to the formula of P0 = PC * (T/TC) 2 (PC denotes the critical pressure and TC denotes the critical temperature). After calculation, the saturated vapor pressure of CH4 is 11.68 MPa.
Notably, SPSS17.0 software was used to fit the adsorption capacity of seven equilibrium points, and the seven parameters of the Langmuir, D-R, and D-A models, the standard deviation of each parameter, and the correlation degree of curve fitting (Table 2) were obtained. It can be observed from the table that the correlation of Langmuir model fitting parameters of 18 samples ranges from 0.980 ∼ 1, the correlation of D-R model fitting parameters was between 0.978 ∼ 0.999, and the correlation degree of D-A model fitting parameters was between 0.992 and 1. From this perspective, the fitting correlation of each model is fairly high; in other words, all the three models are favorable to describe the adsorption behavior of the coal reservoir.
TABLE 2 | Characteristic parameters and fitting characteristics obtained from fitting models.
[image: Table 2]The VL of the Langmuir model represents the theoretical maximum adsorption, and the VL of 18 coal samples ranges from 9.381 to 20.482 m3/g. The VL of the primary structure coal on working face F is the smallest and fragmental coal on working face B is the largest. There is no consistent rule in the variation of VL in each coal petrography section. There exist differences in the VL of the same type of fragmental coal in the same coal petrography section. However, from primary structure coal to fragmental coal, VL of scale coal is larger than that of fragmental coal, while that of mylonitic coal is the smallest on the working face A, the same as the broken coal in working face C, and larger than the broken coal in working face E, showing complex variation characteristics. PL represents the equilibrium pressure when the adsorption reaches half of the maximum adsorption capacity. The VP of 18 coal samples ranges from 1.736 to 3.689 MPa. In general, VP increases with the increase of VL, but PL of scaly coal on working face B and primary structure coal on working face F with weak deformation are larger than the VP with strong deformation, suggesting opposite characteristics.
As for the adsorption potential models (D-R and D-A), V0 is the volume of micropores per gram (regarded as completely filled with adsorbed gas molecules), D is the constant related to net adsorption heat, and n is the parameter related to temperature and pore distribution of coal. The isothermal adsorption tests of 18 coal samples are performed at 30°C; therefore, n is mainly related to the pore size distribution. When n = 2, the D-A model becomes the D-R model, and V0 in the D-R model falls in the range of 7.171–14.747 m3/g and V0 in the D-A model is in the range of 7.238–15.120 m3/g. The results show that the primary structure coal on working surface F is the smallest and the broken coal on working surface B is the largest, which is the same as the VL in the Langmuir model. The V0 in the D-R model is generally smaller than that in the D-A model, but the V0 in the D-R model of two mylonitic coal on working face A and E is larger than that in the D-A model. D in the D-R model ranges from 0.147 and 0.222, and D in the D-A model is between 0.123 and 0.337. The variation range of adsorption heat constant of the D-A model is wide. From the distribution of adsorption heat constant D in the same coal profile and coal structure of the two models, the adsorption heat parameters of the D-A model are obviously more accurate. Obviously, this is due to the introduction of pore structure parameters. n ranges from 0.143 to 2.219. The n of mylonitic coal on working face A and E are larger than 2, the smallest is scaly coal, the largest is mylonitic coal on working face A, and the corresponding adsorption heat constant is the opposite, scaly coal on working face B is the largest, the smallest is mylonitic coal on working face A, which is closely related to the pore characteristics of coal reservoir. The complexity of pore structure in turn affects the decrease of adsorption heat constant.
Adaptability of Structural Coal Adsorption Model
Although the Langmuir, D-R, and D-A models fit the adsorption equation with high correlation, they can be used to describe the adsorption behavior of tectonic coal to methane. However, the standard deviation of the ideal value and fitting value of each parameter is different, which indicates that different models describe different coal samples with different accuracy. In order to analyze the reliability of different models describing coal samples with different coal structures, this study introduces the parameter of average relative error (MRE%) to analyze. The calculation formula of MRE% is as follows:
[image: image]
where Vexp is the adsorption capacity of experimental test, Vcal is the fitting value of the model, taking the pressure of each equilibrium point into the equation, cm3/g. n = 7, corresponds to the seven equilibrium points collected from the experimental test. The average relative error curve of each coal and rock profile model fitting is shown in Figure 1. It can be observed that the average relative error has two variation characteristics: a) gradually decreasing; b) small at both ends and large in the middle. Actually, the three models are almost consistent in describing the adsorption accuracy of coal samples with different coal structures. The average relative error of the Langmuir model of minced coal is the largest, then the D-R model, and that of the D-A model is the smallest. For the majority of the fractured coal and mylonitic coal, the average relative error of the Langmuir model is higher than that of the D-R and D-A models, while the average relative error of fractured coal sample on working face A is significantly higher than that of the Langmuir and D-A models. The average relative error of scaly coal ranges from the Langmuir model to the D-R to D-A models, and the average relative error manifests an inverted “V” shape. For broken coal on working face A, the average relative error is not different. On the same coal rock section, the average relative error of the Langmuir model and D-R model is complex with the aggravation of coal structure deformation, and there is no obvious rule. However, the D-A model generally shows the trend of decreasing with the aggravation of coal structure deformation.
The average relative error is a comprehensive reflection of the standard deviation of each model parameter, through which the fitting accuracy of each model can be directly reflected. From the above analysis, it can be seen that for the three models, the Langmuir model has a certain adaptability to different deformation types of tectonic coal, but the change is larger with the coal sample, while the D-R model is obviously not suitable for describing the scale coal and the D-A model has high adaptability to all kinds of coal structure types, also the stronger coal deformation will contribute to higher accuracy.
CONCLUSION
Under the condition of 30°C and 12 MPa maximum pressure, CH4 adsorption isotherm experiments was carried out on 18 primary structure coal, catallactic coal, granulated coal, scaly coal, and mylonitic coal with different coal structures under the condition of equilibrium water. The results show that the isothermal adsorption capacity of coal increases with the increase of pressure and increases with the increase of structural deformation under the same pressure. However, the isothermal adsorption capacity of coal samples with strong deformation degree is not greater than that of coal samples with weak deformation degree. It is obvious that structural deformation has a significant impact on the adsorption of coal, but it is not the only factor. Key insights regarding adaptability of theoretical model on adsorption behavior of coal are summarized.
1) The Langmuir model, D-R model, and D-A model can be used to describe the CH4 adsorption behavior of 18 coal samples. There is no consistent rule for the alteration of VL of Langmuir volume, but from primary structure coal to crushed coal, VL increases with the increase of coal structure, and the change of VL of mylonitic coal in different coal rock sections is complex. Generally speaking, the pressure VP increases with the increase of the volume VL. The variation trend of V0 in D-R and D-A is the same as that in the Langmuir model. V0 in the D-R model is generally smaller than that in the D-A model, but V0 in the D-R model is larger than that in the D-A model. The variation range of adsorption heat constant of the D-A model is larger than that of the D-R model, due to the introduction of pore structure parameters.
2) The standard deviation of the Langmuir model is generally larger than that of the D-R and D-A models, and the standard deviation of adsorption heat constant D is very small. In theory, the D-A model is more accurate than the D-R model due to the introduction of parameter n, but its parameters are less accurate. The standard deviation of D is larger than that of the D-R model.
3) According to the analysis of the average relative error of different models for 18 coals with different coal structures, it can be demonstrated that the Langmuir model has certain adaptability for different deformation types of structural coal, while the D-R model is obviously not suitable for describing flake coal and part of broken coal. The D-A model has high adaptability for all kinds of coal structure types, and the stronger coal deformation will contribute to its higher accuracy.
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Water flooding is crucial means to improve oil recovery after primary production. However, the utilization ratio of injected water is often seriously affected by heterogeneities in the reservoir. Identification of the location of the displacement fronts and the associated reservoir heterogeneity is important for the management and improvement of water flooding. In recent years, ferrofluids have generated much interest from the oil industry owning to its unique properties. First, saturation of ferrofluids alters the magnetic permeability of the porous medium, which means that the presence of ferrofluids should produce magnetic anomalies in an externally imposed magnetic field or the local geomagnetic field. Second, with a strong external magnetic field, ferrofluids can be guided into regions that were bypassed and with high residual oil saturation. In view of these properties, a potential dual-application of ferrofluid as both a tracer to locate the displacement front and a displacing fluid to improve recovery in a heterogeneous reservoir is examined in this paper. Throughout the injection process, the magnetic field generated by electromagnets and altered by the distribution of ferrofluids was calculated dynamically by applying a finite element method, and a finite volume method was used to solve the multiphase flow. Numerical simulation results indicate that the displacement fronts in reservoirs can indeed be detected, through which the major features of reservoir heterogeneity can be inferred. After the locations of the displacement fronts and reservoir heterogeneities are identified, strong magnetic fields were applied to direct ferrofluids into poorly swept regions and the efficiency of the flooding was significantly improved.
Keywords: ferrofluid, tracking displacement front, enhance oil recovery, heterogeneous reservoir, numerical simulation
INTRODUCTION
Ferrofluids are stable colloids composed of small nano-scale solid, magnetic particles coated with a molecular layer of dispersant and suspended in a liquid carrier (Rosensweig, 1997). Thermal agitation keeps the particles suspended, and the coatings prevent the particles from coagulation. Its behavior and property can be controlled and changed by the magnetic field (Odenbach, 2008). Therefore, ferrofluid has many industrial applications, such as dynamic sealing, inertial and viscous damper, magnetic drug targeting, liquid microrobots, and so on (Raj and Moskowitz, 1990; Hou et al., 1999; Scherer and Figueiredo, 2005; Fan et al., 2020).
In the past years, ferrofluid flow in porous media has been the subject of various experimental and numerical studies. Borglin, Moridis, and Oldenburg et al. investigated the flow behavior of ferrofluid in porous media, the results showed that the effect of an external magnetic field on the flow of a ferrofluid in porous media is equivalent to the imposition of a magnetic body force, which means the flow of ferrofluids can be guided (Moridis et al., 1998; Oldenburg and Moridis, 1998; Borglin et al., 2000; Oldenburg et al., 2000). The above works, however, did not consider the impact of the ferrofluid on the magnetic field. The presence of ferrofluids should produce anomalies in the magnetic field because these fluids alter the magnetic permeability. Such anomalies, in principle, can be detected by magnetic anomaly detectors. Based on this feature, Sengupta (Sengupta, 2012) proposed an innovative approach to determining the fracture length and width by injecting ferrofluids into the fracture. When applying an external magnetic field, the ferrofluids in the fracture shall generate a secondary magnetic field which will have a definite phase difference from the original magnetic field. Once the phase difference is detected and processed by software an accurate representation of fractures can be made. Schmidt (Schmidt and Tour, 2012) proposed methods for magnetic imaging of geological structures, the principle is similar to Sengupta. Rahmani et al. used a ferrofluid slug to track the movement of a flooding front and studied reservoir permeability heterogeneity (Rahmani et al., 2014; Rahmani et al., 2015).
Water flooding, as is well recognized, is an effective approach to maintain reservoir pressure and improve oil recovery. However, heterogeneities or fractures present in China’s continental reservoirs can significantly decrease the sweep efficiency, leading to poor utilization ratios and low oil recovery. There is still a great potential to enhance the recovery (Han, 1995; Yu, 2000; Han, 2007; Yang, 2009; Han 2010). Therefore, it is urgent to find new oil displacement technology and method to overcome the problem of low oil displacement efficiency caused by reservoir heterogeneity and complex structure. In this paper, we study the potential of using ferrofluid both as a tracer and controllable displacing fluid during the whole flooding process. First, since the superparamagnetic nanoparticles in the ferrofluid can change the magnetic permeability of the flooded region, we study the magnetic anomalies and indicate the locations of displacement fronts, as shown in Figure 1A. And then as a displacing fluid that, guided by strong magnetic fields, can overcome reservoir heterogeneities and improve sweep efficiency and oil recovery, as shown in Figure 1B.
[image: Figure 1]FIGURE 1 | Schematic diagram of ferrofluid flooding technology: (A) Displacement front monitoring and tracking; (B) Displacement direction guiding and controlling.
COMPUTATIONAL METHODOLOGY
Magnetic Field Calculation
In a quasi-static magnetic problem, the relations between the magnetic field strength [image: image], the magnetic flux density [image: image], the current density [image: image], and the magnetization [image: image] are given by Maxwell equations and the magnetic properties of the material of concern:
[image: image]
[image: image]
[image: image]
Where [image: image] is the permeability of vacuum.
Introducing the vector potential [image: image], which is defined by:
[image: image]
with the additional assumption that [image: image], considering Eqs 3–5 can be transformed into
[image: image]
In order to solve the differential Eq. 5, it is formulated into a boundary value problem by using the energy functional (Silvester and K. Chari, 1970; Kamminga, 1975)
[image: image]
where [image: image] is the area of the region of study.
The variation [image: image] caused by a small variation of [image: image] is equal to
[image: image]
Since the energy functional is stationary to any small variation in [image: image], the variation [image: image] must be zero, which gives
[image: image]
In regions occupied by a ferrofluid, the magnetic solid particles in the ferrofluid become polarized with the imposition of an external magnetic field, and the ferrofluid is said to be “magnetized.” In this paper, we considered a water-based ferrofluid Hinano-FFW provided by a nanomaterials company in China. Although the composition of the fluid was not revealed, the magnetization curve of the fluid was provided to us. Ferrofluid magnetization curves are generally approximated by simple two-parameter arctan functions of the form (Oldenburg et al., 2000):
[image: image]
where the subscript [image: image] stands for ferrofluid. For our particular fluid, [image: image] = 1×104, [image: image] = 3.5 × 10–5.
Considering a permanent magnet, and the magnetization [image: image] can be defined by:
[image: image]
Where [image: image] is the residual magnetization of a permanent magnet, [image: image] is the angle between the direction of the magnetization of the permanent magnet and the positive direction of the [image: image] axis, [image: image] is the angle between the direction of the magnetization of the permanent magnet and the positive direction of the [image: image] axis, as shown in Figure 2.
[image: Figure 2]FIGURE 2 | Diagram of the magnetization direction of permanent magnet.
In this paper, we consider the 2-D problem and the quasi-static magnetic problem solved by the finite element method. The magnetization [image: image] of a permanent magnet can be simplified:
[image: image]
Thus, the magnetization term [image: image] in the Eq. 8 consists of two parts:
[image: image]
The computational region [image: image] was discretized by triangular grids. The current density [image: image] and the vector potential [image: image] only have component in [image: image] direction:
[image: image]
From the requirement that the energy functional takes a stationary value, a set of [image: image] equations are obtained:
[image: image]
where [image: image] is the number of grid point.
Substituting Eqs 8, 9, 11, 12 into Eq. 14, we obtain Eq. 15 as follows:
[image: image]
The potential in the k-th triangular element is assumed to be equal to
[image: image]
where [image: image] is the volume of k-th element, [image: image] is the potential at the element’s vertex, [image: image],[image: image],[image: image] are the coefficients associated with the element’s vertex positions [image: image],[image: image]:
[image: image]
Because the magnetic flux density [image: image], considering Eq. 16, the components of magnetic induction can be obtained:
[image: image]
Take the Eqs 16, 18 into Eq. 15, we can obtain a set of nonlinear equations:
[image: image]
and the solution was obtained by using the Newton-Raphson iterative method. Once the vector potential [image: image] was obtained, one can calculate the magnetic flux density by [image: image].
Simulation of Ferrofluid Flowing in Porous Media
The magnetization of bulk ferrofluid increases with increasing external magnetic field strength, following Eq. 9. In the case of immiscible two-phase flows in porous media, and additional assumption that magnetization increases linearly with ferrofluid’s saturation was given by:
[image: image]
When an external magnetic field is applied, the ferrofluid receives a magnetic body force [image: image]. This additional magnetic force term is added to the multiphase Darcy’s Equation (Oldenburg et al., 2000):
[image: image]
where [image: image] is the permeability tensor, [image: image] is the relative permeability, [image: image] is fluid viscosity, [image: image] is the fluid pressure, [image: image] is the fluid density, and [image: image] denotes the depth which is positive on the upward side, [image: image] is the gravitational acceleration.
For simplicity, we considered the flow as isothermal and incompressible. Such simplifications are common in the analysis of water flooding. From the law of mass conservation, we know that a fluid in a control volume should meet:
[image: image]
where the subscript [image: image] distinguishes the fluid, [image: image] is the outward normal unit vector of region boundary [image: image], [image: image] is the source term that represents mass change per unit time and unit volume, [image: image] is the porosity.
Using a finite volume method to discretize the mass conservation equation, and the discrete nonlinear equation was also solved by using the Newton-Raphson iterative method.
EXAMPLES AND DISCUSSIONS
Tracking the Displacement Fonts of Ferrofluid Flooding
The first example that we considered is a horizontal porous media model as shown in Figure 3A, the left and right boundary is injector and producer, respectively. We assumed the top and bottom of porous media are closed boundaries. This model can be used to approximate flooding with a line drive pattern. The porosity is 0.2 and the permeability is 100 mD(10−3 μm2). A tiny permanent magnet was placed on the left side of porous media to generate a background magnetic field, the dimension is 2 cm × 4 cm and the residual flux density of the magnet is 1.19T, the background magnetic field is shown in Figure 3B.
[image: Figure 3]FIGURE 3 | Simple porous media model. (A) Model geometry; (B) Distribution of background magnetic flux density norm |B| in units of Gs.
In the beginning, the model was saturated with oil, and the oil viscosity equals 5 mPa∙s and the density equal 850 kg/m3. Then we used ferrofluid to flooding this porous media, viscosity and density of ferrofluid are 3 mPa∙s and 1,187 kg/m3, respectively. The relative permeability of the ferrofluid phase [image: image]. The relative permeability of the oil phase [image: image]. Both injection and production rates were set to 0.01 Vp/min, where Vp is the total pore volume. Since a week magnetic field generated by a tiny magnet, we assumed the magnetic force generated on the ferrofluid was neglected in this case.
The magnetic anomaly is defined as:
[image: image]
where [image: image] is the norm magnetic flux density during ferrofluid flooding, and [image: image] is the normal of the magnetic flux density provided by the magnet before the ferrofluid flooding starts.
As Figure 4 shown, the distribution of magnetic anomalies is basically consistent with the ferrofluid saturation distribution. Near the injector is a high magnetic anomalous area because of the highest ferrofluid saturation, however, the decrease of ferrofluid saturation from the injector to the displacement font leads to a magnetic anomaly decrease.
[image: Figure 4]FIGURE 4 | The ferrofluid saturation and magnetic anomaly distribution of numerical simulation at different time. (A–D) respectively show the magnetic anomaly at 10, 30, 50, 70 min; (A′-D′) respectively show the saturation distribution at 10, 30, 50, 70 min.
Figure 5 shows the ferrofluid saturation and magnetic anomaly curves from the left side to the right side of the porous media at several flooding periods. Note that the inflection point of each anomaly curve basically corresponds to the displacement fonts. For example, point 1 and point 2 of the anomaly curve at 30 min in Figure 5A, correspond to point 1 and point 2 of the saturation curve at 30 min in Figure 5B. It is worth noting that the area between these two points is exactly the displacement front. Thus, this remarkable fact indicates that one can track the ferrofluid fonts based on the magnetic anomaly information at every displacement stage.
[image: Figure 5]FIGURE 5 | The ferrofluid saturation and magnetic anomaly curves along the porous media at 10, 30, 50,70 min. (A) Magnetic anomaly curves; (B) Saturation curves.
Evaluation of the Major Features of Reservoir Heterogeneity
It can be seen from the above section, that the ferrofluid displacement front can be tracked by capturing magnetic anomalies. Furthermore, the flow path of the ferrofluid can be obtained from the displacement front position, thus, the major geological characteristics of the reservoir can be inferred.
Consider a five-spot heterogeneous reservoir as Figure 6A shows, the reservoir size is 100 m × 100 m. The heterogeneous reservoir is divided into four regions with an injection well in the center and a production well at each of the four corners. The injection and production rates were set to 0.01 Vp/day. Assuming the reservoir has a porosity of 0.2, the permeability in region 1 is k1 = 200 mD, and the permeability in regions 2, 3 and 4 is k2 = k3 = k4 = 100 mD. In particular, the second region contains an elliptical low-permeability zone while the fourth region contains an elliptical high-permeability zone. The permeability of the two elliptical zones is 10 and 500 mD, respectively. In the beginning, the model was saturated with oil, and the fluid properties are the same as mentioned above. In order to provide a background magnetic field, an electromagnet EM was placed. The size of EM is 10 m × 0.4 m and the current intensity of EM is 105 A/m2. The background magnetic field is shown in Figure 6B.
[image: Figure 6]FIGURE 6 | A five-spot heterogeneous reservoir model. (A) Model geometry; (B) Distribution of background magnetic flux density norm log10|B| in units of Gs.
As shown in Figure 7, due to the relatively high permeability of region 1 and region 4, the injected ferrofluid propagates faster in these areas, resulting in larger magnetic anomalies. On the contrary, the magnetic anomalies in region 2 and region 3 are relatively small. In particular, the magnetic anomaly in region 4 presents a fingering phenomenon. This is because there is a high permeability elliptical zone in region 4, which makes the injected ferrofluid flow to the production well faster than the other regions. So that the ferrofluid saturation is high at the same time, and resulting in a large magnetic anomaly. However, because the presence of the low permeability elliptical zone in region 2 blocks the flow of ferrofluid to the production well, the ferrofluid in region 2 has a small spread range and low saturation, so the magnetic anomalies are small. In the same way, the lower overall permeability of region 3 is also the reason for the smaller magnetic anomalies.
[image: Figure 7]FIGURE 7 | The magnetic anomaly and ferrofluid saturation distribution at different time. (A–D) respectively show the magnetic anomaly at 20th, 40th, 60th, 120th day; (A′–D′) respectively show the ferrofluid saturation at 20th, 40th, 60th, 120th day.
As shown in Figure 8, from the magnetic anomaly curves of production wells in different reservoir regions (star mark in Figure 6A), it can be seen that: 1) In the early stage of production, the magnetic anomalies of production well 1, 4 increased and decreased in production well 2, 3. This phenomenon indicates that the injected ferrofluid flows faster in regions 1, 4 than in regions 2, 3, and reflecting indirectly that the permeability of regions 1, 4 is higher than regions 2, 3; 2) Each magnetic anomaly curve has a rapidly rising time point, which corresponds to the moment when the ferrofluid flows into the production well; 3) Because the distribution of magnetic anomalies reflects the distribution of ferrofluid saturation, the magnetic anomaly change information can be used to analyze the flooding process in the reservoir, and so as to recognize the heterogeneous characteristics of the reservoir in general.
[image: Figure 8]FIGURE 8 | Magnetic anomaly curves of production well in different reservoir regions.
Monitoring-Controlling Integrated Ferrofluid Flooding Technology
From the above studies, it can be inferred that the ferrofluid flooding process can be monitored through the magnetic anomaly information, while the major heterogeneity characteristics of the reservoir can be recognized according to the flooding status. In addition, when there is an external magnetic field, the ferrofluid receives a magnetic force, and its flow behavior can be controlled by the magnetic force.
Consider a heterogeneous reservoir as Figure 9A shows. Assuming the reservoir has a porosity of 0.25, and the permeability is 500 mD. In particular, the reservoir contains two elliptical high-permeability zones. The permeability of the two elliptical zones is both 1,500 mD. In order to generate magnetic anomalies during the flooding process, an electromagnet EM1 is placed near the eastern part of the reservoir to provide a background magnetic field. The electromagnet EM1 with a size of 5 m × 0.4 m and a current density of 105 A/m2. The background magnetic field is shown in Figure 9B. It is worth noting that the background magnetic field is a weak magnetic field, and the generated magnetic force in ferrofluid is very small. So that its influence on the flooding can be ignored. The reservoir is initially saturated with oil, and ferrofluid is used to displace the reservoir. The fluid properties are the same as mentioned above. The injection and production rates were set to 0.025 Vp/day.
[image: Figure 9]FIGURE 9 | A heterogeneous reservoir model. (A) Model geometry; (B) Distribution of background magnetic flux density norm log10|B| in units of Gs.
As the high-permeability zone is the dominant channel for flow, the injected ferrofluid mainly flows along the high-permeability zone, so the swept areas are mainly concentrated in the central and southern parts of the reservoir. When the 1.5Vp ferrofluid was injected, the oil in the central and southern areas of the reservoir was almost completely displaced, but the oil in the northern area of the reservoir was not displaced, as shown in Figures 10A–D.
[image: Figure 10]FIGURE 10 | The ferrofluid saturation and magnetic anomaly distribution at different time. (A–D) respectively show the ferrofluid saturation at 100th, 200th, 300th, 600th day; (A′–D′) respectively show the magnetic anomaly at 100th, 200th, 300th, 600th day.
The distribution of magnetic anomalies in Figures 10A′–D′ shows: 1) At the early stage of flooding, the magnetic anomaly in the central region of the reservoir is relatively large, while the magnetic anomalies in the eastern and northern region of the reservoir are small; 2) At the middle stage of flooding, the magnetic anomaly in the central region of the reservoir is relatively large. These areas gradually increase and spread to the northern region of the reservoir; 3) At the later stage of flooding, the magnetic anomaly in the central and southern regions of the reservoir are generally large, while the magnetic anomaly in the northern region is still low.
From the analysis of the magnetic anomaly changes in the entire flooding process, it can be known that due to the existence of the high permeability zone, the injected ferrofluid is mainly displaced in the central and southern parts of the reservoir, so that the saturation of the ferrofluid is larger, and the magnetic anomaly is larger.
Figure 11 shows the magnetic anomaly curves of different monitoring spots in the reservoir, and the positions of the monitoring spots are shown in Figure 9A (star mark). It can be seen from the curves that the ferrofluid mainly flows to the production well and the eastern part of the reservoir because of the existence of the high permeability zone. Therefore, the magnetic anomaly curve of S1 and S2 which is located in the production well and the eastern part of the reservoir gradually increases with the flooding process, while the magnetic anomaly curve of S3 which is located in the northern part of the reservoir basically remains unchanged.
[image: Figure 11]FIGURE 11 | Magnetic anomaly curves of monitoring spots located in different region.
The magnetic anomaly curves of the three monitoring spots show that the injected ferrofluid is more inclined to flood the central and southern areas of the reservoir. Thus, there may be a “dominant flow channel" in this area. The northern part of the reservoir has not been affected, and there is still remaining oil in this area, which is the key area for development.
According to the analysis of the above magnetic anomaly curves, it can be seen that the ferrofluid displacement is mainly in the central and eastern parts of the oil reservoir. Therefore, the electromagnet EM2 is deployed near the northern part of the reservoir from the 120th day, and the strong magnetic field generated by EM2 is used to apply a huge magnetic field force on the ferrofluid, leading the ferrofluid to displace to the northern part of the reservoir. The electromagnet EM2 with a size of 10 m × 0.4 m and a current density of 108 A/m2, and has a running time of 200 days.
Figure 12 shows the ferrofluid saturation and magnetic anomaly distribution in the process of ferrofluid flooding after the application of a strong magnetic field. It can be seen that under the control of the external strong magnetic field, the injected ferrofluid can overcome the influence of the reservoir heterogeneity and displace towards the northern part of the reservoir, so that to recover the remaining oil in these areas.
[image: Figure 12]FIGURE 12 | The ferrofluid saturation and magnetic anomaly distribution at different time. (A–D) respectively show the ferrofluid saturation at 100th, 200th, 300th, 600th day; (A′–D′) respectively show the magnetic anomaly at 100th, 200th, 300th, 600th day.
As shown in Figure 13, the magnetic anomaly curve of the monitoring spot S3 in the northern part of the reservoir began to rise rapidly (the dotted red line is without a strong magnetic field) after EM2 was applied. This reflects the rapid increase of ferrofluid saturation, meaning that the ferrofluid is guided to displace to the northern part of the reservoir.
[image: Figure 13]FIGURE 13 | Magnetic anomaly curves of monitoring spots located in different region when apply EM2.
In addition, the water flooding is simulated for the same reservoir. Due to the large difference in oil and water viscosity, the injected water is easier to flow along the high permeability zone to the production well. Therefore, the scope of water flooding in the reservoir is smaller, and there is a large amount of remaining oil in the northern area of the reservoir that has not been displaced, as shown in Figure 14. After 600 days of production, the oil recovery of water flooding is 63.3%, and the oil recovery of ferrofluid flooding under the control of an external magnetic field is 79.5%.
[image: Figure 14]FIGURE 14 | The water saturation and magnetic anomaly distribution at different time. (A–D) respectively show the water saturation at 100th, 200th, 300th, 600th day.
CONCLUSION
In this paper, a novel ferrofluid flooding method was proposed. The ferrofluid plays the dual role of “tracer” and displacement fluid in the flooding process, that is, the flooding process can be monitored and the flooding path can be controlled.
The simulation results show that: 1) By monitoring the magnetic anomaly change information in different areas of the reservoir, the flow direction of the injected ferrofluid can be reflected, so that the heterogeneous characteristics of the reservoir can be understood; 2) The displacement direction can be changed artificially by applying a strong magnetic field to further improve the sweep range; 3) Compared with the traditional water flooding, the monitoring-controlling integrated ferrofluid flooding technology can greatly improve oil recovery.
However, there are still many problems and challenges in applying ferrofluid flooding technology. For example, how electromagnets are placed in the field and the retention loss of ferrofluid during flooding process. In the future, the authors will develop the ferrofluid flooding numerical simulation method for three-dimensional problems, and carry out ferrofluid flooding experimental research to further verify the feasibility of this technology. Nevertheless, the research in this article can still provide new ideas and theoretical guidance for further enhancing oil recovery.
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The hydraulic transport of solid materials is widely used in various industrial fields owing to its high efficiency, low cost, and environmental friendliness, and it has received extensive attention. However, the violent interaction between the liquid and solid phases during transportation makes the slurry flow strongly unsteady and heterogeneous, and it is difficult to use the existing mathematical models describing the motion characteristics in the hydraulic transport of slurry because of the limitations of a single theory or experimental data basis. In this study, considering the randomness and uncertainty in the transportation of solids, a spatio-temporal evolution model of the hydraulic transport characteristics of particulate solids was established. This model is suitable for hydraulic transport in pressure pipelines and open channels, and it can be used to analyze the influence of changes in the motion and property parameters of the liquid–solid phase on the characteristics of the temporal-spatial evolution of the slurry velocity and concentration distributions. The rationality of the model was verified through laboratory experiments. Through an interaction analysis of slurry components, this work explores the influence of the transport of solids on the slurry motion and property parameters, fills the gap in the evolution mechanism of the slurry velocity and concentration distributions in existing models, and overcomes the limitation that layer-based models can only be used in pressure pipelines. Therefore, it has important guiding significance for the engineering design of particulate solid hydraulic transport.
Keywords: Solid hydraulic transport, spatio-temporal evolution model, unsteady and heterogeneous flow, liquid-solid two-phase flow, randomness and uncertainty
INTRODUCTION
The hydraulic transport of solid materials has become the fourth largest transportation method, after road, railway, and water transportation, because of its high efficiency, low cost, and environmental friendliness (Ravelet et al., 2013; Pati et al., 2017). This transportation mode is flexible, and it includes transport of materials in pressure pipelines (Orell, 2007; Ihle et al., 2014) and, under favorable terrain conditions, in open channels (Kempe et al., 2014). The conveyed materials are various, including fuels (natural gas hydrate, coal, etc.) (You and Liu, 2002), raw materials (metal or non-metallic minerals, building materials, etc.) (Stanić et al., 2017), waste (power plant fly ash, metallurgical or chemical mine tailings, etc.) (Patterson and Maloney, 2016; Pullum et al., 2018), and siltation removed from rivers or reservoirs (Cuisinier et al., 2011; Muddle and Briggs, 2019). This mode is widely applied in various industries and has broad prospects for development. During hydraulic transport, solid particles are activated under the action of a lateral flow, and the flow is gradually transformed from a single-phase liquid to multiphase slurry (Kaushal et al., 2002). This process is accompanied by mass, momentum, and energy exchange between the liquid and solid phases, and the slurry velocity and concentration distributions also evolve gradually with transportation. This leads to strong unsteadiness and heterogeneity of the slurry flow, and significantly increases the difficulty of hydraulic transportation engineering design. As for the transportation in a pressure pipeline, under the influence of the non-uniformity of the slurry concentration distribution, the momentum exchange between the solid particles and the pipe wall is concentrated at the bottom of the pipe, where the pipeline will be worn more seriously (Xie et al., 2015). Thus, the pipeline should be rotated regularly to improve its safety and economic performance. For transportation in an open channel, under the influence of the unsteady velocity distribution, the erosion intensity of the slurry on the trough bed evolves gradually, and the slurry concentration and velocity distributions should be closely monitored to ensure the safety and reliability of the construction (Zhang et al., 2013). Therefore, the temporal and spatial evolution of the characteristics of particulate solid transportation affects the stress state of particles (Yu et al., 2015), the ability of the fluid to transport particles, and the variation in the hydraulic gradient (Kaushal and Tomita, 2003). This is of great significance for the optimal design of hydraulic transport systems.
To describe the characteristics of the slurry velocity and concentration distributions in hydraulic transport, scholars have carried out relevant laboratory/field experiments and theoretical research. Mathematical models describing the hydraulic transport characteristics of particulate solids have been established, which can be divided into layer-based theoretical models and empirical models (Hunt, 1954; Karabelas, 1977; Roco and Balakrishnam, 1985; Wilson, 1987; Pope, 2001; Matousek, 2002). The layered theoretical model can be further divided into two- and three-layer models.
(1) Empirical Model
Based on the characterization model of a two-dimensional slurry flow in an open channel of Hunt (1954), Karabelas (1977). proposed a method to determine the slurry velocity and solid concentration distributions in a horizontal pipeline by using the dimensionless particle diffusion coefficient Kj. Empirical expressions of Kj for different pipe diameters and material particle diameters were established in combination with laboratory experiments. Roco and Balakrishnam (1985) established a constitutive equation for slurry motion through laboratory experiments and applied the N–S equation to describe the motion law of a high-concentration slurry during pipeline transportation. The effects of liquid–liquid, solid–solid, and liquid–solid interactions on the velocity and concentration distributions of the slurry were analyzed, and the rationality of the method was verified by laboratory experiments. Based on the Prandtle mixing length theory (Pope, 2001), Wilson (1987) developed a prediction model for the velocity and solid concentration distributions of a slurry flow in an open channel by analyzing the characteristics of the shear stress distribution of a homogeneous slurry flow and modified the model by combining it with laboratory tests to expand its application scope. Matousek (2002) conducted laboratory experiments to study the slurry flow in pipelines under different fluid and material particle characteristics. By combining the experimental data of constant-temperature flows of sand, shimmering, and coarse coal slurry in industrial-scale pipelines, an empirical model of the slurry motion and property parameters was obtained. On this basis, a fixed-bed thickness prediction model for the formation of particle transport in a pipeline was proposed.
(2) Two-Layer Model
Based on the liquid–solid pipe flow theory of Wilson (1987), Levy and Mason (2000) divided the slurry drainage area in a pressure pipeline into two parallel layers: a sedimentary bed with a high solid concentration and a suspension layer with a low solid concentration. By analyzing the conservation of mass between layers and the conservation of momentum in each layer, the distributions of bed thickness, solid concentration, and average velocity along the pipeline under the condition of a uniform particle size distribution were obtained. Kaushal and Tomita (2002) carried out a simulation experiment of hydraulic transportation of zinc tailing slurry in a horizontal pipe and measured the slurry solid concentration distribution under different particle sizes and flow velocities on the vertical plane. Combined with the experimental data, the empirical model of Karabelas (1977). for prediction of the particle concentration distribution was modified, but this model is suitable for relatively low-concentration slurry and can only calculate the velocity distribution when the slurry is homogeneous, which limits its application. Gillies et al. (2004) expanded the application scope of the two-layer model through laboratory experiments and studied the distribution of the motion parameters of high-concentration slurry transport in a horizontal pipeline. Capecelatro, J. (Capecelatro and Desjardins, 2013). considered the effects of particle collision and liquid viscous shear force on the distribution of the motion and property parameters in the suspension layer, and established an Eulerian–Lagrangian model to simulate the unsteady flow characteristics of a slurry in a horizontal pipeline. The simulation results were verified by the laboratory data of Roco and Balakrishnam (1985).
(3) Three-Layer Model
Based on the previous two-layer theoretical model, Doron and Barnea (1993) proposed that the actual slurry flow should include a transition zone, which is placed between the sedimentary bed formed by the continuous deposition of particles at the bottom of the pipeline and the suspension layer formed by the turbulent diffusion of fluid. In the transition zone, the interaction between the phases was intense, and the internal slurry had a large velocity gradient and solid-phase concentration gradient. Nguyen and Rahman (1996) established the mass and momentum conservation equations corresponding to each layer and pointed out that the velocity gradient and solid concentration distribution of the transition layer slurry follow the Wilson (1987) distribution law. The model does not consider the changes in the slurry properties and motion parameters with time and is a steady-state flow model. Assuming that the velocity distribution of the transition layer conforms to the logarithmic distribution law, and the solid phase concentration obeys the basic equation of convection and diffusion, Cho et al. (2002) considered the influence of slurry rheology, material size/sphericity, pipeline geometry, and other factors and established a three-layer steady-state model of slurry flow in an annular space. The simulation results are in good agreement with the experimental data of Nguyen and Rahman (1996). Based on a three-layer steady-state model and two-layer unsteady-state model, Guo et al. (2010) established a three-layer unsteady-state model of slurry flow in an annular space, which simplified the dynamic analysis process of slurry motion parameters.
In summary, the empirical model is based on experiments to determine key parameters such as the dimensionless particle diffusion coefficient and slurry motion constitutive relationship, and it establishes a semi-empirical equation describing the slurry motion or uses experimental data to perform a statistical regression on the velocity and concentration distributions of the slurry transportation. Therefore, the application range of the empirical model is limited by the data coverage of the experimental measurements. Thus, it can complete accurate calculations when the engineering parameters meet the data coverage and high measurement accuracy. The layer-based model is based on a unified theoretical basis, and the research has good continuity. It has gradually developed from a two-layer steady-state model to a three-layer unsteady-state model, which can accurately predict the solid hydraulic transport characteristics under different working conditions. Among them, the steady-state model focuses on describing the distribution state of the slurry motion after full development of each layer of fluid, whereas the unsteady-state model focuses on the dynamic development process of each parameter. Therefore, the layer-based model can describe the transport characteristics of each layer, but in essence, each layer of fluid is artificially homogenized; that is, each layer of fluid in the same section contains a liquid phase and solid phase with uniform velocity. In that model, the mechanism of the gradual evolution of slurry velocity and concentration distributions caused by liquid–solid interaction is not described, and the concentration distribution of each layer is determined only based on the basic equation of convection diffusion, without considering the influence of particle size distribution. For that reason, its application is limited to transportation in a pipeline, and there is relatively less research on transportation in open channels, where the randomness and uncertainty of particle movement in the slurry will be more significant owing to the lack of pipe wall constraints. The layered model should consider the influence of multiple factors and be more inclusive and uniform.
In transportation engineering, the slurry contains a variety of particle size gradations, and the transport characteristics are significantly affected by the velocity and concentration distributions of particles of different sizes. It is important to explore the changes in the parameters of slurry motion and physical properties in different positions during hydraulic transportation to further understand the micro field of the slurry motion and property characteristics (such as pipeline wear-erosion intensity, energy loss, and particle motion morphology). In this study, considering the randomness and uncertainty of solid transportation, a spatio-temporal evolution model for the hydraulic transport characteristics of particulate solids was established. This model is suitable for hydraulic transport in pressure pipelines and open channels, and it can be used to analyze the influence of changes in the motion and property parameters of the liquid–solid phase on the characteristics of the temporal-spatial evolution of slurry velocity and concentration distributions. The rationality of the model was verified through laboratory experiments. Through an interaction analysis of the slurry components, this work explores the influence of solid transport on the slurry motion and property parameters, fills the gap in the evolution mechanism of the distributions of slurry velocity and concentration in existing models, and overcomes the limitation that layer-based models can only be used in pressure pipelines. This has important guiding significance for the engineering design of particulate solid hydraulic transport.
DISTURBANCE EFFECT OF PARTICLE TRANSPORT ON THE TRANSITION LAYER FLOW FIELD
In hydraulic transport, particles on the sedimentary bed flow under the action of the liquid phase when the flow velocity is sufficiently high, and they eventually settle in the sedimentary bed under gravity. Such liquid–solid interactions lead to continuous activation, sedimentation, and re-activation of the particle swarm so that a transition layer is formed above the sedimentary bed (Syamlal and O’Brien, 1987), which has an intense exchange of mass and momentum between the liquid and solid phases. In the upper part of the transition layer, the velocity approaches that of the incoming flow and the concentration approaches zero, whereas in the lower part, the velocity approaches zero and the concentration approaches that of the sedimentary bed. Under a constant inflow velocity, the variations in the distribution of velocity and concentration in the transition layer are due to the invasion of solid particles, and they together lead to a variation in fluid mass flow in the transition layer. Therefore, the variation in the thickness of the sedimentary bed is related to the inhomogeneity of the mass flow distribution of the fluid in the transition layer.
When the shear force in the transition layer is sufficient to overcome the resistance of particles in the sedimentary bed, the particles invade the transition layer and begin to migrate. At the same time, the fluid clusters surrounding the particles in the transition layer will also receive a reaction force from the solids, which has a tendency to hinder the fluid movement. The reaction force can only be balanced by the shear force and therefore, as the solid particles in the transition layer continue to invade, the internal flow shear force gradually splits into two parts (Anderson and Haff, 1991):
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where τ is the flow shear force of the transition layer, τs is the solid–phase shear force, which is used to overcome the reaction force from the material particles, and τl is the liquid phase shear force, which is derived from the velocity gradient of the transition layer fluid and is used to overcome the resistance to movement of particles in the sedimentary bed. Equation 1 shows that particle intrusion causes a continuous change in τs and τl. With continuous intrusion, the solid concentration in the transition layer increases holistically, resulting in an increase in the reaction force acting on the internal fluid, and then τs increases accordingly. Therefore, under the condition of constant τ, τl decreases accordingly, indicating that with an increase in solid concentration in the transition layer, the power to activate particles on the bed surface decreases, and the collision frequency between the moving and stationary particles increases. The momentum exchange caused by collision has a significant influence on the motion state of the moving particles themselves, but it is not sufficient to overcome the motion resistance of the stationary particles on the bed surface (Owen, 1964). It can be concluded that the intrusion of particles in the transition layer increases the solid concentration and reduces the velocity gradient of the slurry, and the activation efficiency of the stationary particles decreases accordingly. Such a negative feedback mechanism causes the concentration and velocity fields in the transition layer to converge to a steady state. Therefore, the evolution of the slurry motion and property parameters in the transition layer is related to the particle motion state, and the characteristics of the spatio-temporal evolution of particles can be obtained based on the analysis of the particle transport characteristics.
The motion of particles in the transition layer conforms to the parabolic trajectory (Syamlal and O’Brien, 1987), that is, the particles decelerate first and then accelerate under the action of viscous resistance and gravity in the vertical direction after activation. Eventually, particles sink to the sedimentary bed and collide with the stationary particles at the corresponding position, and then embed in the sedimentary bed or rebound and enter the transition layer again to start a new transportation. In this section, the particle transport is divided into collision motion between moving and static particles and parabolic motion in the transition layer. By analyzing the stress state of a single particle and the trend of distribution of the particle swarm momentum in the two stages, the evolution laws of the slurry motion and property parameters in the transition layer are finally obtained.
Collision Model
The model assumes that particles in the sedimentary bed and transition layer are completely elastic spheres, so the energy loss caused by the impact and collision between particles due to plastic deformation can be ignored, the particle transport is limited in a two-dimensional plane composed of gravity direction and flow direction, and the influence of random disturbance is not considered.
Based on the assumptions above, as shown in Figure 1, the collision motion can be simplified as particle A in the transition layer colliding with the stationary particle B on the sedimentary bed at the collision angle α (the angle between the particle movement direction and flow direction), and the contact angle between A and B is β (the angle between the particle center line and the flow direction). Mt0 is the momentum when particle A collides with B. It can be decomposed into Mt0h and Mt0v along the flow and gravity directions, where Mt0v is the momentum accumulation of particle A along the gravity direction before collision. Without considering the influence of parabolic motion in the transition layer on the change of particle momentum, if the transportation of particle A maintains continuity, the momentum of A in the gravity direction after collision should be greater than Mt0v. Further, Mt0 can be decomposed into MtL and Mt1 along the line of the particle center line and its vertical direction, where MtL is the momentum component that will be transferred to particle B after collision, and Mt1 is the initial momentum of particle A after collision. Therefore, when the component Mt1v of Mt1 along the gravity direction is greater than Mt0v, the continuity of particle transport can be maintained. Although the two decompositions above have the same dynamic significance, they express the momentum distribution state before and after particle collision with different emphases. Based on the above analysis, it can be concluded that the essence of particle collision lies in the momentum exchange and redistribution between particles. The key to maintaining the continuity of particle motion lies in the relative sizes of Mt1v and Mt0v. Based on the geometric relationships between the components,
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[image: Figure 1]FIGURE 1 | Momentum distribution of transported particles and static particles on the sedimentary bed.
According to Eq. 2, under a given collision angle α, the relative sizes of Mt0v and Mt1v are only related to the contact angle β, but the value of β is constrained by the arrangement of particles on the sedimentary bed. When there is no gap between particles on the bed surface, the minimum contact angle βmin is obtained when the particles are tangent to the adjacent particles C along the direction of transport velocity. The maximum contact angle βmax is obtained when the particle is tangent to the static particle B along the velocity direction. According to the geometric relationship between the particles, it can be concluded that
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When there is a gap between particles, βmin decreases with an increase in the gap distance. Under the condition that the moving and static particles are spheres of the same size and the collision angle α is given, the probability of the contact angle β between the moving particles and the static particles on the bed will vary with the size of the impact area. When β = α, the impact area of the moving particles is the largest, and it corresponds to the large circle of the static particles. According to the geometric relationship, the collision area and β, α satisfy the following relationship:
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where C is the collision area, and R is the radius of the particle circle. Correspondingly, under the condition of a given collision angle α, the larger the value of β is, the lower the probability of its occurrence.
It can be observed from Figure 1 that when the moving particle A collides with the stationary particle B on the bed surface, momentum exchange MtL is generated along the direction of the line connecting the A and B centers. The size of the residual momentum Mt1 determines whether the particles can move sustainably, and its direction determines the direction of transport speed. According to the geometric relations, the direction α′ of Mt1 satisfies
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Eq. 6 shows that α′ depends on contact angle β. When β is less than 90°, the component Mt1v of Mt1 is opposite to gravity, and particles can jump again after collision when Mt1v is sufficient to overcome Mt0v. When β is greater than 90°, Mt1v is in the same direction as gravity, which means that the transported particle A will continue to collide with the stationary particle D after contacting the stationary particle B. As the initial momentum Mt0 causes momentum loss MtL along the direction of the central line of A and B, the initial momentum of the secondary collision is Mt1. According to the geometric relationship, the collision and contact angles corresponding to the second collision can be obtained as follows:
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where α′ and β′ are the collision and contact angles of the second collision, respectively; whether the particles can jump again depends on the relative size of Mt2V and Mt3V. According to Eq. 2, the following can be concluded:
[image: image]
Momentum Gain of Transported Particles During Collision
According to Eqs 2, 9 (β > 90°), when the collision angle α varies from ∼0° to 25°, the momentum gain of particles with different contact angles β can be calculated as shown in Figure 2. Under the condition of a given collision angle α, the momentum gain of the transported particles increases initially and then decreases as the contact angle β increases, partly because the given α determines the value of Mt0v, and the trends of the momentum gain of transported particles only depend on Mt1v, which is the vector difference between Mt1 and Mt1h. With an increase in β, both Mt1 and Mt1h increase. It can be concluded from the calculations shown in Figure 2 that when β < 50°, with the increase in β, the increase in amplitude of Mt1 is greater than that of Mt1h, and thus the momentum gain of particles increases with the increase in contact angle β; when β > 50°, with the increase in β, the increase in amplitude of Mt1 is less than that of Mt1h. Therefore, the momentum gain of the particles decreases with an increase in the contact angle β. When the contact angle β is approximately 50°, the momentum gain of the transported particles reaches a maximum. Further, under the given contact angle β, the momentum gain of the transported particles decreases with an increase in the collision angle α, and the momentum gain is negative when α > 20°. This occurs because the increase in α leads to an increase in Mt0v and a decrease in Mt1v under the given condition of β, and finally to a decreased momentum gain of the transported particles.
[image: Figure 2]FIGURE 2 | Distribution of momentum gain of transported particles with different contact angles.
According to Figure 2, the momentum gain of single particles with different contact angles β can be obtained when the collision angle is α to determine the initial momentum and corresponding collision angle at the next jump. However, the initial momentum and contact angle of the transported particles contained in the particle swarm vary, which means that the initial momentum and the corresponding collision angle of particles at the next jump are in accordance with a certain probability distribution for the particle swarm. From Eq. 5, when the impact angle α is given, |β−α| determines the size of the collision area. Therefore, with an increase in contact angle β, the probability of its occurrence decreases. Based on the weighted average method, the momentum gain expectation of the particle swarm corresponding to different impact angles α can be obtained as follows:
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The calculation results are shown in Figure 3. The average momentum gain of the particles decreases with an increase in the collision angle α, which is consistent with the trend of the single-particle momentum gain in Figure 2. In addition, it can be concluded that the momentum change in the particle collision process tends to converge to a fixed value. For example, when particles collide with particles on a sedimentary bed with an impact angle of 0°, as shown at point A in Figure 3, the momentum gain generated during the collision process can be obtained through the gain curve (marked by the black line). Finally, the momentum obtained can reach the position of point B, where the momentum will remain until it collides with the particles on the bed. The collision angle corresponding to the next collision can be obtained by the momentum ratio curve (marked by the red line) to lead particles to reach point C if the momentum loss due to fluid resistance is not taken into account in the transport process. By analogy, the collision motion is actually the convergence process of the particle momentum. When the momentum of particles along the direction of gravity, Mt0v, is large, the impact angle is large, and the corresponding negative momentum gain leads to a decreasing trend. When Mt0v is small, the collision angle is small, and the corresponding positive momentum gain leads to an increasing trend. It can be concluded from Figure 3 that the variation in the average momentum gain between positive and negative α makes the particle transport not only persistent but also tends to converge to the zero position of the ordinate of the average momentum gain curve, and this trend is independent of the initial momentum of the particles.
[image: Figure 3]FIGURE 3 | Curves of average momentum gain and loss of particle collision motion with α
Asymptotic Behavior of the Momentum Probability Distribution of Particle Swarm Before and After Collision
Figure 2 shows the trend of the momentum gain of a single particle under different collision angles α and corresponding contact angles β. Combined with Figure 3, it can be observed that the particle momentum tends to converge to a fixed value under the condition that the momentum loss caused by fluid resistance is not considered, and this trend is independent of the initial momentum of the particles. However, different particles contained in the particle swarm correspond to different initial momentums, that is, the initial momentum should follow a certain probability distribution. Referring to the trend of momentum of a single particle during the collision motion, the momentum distribution of the particle swarm should also converge with the transport process. In this section, the asymptotic behavior of the momentum distribution of the particle swarm in a collision motion is discussed.
From the average momentum gain curve in Figure 3, when the particle momentum before collision is large, it tends to decrease owing to the negative momentum gain during the collision motion. Otherwise, it tends to increase, which ensures that when the sample space of the particle swarm momentum is given, the particle momentum does not jump out of the sample space because the particle momentum is excessively large or excessively small. Then, the sample space of the particle swarm momentum can be assumed as follows:
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The momentum probability distribution corresponding to the particle swarm is
[image: image]
where k is the number of collisions, the probability distribution Xk represents the instantaneous state that the particle swarm reaches after k times of collision from the initial state, and (xk)i is the proportion of particles with momentum [image: image] in the whole particle swarm.
During the collision motion of the particle swarm, owing to the difference in momentum and contact angle β between particles, the corresponding momentum gain is also different. For example, any particle with momentum [image: image] before collision may convert to [image: image] after collision, where the value of j traverses 1–n when j takes different values corresponding to different probabilities, which is defined as the transition probability pij of the particle momentum from [image: image] to [image: image] through collision. From the arbitrariness of i and the ergodicity of j, it can be concluded that the collision motion of the particle swarm is essentially a conversion process of particles with different initial momentums in the sample space Ω, which is determined by the transfer probability matrix P:
[image: image]
The momentum of the particles still traverses the entire sample space after collision, but the corresponding probability distribution is transferred to Xk+1, where the element (xk+1)j can be obtained using the full probability formula:
[image: image]
The proportion of particles with momentum [image: image] in the particle swarm after collision (xk+1)j should be the sum traversed through the sample space of the product of the particle swarm momentum probability distribution (xk)i and pij before collision. Eq. 14 shows that the transition between adjacent states Xk and Xk+1 corresponding to the momentum probability distribution before and after a particle swarm collision is completely determined by the transfer probability matrix P. It can be inferred from Eq. 14
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Equation 15 shows that the state of the particle swarm after any collision depends only on the initial state X0 and the transfer probability matrix P. Therefore, whether the momentum distribution of the particle swarm converges with the transport process depends on the asymptotic quality of Pk when the collision number k approaches infinity.
According to Eq. 13, the i-th row element of the transfer probability matrix P represents the probability of the given particle momentum [image: image] transferred to [image: image] after the collision. Because the value of j traverses the sample space, the elements in matrix P satisfy the following equation:
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For any [image: image], assuming That [image: image] Satisfies the above properties, then
[image: image]
Therefore, for any [image: image], [image: image] is also the transfer probability matrix, which represents the momentum transfer probability of the particle swarm from state X0 to Xm after m collisions. Suppose that λ is any eigenvalue of the transfer probability matrix P and Vλ is its corresponding eigenvector, then [image: image] satisfies
[image: image]
Therefore, when m tends to infinity, if |λ| > 1, there must be elements in λmVλ that tend to infinity, whereas [image: image]PmVλ cannot tend to infinity. The two are contradictory, so any eigenvalue of P satisfies the following conditions:
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For the n-dimensional matrix PT, the eigenvalues are assumed to be λ1, λ2, … , λn, and the corresponding eigenvectors are Vλ1, Vλ2, … , Vλn, then
[image: image]
Therefore, according to the linear correlation or independence of such eigenvectors, the convergence conditions of the momentum distribution of the particle swarm are discussed in the following two cases:
① If the eigenvectors are linearly independent, then for any initial state X0, there are constants c1, c2, … cn, satisfying
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Combined with Eq. 20, it can be obtained
[image: image]
From Eq. 16, the row sum of the P matrix is 1. Hence, λ = 1 must be one of its eigenvalues, assuming λ1 = 1, and then
[image: image]
If and only if there is an eigenvalue λ = −1, the limit of the above equation does not exist, and the present period changes. When the eigenvalue of P does not contain λ = −1, then
[image: image]
From Eq. 12, when m tends to infinity, the limit state of the particle swarm momentum probability distribution must satisfy the condition that the sum of each element is equal to 1, and thus c1 in Eq. 23 is also uniquely determined.
② If the eigenvectors are linearly related, then P must contain the eigenvalue λ = 0, and P is not full rank, assuming its rank is r; then,
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where [image: image] is the row vector formed by the ith row element of [image: image], and [image: image] is the jth element of [image: image]. Assuming that Vλ1, Vλ2, … Vλr are the largest linearly independent groups of eigenvectors, it can be obtained from Eq. 20
[image: image]
Substituting Eq. 25 with Eq. 26, we Obtain
[image: image]
For any initial state X0 transferred to state X1 after collision, the following conditions are satisfied:
[image: image]
Substituting Eq. 25 with Eq. 28, we obtain
[image: image]
where
[image: image]
Because the largest linearly independent group of eigenvectors contains only r elements, that is, it can only linearly represent any r-dimensional vector, let
[image: image]
then there are constants b1, b2, … bn, such that
[image: image]
combining Eqs 27, 29, it can be obtained
[image: image]
Equation 33 shows that when any r-dimensional vector can be expressed linearly by the largest linearly independent group of eigenvectors, state X1 can also be linearly described by the largest linearly independent group.
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From Eq. 19, the absolute value of any eigenvalue of P is not greater than 1, so if and only if there is an eigenvalue λ = −1, the limit of the above equation does not exist and the present period changes. When the eigenvalue does not contain −1, the above equation converges to
[image: image]
In summary, a sufficient condition for the momentum distribution of the particle swarm to converge with the progress of transport is that −1 is not an eigenvalue of the transfer probability matrix P.
Stationary Probability Distribution of Particle Swarm Momentum
Based on the above analysis, a sufficient condition is obtained that the momentum distribution of the particle swarm converges with the process of transport, but the stationary probability distribution of the particle swarm where it eventually converges to is unclear. Equation 23 provides a method to solve the stationary probability distribution, which involves the power calculation of the transfer probability matrix. Once the sample space of the particle swarm momentum is large, the calculation becomes very complicated. Moreover, compared with the stationary probability distribution, which is a stable state, the particle swarm state obtained by each matrix operation of Eq. 23 is in an instantaneous state, and the transfer of momentum distribution of the particle swarm has greater randomness and unpredictability at this time. This means not only that the method is cumbersome, but also that the intermediate calculation results have no significance for the final stationary probability distribution. Therefore, a more concise method is required to solve the stationary probability distribution of the particle swarm momentum.
If the momentum distribution of the particle swarm is convergent and the stationary probability distribution is Xs then, from Eq. 23, it can be concluded that
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From Eq. 36, the initial state X0 and the stationary probability distribution Xs are both definite quantities; therefore, the transfer probability matrix Pm also converges as the number of transitions increases. If it converges to Q, then Q should satisfy for any initial state X0 multiplied by it to obtain only the stationary probability distribution Xs, so Q satisfies
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Equation 37 shows that the elements in each column of Q have the same value, and the stationary probability distribution X is obtained as follows:
[image: image]
Therefore, only matrix Q is required, and the stationary probability distribution Xs can be uniquely determined. It can be obtained from Eq. 38
[image: image]
The stationary probability distribution Xs can be obtained by solving Eq. 39.
① Existence of solutions to Eq. 39
It can Be obtained from Eq. 16 that
[image: image]
Therefore, the equation [image: image] has a nonzero solution, which means that the coefficient matrix (P - I) is not full rank, and Eq. 39 is equivalent to
[image: image]
As the coefficient matrix (PT-I) is not full rank, it can be known that Eq. 39 must have a non-zero solution.
② Probability meaning of the solution of Eq. 39
At each moment in the collision motion, the momentum distribution of the particle swarm is transferred to the given sample space. The proportion (xk+1)j of particles with momentum [image: image] in state Xk+1 at any moment is transferred from the collision of particles with different momentums in the particle swarm at the previous moment; then,
[image: image]
Equation 42 shows that the component (xk+1)j in state Xk+1 represents the expectation that the momentum of the particle swarm at the last moment transfers to [image: image] after the collision. When the particle swarm reaches the stationary state Xs, the momentum distribution no longer changes with the collision, indicating that the expectation of the momentum transfer of the particle swarm to [image: image] between adjacent moments is equal to the expectation of the transfer of momentum from [image: image] to other momentum. This means that the momentum of any given particle in the swarm transferred to other values through collisions will inevitably return to the initial value after several collisions to ensure the stationary state. Therefore, the elements in Xs are related to the number of transition steps. If Tmij is the number of transition steps required for the particle to reach [image: image] from momentum [image: image] for the first time, then
[image: image]
where x1 is the momentum reached by the particle after a collision. The particle may reach [image: image] after one collision, then [image: image] is satisfied at this time, and the corresponding probability is pij. Conversely, if the particle does not reach [image: image] after one collision but reaches [image: image], then [image: image] is satisfied under such conditions, and the corresponding probability is pik. Finally, the expectation of the transfer steps is obtained as
[image: image]
Both sides of the equation are multiplied by (xs)i at the same time, and summed with i as the independent variable; then,
[image: image]
By combining Eqs 42, 12, the following can be obtained:
[image: image]
Therefore, the probability meaning of the solution of Eq. 39 is the reciprocal of the average number of collisions required for the particle momentum [image: image] to return to the initial value after collision and momentum transfer at a certain moment.
Parabola Model
After completing the collision motion between particles and momentum exchange, the parabolic motion in the transition layer begins. As shown in Figure 1, the parabolic motion of the particles is divided into two stages: upward and downward. In the upward stage, the particles decelerate along the gravity direction under the action of gravity G and fluid resistance FDy. When they reach the highest point P, the corresponding vertical velocity v↑ = 0; in the downward stage, the directions of G and FDy are opposite, and the maximum vertical velocity is reached when the particles are about to collide with the static particles in the sedimentary bed. It can be observed that the parabolic motion also contains frequent stress interactions and momentum exchange between the liquid and solid. In this section, we analyze the stress state of the particles in the transition layer, the dynamic model of the particle parabolic motion, and the corresponding transfer probability matrix. On this basis, the trend and convergence of momentum in the parabolic motion of particle swarms are discussed.
As shown in Figure 5, during the upward stage of the particles, the changes in velocity satisfy
[image: image]
where ρf is the density of seawater, A is the particle cross-sectional area, v is the particle movement speed, and CD is the drag coefficient with dimension 1, which is a function of the Reynolds number, Re, of the particle movement.
The momentum of the particle swarm gradually converges to a stable state as the collision progresses, and the corresponding Re should also converge under the given conditions of flow velocity and particle diameter. As shown in Figure 4, the Re probability distribution of the particle swarm at the steady state can be obtained according to Figure 4, and combined with the change curve of the drag coefficient CD with Re (Syamlal and O’Brien, 1987). As shown in Figure 4, when Re is small, the transport medium is in laminar flow state. At this time, the particle settlement resistance is mainly viscous force, and CD has a linear relationship with Re; With the increase of Re value, the movement of transport medium is gradually transformed into turbulence. At this time, the viscous force and turbulent resistance received by particle settlement can not be ignored, and CD has a curve relationship with Re; When the value of Re increases to a certain extent, the transport medium is in the turbulent region. At this time, the viscous resistance of particle settlement can be ignored, and CD remains constant with the change of Re. The fluctuation range of the value of the particle swarm CD is negligible. Therefore, it can be considered that CD remains constant during the parabolic motion, and its size can be measured by the terminal velocity of the particle settling:
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where vt is the terminal velocity. Substituting Eq. 48 into Eq. 47, we obtain
[image: image]
[image: Figure 4]FIGURE 4 | Fluctuation range of CD and probability distribution of Re during particle parabolic motion.
Integrating both sides of Eq. 49, and taking the particle motion state at the highest point P as the boundary condition, that is, t = 0 and v↑ = 0 are satisfied, the motion equation of the particle upward stage can be obtained:
[image: image]
The motion equation of particles in the downward stage is as follows:
[image: image]
Equations 50, 51 indicate that when the particle motion velocity v and the corresponding time t are normalized by the end-settlement velocity vt, the change in the dimensionless velocity [image: image] with dimensionless time [image: image] is determined by the above equation. Taking the combined Eq. 48, vt is only related to the particle size under a constant CD. Therefore, the motion law of the particles is uniquely determined under the given distribution of particle size. Figure 5 shows the variation of [image: image] with [image: image], where the velocity of the particles rapidly drops to 0 during the ascending process, and then slowly rises to vt during the descending process. When the particle moves at the initial velocity [image: image] (point A in Figure 5), the corresponding time [image: image] can be obtained from Eq. 50, and the path lengths of the particles rising and falling are equal, indicating that the shadow area in the corresponding figure is equal. Combining Eqs 50, 51, the corresponding time when the particles fall to the bed (point B in Figure 5) can be obtained as follows:
[image: image]
[image: Figure 5]FIGURE 5 | Curve of parabolic motion speed with time and transfer path of particle momentum.
Equation 52 is substituted into Eq. 51 to obtain the velocity [image: image] when the particles fall to the bed, and then the next parabolic motion starts with [image: image] as the initial velocity (point C in Figure 5) and cycles in turns. It can be concluded from the path of gain and loss of particle momentum shown in Figure 5 that although the variation of particle momentum [image: image] and [image: image] decreases with the increase in motion time, the momentum gain during parabolic motion is negative. This means that without considering the momentum gain brought by the collision process, the particle momentum will gradually converge to zero, and the continuity of particle transport will no longer be satisfied.
Disturbance of Particles Transport on Transition Layer Flow Field
In this section, the particle swarm velocity distribution profile is obtained by analyzing the change law of the momentum of the particles during the transport process. Moreover, we considered the interaction between the fluid in the transition layer and the particles on the bed, and the mass of the particles flowing into the transition layer per unit time was obtained. Finally, on this basis, the disturbance law of particle transport in the flow field of the transition layer is discussed.
The transport of particles essentially alternates between the collision motion and the parabolic motion, that is, the particles begin the parabolic motion in the transition layer after the collision motion with the bed surface, and the change law of particle swarm momentum should satisfy
[image: image]
where P and R are the transfer probability matrix of the momentum change in the collision motion and the parabolic motion of the particle swarm, and the matrix S = PR obtained by the multiplication of the two is also the transfer probability matrix according to Eq. 16, which corresponds to the change in momentum of the particle swarm in the transport process.
When the particle moves to the highest point during the parabolic motion, the velocity along the gravity direction reaches the minimum value, which indicates that the particles stay at this position for the longest time. The velocity v→ of particles in the flow direction at this position can then be taken as the value of the velocity profile in the transport process of the particle swarm, which can be obtained by traversing the particle swarm momentum sample space, as shown in Figure 6. The particle swarm velocity increases with increasing elevation, but the increasing speed gradually slows down. This is because with an increase in v→ the fluid resistance of particles along the flow direction decreases gradually, that is, the velocity of particles remains constant until v→ increases to the flow velocity. When the transition layer fluid accelerates the particles, it will also be subject to the reaction of particles, which causes the original flow field to evolve with the transport process. According to the conservation of the fluid mass in the transition layer, the following can be obtained:
[image: image]
where [image: image] is the liquid–solid mixing velocity of the fluid at the corresponding y position in the transition layer, and IPF is the activation probability function of the static particles in the sedimentary bed, which is defined as the mass of the particles in the sedimentary bed that can be activated by the unit mass of the transition layer fluid velocity distribution vf. This is related to the shear force of the transition layer fluid τa, τw, and the dimension is 1. In Eq. 57, both [image: image] and [image: image] are known quantities; therefore, when the probability function IPF is obtained, the variation law of the transition layer flow field distribution can be obtained.
[image: Figure 6]FIGURE 6 | Profile of particle swarm velocity distribution and diagram of momentum distribution.
EVOLUTION OF PROPERTY AND MOTION CHARACTERISTICS OF SLURRY DURING HYDRAULIC TRANSPORTATION
The transportation of particles leads to the continuous evolution of the property and motion characteristics of the slurry, and the convergence of the momentum distribution with the transportation process indicates that the evolution of the velocity distribution, solid concentration distribution, mass flow distribution, and bed thickness of the transition layer should also be stable during hydraulic transport. In this section, according to the analysis of the mass and momentum exchange between the transition layer and the sedimentary bed in the transportation, the trend of velocity and solid concentration distributions in the transition layer is obtained, and on this basis, the characteristics of the evolution of the sedimentary bed geometry are explored.
Continuity Equation of Slurry in Transition Layer
Particles in the sedimentary bed begin to move under the action of the transition layer fluid, and the mass of the activated particles is related to the mass flow rate of the transition layer fluid. The activation probability function can be expressed as follows (Syamlal and O’Brien, 1987):
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where T is the movement period of particles, M is the mass of particles invading the transition layer during T, and IPF is the activation probability function of the particle, which can be expressed as (Sauermann et al., 2001)
[image: image]
where τl0 is the liquid-phase shear force at the junction of the sedimentary bed and the transition layer. τt is the critical starting stress of material particles, and its calculation method can be referred to (Ahmed, 2001). When τl0 > τt, then n > 1, and when τl0 < τt, then n = 1. Equation 56 shows that when and only when τl0 > τt, particles will be activated in the sedimentary bed, and the activation efficiency of these particles depends on the trend of n. Based on the Taylor expansion and Eq. 55, the following equation can be obtained:
[image: image]
where [image: image], and it can be considered as the contribution of factors other than the liquid shear stress to the activation of particles in the sedimentary bed, which characterizes the erosion intensity of the transition layer on the sedimentary bed and can be obtained through laboratory experiments or numerical simulation (Syamlal and O’Brien, 1987).
Taking the micro-element control volume in the transition layer as the research object, based on the law of conservation of mass, it can be concluded that
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where ρ is the fluid density of the transition layer, v is the fluid velocity, l is the average transport distance of the particles, and δ is the thickness of the transition layer. According to the stress state of the micro-element control volume, the expression of τl0 can be obtained using the momentum theorem as follows:
[image: image]
The equation is based on the assumption that the flow velocity is uniform and time-invariant, where [image: image] is the difference between the horizontal component of the downward velocity and upward velocity during particle transport at position y, [image: image] is the horizontal distance of particles at position y from upward to downward, and τ0 is the flow shear force of the fluid at the interface between the transition layer and the sedimentary bed. Based on the assumption that the slurry satisfies Newton’s shear law, the following conclusions can be drawn:
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where μ is the viscosity of the slurry in the transition layer, which is affected by the concentration of solid particles (Einstein, 1906):
[image: image]
where μ0 is the viscosity of the slurry without solid particles, and Cv is the volume concentration of the solid phase in the transition layer. Equation 58 shows that the change in fluid mass in the micro-element control body depends on the mass flow gradient in the flow direction and the invasion rate of particles in the sedimentary bed, and its trend is related to the distribution of the velocity field and solid concentration in the transition layer during transportation. Therefore, the characteristics of the evolution of the slurry properties and motion parameters depend on these two important parameters.
Characteristics of the Evolution of Flow Field and Solid Concentration Distributions in the Transition Layer
Based on the boundary conditions above, the velocity distribution in the transition layer can be assumed to be a polynomial distribution with five unknowns:
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The concentration distribution of the solid phase can be expressed as follows:
[image: image]
The flow field and solid concentration distributions in the transition layer gradually evolve with the transportation process. Based on the principle of mass conservation, the evolution of the solid concentration can be expressed as follows:
[image: image]
The evolution of the flow field distribution is expressed as follows:
[image: image]
where MR(y) is the mass proportion of particles at the y position in the transition layer to the total mass of activated particles in Δt, as shown in Figure 14. In conclusion, on the basis of solving Eqs. 64, 65 to obtain the slurry movement law in the transition layer, the variation law of fluid mass flow can be analyzed using the continuous Eq. 58.
Model Solving Process
The solution of the mass conservation equation of the transition layer fluid is directly related to the characteristics of the evolution of the property parameters and motion parameters of the slurry; therefore, the solution of Eq. 58 must be accompanied by the real-time solution of the flow field and solid concentration distributions of the transition layer. Equation 58 contains three unknowns: slurry density ρ, velocity v, and liquid phase shear force τl0, and Eq. 59 describes the decisive factors of τl0:
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where Qs is the saturated mass flow rate:
[image: image]
TVP, [image: image], and ls are process parameters:
[image: image]
Equation 66 shows that the trend of the fluid mass flow rate in the transition layer is consistent with the trend of the solid-phase shear stress τs. The inflow of particles in the transition layer increases the mass flow rate, and the momentum exchange between the liquid and solid phases is more intense. However, it also leads to a decrease in the mass source term on the right side of Eq. 66 and a decrease in the liquid phase shear force τl, thus weakening the growth rate of the mass flow rate and the solid phase shear force τs. QS corresponds to the flow shear force τ, which describes the carrying capacity of solid particles of the transition layer from the perspective of mass exchange and momentum exchange, respectively, and the evolution of Q and τs describes the negative feedback mechanism of the mass change in the transition layer from the qualitative and quantitative perspectives, respectively.
Definite Conditions for Solution of Slurry Motion Parameters in the Transition Layer
① Slurry mass flow.
At the initial time of transportation, there are no particles in the transition layer; therefore, analogous to the velocity distribution of the boundary layer (White and Corfield, 2006), the initial conditions of mass flow in the transition layer are satisfied:
[image: image]
The change in the mass flow rate of the transition layer fluid at the inlet is equal to the mass of the particles flowing in time step Δt:
[image: image]
② Momentum distribution of particles.
The stress of the static particles in the sedimentary bed at the initial time satisfies the following requirements:
[image: image]
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where G is the floating weight of the particles, mp is the weight of the particles, A is the cross-sectional area of the particles, CL is the lifting force coefficient, and CD is the drag force coefficient. The simultaneous Eqs 71, 72 show that the momentum of the particle swarm at the initial time satisfies the following equation:
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Equation 73 shows that the momentum distribution of the particle swarm at the activating moment depends on the particle size distribution:
[image: image]
The momentum evolution of the particle swarm in the transportation is consistent with the following:
[image: image]
Definite Conditions of Slurry Physical Parameters
After injection, the particles move along the flow direction for a certain distance and then deposit to the bottom of the pipeline or open channel. The transport distances of particles with different particle sizes along the flow direction are different, and thus they deposit at different positions. It is assumed that the particle size distribution of the material can be ranked from large to small as [image: image], and then the morphology distribution of the sedimentary bed can be expressed as (Syamlal and O’Brien, 1987)
[image: image]
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where Δi is the thickness of the sedimentary unit, xi and xi+1 are the horizontal transport distances of particles with adjacent particle sizes, wi is the width of the sedimentary unit, hi is the height of the sedimentary unit, Vi is the proportion of the volume of material particles with particle size (dp)i to the total volume of material, and θ is the accumulation angle, which is determined by laboratory experiments.
LABORATORY EXPERIMENT OF HYDRAULIC TRANSPORT
Laboratory experiments on slurry motion and changes in physical parameters during hydraulic transport were carried out. Based on the similarity criterion, a consistent relationship between the experimental parameters and engineering conditions was ensured, and the evolution law of the transition layer motion parameters and the change law of the sedimentary bed physical parameters were explored. Combined with the experimental measurement results and model calculation results, the rationality of this model was verified.
Experimental Device
As shown in Figure 7, in this experiment, a centrifugal pump injected water into the plexiglass open channel through an injection pipeline to form a strong water flow. The particles flowed homogeneously through the sand–water mixing tank at the injection point, and the flow speed and direction stability were controlled through the rectifier plate and guide grid group to simulate the stable flow situation in the process of trough transportation accurately. An acoustic Doppler velocimeter was set up in the open channel to monitor the variation in velocity at different positions during transportation in real time. The acoustic doppler velocimeter measures the three-dimensional velocity of X, Y and Z. Y is perpendicular to the X direction, and X and Y are in the same plane, Z is vertical upward. The three directions comply with the right-hand rule. The four “legs” of the flow meter are data acquisition points in four different directions (x, y, z) at the measurement position to measure the flow velocity and direction at the corresponding position, in which the red rectangle represents the x-axis. The evolution of the sedimentary bed was observed by a high-speed camera in real time.
[image: Figure 7]FIGURE 7 | Diagram of hydraulic transport simulation device.
Experimental Parameters
The scale of real hydraulic transportation is large, so it is impossible to restore the experimental simulation of transportation process 1:1 in the laboratory. Therefore, the hydraulic transport simulation experiment must be carried out through the appropriate similarity criterion. As mentioned above, in the process of hydraulic transport, whether in the macro evolution of the geometry of the sedimentary bed and the flow field in the transition layer, or in the micro collision and parabola movement of the particle swarm, the gravity is always the key factor affecting its motion form. Therefore, the Froude number similarity criterion is selected here. According to the Froude similarity criterion,
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Where vm and vt represent the transport medium velocity under laboratory simulation conditions and real hydraulic conveying conditions respectively, m/s, lm and lt represent the scale size under laboratory experiment and real conditions respectively, m, gm and gt represent the gravitational acceleration under laboratory experiment and real conditions respectively. The parameters of the hydraulic transport simulation experiment were designed as Table 1.
TABLE 1 | Parameters of hydraulic transport simulation experiment.
[image: Table 1]Description of Experimental Phenomena
Observe the process from particle return to stopping upward return. At 1 min, there is basically no rock debris return. At 2 min, the particle concentration increases, and then returns stably. A sharp fan-shaped sedimentary bed is formed at the bottom of the flume along the ocean current direction. The deposition positions of particles with different particle sizes are different, and the geometric shape of the deposition unit formed by material particles with corresponding particle sizes is in accordance with Equation 76 (77).
Driven by the water flow, the material particles on the surface of the sedimentary bed begin to move and invade the transition layer against the resistance and resistance torque. The amount of invasion is controlled by Eq. 57. The moving particles climb over the upper surface of the paved sand layer after parabolic motion (50) (51) and collision motion (15). The sedimentary bed begins to evolve slowly as a whole, and the evolution law conforms to Eq. 58.
After 10 min of particle upward return process, all transported particles have entered the water tank. Keep the water velocity constant, observe the migration and deposition process of particles, and record the results every 5 min. In order to clearly observe the range of particle migration and deposition, the top view of the experimental process is shown in Figure 8.
[image: Figure 8]FIGURE 8 | Top view of the experimental process.
When the particles stop returning, the sediment is in the shape of a sharp fan. Under the action of water flow, the tip of the sedimentary bed slowly disappears, the sand layer is a small sand dune along the width of the flume, and the sedimentary bed is accumulated in a horseshoe shape as a whole.
Comparative Analysis of Experimental Results and Model Calculation
Taking the simulation and experimental parameters listed in Table 1, the model calculation and experimental results are compared, as shown in Figure 9, where the color bar represents the height of the deposition bed. It can be observed that both of them show that the sedimentary bed presents, in general, a horseshoe-shaped accumulation, which indicates that the change in the morphological distribution of the sedimentary bed is affected by the transport of particles at the leading edge and the accumulation of particles at the tail, and the morphology evolution is that the particles in the front position are transported to the middle and rear positions of the sedimentary bed under the action of the liquid phase. It can be concluded that the intense parabolic and collision motions of the particles in the transition layer are accompanied by the synchronous evolution of the morphological distribution of the sedimentary bed, which ensures the continuity of particle transportation.
[image: Figure 9]FIGURE 9 | Comparison of experimental and model calculation results of sedimentary bed morphology distribution.
Table 2 presents the comparison between the experimental and model calculation data, and it can be observed that the maximum relative error is no more than 4%, which proves the rationality of the model. The velocity distribution of the transition layer is shown in Figure 10, where the continuous curve is the model calculation result of the velocity distribution in the transition layer, and the discrete points are the finite velocity points in the transition layer measured by acoustic Doppler velocimeter. It can be observed that the invasion of particles changes the original flow field distribution in the transition layer, and the change range of the velocity profile is different at different positions, but the influence area is mainly concentrated between positions A and B, which indicates that the particle transport is concentrated in this position. The continuous curve in Figure 10 represents the calculated data of the model, and the discrete points represent the measured data. It can be observed that the two have good consistency.
TABLE 2 | Comparison of experimental data and model calculation data of sedimentary bed morphology distribution.
[image: Table 2][image: Figure 10]FIGURE 10 | Comparison of experimental and model calculation data of slurry velocity distribution.
ANALYSIS OF EVOLUTION OF SLURRY PROPERTY AND MOTION PARAMETERS IN HYDRAULIC TRANSPORTATION
The upper limit of the velocity distribution in the transition layer is determined by the incoming velocity u, and the change in velocity distribution directly affects the distribution of flow shear force τ in the transition layer. Thus, the incoming velocity u represents the power of particle activation to a certain extent. According to Eq. 56, the particles invade the transition layer from the sedimentary bed when τl0> τt, and τt depends on the particle property parameters. In conclusion, the relationship between the flow motion parameters and the particle property parameters is the key factor affecting the particle motion state, which directly leads to a change in the particle invasion strength, determines the non-uniformity of fluid mass flow in the transition layer, and affects the evolution of the distribution of the sedimentary bed. In this section, based on the model, the characteristics of the evolution of slurry property and motion parameters in hydraulic transportation under different incoming flow velocities U and the distribution of particle size dp are simulated and calculated.
Characteristics of the Evolution of Slurry Property and Motion Parameters
Evolution of Flow Field and Solid Concentration in the Transition Layer
Pure water was used as the transport medium, flow velocity u = 0.3 m/s, particle density ρ = 2,751 kg/m3, and the particle size distribution satisfies the normal distribution dp ∼ N (5, 0.5), the total transportation volume is TTV = 75 m (Ihle et al., 2014). As can be observed, there is a difference in velocity distribution between the particle swarm and liquid phase during transportation, which tends to reduce the fluid velocity in the transition layer as a whole. The weakening range is related to the solid concentration at different positions on the sedimentary bed surface. The minimum value of the slurry velocity is obtained at position A in the figure, which corresponds to the maximum value of the solid concentration at this position. The solid content in the transition layer increases continuously during transportation, but the concentration distribution maintains the same change trend with time. This indicates that the transport of intrusive particles can reach the stationary state in a short time, and the velocity distribution has the same change response. The influence of particle motion on the flow field in the transition layer is limited to position B, which indicates that the range of particle motion is limited to the B position under the given flow motion parameters and solid property parameters.
Evolution of Mass Flux in the Transition Layer
According to the mass conservation Eq. 66, the variation in the mass flow rate in the transition layer depends on the transportation [image: image] along the flow direction and the invasion of particles in the sedimentary bed, which are affected by the flow field distribution in the transition layer. At the same time, the invasion of solid particles leads to the movement of particles in the sedimentary bed. Hence, the evolution of mass flux in the transition layer is a complex process affected by multiple factors. It can be observed that the areas with severe mass flow changes are concentrated at the front edge of the sedimentary bed, whose extent is the most dramatic in the interval of 0–300 s. This is because the transition layer does not contain particles at the initial moment. According to Eq. 69, position A has the largest mass flow gradient, and therefore the mass flow increase rate is the highest during the initial time interval and reaches the peak value at t = 300 s. However, at the same time, it can be found that the particle intrusion reduces the overall velocity distribution at this location, and the activation efficiency of particles decreases accordingly. Therefore, at t = 300 s, the highest point of the mass flow rate gradually shifts to other locations. Position B at the front edge of the sedimentary bed was a pure liquid phase after the injection was completed; therefore, the increase rate in solid phase concentration was the slowest. Therefore, this position gradually becomes the highest point of mass flow increase rate and reaches saturation at t = 800 s, which indicates that the amount of activated particles per unit time at this location is equal to the outflow along the flow direction, until the thickness of the sedimentary bed at this location approaches zero.
Influence of Flow Velocity on Slurry Property and Motion Parameters
Figure 11 shows the evolution of the velocity distribution in the transition layer under different flow velocities. It can be observed that with the increase in flow velocity, the influence of particle invasion on the original velocity field gradually decreases, which indicates that the flow velocity can reflect the hydraulic energy of the transport medium to a certain extent. With the increase in flow velocity, the activation ability of the transition layer with respect to the particles in the sedimentary bed increases, and the thickness of the sedimentary bed decreases as a whole, which is consistent with the trend of the distribution of the sedimentary bed in Figure 12.
[image: Figure 11]FIGURE 11 | Variation of velocity distribution in the transition layer with flow velocity.
[image: Figure 12]FIGURE 12 | Variation of sedimentary bed morphology distribution with flow velocity.
Influence of Particle Size Distribution on Property and Motion Parameters of Slurry
Figure 13 shows the evolution of the bed morphology distribution for different particle size distributions. As can be observed, the bed thickness increases with an increase in the average particle diameter. However, according to Figure 14, the velocity distribution of the transition layer does not respond to the change in particle size, which indicates that the morphological change of the sedimentary bed is simply caused by the change in the initial deposition position caused by the change in particle size distribution, and the change in particle size distribution has little effect on the transport of the transport medium.
[image: Figure 13]FIGURE 13 | Variation of velocity distribution in the transition layer with particle size distribution.
[image: Figure 14]FIGURE 14 | Variation of sedimentary bed morphology distribution with particle size distribution.
CONCLUSION

1) Based on the analysis of the stress state of a single particle and the momentum distribution of the particle swarm, and considering the randomness and uncertainty of particle motion during transportation, a layered model of slurry hydraulic transportation suitable for transportation in pressure pipelines and open channels is established. Compared with the laboratory experiment data, the maximum error of the model calculation is less than 5%, which proves the rationality of the model calculation.
2) The movement of particles during transportation can be divided into two stages: parabolic motion and collision motion, and the momentum distribution of particles in the two stages converges to a stationary state with transportation.
3) The transition layer disturbs the stress state of the particles on the surface of the sedimentary bed, which leads to secondary transportation of particles. The particles intruding into the transition layer disturb the flow field in the transition layer, which causes the distribution of the deposit bed, and the flow field in the transition layer evolves gradually with transportation. The convergence of the particle swarm momentum ensures a stationary state in the evolution process.
4) The property and motion characteristics of the slurry during transportation were simulated and calculated using the proposed model. With an increase in the incoming flow velocity, the shape distribution of the sedimentary bed decreased as a whole, and the extent of disturbance of the flow field in the transition layer decreased as a whole, whereas with an increase in the particle size, the shape distribution of the sedimentary bed showed an overall expansion trend, and the extent of disturbance of the flow field in the transition layer remained basically unchanged.
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A complex fracture network is composed of many similar structures. The migration law of proppant at each structure is the core and basic content of the migration law of proppant in complex fracture network, and there is little research. In this study, the EulerianEulerian method (TEM) is used to analyze the migration and distribution characteristics of solid–liquid two phases at the fracture corner according to different corner types of the fracture network. The results show that the migration characteristics of proppant in the corner area can be divided into the corner anomaly area, buffer area, and stability area; the influence of the turning angle on proppant migration is mainly concentrated at the corner and in the range of 4 times the fracture width after turning. The probability of sand plugging at the corner of the “Y → T” fracture is lower than that of “L → l”, higher than that of the “X → +” wing branch fracture, and lower than that of the main fracture. At the corner of the fracture network, after the solid flow turns, the proppant will form a high sand area on the side of the impact fracture surface, then rebound back to the fracture, form a sand-free area on the other side, and form a high-velocity core in the refraction interval. At the corner of the “L → l” fracture, there are one high sand area, one non-sand area, two low-velocity areas, and one high-velocity area; there are three low-velocity areas, two sand-free areas, and one high sand area at the corner of the “Y → T” fracture; at the corner of the “X → +” fracture, there is a high sand area and no sand-free area, and the flow velocity of the main fracture is much greater than that of the wing branch fracture.
Keywords: coal seam, fracture network, corner, proppant migration, distribution characteristics
INTRODUCTION
Coalbed methane is mainly composed of methane. Each unit of combustion produces less carbon dioxide than coal and oil. It does not produce ash and release toxic and harmful gases. It is a clean energy (Bustin and Clarkson, 1998; Song and Elsworth, 2018; Wang and Elsworth, 2018). The development of coalbed methane can reduce the content of coalbed methane and internal gas pressure; greatly reduce the probability of gas outburst, gas explosion, coal and gas outburst accidents; and effectively ensure the safe and efficient production of coal mines. Meanwhile, methane and carbon dioxide are the two main gases causing the greenhouse effect (Zachos et al., 2001; Parmesan and Yohe, 2003; Zachos et al., 2008), in which the impact of methane on the greenhouse effect is 20 times that of carbon dioxide (Mooney et al., 1987; Gorham, 1991), and the instability of methane in the air is much higher than that of carbon dioxide, which may produce greater side effects (Mooney et al., 1987). Moreover, in the process of coal seam mining, due to the low concentration of gas drainage, some mines directly discharge low-concentration gas into the air, aggravating the “greenhouse effect.” Therefore, the development and utilization of coalbed methane has a certain positive significance to alleviate the “greenhouse effect.” These advantages show that CBM has good development prospects and is expected to become an important part of the future energy structure.
In order to improve the exploitation efficiency of coalbed methane, hydraulic fracturing (Huang et al., 2011; Lv et al., 2012), CO2 phase change fracturing (Colmenares and Zoback, 2007; Xu et al., 2017), nitrogen fracturing (Cai et al., 2015; Qin et al., 2017), and other methods are often used to transform the coal seam, activate the internal bedding and cleat of the coal seam, and form a complex fracture network system penetrating each other. The key of fracturing technology is to form fractures with high conductivity (Li et al., 2021). However, under the action of closure stress, the coal seam fracture is easy to close. Therefore, in order to ensure that the fracture is open after the pumping stops and backflow, and increase the duration of effective fracture opening, proppant needs to be added to the fracture to support the fracture to maintain the fracture conductivity (Li et al., 2020). The migration and distribution of proppant is one of the core technologies to maintain fracture opening (Yan et al., 2016; Guo et al., 2017; Zheng et al., 2017; Wang et al., 2018).
In the project site, due to the formation of fracture network system after fracturing, the migration law of proppant is complex, and effective real-time observation means have not been developed. In order to observe the migration and distribution characteristics of proppant in fractures, the laboratory test and numerical simulation are often used. The laboratory test can observe the distribution characteristics of proppant in the fracture network after the test by tomography (3D XRM) (Liu and Sharma, 2005; Huang B. X. et al., 2019; Yatin et al., 2020) or establish a simple fracture network system through the transparent glass to observe the proppant migration process in the fracture (Bandara et al., 2020). However, the aforementioned two methods have some shortcomings. The former can only observe or simulate the final distribution characteristics of proppant in real fractures, while the latter has a simple fracture network, the fracture shape is non-actual fracture shape, the fracture surface is smooth or uniform roughness, and the reservoir filtration is not considered.
Numerical methods have been widely used because of their advantages of evolvable flow details that are difficult to obtain from experiments and revealing the internal flow mechanism of solid–liquid two phases (Blais et al., 2017; Peng et al., 2019). During proppant migration, there are multiple phases such as solid phase, liquid phase, and even gas, and there are multiple fields such as pore fracture field, stress field, seepage field, and temperature field. Numerical simulation often simplifies the actual situation. At present, the commonly used numerical simulation methods for proppant migration are divided into E-L (Eulerian–Lagrangian) method (Akhshik et al., 2015; Wang et al., 2019) and E-E (Eulerian–Eulerian) method (Xiong et al., 2021). The E-L method regards fluid as the continuous phase and solid particles as a discrete phase for modeling and calculation. Common model calculation methods mainly include discrete particle method (DPM) (Zhang et al., 2017) and the computational fluid dynamics discrete element method (CFD-DEM) (Patankar et al., 2000; Chen et al., 2012; Hu et al., 2021); The E-E method regards fluid and solid particles as continuous phases penetrating each other for simulation. The common model calculation method is a two-fluid model (TEM). Compared with the E-L method, the E-E method requires less calculation and has relatively low requirements for computer configuration. It allows the effective modeling of large-scale systems with a large number of particles, which is conducive to the application to the actual engineering scale. Therefore, the E-E method is widely used in the research field of proppant migration and distribution.
At present, the numerical research on the law of proppant migration and distribution mainly focuses on the flow law in non-permeable simple fractures, and the research on the law of proppant migration in complex fracture network is less. A complex fracture network is composed of many similar structures. The migration law of proppant at each structure is the core and basic content of the migration law of proppant in complex fracture network, and there is little research. The basic law of proppant migration and distribution at the corner of the fracture network has the positive significance for proppant selection and fluid attribute setting and provides theoretical guidance for safe and efficient exploitation of coalbed methane. Therefore, it is necessary to clarify the migration law of proppant at different fracture corners, so as to deeply analyze the migration and distribution characteristics of proppant in the fracture network. This study mainly focuses on the migration and distribution of proppant at the corner of the horizontal fracture network and uses the E-E method (TEM) to analyze the migration and distribution characteristics of proppant at the corner of the horizontal fracture network in the coal seam.
FRACTURING FRACTURE MORPHOLOGY OF COAL SEAM
According to a large number of coal fracturing tests, it shows that the main fracture and wing branch fracture are formed by fracturing in the coal seam. The expansion and extension of the main fracture and wing branch fracture are integrated with the bedding and cleat system in the coal seam to form a complex fracture network structure. According to the local characteristics of the fracture network structure, the fracture network structure can be divided into multiple simple structures, and its morphology is mainly divided into “L → l” (Zhao et al., 2019), “Y → T” (Chen et al., 2019; Cheng et al., 2020), and “X → +” (Ai et al., 2018; Tan et al., 2011, 2019). The fracturing fracture network morphology often presents three types of combined states (Figure 1).
[image: Figure 1]FIGURE 1 | Fracture network.
MATHEMATICAL MODEL OF PROPPANT MIGRATION IN FRACTURE
Geometric Model
Based on the contents of section 2, the fracture corner can be divided into three types: “L → l,” “Y → T,” and “X → +.” In order to facilitate the research, the angle of “L → l” type corner is divided into 0°, 30°, 45°, 60°, 90°, and 135°, and a total of eight measuring lines L1 ∼ L8 are set in the model for analysis; the angle of the “Y → T” type corner is divided into 30°, 45°, 60°, 90°, and 135°, and a total of twelve measuring lines L1 ∼ L12 are set in the model for analysis; the angle of “X → +” type corner is divided into 30°, 45°, 60°, and 90°, and a total of sixteen measuring lines L1 ∼ L16 are set in the model for analysis. The geometric models of “L → L,” “Y → T,” and “X → +” when the angle is 45° are shown in Figure 2.
[image: Figure 2]FIGURE 2 | Geometric models of “L → L,” “Y → T,” and “X → +” when the angle is 45°.
Basic Assumptions
The E-E method is used to study the proppant migration and distribution characteristics in the water pressure fracture of the coal seam. The collision between solid particles is considered in the simulation process. In order to study this goal, the following assumptions are made for the model: 1) the proppant particle size in the fracture is uniform; 2) the mass transfer between the fracture surface and the solid fluid is ignored; 3) the influence of bubbles on proppant migration is not considered; 4) the material transfer between two-phase flow is zero; and 5) the skeleton is a rigid body without deformation.
Governing Equations
Mass Balance
Assuming that there is no mass transfer between two phases, the mass conservation equation can be expressed as follows (Zhang et al., 2020):
[image: image]
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where [image: image] y is the volume fraction of the liquid phase, dimensionless; [image: image] g is the volume fraction of solid phase, dimensionless; uy is the velocity tensor of the liquid phase, m/s; and ug is the velocity tensor of the solid phase, m/s.
Momentum Balance
The momentum equation of liquid phase and dispersed phase is (Van Wachem et al., 2001) as follows:
[image: image]
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where p is the mixing pressure, assuming that the two-phase pressures are equal, Pa; ρg is the solid density, kg/m3; ρy is the density of liquid phase, kg/m3; τg is the viscous stress tensor of solid phase, Pa; τy is the viscous stress tensor of liquid phase, Pa; ps is the solid pressure, Pa; g is the gravitational acceleration tensor, m/s2; Fm is the momentum transfer phase between phases, Fmy is the force tensor of other relative liquid phases, Fmg is the force tensor of other relative solid phases, N/m3; F is any other volume force tensor, N/m3; μy is the dynamic viscosity of the liquid, Pa·s; μg is the dynamic viscosity of the solid, Pa·s; and I is the unit tensor.
Dispersed Phase Viscosity
The dynamic viscosity of the two-phase mixture is not easy to obtain. Based on experience and analysis, the researchers obtained that the viscosity of the mixture is a function of the dispersion volume fraction, which can be expressed as follows (Enwald et al., 1996):
[image: image]
where [image: image] gmax is the maximum filling limit. The default value of solid particles is 0.62, and the default value of droplets/bubbles is 1.
Phase to Phase Momentum Transfer
Considering the particles, droplets, or bubbles in the fluid flow, it is affected by multiple forces, such as resistance, added mass force, and lift. The most important force is resistance, especially in fluids containing highly concentrated dispersed solids. Therefore, the resistance in the momentum equation is expressed as follows (Ergun, 1952; Wen and Yu, 1966):
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where β is the drag coefficient; Uslip is the slip velocity between phases, m/s; dg is the diameter of solid particles, m; and Cd is the drag coefficient of a single solid particle. Cd is a function of Reynolds number (Re), which is calculated by using the Schiller–Naumann relationship (Gidaspow, 1994):
[image: image]
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Solid Pressure
Solid pressure simulates particle interaction due to collision and friction between particles. The solid pressure model adopts the basic assumption of gradient diffusion (Enwald et al., 1996):
[image: image]
Darcy’s Law
Considering the filtration of liquid phase on the fracture surface and not the filtration of solid phase, Darcy’s law is adopted to obtain the filtration rate of liquid phase as follows (Fan et al., 2019):
[image: image]
where u is the Darcy velocity tensor, m/s; [image: image] is the permeability of the porous medium, m2.
Initial Parameters and Solution Settings
The physical parameters required in the numerical simulation of sand-carrying fluid migration in fractures are shown in Table 1. The parameters in Table 1 are assigned to the control equation, and then iterative calculation is carried out. The calculation process lasts for 600 ms.
TABLE 1 | Model parameter setting.
[image: Table 1]RESULTS AND ANALYSIS
This section will analyze the migration law and distribution characteristics of solid–liquid two phases at the fracture corner from three aspects: proppant volume fraction distribution characteristics, proppant velocity distribution characteristics, and liquid-phase velocity distribution characteristics at the fracture corner.
Proppant Migration Characteristics at the Corner of “L → l” Fracture
The distribution characteristics of proppant volume fraction of proppant migration at the corner of “L → l” fracture are summarized in Figure 3. As shown in Figure 3A, when the rotation angle is 0°, the proppant gradually migrates to the fracture depth. In the front section of proppant migration, the middle volume fraction is high, and the volume fraction on both sides is low and is symmetrically distributed along the centerline. When the rotation angle is 30°, the proppant will hit the right fracture surface when it reaches the rotation angle, resulting in the decrease in proppant migration speed. With the passage of time, a high–volume fraction proppant distribution area will be formed at the corner. At 400 ms, the high–volume fraction area tends to be stable, and the proppant will refract and migrate forward after hitting the right fracture surface. At 400 ms, the high–volume fraction region tends to be stable, the proppant refracts and moves forward after hitting the right fracture surface, and a proppant void is formed in the left fracture surface region between incident and refraction, and the volume fraction of proppant in this void is close to 0. With the passage of time, the migration of proppant gradually changed into the form of high/middle volume fraction and symmetrical low volume fraction along the midline (400 ms). When the angle is 45°, the proppant strikes the lower surface of the fracture, part of the proppant flows back to the inlet direction, forming a larger high–volume fraction region at the corner of the lower surface of the fracture, and the width of the high–volume fraction region of the proppant moving forward increases. When the rotation angle is 60°, the backflow of proppant is more significant, and the area of high–volume fraction proppant at the rotation angle increases, but the width of high–volume fraction proppant moving forward decreases, and the proppant empty area increases compared with 45°. When the rotation angle is 90°, a triangular-like high–volume fraction region is formed at the rotation angle, the width of the high–volume fraction region of proppant moving forward is further reduced, and the range of proppant void is further increased. When the rotation angle is 135°, the proppant migration produces new changes. First, the proppant migrates to the fracture and migrates directly perpendicular to the fracture surface, forming a high-volume integral sand area at the fracture surface. Then the proppant flows back along the wall and converges with the proppant migrating forward to form a high–volume fraction proppant with the same fracture width. As the proppant dose moving forward decreases, the time required for proppant migration to change to the original form increases (500 ms). At the same time, the flow area of the liquid phase at the corner is compressed. The high–volume fraction proppant at the 135° corner is very easy to cause fracture plugging.
[image: Figure 3]FIGURE 3 | Distribution characteristics of proppant volume fraction at the corner of “L → l.” (A) Distribution characteristics of proppant volume fraction at the corner of “L → l” fracture. (1) 0°, (2)30°, (3) 45°, (4) 60°, (5) 90°, (6) 135°. (B) The distribution of mean proppant volume fraction of each measuring line at different times at the corner of “L → l.” (C) Distribution of proppant volume fraction of each measuring line at the corner of “L → l” at 400 ms.
The mean proppant volume fraction of each measuring line at different times of the “L → l” fracture corner is summarized in Figure 3B. As shown in Figure 3B, in the proppant volume fraction stabilization stage, with the increase in the corner angle, the average proppant volume fraction not reaching the corner is close to the initial proppant volume fraction. When the angle of rotation is not greater than 90°, the mean value of the proppant volume fraction after turning for a certain distance (L7 and L8) is close to the initial proppant volume fraction, while the mean value of proppant volume fraction at the fracture corner and the area just passing through the fracture corner changes greatly. When the rotation angle is not greater than 60°, the mean proppant volume fraction of L5 and L6 gradually decreases by about 6%, and the mean proppant volume fraction of L5 is greater than L6; when the angle is 90°, the mean volume fraction of L6 is greater than L5; when the rotation angle is 135°, the average proppant volume fraction of L4 increases by about 20%, the average proppant volume fraction of L5 is close to the initial volume fraction, and the average proppant volume fraction of L6 decreases by about 10%. This is due to the backflow of proppant in the corner area, which increases the volume fraction at the corner inlet, and the backflow reduces the total amount of proppant moving forward.
The distribution of proppant volume fraction of each measuring line at 400 ms for “L → l” fracture is summarized in Figure 3C. As shown in Figure 3C, when the proppant moves through the corner, the proppant volume fraction near the right fracture surface increases, and the proppant volume fraction on the left fracture surface decreases. With the increase in migration distance, the proppant volume fraction near the right fracture surface gradually decreases, the proppant volume fraction near the left fracture surface gradually increases, and the proppant volume fraction of L5 and L6 survey lines is close to 0, indicating that this area is in the proppant empty area.
The distribution characteristics of proppant velocity at the corner of “L → l” are summarized in Figure 4. As shown in Figure 4A, with the passage of time, the average proppant migration velocity of L1 ∼ L4 survey lines shows rapid increase → slow decrease → tend to be stable. The farther away from the entrance, the longer the proppant migration velocity reaches the peak; the average proppant migration velocity of L5 and L6 survey lines is gradually increase → gradually decrease → slowly increase → tend to be stable. In the stable stage, the proppant migration velocity of L6 survey line is greater than that of the inlet section, and that of L5 survey line is less than that of the inlet section; the average proppant migration velocity of L7 and L8 survey lines is as follows: rapid increase → slow increase → rapid increase → slow decrease → tend to be stable. The peak time of L7 and L8 survey lines is slightly later than the trough time of L5 and L6 survey lines. With the increase in the angle of rotation angle, the trough points of the average proppant migration velocity of L5 and L6 measuring lines gradually decrease. It can be seen from Figure 4B that the velocity distribution of proppant in the fracture is “slow at both ends and fast in the middle.” At 400 ms, when the angle is not greater than 90°, the peak point of proppant migration velocity shifts to the right fracture surface with the increase in the angle. When the angle is greater than 90°, the peak value of proppant migration velocity before turning shifts to the left fracture surface, the peak value of proppant migration velocity after steering shifts to the right fracture surface, and the migration area increases.
[image: Figure 4]FIGURE 4 | Proppant velocity distribution characteristics at the corner of “L → l.” (A) Distribution of mean proppant velocity of each measuring line at different times at the corner of “L → l.” (B) Proppant velocity distribution of each measuring line at the corner of “L → l” at 400 ms.
The distribution characteristics of liquid-phase velocity at the corner of “L → l” fracture are summarized in Figure 5. As shown in Figure 5A, when the liquid phase migrates to the corner, the migration space is compressed, a high-speed fluid is formed in the central area, and a low-speed area appears on both sides. With the increase in the rotation angle, the low-speed region of the liquid phase gradually increases, and the low-speed region of the right fracture region is greater than that of the left fracture region. According to Figure 5B and Figure 5C, when the rotation angle is not greater than 90°, the liquid-phase mean velocity remains stable and the manifold is stable. The velocity shifts to the right fracture surface in a short area after passing the rotation angle and then remains stable again; when the turning angle is greater than 135°, the mean velocity of the liquid phase increases gradually at the turning angle, the velocity peak before turning is close to the left fracture surface, and the velocity peak after turning is also offset to the left fracture surface. This shows that the turning area near the right fracture surface is mainly the proppant distribution area, and the liquid-phase volume velocity is close to 0. The increase in the proppant area will increase the probability of fracture plugging.
[image: Figure 5]FIGURE 5 | Distribution characteristics of liquid-phase velocity at the corner of “L → l.” (A) The characteristics of liquid-phase velocity distribution at the corner of “L → l.” (1) 0°, (2)30°, (3) 45°, (4) 60°, (5) 90°, (6) 135°. (B) Distribution of mean liquid-phase velocity of each survey line at different times at the corner of “L → l.” (C) Liquid-phase velocity distribution of each measuring line at the corner of “L → l” at 400 ms.
To sum up, at the corner of “L → l,” the proppant empty area will be formed on the left fracture surface, and the proppant area with high volume fraction will be formed on the right fracture surface. The migration speed of the continuous phase in the two areas is low, and the velocity in the center of the continuous phase between the two areas is fast. With the increase in the angle of the corner, the volume fraction of proppant on the right side of the fracture corner gradually increases, the proppant return flow gradually increases, the high–volume fraction proppant area at the corner gradually increases, and the width of the high–volume fraction proppant area moving forward reaches the maximum when the corner is 45°. When the angle is greater than 90°, the width of the area with high volume fraction at the angle is similar to the fracture width, which is easy to cause fracture blockage. A sand-free area with volume fraction close to “0” is formed on the left side of the fracture. The area width and area gradually increase with the increase in the angle. With the passage of time, the proppant migration velocity before steering is as follows, rapid increase → slow decrease → tend to be stable; corner, gradually increase → gradually decrease → slowly increase → tend to be stable; after steering, rapidly increase → slowly increase → rapidly increase → slowly decrease → tend to be stable.
Proppant Migration Characteristics at the Corner of “Y → T” Fracture
The distribution characteristics of proppant volume fraction at the corner of “Y → T” fracture are summarized in Figure 6. As shown in Figure 6, since the fracture is in the “Y → T” shape, at the fracture corner, the two-phase fluid will impact the corner position, and the proppant volume fraction at the corner increases. With the increase in the corner angle, the high–volume fraction area of proppant at the corner increases. When the proppant enters the turned fracture, it first migrates forward along the right fracture, and then gradually fills the whole fracture width. Two sand-free areas are formed in the corner area. With the increase in the corner angle, the sand-free area gradually increases. Because the shape is symmetrical up and down, the volume fraction of proppant flowing to the two wing branch fractures is equal. After turning, after a certain distance (L6 and L9 in Figure 6B,C), the dispersed phase manifold gradually becomes regionally stable, forming a fluid approximately symmetrical along the midline. When the angle is greater than 90°, the high–volume fraction area of proppant at the corner is obviously smaller than the “L → l" fracture, which is not easy to cause fracture blockage. It is easy to know from Figure 6B,C that with the passage of time, the farther away from the inlet, the slower the average increase rate of proppant volume fraction and the longer the time required to stabilize. After turning, the proppant volume fraction near the right fracture surface is high, gradually decreases along the direction perpendicular to the fracture surface, and the proppant volume fraction on the left fracture surface is close to 0.
[image: Figure 6]FIGURE 6 | Distribution characteristics of proppant volume fraction at the corner of “Y → T.” (A) Distribution characteristics of proppant volume fraction at the corner of “Y → T” fracture. (1) 30°, (2) 45°, (3) 60°, (4) 90°, (5) 135°. (B) The distribution of mean proppant volume fraction of each measuring line at different times at the corner of “Y → T.” (C) Distribution of proppant volume fraction of each measuring line at the corner of “Y → T” at 400 ms.
The distribution characteristics of proppant velocity at the corner of “Y → T” fracture are summarized in Figure 7. As shown in Figure 7, the proppant migration velocity in the wing branch fracture is lower than that in the main fracture, and the proppant migration velocity of each wing branch fracture accounts for about 1/2 of the main fracture. The distribution characteristics of proppant migration velocity in the main fracture are similar to those of the “L → l” fracture. The migration law in the wing branch fracture is rapid increase → slow increase → tend to be stable. After turning, the peak position of proppant migration velocity tends to the right fracture, which is more obvious than the “L → l” fracture.
[image: Figure 7]FIGURE 7 | Proppant velocity distribution characteristics at the corner of “Y → T.” (A) Distribution of mean proppant velocity of each measuring line at different times at the corner of “Y → T.” (B) Proppant velocity distribution of each measuring line at the corner of “Y → T” at 400 ms.
The distribution characteristics of liquid-phase velocity at the corner of “Y → T” fracture are summarized in Figure 8. As shown in Figure 8, when the steering angle is not greater than 90°, the liquid-phase manifold basically remains unchanged with the passage of time, and the flow velocity in the wing branch fracture is 1/2 of the main fracture. After turning, the tendency of the peak value of liquid migration velocity to the right fracture is more obvious than that of “L → l” fracture, and the peak velocity is about 1.2 times that of the other survey lines of the wing branch fracture. With the increase in the fracture angle, the fluid forms two small low-velocity regions on the left side of the wing branch fracture and a large low-velocity region on the right side of the fracture. When the steering angle is greater than 90°, the velocity of the liquid phase just entering the secondary fracture is slightly higher after steering.
[image: Figure 8]FIGURE 8 | Distribution characteristics of liquid-phase velocity at the corner of “Y → T.” (A) The characteristics of liquid-phase velocity distribution at the corner of “Y → T.” (1) 30°, (2) 45°, (3) 60°, (4) 90°, (5) 135°. (B) Distribution of mean liquid-phase velocity of each survey line at different times at the corner of “Y → T.” (C) Liquid-phase velocity distribution of each measuring line at the corner of “Y → T” at 400 ms.
To sum up, the migration law of proppant in the “Y → T” fracture is that the migration velocity of proppant and continuous phase in the wing branch fracture is reduced by 1/2 of the main fracture, and three low-velocity regions, two sand-free regions, and a large high-volume-fraction region are formed at the corner. Due to the increase in secondary fractures, sand plugging will be less than “L → l.”
Proppant Migration Characteristics at the Corner of “X → +” Fracture
The distribution characteristics of proppant volume fraction at the corner of “X → +” fracture are summarized in Figure 9. As shown in Figure 9, when proppant migrates from the main fracture (1# fracture) to the corner of “X → +” fracture, it will first deflect to the secondary fracture (3# fracture) at an obtuse angle with the migration direction and then migrate to the main fracture (4# fracture). When passing through the intersection, the proppant dose entering the main fracture (4# fracture) > the proppant dose at an acute angle with the proppant migration direction (2# fracture) > the proppant dose at an obtuse angle with the migration direction (3# fracture). With the increase in the angle, the difference between the proppant integral number of 2# fracture and 3# fracture becomes smaller and smaller. When just passing through the intersection, the volume fraction of proppant in 4# fracture increases to form a high concentration support and area. With the passage of time, the volume fraction of proppant in 4# fracture is greater than that in 1# fracture. This is because the volume fraction of proppant in 4# fracture flows to 2#, 3# fracture is greater than that of proppant, resulting in an increase of 20% in the volume fraction of proppant in 4# fracture, which is easier to block the fracture. The form of proppant entering the secondary fracture is similar to that of “L → l” fracture. The total amount of proppant in the fracture is 4# fracture >1# fracture >2# fracture >3# fracture. The time required for proppant volume fraction to reach the stable stage is 3# fracture >2# fracture >4# fracture >1# fracture.
[image: Figure 9]FIGURE 9 | Distribution characteristics of proppant volume fraction at the corner of “X → +.” (A) Distribution characteristics of proppant volume fraction at the corner of “X → +” fracture. (1) 30°, (2) 45°, (3) 60°, (4) 90°. (B) The distribution of mean proppant volume fraction of each measuring line at different times at the corner of “X → +.” (C) Distribution of proppant volume fraction of each measuring line at the corner of “X → +” at 400 ms.
The distribution characteristics of proppant velocity at the corner of “ X → +” fracture are summarized in Figure 10. As shown in Figure 10, the proppant migration velocity is as follows: 1# fracture >4# fracture >3# fracture >2# fracture. With the increase in the fracture angle, the proppant migration velocity in each secondary fracture decreases discretely, and the proppant migration velocity in the same secondary fracture is almost the same. With the passage of time, the 1# proppant migration velocity in the fracture shows rapid increase → slow decrease → tend to be stable; The proppant migration velocity in 2# fracture shows that it increases rapidly → increases slowly → tends to be stable; the proppant migration velocity in 3# fracture shows as follows: slow decrease → tend to be stable; the proppant migration velocity in 4# fracture shows that it increases rapidly → tends to be stable. In the stable stage, the migration velocity of 2# fracture proppant is about 38% of that of 1# fracture; the migration velocity of proppant in 3# fracture is about 10% of that in 1# fracture; the migration velocity of proppant in 4# fracture is about 58% of that in 1# fracture.
[image: Figure 10]FIGURE 10 | Proppant velocity distribution characteristics at the corner of “X → +.” (A) Distribution of mean proppant velocity of each measuring line at different times at the corner of “X → +.” (B) Proppant velocity distribution of each measuring line at the corner of “X → +” at 400 ms.
The distribution characteristics of liquid-phase velocity at the corner of “ X → +” fracture are summarized in Figure 11. As shown in Figure 11, the liquid-phase velocity is 1# fracture >4# fracture >3# fracture >2# fracture. With the increase of fracture angle, the dispersion of liquid-phase migration velocity in each secondary fracture decreases, and the liquid-phase migration velocity in the same secondary fracture is almost the same. With the passage of time, the 1# liquid velocity in the fracture tends to be stable; the velocity of liquid phase in 2# fracture increases slowly at first and then tends to be stable; the velocity of liquid phase in 3# fracture decreases gradually and then tends to be stable; the velocity of liquid-phase migration in 4# fracture increases gradually and then tends to be stable. In the stable stage, the liquid velocity of 2# fracture is about 25% of that of 1# fracture; the liquid-phase velocity of 3# fracture is about 10% of that of 1# fracture; the liquid velocity of 4# fracture is about 58% of that of 1# fracture.
[image: Figure 11]FIGURE 11 | Distribution characteristics of liquid-phase velocity at the corner of “X → +.” (A) The characteristics of liquid-phase velocity distribution at the corner of “X → +.” (1) 30°, (2) 45°, (3) 60°, (4) 90°. (B) Distribution of mean liquid-phase velocity of each measuring line at different times at the corner of “X → +.” (C) Liquid-phase velocity distribution of each measuring line at the corner of “X → +” at 400 ms.
In conclusion, no sand-free zone is formed in the “X → +” fracture, and the volume fraction of 4# fracture proppant is increased by 20%; the total amount of proppant in the fracture is given as follows: 4# fracture >1# fracture >2# fracture >3# fracture; the time required for proppant volume fraction to reach the stable stage is 3# fracture >2# fracture >4# fracture >1# fracture; the two-phase migration velocities are 1# fracture >4# fracture >3# fracture >2# fracture.
Characteristics and Basic Laws of Proppant Migration at Fracture Corner
According to 4.1–4.3, the migration characteristics of proppant and liquid phase at the corners of “L → l”, “Y → T,” and “X → +” fractures are mainly manifested in the areas of high-volume-fraction of proppant, empty area, high and low speed of liquid phase, etc. The details of each type of 45° (400 ms) are summarized in Figure 12. As shown in Figure 12, there is a high-volume-fraction proppant area at the fracture corner, and there is a sand-free area in “L → l” and “Y → T” types. The probability of blockage at the corner of “Y → T” fracture is lower than that of “L → l”; compared with the “X → +” type 2# and 3# fractures, the probability of blockage is higher, while the probability of blockage is lower than that of 4# fracture. The migration characteristics of proppant in the corner area can be divided into three areas: corner anomaly area, buffer area, and stability area. The influence of rotation angle on proppant migration is mainly concentrated at the rotation angle and in the range of 4 times the fracture width after steering. When the proppant migration exceeds 4 times the fracture width, the influence of rotation angle on proppant migration law can be ignored.
[image: Figure 12]FIGURE 12 | Proppant migration and distribution characteristics at fracture corner. (A) “L → l” (B) “Y → T” (C) “X → +.”
The characteristics and basic laws of proppant migration of fracture corners provide theoretical guidance for the migration and distribution of proppant for coalbed methane exploitation and have guiding significance for high-efficiency coalbed methane production.
CONCLUSION
In this study, the E-E method (TEM) is used to analyze the migration and distribution characteristics of solid–liquid two phases at the fracture corner in detail through the three aspects of proppant volume fraction distribution, proppant velocity distribution, and liquid-phase velocity distribution at the fracture corner. The main conclusions are as follows:
1) The migration characteristics of proppant in the corner area can be divided into corner anomaly area, buffer area, and stability area; the influence of the turning angle on proppant migration is mainly concentrated at the corner and in the range of 4 times the fracture width after turning. When the proppant migration exceeds 4 times the fracture width, the influence of corner on the proppant migration law can be ignored.
2) The probability of sand plugging at the corner of “Y → T” fracture is lower than that of “L → l,” higher than that of “X → +” wing branch fracture, and lower than that of the main fracture.
3) At the corner of the fracture network, after the solid flow turns, the proppant will form a high sand area on the side of the impact fracture surface, then rebound back to the fracture, form a sand-free area on the other side, and form a high-velocity core in the refraction interval.
4) At the corner of the “L → l” fracture, there are one high sand area, one non-sand area, two low-velocity areas, and one high-velocity area; there are three low-velocity areas, two sand-free areas, and one high sand area at the corner of “Y → T” fracture; at the corner of “X → +” fracture, there is a high sand area and no sand-free area, and the flow velocity of the main fracture is much greater than that of the wing branch fracture.
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The subsea production system is presently widely adopted in deepwater oil and gas development. The throttling valve is the key piece of equipment of the subsea production system, controlling the safety of oil and gas production. There are many valves with serious throttling effect in the subsea X-tree, so the hydrate formation risk is relatively high. In this work, a 3D cage-sleeve throttling valve model was established by the numerical simulation method. The temperature and pressure field of the subsea throttling valve was accurately characterized under different prefilling pressure, throttling valve opening degree, and fluid production. During the well startup period, the temperature of the subsea pipeline is low. If the pressure difference between the two ends of the pipeline is large, the throttling effect is obvious, and low temperature will lead to hydrate formation and affect the choice of throttling valve material. Based on the analysis of simulation results, this study recommends that the prefilling pressure of the subsea pipe is 7–8 MPa, which can effectively reduce the influence of the throttling effect so that the downstream temperature can be kept above 0°C. At the same time, in regular production, a suitable choke size is opened to match the production, preventing the serious throttling effect from a small choke size. According to the API temperature rating table, the negative impact of local low temperature caused by the throttling effect on the temperature resistance of the pipe was considered, and the appropriate subsea X-tree manifold material was selected to ensure production safety. The hydrate phase equilibrium curve is used to estimate the hydrate formation risk under thermodynamic conditions. Hydrate inhibitors are injected to ensure downstream flow safety.
Keywords: cage-sleeve throttling valve, subsea prefilling pressure, opening degree, hydrate prevention, flow assurance
INTRODUCTION
In 1947, American engineers first proposed the concept of a “subsea wellhead” (Li and An, 2020), which laid the foundation for the development of a subsea production system. At present, subsea production systems are widely used in deep-water oil and gas fields, such as offshore Brazil and the south China sea (Hong et al., 2018). With further research and a full understanding of production conditions, the technologies and equipment of subsea production systems will play a dominant role in the future of deepwater oil and gas development.
The subsea X-tree is the key equipment in the subsea production system to control oil and gas production safety. The stable opening and closing of the valve in the X-tree play a role in oil and gas production. Valve flow capacity is mainly evaluated by Cv value, and different internal structure has different Cv value (Grace and Frawley, 2011). Only by knowing the valve internal structure can an engineer accurately judge the flow capacity of the valve. From the onshore experience, valves are vulnerable to fluid erosion, so a lot of researches have focused on the problem of sand erosion and throttling valves (Gharaibah and Zhang, 2015). However, in valves, chokes, and jumper bent pipelines on the wing of the subsea X-tree (Zhao et al., 2014), the oil and gas flow turbulence is intensified, with serious throttling effect, so the temperature and pressure drop is obvious. At the same time, the low temperature at the seabed further aggravates the risk of hydrate formation. On site, hydrate inhibitors are often injected to ensure stable production. Furthermore, the subsea chokes confront the fluid erosion and the low temperature of throttling effect, which has certain requirements for the temperature resistance of the pipe material. Based on the requirements of offshore flow assurance, researchers need to study the temperature and pressure field under different production conditions (Sotoodeh, 2019).
Compared with onshore oil and gas development, offshore operations are more difficult and have high cost and technical requirements. Subsea production equipment cannot be replaced as easily as onshore. The numerical simulation method is adopted to provide a relevant basis for the reliability of the equipment. Cameron, FMC, and others possess the majority of the subsea X-tree, subsea throttling valves, and related equipment market share (Rassenfoss, 2011). The internal structure of subsea equipment is very complicated, so there are few studies on 3D simulation of real objects at present. When simulating the physical field of subsea throttling valves, scholars usually use a 2D variable diameter model instead of a 3D cage-sleeve model to describe the throttling effect at the throttling valve. In order to accurately characterize the physical field at the cage-sleeve throttling valve, a 3D cage-sleeve throttling valve model is established in this study.
This study characterizes the temperature and pressure distribution of the subsea chokes, the main throttling part of the subsea X-tree. We assess downstream temperature and hydrate formation risk for different gas production and valve opening degree. In the well startup period, if the pressure difference between the throttling valve ends is too large, the throttling effect is very obvious (Ju et al., 2021). Throttle valve opening degree and production should be a good match. At last, the prefilling pressure of downstream sea pipe is analyzed and the reasonable pressure design value is recommended. To avoid hydrate formation, hydrate inhibitors are often injected to ensure safe production.
JOULE-THOMSON EFFECT OF SUBSEA THROTTLING VALVE
The subsea throttling valve plays the role of controlling and regulating the flow in the subsea production system. When the gas flows through the throttling valve, the flow area decreases, and turbulence increases (Zhang et al., 2010). The dominant control function is the small hole in the throttling valve cage. The internal flow channel of a single throttling hole is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Throttling schematic diagram of the internal flow channel of a single throttling hole.
The Joule-Thomson effect, also known as the throttling effect, occurs when gas passes through the orifice, which is the main cause of the low temperature of the throttling valve. After the natural gas passes through the throttling valve, the pressure drops, and the expansion of the gas needs to absorb heat, leading to the temperature drop in downstream of the choke. The lower the downstream pressure, the more obvious the temperature drop. Generally speaking, when natural gas reaches the throttle valve, both the temperature and pressure will drop under the Joule-Thomson cooling effect. The ratio of the change of temperature and pressure in isoenthalpy is usually expressed as the Joule-Thomson coefficient, or throttling expansion coefficient (Shoghl et al., 2020):
[image: image]
According to Eq. 1, the throttling temperature drop caused by pressure drop can be calculated by Eq. 2 after transpose integration:
[image: image]
Different gases have different values of Joule-Thomson coefficient under different temperatures and pressures. This study simulates the Joule-Thomson coefficient under different temperatures and pressures for pure methane gas, and the specific values are shown in Figure 2. It can be seen that the higher the gas temperature and pressure is, the lower the CJ-T value is, indicating that the gas throttling effect is weak under high temperature and high pressure. The CJ-T value is about 1.5°C/MPa at 20 MPa and about 2.7–3.7°C/MPa at 10 MPa. If the gas pressure drops from 20 to 10 MPa, according to Eq. 2, the temperature drop range affected by the throttling effect is 15.0–37.0°C.
[image: Figure 2]FIGURE 2 | Reference values of J-T coefficients under different temperature and pressure.
In real production, a reasonable development plan needs to be adopted. In the throttling process of natural gas, there are two flow states: critical flow and subcritical flow. Under the critical flow state, the pressure fluctuation generated at the downstream cannot affect the upstream pressure through the throttling valve (Zheng et al., 2020). However, the pressure difference between the two ends of the throttling valve is large, so the negative impact of the large throttling effect should be considered comprehensively.
Critical pressure ratio is commonly used to divide critical flow state and subcritical flow. The critical pressure ratio is defined as:
[image: image]
Where, κ is the adiabatic index of natural gas, dimensionless; The κ value is a function of temperature and pressure and is closely related to gas properties. When the downstream pressure to upstream pressure ratio is less than the critical pressure ratio, production through the valve will not change. Production and pressure ratio are illustrated in Figure 3.
[image: Figure 3]FIGURE 3 | Relation graph of natural gas pressure ratio and production.
Generally, scholars believe that when the pressure after throttling is about half of the pressure before throttling, the critical flow state can be reached. In the critical flow state, there is a maximum critical flow qmax. Eq. 4 is the calculation formula of gas critical flow production in a single hole:
[image: image]
Where, qmax is the volume flow of gas in standard condition, 104 m3 d−1; p1 is the upstream pressure, MPa; p2 is downstream pressure, MPa; d is the diameter of the choke hole, mm; and γg is the relative density of the gas. T1 is the throttling valve inlet temperature, K; Z1 is the gas compression factor at the inlet of the throttling valve; κ is the adiabatic index of the gas, κ = cp/cv.
When natural gas is in a subcritical flow state, the formula of gas flow in a single hole is as follows:
[image: image]
According to the above two formulas, when the economic production range is determined, a reasonable size of single-hole choke can be estimated. Considering the number of holes and their distribution, an appropriate throttling valve can be preliminarily selected. When the flow is in the subcritical flow state, the flow rate varies with the pressure difference between the two ends of the throttling valve. Therefore, it is more necessary to adjust the throttling valve size to match different production procedures.
GEOMETRIC MODEL AND MESHING
The cage-sleeve throttling valve is a commonly used choke type in the subsea production system. Compared with needle valves and orifice valves, the cage-sleeve throttling valve has a symmetrical distribution of throttling holes. When the gas passes through a throttling hole, it is a mutual hedge to consume energy. This structure improves the gas flow field distribution in the throttling valve so that the production is more stable.
This study designs a 3D cage-sleeve throttling valve model using Solidworks, and its structure is shown in Figure 4. The core parts of the cage-sleeve throttling valve are the cage sleeve and the plunger. Its working principle is to control the movement of the internal plunger through the stem, then the plunger covers the cage-sleeve holes to adjust the flow area (Malavasi and Messa, 2014), directly affecting the flow ability of the throttling valve, and finally achieving the purpose of throttling. The pipe inner diameter in the inlet and outlet of this model is 4 ″1/2 (114 mm). Each row of the throttling holes is arranged in parallel along the axis of the cage-sleeve and has an angle of 60° along the circumference. The number of holes in each row is 5, so the total number of throttling holes is 30. Large holes meet the requirements of high production and small holes can flow low production.
[image: Figure 4]FIGURE 4 | Diagram of the cage-sleeve throttling valve structure.
The throttling holes on the cage sleeve are not continuous, and the size of the holes is not the same. This study uses the method of the specific area defining the opening degree, which is the ratio of the open hole area to the total area of the cage-sleeve hole (Feng et al., 2017). The opening degree is calculated as shown in :
[image: image]
According to Eq. 4 and 5 for single-hole calculation and simulation results, the flow rate of the throttling valve in this study has exceeded 200×104 sm3/d, which already meets the production requirements, when the 9, 6, and 3 mm throttling holes are all opened. On this basis, five groups of production opening degrees were determined. Since the gas flow capacity of different sized holes is not consistent, the number of holes determining the opening degree does not increase uniformly. In order to set an appropriate opening degree gradient, the final number of opened throttling holes is determined, as shown in Table 1:
TABLE 1 | The number of opened throttling holes with their different opening degrees.
[image: Table 1]According to each different opening degree, we establish different geometric models, and then grid the model, specifically in the vicinity of the throttling holes for local grid refinement. This study used tetrahedrons mesh which was suitable for unstructured models. The element size is 5–10 mm, and the face size of the hole is 0.5–1.0 mm. The number of mesh is from 1 million to 3 million, and mesh meets the requirement of skewness, minimum orthogonal quality, and maximum aspect ratio, which ensure the accuracy and efficiency of computations in simulation software. The fluid of numerical computation is pure methane, following the SRK equation of real gas state equation, and the Realizable K-ε turbulence model and energy equation were adopted. The throttling inlet pressure is 20 MPa, and the inlet temperature is set at 330 K. As for the temperature of the wall, 280 K is set in our study, which is the temperature at the seabed. The second-order upwind scheme is used for discrete schemes, and the steady-state model is used for computation (Li et al., 2018).
DETAILED CHARACTERIZATION OF PHYSICAL FIELD OF SUBSEA THROTTLING VALVE AFFECTED BY DIFFERENT FACTORS
By using numerical simulation software ANASY Fluent, the temperature, pressure, and velocity fields of high-pressure gas flowing through the orifice of the subsea throttling valve can be accurately characterized. According to the different backpressure of subsea pipeline and the opening degree of subsea throttling valve, the influence of the Joule-Thomson effect on the safety of gas flow under different factors is analyzed, then the local high-risk area of subsea throttling valve is found out. Finally, the safe and feasible operation suggestions of subsea throttling valve are put forward.
Appropriate Downstream Pipe Prefilling Pressure
As gas reaches the subsea wellhead, the pressure in the wellbore slightly decreases, so the subsea wellhead pressure is usually high during the early production stage. Subsea production piping to the central processing platform is usually prefilled with nitrogen to reduce the pressure difference between the upstream and downstream of the subsea throttling valves, reducing the temperature plunge caused by the throttling effect.
Prefilling pressure is a factor that needs to be considered in the field, and appropriate prefilling pressure is selected to meet the requirements of efficient and safe production. Unilaterally reducing the throttling pressure difference at both ends of the choke will consume a large amount of nitrogen, which will have certain requirements on the capacity of the prefilling pump and increase the cost. However, low prefilling pressure leads to low temperatures and hydrate formation risk after throttling. In order to determine the appropriate prefilling pressure, this paper simulates the subsea cage-sleeve throttling valve with a downstream prefilling pressure of 3–14 MPa and obtains the corresponding physical field parameters.
Firstly, the throttling valve is analyzed as a whole. It can be concluded from Figure 5 that the temperature of the gas will decrease to varying degrees after passing through the subsea cage-sleeve throttling valve. When the prefilling pressure is 4 MPa, the downstream temperature has been as low as −20°C, and the local low temperature at the outlet of the valve hole on the cage is as low as −90°C. When the downstream prefilling pressure is 8 MPa, the downstream temperature is slightly above 0°C, but there was still low temperature locally at the holes.
[image: Figure 5]FIGURE 5 | Vertical profiles of choke temperature under prefilling pressure of 4 MPa (A) and 8 MPa (B).
As for the local temperature change of the throttling holes, the overall trend is shown in Figure 6, which will first drop sharply at the valve hole and then rise up downstream. The same goes for pressure (Yu et al., 2017).
[image: Figure 6]FIGURE 6 | Temperature trend curve of the throttling valve hole.
The lowest temperature of the holes under different prefilling pressures is shown in Figure 7. The lowest temperature at the throttling holes can be as low as −100°C. For subsea X-trees, jumper bent pipelines and subsea gas transmission pipelines, the steel of low temperature resistant is required to be used once the temperature falls below −40°C, which will increase operating costs (Wang et al., 2013). Therefore, in the selection of prefilling pressure, the downstream needs to be filled at least 7 MPa to meet the requirements.
[image: Figure 7]FIGURE 7 | Temperature curve of throttling at different prefilling pressures.
At the same time, the speed in the cage hole is the largest in the whole throttling valve. One advantage of the cage-sleeve throttling valve is that the holes are distributed relative to each other along the cage, which dissipates the kinetic energy of the gas and reduces the vibration of the throttling valve. As can be seen from Figure 8, a violent vortex will be formed at the left plunger of the throttling valve, and a gas jet section will be formed along the outlet section at the right.
[image: Figure 8]FIGURE 8 | The vertical profile and vector diagram of throttling valve velocity under the prefilling pressure of 3 MPa (A) and 7 MPa (B).
Under different prefilling pressure, the maximum speed in the cage holes is shown in Figure 9. At the lower prefilling pressure, the gas velocity is over the local speed of sound. In the critical flow state, the large gas flow rate will cause serious cage-sleeve erosion, so choosing a throttling valve material needs to consider the maximum capability of erosion resistance (Nøkleberg and Søntvedt, 1998). If the gas carries sand, it will cause more serious abrasion damage (Zhu et al., 2021).
[image: Figure 9]FIGURE 9 | Peak velocity curve at valve hole under different prefilling pressures.
Throttling Valve Opening Degree to Match Production
As a component connecting the subsea wellhead and downstream gas pipeline, the main function of the subsea throttling valve is to match the appropriate production under different valve opening degrees. By simulating five groups of throttling valves with different opening degrees, the physical field parameters with corresponding opening degrees are obtained.
For production, the greater the valve opening degree, the greater the volume of gas through the same upstream and downstream pressure conditions. As shown in Figure 10, as the pressure difference between upstream and downstream increases, the pressure ratio between downstream and upstream gradually decreases from one, and the gas production gradually increases. When the critical pressure difference is reached, the gas production will no longer increase, and the gas will be in a critical flow state. Especially when the smaller opening degree, the control ability, and the flow capability of the valve are relatively weak. Once the gas production rapidly rises, it will be easy to reach the critical flow state. When the pressure difference continues to increase, the flow rate of gas does not change.
[image: Figure 10]FIGURE 10 | Diagram of flow rate and upstream and downstream pressure ratio through the throttling valve in different opening degrees.
There are two approaches to regulating production. One is to keep the pressure difference unchanged, then only change the valve opening degree; The other is to keep the opening degree constant and change downstream pressure. In the field, the easier parameter to confirm is the upstream and downstream pressure difference, so we usually choose to adjust the opening degree of the valve to adjust the gas production. In offshore gas development, we expect a high production. There are corresponding risks if the throttling valve opening degree is not adjusted properly. For example, under a certain flow rate, if the throttling valve is selected with a small opening degree, the downhole pressure needs to be reduced more to ensure the stability of production, and the throttling effect will be intensified. Therefore, the valve opening degree needs to match the flow capacity of the gas. At the same time, the impact of low temperature caused by the throttling effect should be reduced.
The velocity distribution at the throttling holes in the cage is related to the production. It can be seen from Figure 11 that the maximum velocity of gas passing through the holes is limited by the production at a small opening degree. As the opening degree increases, the velocity at the throttling holes decreases at the same flow rate. Under the condition of a large opening degree, the large and small holes in the cage are opened at the same time, and the maximum speed at the holes will increase gradually. This is consistent with the cognition that the larger the opening degree, the stronger the gas flow capacity (Zhang and Zhao, 2021).
[image: Figure 11]FIGURE 11 | Diagram of flow rate and throttling holes speed through the throttling valve in different opening degrees.
After the gas flows through the throttling valve holes, the downhole velocity gradually tends to be stable as the pipe diameter increases. However, the downstream pressure is lower than the upstream pressure, so the velocity of gas downstream is increased compared with the upstream velocity, so the shear stress of gas on the downstream pipe wall increases accordingly (Li et al., 2021). Figure 12 shows the inlet and outlet velocity of the throttling valve under different pressure ratios at the opening degree of 89.29%. It shows that the downstream velocity is slightly higher than the upstream flow rate when the upstream and downstream pipe diameters are the same. In the design of the downstream pipeline, it is necessary to consider the stability of film formation in the pipeline after corrosion inhibitor injection. If the corrosion inhibitor film is more stable, the downstream gas velocity can be greater. Therefore, the gas velocity after throttling should be considered when analyzing the maximum design gas velocity of the subsea pipeline. In the case of fixed corrosion inhibitor film stability, the downstream velocity can not exceed the safety design value by reducing the throttling pressure difference or increasing the downstream pipe diameter.
[image: Figure 12]FIGURE 12 | Comparison diagram of inlet and outlet velocity under different pressure ratios at an opening degree of 89.29%.
Risk Analysis at Subsea Throttling Valve
Through the temperature field simulation of the throttling valve, it is found that when the backpressure in the pipeline is 7 MPa, the downstream temperature is around 0°C. If no corresponding solutions are taken, the risk of hydrate formation will be extremely high under a low-temperature and high-pressure condition (Fu et al., 2020). At present, the common solution of hydrate prevention is to change the thermodynamic formation conditions of hydrate and inject a large amount of methanol and ethylene glycol before the producing wing valve (Wang et al., 2018).
The temperature of hydrate formation can be increased by injecting different weights of hydrate inhibitor. Figure 13 is the phase equilibrium curve of hydrate formation obtained through simulation under different thermodynamic conditions. As can be seen from the figure, the different hydrate inhibitors with the same mass fraction have slightly different inhibition effects. Under the condition of high temperature and pressure, the injection effect of ethylene glycol is better than that of methanol. Therefore, it is recommended to inject ethylene glycol before going through the subsea throttling valve, then methanol after going through the cooling and depressurization of the throttling valve.
[image: Figure 13]FIGURE 13 | Phase equilibrium curves of hydrate formation in different conditions.
In the stable stage of production, the temperature upstream of the subsea throttling valve can reach 70°C and the pressure is up to 30 MPa. Even if the temperature and pressure drop rapidly after the gas passes through the throttling valve, the risk of hydrate formation is low. However, in the shut-in stage, due to the lack of an upstream gas heat source and the influence of the low temperature of the seabed, once the well starts up, the risk of hydrate formation will be very high under the superposition of the throttling effect at the subsea throttling valve. It is necessary to accurately characterize the temperature and pressure field at the subsea throttling valve and put forward the corresponding hydrate inhibitor injection scheme (Guan et al., 2014).
Low temperature will not only have the risk of hydrate formation but also affect the strength of the manifold. Subsea pipeline has requirements on temperature resistance range, and API has made relevant standards on temperature rating of materials related to subsea X-tree, as shown in Table 2 (Jiang et al., 2018). It shows that pipelines with different temperature levels meet different production conditions. For high temperature and high-pressure gas wells, once there is a serious throttling effect, the gas temperature changes sharply, and the material of pipelines and valves have to adapt to large temperature changes. Therefore, in the early design and valve selection, it is necessary to accurately consider the throttling valve temperature change.
TABLE 2 | API temperature rating table.
[image: Table 2]CONCLUSION AND RECOMMENDATION
The structure of subsea X-trees is complex, and there are many valves. The size of the flow channel at the holes of the subsea throttling valve changes significantly, and the throttling effect is significant, so the temperature and pressure drop is large. It is necessary to take the fine characterization of physical field and risk analysis of subsea cage-sleeve throttling valve, so the following conclusions are drawn:
1) Determining the appropriate prefilling pressure in the downstream pipeline is conducive to the safe production of the subsea throttling valve. Based on the characteristics of the cage-sleeve throttling valve and the Joule-Thomson effect, it is recommended to prefill the downstream of the throttling valve at a pressure of about 7 MPa for the simulated deepwater well case. This can not only reduce the throttling effect, avoid extreme low temperature, and reduce the risk of hydrate formation, but also reduce the risk of valve hole erosion.
2) Select the throttling valve opening degree to match the production. The throttling valve controls the fluid flow and ensures regular production. Before the selection and design of the throttling valve, it is necessary to understand the flow characteristics of the throttling valve and match the appropriate opening degree considering the downstream pressure and expected production.
3) The temperature field and velocity field at the subsea throttling valve can be accurately described by the simulation of the 3D model, which is helpful to analyze the risk of hydrate formation under different conditions, select appropriate throttling valve materials and ensure the smooth subsea production.
These physical fields are based on the cage-sleeve throttling valve model that we built, and the physical field varies slightly from model to model. Meanwhile, this study is based on the steady-state model, and future researchers can study the transient model to more accurately describe the physical field dynamic process of the subsea throttling valve.
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Hydrate plug in the drainage line is a serious flow assurance problem for the pilot production of offshore natural gas hydrates. Current research focuses on hydrate deposition in the annular flow and the oil-dominated system. The multiphase flow system in the drainage line is a water-dominated system which is normally a bubbly flow. In this work, a new model is developed to study the temperature and pressure field in the drainage line considering that the flow pattern is bubbly flow. Combining with the methane hydrate phase equilibrium curve, the hydrate formation region in the drainage line can be established. The hydrate formation region is enlarged with the ESP pressure increasing and the water production rate decreasing, since the ESP can supply extra pressures in the drainage line and the heat transfer phenomenon is enhanced between the drainage line and environment under the low water production rate condition. The model pointed out that the risk of hydrate formation rises up as the hydrate concentration increases beyond 6%. This study can lay a theoretical foundation for the efficient prevention of gas hydrates in the drainage line during offshore natural gas hydrate pilot or long-term production.
Keywords: methane hydrate, drainage line, hydrate formation, bubbly flow, risk
INTRODUCTION
Natural gas hydrate is a kind of new energy resource which compensates the lacks of onshore crude oil and natural gas. Natural gas hydrate are crystalline inclusion compounds where methane molecules are enclosed by water clathrates under low temperature and high pressure condition (Fu et al., 2019a). Normally, natural gas hydrate reservoirs are found in deep water, plateau, or high latitude areas. For example, in South China Sea, natural gas hydrates are located in the region where water depth is about 1000 m and local temperature is close to 4°C (Fu et al., 2020a; Sun et al., 2020).
China has conducted two successful pilot productions of natural gas hydrate in the Shenhu area of South China Sea. The production rates of natural gas hydrates for two pilot production have reached 5000 m3/d and 2.87 × 104 m3/d respectively (Xu et al., 2017). Since decomposition of natural gas hydrates results in large water production rate in the well, the down hole separation technology is utilized in the natural gas hydrate well. The submersible electrical pump is used to upload the water through the drainage pipeline. The natural gas is produced though the gas line. According to the published data, the actual separation efficiency of the gas-liquid separator in Japan’s first hydrate trial production was around 80–90% (Liu et al., 2021). Since the down hole separation cannot complete separate gas and liquid, some parts of gas may be entrained into the drainage line, as shown Figure 1 (Ye et al., 2020). Considering the low temperature and high pressure near the mud line, gas hydrates may be formed in the drainage line which induce the risk of hydrate blockage. The hydrate formation area in the drainage pipeline is larger than that in the gas production pipeline. This is because the liquid is a continuous phase in the drainage pipeline, and the mechanical energy of the liquid is higher than that of the gas, leading to higher pressure in the drainage pipeline. Therefore, the hydrate flow assurance in the water drainage pipeline becomes an important research area for the development of natural gas hydrates (Ye et al., 2020).
[image: Figure 1]FIGURE 1 | Hydrate formation region in the water drainage line and the gas production line for the pilot production of natural gas hydrates.
Current research on the hydrate flow assurance focuses on the hydrate problems in the water-oil-gas mixed transportation pipeline and the testing stage of gas wells (Zerpa et al., 2013; Chen et al., 2019). In the water-oil-gas mixed transportation pipeline, predecessors tended to study the rheology of water-in-oil emulsion and the mechanism of hydrate particle agglomeration (Lv et al., 2013; Shi et al., 2018; Peng et al., 2012), conducted the experiments to reveal the rheology of the hydrate slurries formed from diesel oil/condensate oil and water dispersed systems. The hydrate concentrations reach 30 vol% and the rheology of hydrate slurry obeys the power law model which exhibits shear-thinning behaviors. Based on Peng et al.’s study, Yan et al. (2014) further experimentally studied the rheology of hydrate slurries in water-in-oil emulsion with anti-agglomerant. In Yan et al.’s work, the water cut is up to 30 vol% and anti-agglomerant dosage is 3.0 wt%. The rheology of water-in-oil emulsion also plays a shear-thinning behavior. Considering the high energy density of hydrate slurry, Clain et al. (2012) experimentally investigated rheology of hydrate slurries in TBPB-water mixtures which is proven as a pseudoplastic fluid. Fu et al. (2018), Fu et al. (2019a), Fu et al. (2019b), and Fu et al. (2019c) presented a novel work on the methane hydrate formation in bubbly flow and revealed the influences of bubble behaviors on the hydrate formation, including bubble breakup, coalescence, and deformation. The presented model has been incorporated in the commercial software which used to predict the hydrate risk in the deep-water wellbore. Wang et al. (2010), Fu et al. (2020a), Fu et al. (2020b), Fu et al. (2020c), and Fu et al. (2020d) primarily studied the rheology of hydrate slurry in bubbly flow which is an important work in the hydrate flow assurance in the pilot production of natural gas hydrates and the drilling and production of deep-water oil and gas. Based on their experimental analysis, the dual behaviors of hydrate slurries are exhibited firstly where it behaves as the shear-thinning at the low shear rate condition and the shear-thickening behavior at the high shear rate condition. The hydrate blockage in the hydrate slurry in the water-continuous system is considered to be induced by the aggregation of hydrate particles. The rheology of hydrate slurry normally is considered as shear-thinning and a few cases exhibit as shear-thickening, where it depends on the interactions between hydrate particles.
As the natural gas production from deep water environment becomes popular, the hydrate flow assurance in the gas-dominated system rises up (Hegde et al., 2015; Li et al., 2015). In the testing stage of gas well, predecessors studied the hydrate formation and depositions in the annular flow. Di Lorenzo et al. (2014a)and Di Lorenzo et al. (2014b) firstly conducted experiments to study the characteristics of methane hydrate formation and deposition in the annular flow. In their works, the hydrate formation is evaluated from the liquid film of annular flow and the hydrate deposits inside the liquid film along the pipe wall. Wang et al. (2016) and Wang et al. (2017) enriched the hydrate formation and deposition model in the annular flow. Based on the characteristic of annular flow, they further consider the influence of water entrainment and liquid droplet deposition on the hydrate formation and deposition. Their model pointed out that 24–31% of hydrate particle formed from liquid droplets will deposit on the pipe wall, and an effective deposition ratio is proposed to describe the actual hydrate particle deposited on the pipe wall. The developed model is much closer to the industrial condition and has been widely accepted by field engineers. Based on Wang et al.’s model, Zhang et al. (2013) developed a real-time estimation model for hydrate deposition in the deep-water gas well testing. The model is enabled to calculate the distributions of pressure drop influenced by the hydrate deposition which considers the dynamic effect of hydrate behavior on fluid flow and surface roughness. Overall, in annular flow, the hydrate risk is normally induced by the hydrate deposition along the pipe wall and the pressure drop is the dominant factor to display the hydrate risk in the tubing. The variations of pressure drops are induced by the shrinkage of pipe inner diameter.
In this work, the flow pattern in the drainage line is bubbly hydrate slurry which is a water-continuous system. The hydrate formation in the liquid mainly alters the rheology of the fluid which finally changes the pressure drop. This work aims to develop a pressure drop prediction model for the drainage line in natural gas hydrate well by considering the influence of hydrate formation on the rheology of bubbly flow. The developed model provides a method to predict the risk of hydrate blockage in the drainage line.
MODEL DEVELOPMENT
The accurate calculation of the temperature and pressure along the drainage line is an important foundation for predicting the hydrate formation region and developing hydrate management strategy for the drainage line. Prior to building the temperature and pressure prediction model, the gas-liquid flow behavior and the mass transfer mechanism between the drainage line and the sea water should be well understood.
In offshore natural gas production, the formation fluid decomposed from natural gas reservoirs are the mixed fluid of gas and liquid. The downhole production system is designed to artificially lift the gas and liquid through the gas line and the drainage line separately. Thinking that lower pressure drops are caused by the gas flow, the natural gas hydrate reservoir can provide efficient energy to lift gas to the platform. But the submersible electrical pump (ESP) installed at the drainage line is necessary to compensate the pressure drop, since higher pressure drops are caused by the liquid flowing. The ESP has a higher demand on the void fraction in the drainage line. If the void fraction is larger than 10%, the ESP would experience serious surge and the efficiency of liquid lifting is lowered seriously. However, the bubbly flow is unavoidable in the drainage line since the downhole separator cannot separate gas and liquid completely.
Moreover, the biggest difference between the conventional deep wellbore for oil and gas and the wellbore for natural gas hydrate is that the most parts of wellbore in the natural gas hydrate reservoir are located in the environment of the low temperature and the high pressure. The gas and liquid flowing in the wellbore can form gas hydrates easily which increases the risks of hydrate blockage. Generally, the heating or the chemical inhibitor injection in the bottom hole becomes an unavoidable measure to prevent hydrate blockage in the wellbore. If the hydrate formation happened in the drainage line, the pressure drops in the drainage line may increase theoretically and the load of the ESP be increased at the same time. Thus, the production efficiency of natural gas hydrates is also degraded.
Continuity Equation
Considering that the downhole separation technology cannot completely separate water and gas, some gas will be entrained in the drainage line. Thus, the drainage line has a gas-liquid two-phase flow, where the inflow of gas and liquid is from the natural gas hydrate reservoirs and the suction of the ESP. Because most of the gas will flow in the gas line, the flow pattern may be bubbly flow. The mass of gas and liquid are conserved and the mass conservation equations are given as Eq. 1 and Eq. 2 (Doron and Barnea, 1996; Doron et al., 1997; Zhang et al., 2021).
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where A is the cross-section area of drainage pipe, m2, Eg is the volumetric fraction of gas phase, dimensionless, El is the volumetric fraction of liquid phase, dimensionless, ρl is liquid density, kg/m3, ρg is gas density, kg/m3, vg is gas velocity, m/s, vl is liquid velocity, m/s, t is production time of natural gas hydrate, s, z is the location of drainage line, m, Qg is gas flow rate, m3/s, and Ql is liquid flow rate, m3/s.
Momentum Conservation Equation
The gas and liquid in the drainage line is mainly subject to gravity, pressure difference force, and friction. Considering that the void fraction in the drainage line is less than 5%, the gas expansion induced by the temperature increasing is ignored. Based on the momentum conservation theory, the momentum conservation equation in the drainage line considers the variations of gas volumetric fractions and liquid volumetric fractions induced by gas expansion, which is given as Eq. 3 (Kokpmar and Gogus, 2001; Eskin and Scarlett, 2005; Sun et al., 2011; Zhang et al., 2021).
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where ρm is the mixed density of gas and liquid, kg/m3, vm is the mixed velocity of gas and liquid, m/s, θ is the inclined angle of the drainage line, °, P is pressure, Pa, d is the diameter of drainage line, m, and subscript g and l are gas and liquid phase. The mixed density is calculated based on the density and the volumetric fraction of gas and liquid, as Eq. 4.
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Temperature Calculation Equation
The temperature field in the drainage line plays an important role in determinations of the hydrate formation region and calculations of the pressure field. The heat exchange occurs during the flow of the mixed gas-liquid fluid in the drainage line which is induced by the temperature difference between the drainage line and the sea water. Ignoring the effect of hydrate formation on the temperature, the temperature field in the drainage line can be evaluated by Eq. 5 (Hasan and Kabir, 2012).
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where Cpm is the specific heat at the constant pressure of the mixed fluid, J/(kg∙°C), T is the mixed fluid temperature, °C, H is the enthalpy of mixed fluid, J/kg, Q is the heat exchange rate between the and environment, J/(m∙s), ρm is the density of mixed fluid, kg/m3, and vm is the velocity of mixed fluid, m/s.
Considering that the drainage line is above the mud line, the heat exchange rates between drainage line and sea water are calculated by Eq. 6 (Zhang et al., 2021).
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where Tsea is the temperature of sea water, °C, and Tf is the temperature of drainage line, °C.
The total heat transfer coefficient (Uto) is a critical parameter participating in the calculation of temperature field and affecting the heat transfer rate. Considering the thickness of the drainage line, Uto can be calculated by Eq. 7 (Zhang et al., 2021).
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where rto is the outer radius of the drainage line, m, rti is the inner radius of the drainage line, m, hc is the thermal conductivity of the fluid, W·m−1·K−1, and kp is the conductivity of the drainage line,
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Hydrate Slurry Rheology Model
The rheology of the mixed fluid participates in the calculation of pressure drop in the drainage line. Considering that the flow pattern in the drainage line is bubbly flow, the hydrate formation induces the bubbly flow transiting to the hydrate slurry bubbly flow which is a gas-liquid-hydrate mixed flow. Since the void fraction is less than 5%, the influence of bubbles on the rheology of hydrate slurry is ignored. Sun et al. (2020) has experimentally revealed the rheology of hydrate slurry bubbly flow where it performs as a non-Newtonian fluid. The non-Newtonian fluid index and the consistency faction can be calculated by Eq. 8 and Eq. 9 (Sun et al., 2020).
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where n is the non-Newtonian fluid index, K is the consistency factor, and αhydr is the hydrate concentration in the hydrate slurry, %.
The shear rate of the hydrate slurry presents the influence of flow velocity on the apparent viscosity of the hydrate slurry. The hydrate slurry in the drainage line is considered as a shear-thickening fluid, since the flow rate is higher than the critical flow rate. Thus, the apparent viscosity increases with the hydrate concentration and the shear rate increasing. The shear rate and the apparent viscosity are be calculated by Eq. 10 and Eq. 11 (Sun et al., 2020).
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Where γ is the shear rate, s−1, and μapp is the apparent viscosity of the hydrate slurry, mPas.
Hydrate Phase Equilibrium Model
The hydrate formation region is the cross-section area between the hydrate equilibrium curve and the temperature-pressure curve along the drainage line. In the field condition, the gas decomposed from the natural gas reservoir is pure methane. The produced water has a few salinities owing to the sea water and the formation water. However, the salinities can increase the hydrate equilibrium condition which enhances the difficulty for crystallization of gas hydrates and is beneficial for the hydrate prevention. Considering a safety factor for the hydrate prevention, the liquid phase is treated as a pure water in the drainage line (Zhang et al., 2021).
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where Pe is the hydrate phase equilibrium pressure, MPa, a0 = −1.94138504464560 × 105, a1 = 3.31018213397926×103, a2 = −2.25540264493806 × 10, a3 = 7.67559117787059 × 10–2, a4 = −1.30465829788791 × 10–4, a5 = 8.86065316687571 × 10–8.
SOLUTION METHOD
The pressure, temperature, pressure drop, and ESP power are calculated by the algorithm which reveals the influences of hydrate formation on the multiphase flow behaviors in the drainage line. The hydrate formation region and the hydrate risk in the drainage line are evaluated by the developed model. The algorithm of the developed model is achieved by the visual basic language. The detailed solution steps are presented in Figure 2 and described as follows:
1) Obtaining basic information from the pilot production well, including gas-liquid flow rate, well head pressure and temperature, gas-liquid volumetric fraction, etc., the drainage line is divided into a few of control volumes. The dividing standard of control volume is 0.1 m. Gas-liquid flow rates are assumed to be constant.
2) In each control volume, void faction, temperature, and pressure are calculated by Eqs 1–11. The flow velocities of gas, liquid, and hydrate are obtained sequentially by the Runge-Kutta method prior to the calculation error within the allowable range.
3) Based on temperature and pressure in the drainage line, the methane hydrate equilibrium temperature and pressure are calculated by using Eq. 12. Comparing the temperature of the drainage line (Tf) and the gas hydrate equilibrium temperature (Tef), if Tf > Teq, no hydrate formation happens in the drainage line and stops the calculation. If Tf < Teq, gas hydrate would form in the drainage line and the consequent steps should be taken.
4) After the hydrate formation region is confirmed, the pressure drops in the hydrate formation region should consider the influence of hydrate formation which uses Eqs 8–11. The new bottom hole pressure and pressure drop (ΔPd) in the drainage line can be calculated based on the rheology of hydrate slurry. The comparisons between the pressure drop in the drainage line (ΔPd) and the ESP power (ΔPp) are conducted. If ΔPd < ΔPp, the ESP can work effectively. If ΔPd > ΔPp, the ESP is over-loaded and cannot lift the liquid to the platform effectively. A hydrate management should be taken in the drainage line and stop the calculation.
[image: Figure 2]FIGURE 2 | Algorithm for predicting the risk of hydrate in the drainage line during the pilot production of offshore natural gas hydrate.
CASE STUDY
The risk of hydrate formation in the drainage line is analyzed based on the pilot production well during the second pilot production of natural gas hydrates in the Nankai Trough of Japan. In the pilot environment profile, the depth of sea water is 995 m, the mud line temperature is closed to 3.5°C, the geothermal gradient is 3°C/100 m, reservoir pressure is about 13 MPa (1,309.4 m), reservoir temperature is about 13.7°C, thickness of hydrate reservoir is about 60 m. In the wellbore profile, the first casing size is 13–3/8″, the second casing size is 8–1/2″, and the riser size is 9–5/8″. In the production profile, the average gas production is 8,330 Sm3/d and the average water production is 343.6 m3/d.
After comparing the temperature field and the methane hydrate equilibrium temperatures along the drainage line, the drainage line faces the risk of hydrate formation. Figures 3 and 4 exhibit the hydrate formation regions under the different water production rates and the ESP pressure. Figure 3 indicates that the fluid temperatures decrease gradually in the drainage line from the platform at the first and then increase gradually, where the dash curves are temperatures of fluid under varied water production rates and the solid green curve is the methane hydrate equilibrium temperature. As the water decomposed from the hydrate reservoir flows from the bottom hole to the platform, the temperatures of fluid decease gradually due to the geothermal temperature decreasing at the beginning. After the water passes though the wellhead, the fluid temperatures in the drainage line increase gradually since the temperatures of sea water increase with the water depth decrease. Moreover, an interesting observation is found that the environment temperatures have larger influences on the water temperature in the drainage line at low water production rate condition. For instance, at the water production rates of 50 m3/d, the water temperatures in the drainage line increase from 4.38 to 16.78°C as the water flows from the wellhead to the platform. The reason is speculated that, when the water flows under the lower rates, the environment and the drainage line will have an adequate heat transfer process between each other. The environment temperatures including the sea water temperature and the geothermal temperature have strong impacts on the water in the drainage line. Thus, at the low water flow rate condition, the temperatures of water at the platform will be close to the environment condition which is 16.78°C.
[image: Figure 3]FIGURE 3 | Hydrate formation region in the drainage line under varied water production rates.
[image: Figure 4]FIGURE 4 | Hydrate formation region in the drainage line under varied pump pressures.
Moreover, starting from the bottom hole, the methane hydrate equilibrium curve decreases gradually. After sudden increasing at the well depth of 1108 m, the hydrate equilibrium curve starts to decrease gradually. The main reason inducing the hydrate equilibrium curve decreasing is that the wellbore pressure decreases gradually from the bottom hole to the platform. Since the ESP is installed at the well depth of 1108 m which can supply an extra pressure in the wellbore, the sudden increase of wellbore pressure leads to the sudden increase of the hydrate equilibrium curve. Although the installation of the ESP can effectively lift the water to the platform and improve the production efficiency of natural gas hydrates, the ESP also increases the pressure of the drainage line which increases the risk of hydrate formation.
Figure 4 exhibits the influences of the ESP pressures on the hydrate formation region. The dashed line is the methane hydrate equilibrium curves under the ESP pressures of 11, 12, and 13 MPa. The solid blue line is the fluid temperature in the drainage line. As shown in Figure 4, the increases of the ESP pressures will enlarge the hydrate formation region in the drainage line. Under the ESP pressure of 11 MPa, the hydrate formation region is located in the well depth from 1104 to 646 m which the total length is 458 m. Under the ESP pressure of 13 MPa, the total length of hydrate formation region is 652 m which is from 1098 to 446 m. The hydrate formation region is increased about 194 m. Since the increases of the ESP pressure can increase the flow pressure of water in the drainage line, the high flow pressures favor hydrate formation in the drainage line.
Figure 5 shows that the influence of ESP pressure on the water flow pressure in the drainage line. The water flowing pressure are same in the section of wellbore from the bottom hole to the location that ESP is installed. After the water flows passing though the ESP pump, the pressure in the drainage line is suddenly increased. Since the ESP pump provides the extra energy to the water inside the drainage line and enables the water flow faster which increases the efficiency of liquid uploading, the water flowing pressures increase due to the extra energy correspondingly. Based on Figure 4, although the increase of ESP pressure can increase water flowing pressure inside the drainage line and enhance the efficiency of liquid uploading, the hydrate formation region and the risk of hydrate in the drainage line also enlarges at the same time.
[image: Figure 5]FIGURE 5 | The drainage line pressure distributions along the drainage line.
Figure 6 shows the pressures at the platform along the hydrate concentration increasing under the varied ESP pressure conditions. As shown in Figure 6, the increasing pump pressures increases the outflow pressure of water in the drainage line at the platform. It demonstrates that the increase pump pressures can increase the efficiency of liquid uploading and the natural gas hydrate production. Focusing on the case of pump pressure at 11 MPa, when the hydrate concentrations increase beyond 8% inside the drainage line, the outflow pressures become negative. The increases of hydrate concentrations increase the apparent viscosity of the mixed fluid and the wall resistances between fluid and pipe wall also increase correspondingly. Thus, the pressure drops of the fluid flowing in the drainage line increase and the flow velocities of the mixed fluid decrease at the same time. The native outflow pressures mean that the ESP cannot upload the water to the platform. The production problem induced by the hydrate formation is risen up and the hydrate management measures should be taken to deal with the problem. In the analysis of Figure 4, it is mentioned that the increase of ESP pressure will increase the hydrate formation area and thus increase the risk of hydrate formation in the drainage pipeline. However, the increase of hydrate formation area does not necessarily mean that the risk of flow barrier formation will increase. Outflow pressure more directly reflects the risk of flow barrier. Increasing the ESP pressure within a certain range can effectively lift fluid in the line that has increased viscosity due to hydrate formation. Therefore, in the pressure range of 11–13 Mpa discussed in this paper, the higher the ESP pressure, the lower the risk of flow barrier formation in the drainage line.
[image: Figure 6]FIGURE 6 | The outflow pressures at the platform along hydrate concentrations under varied pump pressure conditions.
Figure 7 presents that the influences of water production rates and hydrate concentrations on the outflow pressure of the drainage line at the platform. As seen in Figure 7, the increases of water production rates result in outflow pressure decreasing at the platform. The reason is that the higher water production rates have higher flow velocities of water in the drainage line and higher friction losses between water flow and pipeline. Considering the pressure losses induced by the wall resistance contain the 99% of the total pressure losses in bubbly flow, the higher friction losses stand for the higher pressure drops and lower outflow pressure at the platform. Moreover, when the hydrate concentration is beyond 6%, the outflow pressures are decreasing dramatically for all water production rate conditions. When the hydrate concentration in pipeline is low, the non-Newtonian fluid properties of hydrate grout are not obvious, and the fluid properties of hydrate grout mainly depend on the properties of continuous phase fluid, which can be considered as Newtonian fluid. The shear stress has a linear relationship with flow velocity, the rheological index is 1, and the viscosity can approximate to that of the continuous phase fluid in the tube (Sun et al., 2020). When the hydrate concentration exceeds 6%, the hydrate grout begins to show the characteristics of non-Newtonian fluid, the viscosity increases suddenly, the pressure drop increases, and the outlet pressure of drainage pipeline decreases. It speculates that the risks of hydrates becomes serious where the hydrate formation, deposition, and agglomerate happened in the drainage line. The hydrate management measures are suggested to be used in the drainage line when the hydrate concentration is found beyond 6%. The measures include hydrate inhibitor injection, heating, lower water production rate, etc.
[image: Figure 7]FIGURE 7 | The outflow pressures along hydrate concentrations under varied water production rates.
CONCLUSION
In this work, a model is developed to forecast the hydrate formation region and the risk of hydrate in the drainage line for the offshore natural gas hydrate pilot production. The model calculates the temperature-pressure field in the drainage line and the methane hydrate phase equilibrium curve by incorporating the influence of hydrate on the rheology of mixed fluid. An algorithm is developed correspondingly by the visual basic language. The model shows that the hydrate formation region is enlarged as the ESP pressure increases and the water production rate decreases. The ESP pressures increasing can increase the water flowing pressure in the drainage line which favors hydrate formation. The water production rates decreasing can enable better heat transfer between the drainage line and environment. The fluid temperature in the drainage line will decrease faster as the environmental temperature decreasing at the lower water production rate condition. Moreover, when the hydrate concentration is beyond 6%, the outflow pressure at the platform will drop sharply, the risk of hydrate formation appears, and the hydrate management measure is necessary. In the future, the model should be studied further by considering the hydrate deposition and agglomerate in the drainage line and the influence of hydrate inhibitors on the hydrate formation in the drainage line should be revealed as well.
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In the flow distribution of oil and gas gathering and transportation system, the flow pattern, inertia force, gravity, and other factors will lead to uneven flow distribution of each outlet pipe, which will seriously affect the economy and safety of the gathering and transportation system. Therefore, it is of great significance to analyze the characteristics of gas–liquid two-phase flow in horizontal pipelines. For this reason, an experimental device for maldistribution control of gas–liquid two-phase flow is developed in this article. In order to solve the problem of flow maldistribution in gas–liquid two-phase flow pipe, the test experiments of maldistribution control under the conditions of three flow patterns (stratified flow, slug flow, and annular flow) are carried out. Through experiments, we revealed the control law of flow pattern to liquid maldistribution and gas maldistribution with or without flute pipes and formed the maldistribution control scheme of gas–liquid two-phase flow in the horizontal pipeline. It is found that it is more beneficial to the control of average liquid maldistribution degree under the condition of slug flow pattern in horizontal manifold without flute pipe, and it is more beneficial to the control of average gas maldistribution degree under the condition of annular flow pattern without flute pipe. Without the function of the flute pipe and in the annular flow pattern, it is beneficial to the control of average maldistribution degree of gas–liquid two-phase flow. The findings of this research can be used as a reference for the field maldistribution control of oil and gas gathering and transportation systems.
Keywords: maldistribution, horizontal pipeline, Gas‐liquid two-phase flow, flow pattern, experimental investigation
INTRODUCTION
In the oil and gas gathering and transportation system, when the flow is distributed in the manifold system, the flow pattern, inertia force, gravity, and other factors will lead to the uneven flow distribution of each outlet pipe (Kaichiro and Ishi, 1984; McQuillan and Whalley, 1985), which will affect the economy and safety of the gathering and transportation system. At present, there are few literature reports on the maldistribution problem of process systems in oil and gas fields. At the beginning, it is pointed out that in the system of a nuclear power plant, joint box, and heat exchanger, when the single-phase flow is distributed (Lahey, 1986; Yang and Azzopardi, 2007), the boundary layer separation occurs after the flow passes through the diffusion section due to the different angle of the left and right outlet of the double-hole flow (Azzopardi, 1999). As a result, maldistribution of the flow is easy to occur.
Kim et al. (1995) analyzed the effect of parallel pipe shape and Reynolds number on the flow distribution of parallel branch pipes at low Reynolds number, and found that the flow distribution in the parallel pipe set depends largely on the pipe shape and Reynolds number, and compared the effect of different shapes of pipes on the flow distribution of branch pipes. Duan and Liang-cai (2016) proposed a new method of splitter splitting to improve the flow maldistribution in parallel pipe sets. The effects of branch spacing, collector diameter, branch diameter, and inlet flow rate on the flow maldistribution in the parallel group were investigated. Miao (1999) established a physical model for the flow of single-phase fluids in distribution and convergence tubes with variable-pitch openings and obtained analytical solutions for the flow characteristics in the distribution and convergence tubes. The flow rate and flow deviation equations between small orifices, as well as the distribution of the pitch function and its discrete solution for uniform distribution and uniform pooling of flow, are derived. Li (2010) studied the gas–liquid two-phase flow distribution characteristics of a single-inlet radially introduced, four-branch pipe vertically led upward distribution coupled box using experimental studies and numerical simulations. Improved geometry of the coupled box with the addition of a flute pipe was proposed. By comparison, the flute pipe structure can greatly improve distribution uniformity. Zhu et al. (2013) studied the effect of inlet dryness on the flow distribution of the combined box and found that the flow maldistribution of the combined box without the introduction of a flute pipe was most serious when the inlet dryness was low, and the flow deviation of individual branch pipes gradually diminished as the inlet dryness increased. Li (2017) analyzed the influence law of structural factors, working condition factors, and phase changes on the flow distribution in the heat exchanger network for two typical parallel piping methods, Z-type and U-type, and obtained the relationship equation between fluid inhomogeneity and impedance ratio in the parallel heat exchanger system under two conditions of Z-type piping and U-type piping. Marchitto et al. (2012) experimentally investigated the main mechanisms driving the flow field distribution in a two-phase horizontal collector in order to design an improved collector to optimize the flow field distribution in a compact heat exchanger. Chen et al. (2019) analyzed that uneven distribution, turbulence, and inertial forces are the main causes of partial flow in single-phase flow manifold systems; compared with single-phase flow manifolds, the causes of partial flow in gas–liquid two-phase flow manifolds also include flow patterns, differences in inertia between gas and liquid phases, and the ability of gases to carry liquids. Marchitto et al. (2012) investigated the effect of flow direction in a straight parallel channel collector on the two-phase flow distribution, examining the effect of operating conditions, collector shape, and inlet nozzle in the range of 0.2–1.2 and 1.5–16.5 m/s for liquid and gas apparent velocities, respectively. It was confirmed that the flow distribution of liquid and gas in the collector could be greatly improved by a reasonable selection of the location, diameter, and number of flow openings between the feed distributor and the parallel channel system connected to the collector. Zhou et al. (2017) studied the single-phase flow distribution of a central compact parallel heat exchanger through a cylindrical head with a circular cross-section and a circular tube using CFD numerical simulation. The influence of key geometric parameters such as collector diameter and number of tubes on the flow field distribution was investigated, considering the influence of geometric parameters on the flow field distribution. Hao et al. (2016) analyzed the effects of heat flow density ratio, total flow rate, and system pressure on the flow distribution in parallel tubes. The results showed that the flow distribution became significantly worse with the increase of heat flow density and concentration ratio; the flow distribution was improved with the decrease of system pressure. Lee and Lee (2004) simulated the distribution of two-phase annular flow at the head-channel connection of the corresponding component of a compact heat exchanger. It has been found that: when the intrusion depth is zero, the amount of liquid separated through the rear channel is low. However, this trend reverses with deeper intrusion depths. The deeper intrusion prevents the liquid from flowing into the channels installed at the front of the collector. Wang and Newby (2018) used the sewage settling tank of the oil transfer and drainage station to analyze the causes of the flow maldistribution type with the help of Fluent and Gambit software to simulate the media motion pattern, establish a 2D pipeline model, and analyze the fluid motion pattern in the pipeline.
A flute pipe is a small pipe in flute shape, which has several small holes distributed on it. It is originally widely used in the development of spacecraft and the heat exchanger part of the generator unit. Later, petroleum engineers gradually find it possible to adapt it to the gathering and transportation of oil and gas. Yan (2019) used the variable diameter flute pipe shunt technology to design a high-efficient heat exchanger suitable for two-tube heat recovery, which solves the disadvantage of uneven heat transfer of the two-tube heat recovery. To investigate the influence of piccolo tube parameters on temperature distribution on a concave surface, Zhang et al. (2017) performed a numerical simulation considering the external and internal flows. The effects of jet-hole diameter, jet-to-jet spacing, circumferential orifice location, jet-hole arrangement, and flute pipe position on the concave surface temperature distribution were analyzed. Wang (2012) advanced a full-scale calculation method of piccolo heat and flow distribution based on the design principle of flute pipe, and demonstrated a flute pipe instance to reflect the change of the heat and flow of the flute pipe in the flow direction.
Previous scholars mostly focused on the phenomenon of flow maldistribution in the process of heat transfer but were seldom involved in the maldistribution phenomenon of gas–liquid two-phase flow in the process of oil and gas transportation. In addition, their research methods mostly fall in numerical simulation, which will be more or less deviated from the engineering practice. Therefore, in this article, we have developed an experimental device for maldistribution control of gas–liquid two-phase flow in a horizontal pipeline, aiming at the problem of uneven flow distribution of gas–liquid two-phase flow in the horizontal pipeline. The test experiments of maldistribution control under the conditions of three flow patterns (stratified flow, slug flow, and annular flow) are carried out, and the control law of flow pattern to liquid and gas flow maldistribution with or without flute pipe is revealed. The maldistribution control scheme of gas–liquid two-phase flow in a horizontal pipeline is formed.
EXPERIMENTAL INVESTIGATION OF MALDISTRIBUTION OF GAS‐LIQUID TWO-PHASE FLOW IN A HORIZONTAL PIPELINE
Purpose of the experiment
The flow distribution prototype of the horizontal manifold is applied to carry out test experiments of flow maldistribution under the conditions of stratified flow, slug flow, and annular flow and different gas–liquid ratios and the data of inlet velocity, inlet pressure, and inlet gas–liquid flow rate, outlet velocity, outlet pressure, and outlet gas–liquid flow rate are tested and the critical phenomenon of horizontal stratified flow, slug flow, and annular flow is determined, respectively. Based on the analysis of the flow pattern, gas–liquid ratio, converted gas-phase speed, converted liquid-phase speed, pressure, and other process operating parameters on the flow maldistribution in the gas–liquid two-phase flow manifold, the control scheme of flow maldistribution in gas–liquid two-phase flow manifold is formed, and the control effect of the three flow maldistribution control prototypes is evaluated and improvement suggestions are proposed.
Experimental setup

1) Experimental apparatus
The main experimental apparatus are as follows: horizontal inlet pipe, horizontal outlet pipe, flow distribution prototype (as shown in Figure 1A, and the flute pipe inside is as shown in Figure 1B), electronic scale, pressure sensor, anemometer, computer, air compressor, liquid collector, pump, and HD camera.
[image: Figure 1]FIGURE 1 | Flow distribution prototype for flow maldistribution test. (A) Schematic diagram of flow distribution prototype (B) Schematic diagram of flute pipe.
Experimental setup of flow maldistribution test is as shown in Figure 2. The transparent plexiglass pipe with a diameter of 50 mm and wall thickness of 5 mm is the main pipe and is connected with the tee. The red joint one is the connecting joint, the flute pipe is installed in the manifold, the diameter of the flute pipe is 20 mm, the total length is divided into 5 segments, the length of each section is 560 mm, and each section is connected by thread, with a total connection length of 2.8 m. A pressure sensor is installed on the conduit pipe from the 20 cm on both sides of the tee and at the outlet of the two leading-out pipes.
2) Experimental materials
[image: Figure 2]FIGURE 2 | Experimental setup of flow maldistribution test.
Air, water, and pigment.
Experimental steps

1) Equipment inspection before the experiment. Whether there are leaks in the gas and liquid pipelines, whether the data acquisition system is running normally, and whether the gas booster pump and the pump operation and flow rate adjustment are available should be checked.
2) When the air compressor and water pump are turned on, after the gas flow and liquid flow are stable, the liquid flow is kept unchanged, and the gas flow is adjusted through the gas throttle valve. After the gas flow is stable, the gas flowmeter flow on the gas pipeline and the liquid flowmeter on the liquid pipeline should be read, and the inlet pressure in the corresponding inlet pipe and the experimental time of each group should be read and recorded.
3) The high-definition camera and the pressure sensor on the computer should be turned on, and the gas–liquid two-phase flow pattern changes and pressure data of the horizontal lead-in tube and horizontal outlet pipes 1 and 2 during the whole experiment should be recorded. At the same time, the timing begins by the timekeeper, and the operator begins to measure the liquid mass of the horizontal exit tube 1 and the horizontal outlet pipe 2 at the same time, while the rest of the personnel begin to measure the gas-phase wind speed at the two ends of the horizontal outlet pipe 1 and outlet pipe 2 with the wind anemometer. The experiment should be repeated twice again.
4) After the experimental test is completed, the wind speed at both ends of the outlet is recorded and the liquid weight of the two outlets is measured.
5) The liquid flow rate must be kept unchanged, the gas flow rate should be changed and the experiment should be carried out again until the upper and lower criticality of the stratified flow is determined and the experimental workload is completed at the end of the experiment.
6) The liquid flow rate should be changed, the gas flow rate through the gas throttle valve should be adjusted, and the above experimental steps should be repeated until all the tests are completed.
All the detailed experimental parameters are listed in Table 1.
TABLE 1 | Experimental parameters of flow maldistribution in the horizontal manifold.
[image: Table 1]Experimental phenomena
Flow rate of gas and liquid in the inlet under different flow pattern conditions is as shown in Table 2. The experimental phenomenon of flow maldistribution in stratified flow in a horizontal manifold is as shown in Figure 3. The stratification of the gas–liquid interface in the inlet pipe is obvious, and the interface ripple is serious, but the ripple is smaller and denser. The liquid and gas in outlet pipe 1 fully mix and move forward, and the liquid moves forward in a small wave shape, which is relatively regular. The gas–liquid migration phenomenon in outlet pipe 2 is similar to that in outlet pipe 1. The liquid and gas in outlet pipe 2 are fully mixed and moved forward, the liquid level fluctuation is relatively smooth, and the ripple is not serious. The liquid flow rate of outlet pipe 1 is slightly larger than that of outlet pipe 2, and the gas flow rate of exit tube 1 is larger than that of outlet pipe 2, resulting in a phenomenon of flow maldistribution.
TABLE 2 | Flow rate of gas and liquid in the inlet under different flow pattern conditions.
[image: Table 2][image: Figure 3]FIGURE 3 | Experimental phenomenon of flow maldistribution in stratified flow in horizontal manifold [(A) outlet pipe 1, (B) outlet pipe 2, and (C) inlet pipe].
TEST ANALYSIS OF MALDISTRIBUTION OF GAS‐LIQUID TWO-PHASE FLOW IN A HORIZONTAL PIPELINE
The calculation procedures of maldistribution degree for gas and water are shown as follows:
[image: image]
[image: image]
where [image: image] is the maldistribution degree for gas, [image: image] is the maldistribution degree for liquid, [image: image] is the flow rate of gas in the outlet, [image: image] is the flow rate of liquid in the outlet, [image: image] is the flow rate of gas in the inlet, and [image: image] is the flow rate of liquid in the inlet.
The flow pattern can be determined by many methods, and they all have their own merits and demerits. In this work, the flow pattern is determined by the gas–liquid ratio and the flow phenomenon of gas–liquid in the pipe, combined with the flow rate of gas and liquid meanwhile. The flow rate of gas and liquid in the inlet under different flow pattern conditions is shown as follows.
Maldistribution test of stratified flow in horizontal manifold without flute pipe
Through the analysis of histogram of gas–liquid ratio and maldistribution degree of liquid in stratified flow in horizontal manifold without flute pipe (as shown in Figure 4), it can be found that the overall trend of the maldistribution degree of liquid with the increase of gas–liquid ratio is as follows: first, the maldistribution degree of liquid is relatively stable, but some of them are large, and then there is a sharp zigzag change. The maldistribution degree of partial gas is 0, and when the gas–liquid ratio is 9.40, 29.30, 62.80, 68.40, 78.60, 86.40, 109.90, and 140.40, the maldistribution degree of liquid is the lowest to 0. When the gas–liquid ratio is 54.80, the peak value of maldistribution is 40%. When the gas–liquid ratio is 20.90, 42.30, 54.80, 74.35, 99.00, and 126.70, the value of maldistribution is 20%.
[image: Figure 4]FIGURE 4 | Histogram of gas–liquid ratio and maldistribution degree of liquid in stratified flow in horizontal manifold without flute pipes (liquid injection volume 0.10L/s+0.17L/s).
Through the analysis of histogram of gas–liquid ratio and maldistribution degree of gas in stratified flow in horizontal manifold without flute pipes (as shown in Figure 5), it is found that the overall trend of maldistribution degree of gas with the increase of gas–liquid ratio is as follows: first, the maldistribution degree of gas changes in a zigzag shape, and then the range of change becomes smaller. When the gas–liquid ratio is 9.40, the maldistribution degree of gas is the lowest, as low as 0, and when the gas–liquid ratio is 51.65, the maximum maldistribution degree of gas is 18.45%.
[image: Figure 5]FIGURE 5 | Histogram of gas–liquid ratio and maldistribution degree of gas in stratified flow in horizontal manifold without flute pipes (liquid injection volume 0.10L/s+0.17L/s).
Maldistribution test of stratified flow in horizontal manifold with flute pipe
The analysis of the histogram of gas–liquid ratio and maldistribution degree of liquid in stratified flow in horizontal manifold with flute pipe (Figure 6) show that the maldistribution degree of liquid changes sharply with the increase of gas–liquid ratio. When the gas–liquid ratio is 10.10, 30.00, 39.70, 54.70, 65.10, 84.70, and 101.60, the maldistribution degree of liquid is as low as 0.005%, and when the gas–liquid ratio is 72.47 and 82.35, the deviation degree is the highest, which is 52.94%.
[image: Figure 6]FIGURE 6 | Histogram of gas–liquid ratio and maldistribution degree of liquid in stratified flow in horizontal manifold with flute pipes (liquid injection volume 0.10L/s+0.17L/s).
Through the analysis of histogram of gas–liquid ratio and maldistribution degree of gas in stratified flow in horizontal manifold with flute pipe (Figure 7), it is found that the overall trend of maldistribution degree of gas with the increase of gas–liquid ratio is as follows: the maldistribution degree of gas first increases with the increase of gas–liquid ratio, and then changes in a zigzag shape. When the gas–liquid ratio is 101.60, the maldistribution degree of gas is the smallest, as low as 0.79%, and when the gas–liquid ratio is 24.00, the maximum maldistribution degree of gas is 25.00%.
[image: Figure 7]FIGURE 7 | Histogram of gas–liquid ratio and maldistribution degree of gas in stratified flow in horizontal manifold with flute pipes (liquid injection volume 0.10L/s+0.17L/s).
Maldistribution test of slug flow in horizontal manifold without flute pipe
Through the analysis of histogram of gas–liquid ratio and maldistribution degree of liquid in slug flow in horizontal manifold without flute pipe (Figure 8), it is found that the overall trend of liquid maldistribution degree with the increase of gas–liquid ratio is that it fluctuates slightly at first, and then decreases to a certain extent and then tends to be relatively stable. When the gas–liquid ratio is 6.77, the maldistribution degree of liquid is the largest, which is 20.00%. Through the analysis of the histogram of gas–liquid ratio and maldistribution degree of gas in slug flow in horizontal manifold without flute pipe (Figure 9), it is found that the overall trend of maldistribution degree of gas is relatively stable with the increase of gas–liquid ratio, but there is a larger maldistribution degree of gas when the gas–liquid ratio is 27.43, which is 20.83%.
[image: Figure 8]FIGURE 8 | Histogram of gas–liquid ratio and maldistribution degree of liquid in slug flow in horizontal manifold without flute pipes (liquid injection volume 0.35L/s+0.65L/s).
[image: Figure 9]FIGURE 9 | Histogram of gas–liquid ratio and maldistribution degree of gas in slug flow in horizontal manifold without flute pipes (liquid injection volume 0.35L/s+0.65L/s).
Maldistribution test of slug flow in horizontal manifold with flute pipe
Through the analysis of histogram of gas–liquid ratio and maldistribution degree of liquid in slug flow in horizontal manifold with flute pipe (Figure 10), it is found that the overall trend of the maldistribution degree of liquid with the increase of the gas–liquid ratio is that the maldistribution degree of liquid increases gradually with the gas–liquid ratio, then decreases sharply, and then increases sharply, and finally tends to be relatively stable. When the gas–liquid ratio is 1.94, the maldistribution degree of liquid is as low as 7.69%, and when the gas–liquid ratio is 16.14, the peak maldistribution degree of liquid is 47.69%.
[image: Figure 10]FIGURE 10 | Histogram of gas–liquid ratio and maldistribution degree of liquid in slug flow in horizontal manifold with flute pipes (liquid injection volume 0.35L/s+0.65L/s).
Through the analysis of histogram of gas–liquid ratio and maldistribution degree of gas in slug flow in horizontal manifold with flute pipe (Figure 11), it is found that the overall trend of maldistribution degree of gas with the increase of gas–liquid ratio is that it changes in a zigzag shape at first, then the value is larger and more stable in the range of gas–liquid ratio of 10.89–13.49, and the maldistribution degree of gas is stable and small in the range of the gas–liquid ratio of 16.43–29.03. When the gas–liquid ratio is 4.94, the maldistribution degree of gas is the lowest, as low as 0.58%, and when the gas–liquid ratio is 46.67, the maximum maldistribution degree of gas is 48.90%.
[image: Figure 11]FIGURE 11 | Histogram of gas–liquid ratio and maldistribution degree of gas in slug flow in horizontal manifold with flute pipes (liquid injection volume 0.35L/s+0.65L/s).
Maldistribution test of annular flow in horizontal manifold without flute pipe
Through the analysis of histogram of gas–liquid ratio and maldistribution degree of liquid in annular flow in horizontal manifold without flute pipes (Figure 12), it is found that the overall trend of maldistribution degree of liquid fluctuates with the increase of gas–liquid ratio, but the fluctuation range is not very large, and then decreases to be stable when it increases to 25%. When the gas–liquid ratio is 70.06 and 103.38, the maldistribution degree of liquid is as low as 0, and when the gas–liquid ratio is 89.38, the peak value of the maldistribution degree is 25.00%. Through the analysis of histogram of gas–liquid ratio and maldistribution degree of gas in annular flow in horizontal manifold without flute pipes (Figure 13), we can see that the overall trend of maldistribution degree of gas is zigzag with the increase of gas–liquid ratio. When the gas–liquid ratio is 71.60, the maldistribution degree of gas is the lowest, as low as 0.56%. When the gas–liquid ratio is 165.50, the maximum maldistribution degree of gas is 8.46%.
[image: Figure 12]FIGURE 12 | Histogram of gas–liquid ratio and maldistribution degree of liquid in annular flow in horizontal manifold without flute pipes (liquid injection volume 0.16L/s+0.35L/s).
[image: Figure 13]FIGURE 13 | Histogram of gas–liquid ratio and maldistribution degree of gas in annular flow in horizontal manifold without flute pipes (liquid injection volume 0.16L/s+0.35L/s).
The comparative analysis shows that the horizontal manifold without a flute pipe is beneficial to control the maldistribution of liquid when the gas–liquid ratio is in the range of 32.09–76.11, and the horizontal manifold without a flute pipe is beneficial to control the maldistribution of gas when the gas–liquid ratio is in the range of 32.09–174.44.
Maldistribution test of annular flow in horizontal manifold with flute pipe
Through the analysis of histogram of gas–liquid ratio and maldistribution degree of liquid in annular flow in horizontal manifold with flute pipe (Figure 14), it can be seen that with the increase of gas–liquid ratio, the overall trend of maldistribution degree of liquid decreases slightly at first, then increases sharply, then the zigzag shape changes sharply, and then tends to be relatively stable. When the gas–liquid ratio is 46.67, the maldistribution degree of liquid is as low as 0, and the peak maldistribution degree is 48.57%.
[image: Figure 14]FIGURE 14 | Histogram of gas–liquid ratio and maldistribution degree of liquid in annular flow in horizontal manifold with flute pipes (liquid injection volume 0.16L/s+0.35L/s).
Through the analysis of the histogram of gas–liquid ratio and maldistribution degree of gas in annular flow in horizontal manifold with flute pipes (Figure 15), it is found that the overall trend of maldistribution degree of gas is zigzag with the increase of gas–liquid ratio. When the gas–liquid ratio is 49.29, the maldistribution degree of gas is the lowest, as low as 1.19%. When the gas–liquid ratio is 46.67, the maximum maldistribution degree of gas is 24.46%.
[image: Figure 15]FIGURE 15 | Histogram of gas–liquid ratio and maldistribution degree of gas in annular flow in horizontal manifold with flute pipes (liquid injection volume 0.16L/s+0.35L/s).
The comparative analysis shows that the addition of flute pipe into the horizontal manifold is beneficial to control the maldistribution degree of liquid when the gas–liquid ratio is in the range of 20.20–24.26 and 42.33–72.47, and the introduction of flute pipes is beneficial to control the maldistribution degree of gas when the gas–liquid ratio is in the range of 33.71–35.38, 41.60–42.33, and 49.29–69.88.
ANALYSIS OF MALDISTRIBUTION CONTROL IN DIFFERENT FLOW PATTERNS
According to the analysis of the maldistribution degree of liquid and gas of stratified flow, slug flow, and annular flow when flute pipe is considered and not considered, we obtained the scatter diagram of liquid maldistribution degree in different flow patterns in horizontal manifold with and without flute pipe and histogram of flow pattern and average liquid maldistribution degree in the horizontal manifold.
Through the analysis of the scatter diagram of liquid maldistribution degree in different flow patterns in horizontal manifold with and without flute pipes (Figures 16, 17), and the histogram of flow pattern and average liquid maldistribution degree in horizontal manifold (Figure 18), it is found that under the condition that the flute pipe is not added in the horizontal manifold, the average maldistribution degree of liquid in stratified flow, slug flow, and annular flow are 8.56, 5.16, and 7.26%, respectively. The average maldistribution degree of liquid under the three flow patterns is small as a whole, and the average maldistribution degree of liquid under the stratified flow condition is greater than that under the slug flow and annular flow conditions. Average maldistribution degree of liquid under the slug flow condition is less than that under the stratified flow and annular flow conditions.
[image: Figure 16]FIGURE 16 | Scatter diagram of liquid maldistribution degree in different flow patterns in horizontal manifold without flute pipes.
[image: Figure 17]FIGURE 17 | Scatter diagram of liquid maldistribution degree in different flow patterns in horizontal manifold with flute pipe.
[image: Figure 18]FIGURE 18 | Histogram of flow pattern and average liquid maldistribution degree in the horizontal manifold.
Under the condition of introducing a flute pipe into the horizontal manifold, the average maldistribution degree of liquid in stratified flow, slug flow, and annular flow are 18.56, 25.29, and 20.70%, respectively. However, the average maldistribution degree of liquid under the condition of stratified flow is less than that of slug flow and annular flow. The average maldistribution degree of liquid under the condition of slug flow is greater than that of stratified flow and annular flow. Compared with the horizontal manifold with and without the introduction of a flute pipe, the absence of a flute pipe is beneficial to control the average maldistribution degree of liquid. The introduction of a flute pipe will aggravate the maldistribution degree of liquid, especially under the condition of slug flow pattern. This is because after the gas–liquid fluid enters the flute pipe, the cross-section becomes smaller and the gas–liquid velocity increases relatively. The flow of the liquid becomes more unstable, so the flow maldistribution is more likely to occur at the two outlets. Under the condition of the slug flow pattern, the gas–liquid interface is in direct contact with the upper part of the flute pipe due to violent fluctuations, which separates the gas phase located in the upper part of the pipe into an aeroelastic and forms the slug flow pattern.
Through the analysis of the scatter diagram of gas maldistribution degree in different flow patterns in horizontal manifold with and without flute pipes (Figures 19, 20), and the histogram of flow pattern and average gas maldistribution degree in horizontal manifold (Figure 21), it is found that under the condition that flute pipe is not added in the horizontal manifold, the average maldistribution degree of gas in stratified flow, slug flow, and annular flow is 7.66, 9.08, and 3.02%, respectively. The average maldistribution degree of gas under the three flow patterns is small as a whole, and the average maldistribution degree of gas in the slug flow condition is greater than that in the stratified flow and annular flow conditions. Under the condition of annular flow, the average maldistribution degree of gas is less than that of stratified flow and slug flow.
[image: Figure 19]FIGURE 19 | Scatter diagram of gas maldistribution degree in different flow patterns in horizontal manifold without flute pipe.
[image: Figure 20]FIGURE 20 | Scatter diagram of gas maldistribution degree in different flow patterns in horizontal manifold with flute pipe.
[image: Figure 21]FIGURE 21 | Histogram of flow pattern and average gas maldistribution degree in the horizontal manifold.
When the flute pipe is introduced into the horizontal manifold, the average maldistribution degree of gas in stratified flow, slug flow, and annular flow are 11.66, 23.31, and 13.70%, respectively. However, the average maldistribution degree of gas under the condition of stratified flow is less than that of slug flow and annular flow. The average maldistribution degree of gas under the condition of slug flow is greater than that of stratified flow and annular flow. The introduction of a flute pipe will aggravate the maldistribution degree of gas, especially under the condition of an annular flow pattern. This is because after the gas–liquid fluid enters the flute pipe, the cross-section becomes smaller and the gas–liquid velocity increases relatively. The flow of the gas becomes more unstable, so the flow maldistribution is more likely to occur at the two outlets. Under the condition of an annular flow pattern, the central part of the flute pipe is a gas core with droplets, and there is a liquid film on the pipe wall. Under the influence of gravity, the liquid film of the lower pipe wall is thicker than that of the upper tube wall.
Through comparative analysis of the horizontal manifold with and without the introduction of flute pipe, the absence of flute pipes is conducive to the control of the average maldistribution degree of gas. Under the condition of introducing a flute pipe, it is disadvantageous to the control of the average maldistribution degree of liquid and gas in the slug flow pattern.
CONCLUSION

1) The influence of flow pattern and the introduction of flute pipes on the maldistribution degree of liquid and gas under the condition of different gas–liquid ratios is revealed.
① When the flute pipe is not introduced into the horizontal pipe under the condition of stratified flow, it is beneficial to control liquid maldistribution when the gas–liquid ratio is in the range of 22.29–40.12 and 58.00–86.40, and it is beneficial to control gas maldistribution when the gas–liquid ratio is in the range of 7.59–45.00 and 54.80–140.40.
② When the flute pipe is introduced into the horizontal pipe under the condition of stratified flow, it is beneficial to control both liquid and gas maldistribution when the gas–liquid ratio is in the range of 84.70–101.60, 77.70, 70.80, 49.10, and 10.10.
③ When the flute pipe is not introduced into the horizontal pipe under the condition of slug flow, it is beneficial to control liquid maldistribution when the gas–liquid ratio is in the range of 5.78–6.65 and 8.28–31.4, and it is beneficial to control gas maldistribution when the gas–liquid ratio is in the range of 4.09–10.83, 12.22–18.95, 21.11–24.31, and 54.80–140.40.
④ When the flute pipe is introduced into the horizontal pipe under the condition of slug flow, it is beneficial to control liquid maldistribution when the gas–liquid ratio is in the range of 1.94–3.69 and 16.43, and it is beneficial to control gas maldistribution when the gas–liquid ratio is in the range of 16.43–22.71, 4.94, and 13.91.
⑤ When the flute pipe is not introduced into the horizontal pipe under the condition of annular flow, it is beneficial to control liquid maldistribution when the gas–liquid ratio is in the range of 3.45–4.93, 165.50–174.44, 103.38, and 131.44, and it is beneficial to control gas maldistribution when the gas–liquid ratio is in the range of 2.23–174.44.
⑥ When the flute pipe is introduced into the horizontal pipe under the condition of annular flow, it is beneficial to control liquid maldistribution when the gas–liquid ratio is in the range of 46.67–49.29 and 58.24–72.47, and it is beneficial to control gas maldistribution when the gas–liquid ratio is in the range of 49.29–58.24 and 65.82.
2) A maldistribution control scheme of gas–liquid two-phase flow in the horizontal pipeline is proposed: it is more beneficial to the control of average liquid maldistribution in the horizontal manifold of slug flow pattern without the introduction of flute pipe; it is more beneficial to the control of average gas maldistribution in the horizontal manifold of annular flow pattern without the introduction of flute pipe; it is more beneficial to the control of both average liquid and gas maldistribution in the horizontal manifold of annular flow pattern without the introduction of flute pipe.
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5.00E-03 18.57 16.27 12.38
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Fiuid viscosity 1mPas Calcite molar mass 100.1 g/mol
Pore radius 0.5um Specific surface area s0cm™
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Index Langmuir model D-R model D-A model

vL PL Correlation Vo D Correlation Vo D n Correlation
A-2 9.474 1.736 0.983 7.957 0.147 0.990 7.857 0.123 2xe 0.992
A-4 13.381 1.813 0.995 1117 0.147 0.994 11.257 0.170 1.830 0.995
A-5 14.220 2.047 0.998 11.542 0.158 0.991 11.834 0.203 1.690 0.997
B-2 20.482 3.465 0.994 14.747 0.222 0.994 15.120 0.270 1.728 0.999
B-4 18.906 3.689 0.999 13.282 0.222 0.978 14.155 0.337 1.430 0.999
B-5 16.473 3.352 0.984 12.015 0.222 0.997 12.101 0.236 1.913 0.997
C-1 10.990 2334 0.991 8.680 0.170 0.987 8.904 0216 1.717 0.992
c-2 14.324 2.660 0.984 11.053 0.192 0.994 11.093 0.199 1.952 0.994
C-3 9.931 2.098 0.992 8.003 0.158 0.997 8.380 0.239 1.492 0.995
C-4 14.331 2.466 0.990 11.220 0.181 0.995 11.331 0.199 1.877 0.995
D-2 16.188 2.896 0.991 12.224 0.200 0.997 12.371 0.223 1.856 0.998
D-3 14.563 2724 0.994 11.149 0.192 0.998 11.297 0217 1.840 1.000
E-1 10.996 1.985 0.996 8.976 0.165 0.992 9.138 0.188 1.772 0.995
E-2 10.509 2199 0.993 8.434 0.169 0.999 8.467 0.178 1.952 0.999
E3 14.115 2.637 1.000 10.867 0.186 0.992 11.220 0.245 1.639 1.000
E-4 11.683 2254 0.980 9.366 0.176 0.997 9.256 0.152 2.188 0.998
F-1 11.519 2.650 0.993 8.867 0.187 0.990 9.072 0.230 1.733 0.995
F-2 9.381 2.754 0.991 7472 0.195 0.995 7.238 0212 1.883 0.99%

Note: V/_ is Langmuir volume, cm’/g; Vie is Langmuir pressure, MPa; Vi is micropore volume per gram, cm/g; D constant related o net adsorption heat; n parameter related to
temperature and pore distribution of coal.
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Cataclastic coal
Primary structure coal
Cataclastic coal
Cataclastic coal
Broken coal
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Primary structure coal
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Broken coal
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Cataclastic coal
Primary structure coal

Ro, max, %

0.821
0.759
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0.84

0.846
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0.725
0.736
0.739
0.74

0.725
0.745
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Water content, %
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1.38
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1.62
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Ash content, %

49.62
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31.74
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26.96
14.95
17.73
7.66
21.33
11.15
10.35
7.03
8.94
13.44
24.43
4425
18.93
224

Volatile matter, %

43.75
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43.05
35
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36.24
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