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As a crucial exploration technique for unconventional reservoirs, hydraulic fracturing enables the formation of complex fracture networks, thereby facilitating the flow of oil and gas. The closure of natural fractures decreases stimulation performance. Microparticle proppants are used to fill natural fractures and effectively increase the stimulation area. The 100-mesh proppant conventionally used in field operations may be insufficiently small to effectively access natural fractures. In order to effectively overcome natural fractures closure, microparticle proppants (i.e., proppants with a diameter of 75 μm (200-mesh) or less) are required. The particle size threshold test of microparticle proppants placement is conducted to determine the size threshold of proppants flowing into natural fractures. The microparticle proppants placement experiment in multi-branch fractures is conducted to investigate the volume difference of proppants in different fractures. Numerical simulations are performed to model proppant transport within fractures of actual dimensions to facilitating the optimization of stimulation parameters. The main conclusions are as follows: (1) Effective inflow of microparticle proppants requires a size threshold of proppants. For the 200-mesh proppants, the size should be less than half of natural fractures width when microparticle proppants effectively flow into natural fractures. (2) Sand concentration affects the size threshold of microparticle proppants. The size threshold should appropriately increase to ensure the inflow of proppant. (3) Difference of multi-branch fracture width has a significant effect on volume of microparticle proppants inside fractures. When the width ratio of multi-branch fractures exceeds 2, this effect becomes obvious. (4) Particle size has an effect on proppant placement. 200-mesh proppants can obtain uniform distribution of proppants among natural fractures. 140-mesh proppants can obtain maximum proppant volume among natural fractures. Sand concentration significantly affects proppant placement performance. The optimal sand concentration is 60kg/m3. The pumping rate for a single cluster fracture should not be excessively low. The pumping rate should be larger than 0.5m3/min and the optimal pumping rate 2m3/min. In this paper, the particle size and concentration of particulate proppant are optimized and the geometric characteristics of fractures are considered. These conclusions provide important practical guidance and scientific basis for the optimization and application of hydraulic fracturing technology.
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1 INTRODUCTION
As conventional reservoirs continue to deplete, unconventional reservoirs have garnered significant attention as a primary source of environmentally sustainable energy to address the increasing global energy demand (Holditch, 2006; Zou et al., 2012; Al-Fatlawi et al., 2017a; Al-Fatlawi et al., 2017b). This interest has been further amplified following the commercialization of advanced hydraulic fracturing technology (Awan et al., 2020a). Unconventional reservoirs are typically characterized by low porosity, low permeability, and low natural productivity. Unconventional reservoirs often develop natural fractures, which are typically characterized by narrow pore sizes and posing significant challenges for the penetration of proppants (Gale et al., 2014). Hydraulic fracturing is widely used in such reservoirs to form complex fracture networks, provide flow channels for oil and gas, and improve their productivity (Morteza et al., 2018; Bagher Asadi et al., 2019; Wei et al., 2019). Natural fractures and natural fractures in complex networks show different lengths and widths. These fractures may be less than or equal to millimeters in length (e.g., 10–250 microns) and less than 0.1 mm in width (e.g., 1–10 microns) (Anders et al., 2014; Nagel and Sanchez-Nagel, 2015; Wu et al., 2015; Zhou et al., 2016). Ultra-low permeability tight reservoirs are economically viable if proppant can reach these natural fractures and prevent them from closing (Apaydin et al., 2012; Cipolla et al., 2009). Therefore, Microparticle proppants (referred to as MPs) are introduced to increase the stimulation area (Dahl et al., 2015a; Kim et al., 2018; Dharmendra et al., 2019). Several studies have successfully applied MPs to the field (Nguyen et al., 2013; Bose et al., 2015; Dahl et al., 2015a; Dahl et al., 2015b; Calvin et al., 2017). Bedrikovetsky et al. and Khanna et al. proposed a staged proppant injection method (small proppants are injected first, and then large proppants are injected) (Bedrikovetsky et al., 2012; Khanna et al., 2013). Small particles infiltrate deep reservoirs, while larger particles are trapped near the wellbore. This method has been proven to be an effective technique to enhance production both in the lab and in the field (Keshavarz et al., 2015a; Keshavarz et al., 2015b; Keshavarz et al., 2016). At present, there are relatively few studies on proppant migration in fracture networks (Mayerhofer et al., 2008; Meyer et al., 2010). The transport, placement, transfer and prop mechanism of proppant in multistage branch fractures of fracture network is still unclear. The lack of theoretical guidance on pumping parameters such as pumping rate, proppant size and sand concentration in the field leads to difficulties in sand addition, insufficient natural fractures support, and rapid decline in production after compression (Li et al., 2013; Wu and Olson, 2016). The investigation of proppant placement has emerged as a critical issue within the relevant field.
Experimental model is the basis of proppant placement experimental study. The development of the proppant placement experimental model is divided into two stages. From 1959 to 2009, the single fracture visual physics experiment equipment is developed. After 2009, according to the development of research field and manufacturing technology, a larger, more complex, more accurate and more versatile visual physical experimental device for proppant placement will be developed (Yu et al., 2015; Wang, 2015). Kern et al. developed the world’s first laboratory model in 1959, using two plexiglass panels to simulate the placement of proppant in a single vertical fracture. The fracture size of this model is 5,588×1905×6.35 mm3, which has the function of fracturing fluid recovery (Kern et al., 1959). With the initiation of visualization of proppant placement, Babcock et al. developed a visual single-fracture model to simulate a vertical fracture in 1967 (Babcock et al., 1967). The model size is 2,438×304.8 mm2 and the fracture width is 4.76–25.4 mm. In 1970–1980, Schools et al. and Sievert et al. established a single fracture model. This model studied the migration path of a single particle and the placement of multiple particles by adding a high-speed camera system to the model (Schols and Visser, 1974; Sievert et al., 1981). In the 21st century, interdisciplinary research has driven the development of proppant placement models. Shah et al. built a high-pressure parallel plate flow cell with an integrated fiber optic vision system and LED for simulating downhole fractures (Shah et al., 2001). Many researchers have studied the plate model, however, the current research on this model mainly focuses on small-scale and simple single fractures (Brannon et al., 2006; Shokir and Al-Quraishi, 2007; Woodworth and Miskimins, 2007; Dayan et al., 2009; Zhai, 2012). In addition, Li developed a large-scale visualization proppant placement device in 2016 for complex fracture networks considering perforation parameters based on geometric similarity and Reynolds number similarity criteria, which can change the number and angle of fractures (Li, 2016). In 2020, Liu et al. designed a physical simulation experiment to study the effect of particles on sealing fractures to improve wellbore stability (Liu et al., 2020). In 2023, Zhang et al. studied the effects of proppant pumping strategies on proppant migration in rough rock fractures by using a validated CFD-DEM model (Zhang et al., 2023). Previous studies of proppant placement in complex fracture networks have the following shortcomings: unclear particle size thresholds for placement of MPs, shunt transport of proppant from the main fracture to the multi-branch fracture, and distribution of different particle sizes of proppant. The choice of proppant depends on the mechanical properties of the formation rock and the proppant itself (Awan et al., 2020b).
The current utilization of 100-mesh proppants may hinder their effective placement into natural fractures created during hydraulic fracturing due to their potentially excessive size. Consequently, to achieve optimal natural fracture propping, the employment of micro-proppants possessing high fluidity, specifically those with diameters of 150 μm (100 mesh) or less, are necessary. Therefore, based on a visual proppant placement model, this experiment is conducted to investigate the proppant diversion transport distribution in a complex fracture network. Two key experiments are conducted: Particle size threshold test of MPs placement and MPs placement experiment in multi-branch fractures. Combined with the numerical simulation method, the effects of fracture interval and angle on proppant placement are analyzed, and stimulation parameters like proppant particle size, sand concentration and pumping rate are optimized.
2 PARTICLE SIZE THRESHOLD TEST OF MPS PLACEMENT
2.1 Materials and methods
As the law of placement of MPs has not yet been fully understood, the application experience of proppant with particle size less than 100 is insufficient, and the particle size threshold of placement of MPs is unknown, this experiment employs a visual setup utilizing copper sheets and a proppant injection device, as shown in Figure 1. Stainless steel lines are used to connect the simplex pump, proppant injection device, wellbore and filtration unit. The test process is as follows: the components are connected, the proppant injection unit is pre-placed with a fixed size of sand carrier fluid, the time and pressure changes are recorded by controlling the control terminal output rate, the injection pressure is provided by a simplex pump, the proppant placement is recorded by a camera, the proppant placement is placed in a simulated natural fracture, and the fluid is entered into the filtration unit. The experimental approach involves investigating variable sand concentrations, variable fracture widths (with a minimum of 0.05 mm), and step injection methods.
[image: Figure 1]FIGURE 1 | Schematic diagram of MPs placement experimental method.
The acrylic plate processed in the experiment is shown in Figure 2, which is used to simulate the formation. It cannot be filled with MPs, and the size is 200 mm*200 mm*50 mm. The variable sand concentration is achieved by matching the capacity of the proppant injection device in this experiment, weighing 300 mL water and 6 g guar gum to produce sand carrying fluid with 2% guar gum concentration, then weighing a certain Gram of MPs, mixing and stirring on a high-speed fluid mixer for 20 min. Example: If the sand concentration is 100kg/m3, weigh 30 g MPs and add it to stir.
[image: Figure 2]FIGURE 2 | Acrylic sheet size diagram.
The implementation method of variable fracture width is as follows: as shown in Figure 3, two acrylic plates are used to clamp copper sheets of different thickness up and down to construct natural fractures. The size of experimentally processed copper sheets is 0.05 mm–0.6mm, which is used to simulate the natural fracture space. Multiple nuts are used to apply prestress to maintain the stability of the fracture width during the experiment. The simulated wellbore processed in the experiment has a radius of 10 mm and a length of 100mm, which can be assembled with two acrylic plates to simulate the passage from the wellbore to the formation fracture.
[image: Figure 3]FIGURE 3 | Simulated natural fracture space size (white is natural fracture space).
2.2 Experimental scheme
At room temperature, the injection flow rate of 1m3/min is used to carry out the experiment, and the injection liquid for the experiment is 2% guar gum concentration. Multiple placement experiments are carried out to summarize the threshold selection criteria. The fracture width is controlled by the thickness of the copper sheet. By changing the thickness of the copper sheet to control the width of the fracture, the combination of copper sheets with varying thickness from 0.05mm to 0.6 mm is selected. Sand concentration is 60kg/m3, 100kg/m3, 180kg/m3 three kinds. 22 groups of MPs placement experiments are completed to study the effects of fracture width and sand concentration on proppant placement. The experimental scheme is shown in Table 1.
TABLE 1 | Experimental scheme.
[image: Table 1]2.3 Experimental result
In this experiment, the MPs entering and placing natural fracture space under different sand concentrations and different width ratios is observed. In the experiment, MPs mainly existed around the wellbore (Figure 4A) and in natural fracture spaces (Figure 4B).
[image: Figure 4]FIGURE 4 | Proppant placement (A) Stuck in the wellbore (B) Flow into a natural fracture.
The experimental results are shown in Table 2. Among the 22 groups of experiments, eight groups of experimental MPs failed to enter the fracture, but are blocked around the wellbore. Observation and analysis suggested that the failure to enter the fracture is caused by too small width ratio or too large sand concentration. According to the results in Table 2, it can be found that part of MPs under the width ratio setting failed to enter the fracture to form effective placement, and it is considered that when MPs can enter the natural fracture, the width ratio is an effective value. For example, the group of experiments with the fracture width of 0.6 mm and sand concentration of 100kg/m3. The width ratio is 8.00, which indicates that proppant can enter the fracture and is considered to be an effective width ratio.
TABLE 2 | Statistical table of experimental results.
[image: Table 2]According to Table 2, the effective width ratio of all MPs that can enter the fracture is calculated. The minimum effective width ratio is called the width ratio threshold, which reflects whether MPs can enter the fracture and form effective placement. The width ratio threshold in this experiment is 2.
According to the experimental results and the above table, the influence of sand concentration on MPs placement is studied. The higher the sand concentration, the greater the possibility of sand plugging, the proppants may fail to enter the fracture, and the effect of placement in the fracture is not ideal, resulting in the failure width ratio. When the sand concentration is 180kg/m3 under working conditions, the width ratio threshold of MPs is greater than 2.
2.4 Commentary
After hydraulic fracturing, the formation typically exhibits an intricate fracture network, wherein natural fractures fail to establish effective seepage channels under the current placement procedure employing large-particle-sized proppants. In order to select MPs with appropriate particle size to place natural fractures, an experimental study on the particle size threshold of MPs is conducted, and the following conclusions are drawn:
(1) Effective inflow of microparticle proppants requires a size threshold of proppants. For the 200-mesh proppants, the size should be less than half of natural fractures width when microparticle proppants effectively flow into natural fractures.
(2) The sand concentration significantly impacts the size threshold of microparticle proppants. An appropriate increase in the size threshold may be necessary to guarantee the inflow of proppant, taking into account the fracture width, fluid viscosity, and injection parameters.
3 MPS PLACEMENT EXPERIMENT IN MULTI-BRANCH FRACTURES
3.1 Materials and methods
At present, the transport of MPs from the main fracture to the multi-branch fracture and the distribution of proppant with different particle sizes are major problems. The law of MPs placement under the condition of multi-branch fracture has not been fully defined. In order to better design the MPs placement process, the visual materials in Section 2.1 are combined with the proppant injection device. MPs injection experiments of multi-branch fractures with different fracture widths are carried out. As shown in Figure 5, the proppant injection device is shunt and two simulated fractures with different fracture widths are connected at the same time to study the effect of multi-branch fractures on the placement of MPs.
[image: Figure 5]FIGURE 5 | Schematic diagram of microparticle proppant placement in multi-branch fractures.
3.2 Experimental scheme
200-mesh and 140-mesh MPs are selected for staged injection. The fracture width should be in the range of 0.3mm–0.6 mm according to Section 2.3; MPs entering the fracture; Sand concentration of 60kg/m3 and 100kg/m3, guar gum content 2%; The flow rate is set to 1m3/min and the temperature is room temperature. 10 groups of MPs placement experiments with different fracture widths are completed. The experimental scheme is shown in Table 3.
TABLE 3 | Experimental scheme.
[image: Table 3]3.3 Experimental result
The placement characteristics of MPs injection in multi-branch fractures with different fracture widths are observed in the experiment. It is found that when the fracture widths of the two fractures are different (the difference is greater than or equal to 2 times), as shown in Figure 6, the placement characteristics of cascade injection of MPs are as follows: At this time, 200-mesh proppant is placed in the fracture with larger fracture widths, while effective support could not be formed in the fracture with smaller fracture widths. When the step injection is 140-mesh, it still preferentially enters the fracture with larger fracture width.
[image: Figure 6]FIGURE 6 | The MPs placement pattern is different when the fracture width is different (red shape represents areas occupied by MPs).
When the fracture width difference is small (less than 2 times), as shown in Figure 7, 200-mesh proppant enters the two fractures more evenly. When 140-mesh proppant is injected successively, it still enters the two fractures more evenly, and effective placing can be formed in both fractures.
[image: Figure 7]FIGURE 7 | MPs placement with the same fracture width (black shape represents areas occupied by 200-mesh MPs; brown shape represents areas occupied by 140-mesh MPs).
As shown in Figure 8, when the sand concentration is 100kg/m3, the two groups of experiments with A fracture width of 0.3 mm and B fracture width of 0.3mm and 0.8 mm are taken as examples to demonstrate the MPs placement under the condition of multi-branch fractures. In Figure 8A is 200 mesh proppants in black and 140 mesh proppants in yellow, and (b) is 200 mesh proppants in milky white and 140 mesh proppants in yellow. All 200-mesh proppants can enter the fracture, but the time of entering the fracture is different. The greater the difference in width between the two fractures, the greater the time difference of entering the fracture. The placement of 140-mesh proppant is different, and the placement volume or area is also different with the difference of fracture width, and the time to enter the fracture is also different.
[image: Figure 8]FIGURE 8 | Step placement of MPs in multi-branch fractures (A) equal width (left: width = 0.3 mm; right: width = 0.3 mm) (B) different width (left: width = 0.3 mm; right: width = 0.6 mm).
Table 4 shows the placing characteristics of MPs with different fracture widths. When fracture widths of two fractures are the same or not different, when the ratio of fracture widths is less than or equal to 2, there is little difference in the placement effect of the two fractures, but the proppant with larger fracture widths is preferentially placed. When the two fractures width is very different, and the fracture width ratio between the two fractures is greater than 2, MPs will preferentially inject fractures with larger fracture widths, and only after placing fractures with larger fracture widths will they be flow into small fracture widths.
TABLE 4 | Experimental scheme.
[image: Table 4]3.4 Commentary
Previous studies on the shunt transport of proppant from the main fracture to the multi-branch fractures and the distribution of proppant with different particle sizes in the complex fracture network are insufficient. Experiments are designed to study the placement of MPs in the multi-branch fractures, and the following conclusions are drawn: When the fracture widths of the two fractures in the experiment are very different, the two MPs selected first place fractures with large fracture widths, and the large-particle size to small-particle size pumping procedure can be considered in the field to avoid the large engineering amount of small-particle size proppant filling large fractures. When the width difference between the two fractures is small, MPs enter the multi-branch fractures almost simultaneously, and the small-particle size to large-particle size pumping procedure can be considered to fully support the natural fractures.
4 NUMERICAL SIMULATION OF MPS PLACEMENT
4.1 Modeling
Based on the experimental results of the first two chapters, the real fracture size model is established by numerical simulation to provide reference for the sensitivity analysis of MPs placement and the optimization of pumping scheme. By controlling geological factors, the effects of natural fracture interval and the angle between main and branching fractures on the placement of MPs are studied. By controlling stimulation parameters, the effects of MPs particle size, sand concentration and pumping rate are studied.
According to the characteristics of small particle size and strong suspension of MPs, a reference spread flow two-fluid model is established. The MPs is regarded as a continuous phase mixed with the fracturing fluid. The Volume of Fluid (VOF) multiphase flow model is used for simulation.
Fluid flow must obey the law of conservation of mass, Newton’s second law and the law of conservation of energy, these three basic principles of physics can be derived from the governing equations of fluid flow.
Continuity equation: the increase of fluid cell weight and mass per unit time is equal to the net mass flowing into the cell in the same time interval, derived from the law of conservation of mass, expressed as:
[image: image]
where: [image: image] is the density of the fluid; [image: image] is the flow rate of fluid; [image: image] is the mass added to the continuous phase from the dispersed secondary phase.
Momentum equation: the rate of change of the momentum of the fluid in the micro body with respect to time is equal to the sum of various external forces acting on the micro body, obtained by Newton’s second law, expressed as:
[image: image]
where: [image: image] is static pressure; [image: image] and [image: image] are gravity volume force and external volume force in the direction, respectively. [image: image] is the stress tensor.
The VOF model is suitable for solving stratified flows and flow problems that require tracking free surfaces, such as calculating fluid flows where air and water do not fuse with each other. When using the VOF model, different fluid components share a set of momentum equations to calculate the volume fraction of each flow in each grid element. For the [image: image] fluid, the volume fraction equation is expressed as:
[image: image]
where: [image: image] is the mass transferred from [image: image] phase to [image: image] phase; [image: image] is the mass transferred from [image: image] phase to [image: image] phase; [image: image] is the volume fraction of the phase. The VOF model can track the interphase interface by solving the continuity equation of the volume fraction of each fluid.
Based on ANSYS SCDM, the numerical model is established, as shown in Figure 9. In the geometric model, the length of the main fracture is 200m, the width is 20 mm and the height is 30m; the length of the branching fractures is 20m, the width is 2 mm and the height is 30 m. The red line indicates the fluid inlet, the rest are no flow boundaries. The fracture is not filled by the pre-fluid at the beginning of the simulation.
[image: Figure 9]FIGURE 9 | Geometric model.
4.2 Numerical simulation scheme
The numerical simulation considers the influence of two geological factors, natural fracture density and natural fracture angle, and three engineering parameters, such as particle size, pumping rate and sand concentration. The parameter range is set as natural fracture spacing of 5m, 10 m and 20m, angle of 30°, 60° and 90°, particle size of 200-mesh and 140-mesh, sand concentration of 60 kg/m3, 100 kg/m3 and 180kg/m3, and pumping rate of 0.5∼4m3/min. Each group is injected with the same proppant quality. As shown in Table 5, Dahl et al., 2015b groups of numerical simulation are performed.
TABLE 5 | Simulation scheme.
[image: Table 5]4.3 Numerical simulation result
In this section, MPs placement is numerically simulated under the various cases. The dynamic effectiveness of the proppant placement is evaluated according to the volume ratio of proppant to natural fractures and the coefficient of variation. The coefficient of variation represents the uniformity of MPs in natural fractures and its formation is shown as Eq. 4. In probability theory and statistics, the coefficient of variation is a normalized measure of the dispersion of a probability distribution, defined as the ratio of standard deviation to the mean:
[image: image]
where, [image: image] is the coefficient of variation, reflecting the uniformity of placing MPs in each fracture; [image: image] is the standard deviation of the data; [image: image] is the mean value of the data.
Using the first set of simulations in Table 5 as an example, the distribution of proppant in the fracture at different times is studied. Proppant placement in the branching fractures is analyzed every 20 m from the inlet to study the influence of geological factors and engineering parameters on proppant placement. Figure 10 shows the volume fraction of proppant in the natural fracture and hydraulic fractures at 100s, 500s, 1000s, and 1500s, with the red part representing proppants. The right side of Figure 10 shows proppant placement in hydraulic fractures at different distances. The uniformity of proppant placement is analyzed according to coefficient of variation formula.
[image: Figure 10]FIGURE 10 | Volume fraction diagram of proppant placement in natural fractures.
4.3.1 Influence of geological factors

(1) The influence of natural fracture interval
The placing regularity of proppant at natural fracture interval of 5m, 10m and 20 m is studied by numerical simulation. Fracture interval refers to the distance between simulated natural fractures in the extension direction of the main fracture. Other parameters remained unchanged during the simulation. The comparison between the placement data of each branching fracture and the total placement data of proppant is shown in Figure 11. The proppant volume is obtained by integrating the volume fraction of proppant in natural fractures as shown in Figure 10. The volume ratio of proppant to natural fractures can be calculated and its alternation behaviors of all natural fractures is shown in Figure 11. The dynamic effectiveness of the proppant placement is evaluated according to the volume ratio of proppant to natural fractures and the coefficient of variation (cv). The coefficient of variation represents the uniformity of MPs in natural fractures.
[image: Figure 11]FIGURE 11 | The placement in each branching fracture and the total placement of proppant at different fracture intervals (A) Fracture interval = 5 m (B) Fracture interval = 10 m (C) Fracture interval = 20 m (D) Different fracture interval situation.
In this paper, MPs of the same quality are injected at the fracture interval of 5m, 10m and 20 m respectively. Starting from the inlet, the placement of branching fracture is analyzed every 20 m to research the uniformity of MPs placement. As shown in Figures 11A–C, the placement of the distal fracture is better than that of the proximal fracture when the fracture interval is 5m, 10 m and 20m, and the coefficient of variation is 0.544, 0.409 and 0.358, respectively. When the fracture interval is 5m, 10 m and 20m, the branching fractures are placed 29.64%, 32.89% and 60.09% on average. Proppant placement with 20 m fracture interval is the most uniform in the three conditions. According to Figure 11D, the total placement of proppant in the three fracture interval conditions have little difference, but the maximum amount is 57.19m3 when the fracture interval is 20 m.
(2) The influence of the angle between the main fracture and the branching fracture
The proppant placement rule is studied when the angle between branching fracture and main fracture is 30°, 60° and 90°, and other parameters remained unchanged during the simulation. The Angle between the green main fracture and the blue branching fracture shown in Figure 9. The comparison between the placement data of each branching fracture and the total placement data of proppant is shown in Figure 12.
[image: Figure 12]FIGURE 12 | The placement in each branching fracture and the total placement of proppant at different angles (A) Angle = 90° (B) Angle = 60° (C) Angle = 30° (D) Different angles situation.
As shown in Figures 12A–C, when the angles are 90°, 60° and 30°, the coefficient of variation is 0.358, 0.460 and 0.417, the branching fractures are placed 60.09%, 62.50% and 59.32% on average. The most uniform proppant placement is at 90°, but the most branching fracture proppant placement is at 60°. As shown as in Figure 12D, the total placement of proppant in the three angle conditions have little difference, but the maximum amount is 67.72m3 when the angle is 30°.
4.3.2 Influence of engineering parameters

(1) The influence of particle size
The placement rule of proppant with particle size of 200-mesh and 140-mesh is studied by numerical simulation, and other parameters remained unchanged during simulation. The comparison between the placement data of each branching fracture and the total placement data of proppant is shown in Figure 13.
[image: Figure 13]FIGURE 13 | The placement in each branching fracture and the total placement of proppant at different particle sizes (A) Particle size = 200-mesh (B) Particle size = 140-mesh.
As shown in Figures 13A, B, when the particle sizes are 200-mesh and 140-mesh, the coefficient of variation is 0.358 and 0.373, the branching fractures are placed 60.09% and 59.53% on average. There is little difference between the placement of 200-mesh and 140-mesh proppants, but 200-mesh proppants are better in terms of uniformity and total volume.
(2) Influence of sand concentration
The placement rule of proppant with sand concentration of 60kg/m3, 100kg/m3 and 180kg/m3 is studied by numerical simulation, and other parameters remained unchanged during simulation. The comparison between the placement data of each branching fracture and the total placement data of proppant is shown in Figure 14.
[image: Figure 14]FIGURE 14 | The placement in each branching fracture and the total placement of proppant at different sand concentrations (A) Sand concentration = 180kg/m3 (B) Sand concentration = 100kg/m3 (C) Sand concentration = 60kg/m3 (D) Different sand concentrations situation.
As shown in Figures 14A–C, when the sand concentrations are 180kg/m3, 100kg/m3 and 60kg/m3, the coefficient of variation is 0.489, 0.358 and 0.178, the branching fractures are placed 28.80%, 60.09% and 98.98% on average. The most uniform proppant placement is at 60kg/m3, and the most branching fracture proppant placement is at 60kg/m3. As shown as in Figure 14D, the total placement of proppant in the three sand concentration conditions have large difference, and the maximum amount is 87.52m3 when the sand concentration is 60kg/m3.
(3) Influence of pumping rate
The placements of proppant with pumping rate of 0.5m3/min, 1m3/min, 2m3/min, 3m3/min and 4m3/min are studied by numerical simulation, and other parameters remained unchanged during simulation. The comparison between the placement data of each branching fracture and the total placement data of proppant is shown in Figure 15.
[image: Figure 15]FIGURE 15 | The placement in each branching fracture and the total placement of proppant at different pumping rates (A) Pumping rate = 0.5 m3/min (B) Pumping rate = 1 m3/min (C) Pumping rate = 2 m3/min (D) Pumping rate = 3 m3/min (E) Pumping rate = 4 m3/min (f) Different pumping rates situation.
As shown in Figures 15A–E, when the pumping rates are 0.5m3/min, 1m3/min, 2m3/min, 3m3/min and 4m3/min, the coefficient of variation is 0.123, 0.143, 0.026, 0.358 and 0.431, the branching fractures are placed 45.27%, 57.59%, 62.31%, 60.09% and 54.72% on average. The most uniform proppant placement is at 2m3/min, and the most branching fracture proppant placement is at 2m3/min. As shown as in Figure 15F, the total placement of proppant in the five pumping rate conditions have little difference besides 0.5m3/min, and the maximum amount is 59.86m3 when the sand concentration is 2m3/min.
4.4 Commentary
Through numerical simulation, the real fracture size model is established to provide a reference for the sensitivity analysis of MPs in-fracture placement and the optimization of pumping scheme. By controlling the engineering parameters, the influence of MPs particle size, sand concentration and pumping rate is studied, and the parameters are optimized according to the numerical simulation results. There are the following commentaries: (1) when the fracture interval is 20m, the injection and placement of MPs is better. (2) The effect of the angle on proppant placement is complex. The most uniform proppant placement is at 90°, but the most branching fracture proppant placement is at 60°. The total placement of proppant in the three angle conditions have little difference, but the maximum amount is 67.72m3 when the angle is 30°. (3) Particle size has little effect on proppant placement, 200-mesh placement is more uniform, 140-mesh placement is more. (4) Sand concentration significantly affects proppant placement, with the best placement at 60kg/m3. (5) The converted pumping rate of a single cluster fracture should not be too small, should be greater than 0.5 m3/min, 2 m3/min is the best.
4 CONCLUSION
The formation after hydraulic fracturing often has a complex fracture network, in which micro-fractures do not form effective seepage channels under the existing large-particle proppant placement technology. In order to select the appropriate particle size MPs for micro-fracture placement, the particle size threshold of MPs placement is experimentally studied. Previous studies on the shunt transport of proppant from the main fracture to the multi-branch fracture and the distribution of proppant with different particle sizes in the complex fracture network are insufficient. The MPs placement experiments under different fracture widths are designed to study the placement of MPs in the multi-branch fracture. By means of numerical simulation, the influence of MPs particle size and sand concentration on fracture placement is studied under the real fracture size. In this paper, the placement process and influencing factors of microparticle proppant are studied, and the important role of selecting suitable proppant to support hydraulic fracturing fractures in field construction is clarified. The following conclusions are drawn:
(1) Effective inflow of microparticle proppants requires a size threshold of proppants. For the 200-mesh proppants, the size should be less than half of natural fractures width when microparticle proppants effectively flow into natural fractures.
(2) Sand concentration affects the size threshold of microparticle proppants. The size threshold should appropriately increase to ensure the inflow of proppant.
(3) Difference of multi-branch fracture width has a significant effect on volume of microparticle proppants inside fractures. When the width ratio of multi-branch fractures exceeds 2, this effect becomes obvious. When the fracture widths of the two fractures in the experiment are very different, the two MPs select first place fractures with large fracture widths. The large-particle size to small-particle size pumping procedure can be considered in the field to avoid the large engineering amount of small-particle size proppant placing large fractures and wide fractures. When the fracture width difference between the two fractures is small, MPs enter the multi-branch fractures almost simultaneously, and the small-particle size to large-particle size pumping procedure can be considered to fully support the natural fractures.
(4) Particle size has an effect on proppant placement. 200-mesh proppants can obtain uniform distribution of proppants among natural fractures. 140-mesh proppants can obtain maximum proppant volume among natural fractures. Sand concentration significantly affects proppant placement performance. The optimal sand concentration is 60kg/m3. Pumping rate of a single cluster fracture should not be too small. The pumping rate should be larger than 0.5m3/min and the optimal pumping rate 2m3/min.
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