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In the process of oil and gas drilling, it is of great significance to accurately predict the drag coefficient and settling rate of cuttings in the drilling fluid for hydraulic parameters and borehole cleaning. In this paper, particle settling experiments were used to obtain the final settling velocity of 196 groups of spherical particles and 224 groups of terrestrial high-clay pure-shale cuttings in the power-law fluid. Based on data analysis, a settlement drag coefficient model suitable for irregular-shaped shale cuttings was established. The model can be used to predict the settlement drag coefficient and settling velocity of irregular-shaped shale cuttings in power-law fluid, which can provide theoretical guidance for wellbore cleaning and hydraulic parameter optimization in Daqing Gulong shale oil drilling operations.
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1 INTRODUCTION
The resources of shale oil in Daqing Oilfield Gulong are huge, have broad prospects for exploration and development, and are an important replacement field for the Daqing oilfield (Sun et al., 2021; Wang et al., 2021). At present, the long horizontal well drilling method is mainly used in shale oil development in Daqing Oilfield Gulong. However, due to the requirements of cost reduction and efficiency increase, the drilling speed is urgent. For example, the design depth of GY2-Q1-H4 was reached in only 13.77 days, with an average rate of penetration (ROP) of over 40 m/h. High ROP means that more cuttings of larger size are generated. The problem of borehole cleaning caused by inadequate cuttings migration has gradually become the main contradiction in horizontal well drilling operations in the shale oil area of Daqing Oilfield Gulong. Moreover, other problems, such as difficulty pulling out of a hole and casing running obstructions, affect the well construction cycle.
When drilling, fluid circulation needs to be stopped in operations such as drill bit replacement and single root connection. Cuttings in drilling fluid settle and deposit to form cuttings beds in highly deviated well sections and horizontal wells (Liu et al., 2017; Moreira et al., 2017). Key parameters such as the final settling velocity of cuttings, the bed formation thickness, and the re-starting velocity of particles on the surface of the cuttings are all related to the settling drag coefficient of cuttings (Larsen et al., 1997; Duan et al., 2008; Sorgun, 2013). Therefore, an in-depth study of the settlement law of Gulong shale cuttings in drilling fluid and the settlement drag coefficient model of Gulong shale cuttings can be obtained based on this, which is the basic work to understand the borehole cleaning problem of shale oil horizontal wells and can provide a basis for optimizing the rheology and circulation rate of drilling fluid.
The settlement law of rock debris can be revealed from the study on the settlement of spherical particles. A large number of experimental studies on the settlement law of spherical particles in Newtonian fluid have been carried out all over the world (Cheng, 2008; Barati et al., 2014), and a relatively high-precision prediction model has been obtained. However, the shape of shale cuttings is highly irregular, and most drilling fluids belong to non-Newtonian fluids with certain shear dilutions (Mengbo et al., 2014; Wang and Liu, 1996). Whether the previous model for predicting the settling drag coefficient of spherical particles in Newton fluid is suitable for predicting the settling drag coefficient of irregular shale cuttings in non-Newtonian fluid is questionable (Guo et al., 2010; Wang et al., 2010). To address the aforementioned issues, this study established a predictive model for the settlement resistance coefficient of spherical particles in power-law fluids through regression analysis of settlement experimental data. On this basis, a shape factor (circularity c) is introduced to describe the two-dimensional geometric characteristics of particles, and a resistance coefficient model for predicting shale cuttings in power-law fluids is established. Based on the obtained resistance coefficient prediction model, the sedimentation velocity of cuttings is calculated using the iterative method. The accuracy of the model prediction is judged by analyzing the average relative error between the calculated sedimentation velocity and the measured sedimentation.
2 METHODS
2.1 Experimental apparatus and procedure
The settling test device is a plexiglass cylinder with an inner diameter of 100 mm and a height of 1,500 mm. The debris settlement track was captured by a Revealer 2F04C (Revealer 2F04C). The image acquisition area is set 300 mm away from the bottom of the cylinder, which can ensure not only that the cuttings can reach the final settling velocity but also avoid the influence of the end effect on the settling velocity. At the same time, in order to reduce the interference of uncertain factors in the experiment, each group of experiments of spherical particles is repeated at least three times, and in the subsequent data processing, only the experimental data with a maximum relative error of less than 5% are reserved for fitting the relationship of the drag coefficient.
2.2 Experimental materials and fluid rheological parameters
In order to make the settlement drag coefficient and prediction model have a wide range of particle Reynolds numbers, three materials, namely stainless steel, zirconia, and glass, are selected for the settlement experiment of spherical particles, and the Daqing Oilfield Gulong shale debris is selected for the settlement experiment of irregular-shaped particles. In order to reduce the influence of the wall effect on the experiment, the ratio of particle diameter to the diameter of the experimental round tube is kept at a low level. The particles used in the experiment include stainless steel, zirconia, glass, and grains of shale. Their physical parameters are as follows: particle equivalent diameter de (mm) and the density (kg/m3) of the four materials are 1/2/3/4/5, 1/2/3/4/5, 1/2/3/4/5, and 2.1–5.7, 7,930, 6,080, 2,500, and 2073, respectively.
The aqueous solution of sodium carboxymethylcellulose (CMC) was used as the power-law base fluid, with a mass concentration range of 0.25%–2%. The rheological properties of the fluid at experimental temperature were measured by Anto Paar MCR 92, and the rheological parameters of the test fluid were fitted by the rheological model of a power-law fluid [image: image] (τ—shear stress; γ—shear rate; K—consistency index of a power-law fluid, Pa·sn; and n—fluid rheological index, dimensionless). The temperature of the experimental liquid was controlled by the temperature-controlled system of the rheometer to keep it consistent with the temperature of the experiment. The physical and rheological parameters of the solution used in the experiment are shown in Table 1.
TABLE 1 | Physical and rheological parameters of CMC solution with different concentrations.
[image: Table 1]3 RESULTS
3.1 Shape characterization of shale in Daqing Gulong
Particle shape is an important factor affecting the settling speed and state of the object. Some scholars have pointed out that when Res > 100 (Res—particle Reynolds number), the debris settlement track is oscillating, while when Res < 100, the settlement track is stable (Fang, 1992). Circular degree c is more suitable for the establishment of a prediction model without considering the secondary motion in the process of particle settlement (Dioguardi and Mele, 2015). Therefore, in the case of a low particle Reynolds number Res < 100, it is feasible to establish a prediction model of the debris settlement drag coefficient in the power-law fluid by introducing circularity. Circularity c refers to the ratio of the circumference of the largest projection surface of a particle to the circumference of its equivalent circle. As a two-dimensional shape parameter is sensitive to the irregularity of the particle profile, it is relatively easy to measure. It is defined as follows:
[image: image]
where dA is the diameter of the equivalent circle of the largest projector surface of the particle, m; P is the maximum projector surface circumference of the particle, m.
The circularity of target particles is measured by the function named “analyzing particles” in the image particle analysis software ImageJ. The circularity in the ImageJ user guide is defined as (Shah et al., 2006)
[image: image]
where AP is the surface area of the largest projector surface of the particle, m2.
For a spherical particle, c = 1, while for any other shaped particle, c < 1. The image conversion examples of selected shale cuttings are shown in Figure 1.
[image: Figure 1]FIGURE 1 | Image conversion example of Daqing Gulong shale cuttings. (A) Original RGB image; (B) gray image; (C) image threshold; (D) drawing contour.
The parameter distribution of roundness and equivalent diameter of shale cuttings in the 224 groups obtained in the experiment is shown in Figure 2A. The equivalent diameter of shale cuttings is 3.2–4.2 mm, with a median of 3.7 mm. The roundness ranges from 0.65 to 0.87, with a median value of 0.76. The roundness of most shale cuttings is concentrated between 0.7 and 0.85.
[image: Figure 2]FIGURE 2 | Test and analysis results. (A) Relationship between roundness and equivalent diameter; (B) changes in the CD and Res relationship of spherical particles; (C) comparison of the predicted and experimental values of the drag coefficient; (D) comparison of the predicted and experimental values of the settling velocity of spherical particles; (E) CD–Res relationship; (F) comparison between experimentally measured resistance coefficients and predicted results; (G) comparison of the predicted and experimental values of the settling velocity.
3.2 Establishment and analysis of the settling drag coefficient model of spherical particles
The drag coefficient CD is defined as the ratio of the fluid viscous force and the kinetic energy of the particles in the process of particle settlement, which is the main parameter to describe the particle settlement behavior. The drag coefficient can be calculated according to the properties of the fluid and particles and the settling velocity:
[image: image]
where ρl is the density of the fluid, g is the gravitational acceleration, Vt is the settling velocity, [image: image] is the equivalent diameter of the particle, and mp is the mass of the particle. When the particle is a sphere, de is equal to the diameter. ρp is the density of the particle. For a smooth sphere, the drag coefficient is only a function of the particle Reynolds number Res, that is, [image: image].
Reynolds Res is defined as the ratio between the inertia force and the viscous force received by the particle and is another major parameter to describe the settling behavior of the particle. For a power-law fluid, the particle Reynolds number Res expression is as follows:
[image: image]
First, the settling experiment of spherical particles was carried out, and the relationship between the drag coefficient CD (Formula (3)) and the Reynolds number Res (Formula (4)) was established. The settlement experimental data of 196 groups of spherical particles were analyzed, and the relationship between CD and Res was drawn using logarithmic coordinates (Figure 2B). It can be seen from the figure that predicting the settlement drag coefficient of spherical particles in a power-law fluid using the Stokes formula (CD = 24/Res) could lead to a large error. For example, in the case of Res < 0.1, the mean relative error (MRE) between the experimental results of settling in the power-law fluid and the predicted results of the Stokes formula is as high as 30.16%, indicating that the rheological properties of non-Newtonian fluids have a significant effect on the fluid–particle interaction. In this case, the calculation of the settling drag coefficient of a sphere in a non-Newtonian fluid by Newton’s correlation will result in a large error.
Researchers have put forward a prediction relationship for the settlement drag coefficient of spherical particles in non-Newtonian fluids, such as the settlement drag coefficient model proposed by Shah and Chhabra (Khan and Richardson, 1987):
[image: image]
where CD is the drag coefficient, Res is the Reynolds number of particles, and [image: image].
The drag coefficient model proposed by Khan and Richardson (Machač et al., 1995) is as follows:
[image: image]
where CD is the drag coefficient and Res is the Reynolds number of particles.
The drag coefficient model proposed by Machač (Kelessidis and Mpandelis, 2004) is as follows:
[image: image]
where [image: image], n > 0.5.
The drag coefficient model proposed by Kelessidis and Mpandelis (Goossens, 2019) is as follows:
[image: image]
According to the experimental data on spherical particle settlement, the parameters of the several different forms of settlement drag coefficient models are fitted. It is found that the five-parameter model (Formula (9)) proposed by Kelessidis (2004) can lead to the best goodness of fit, and its form is as follows:
[image: image]
where A, B, C, D, and E are correlation coefficients.
The first term on the right of Formula (9) represents the downward trend of the drag coefficient under laminar flow conditions, and the second term represents the downward trend of the drag coefficient gradually slowing down under turbulence conditions. The drag coefficient can be predicted by adding a complex turbulence term to the extended Stokes law. The above inference conforms to the basic law of physics; that is, the total drag force is the sum of laminar and turbulent components in any flow state (Rushd et al., 2019).
Through the fitting regression of settlement experimental data for 196 groups of spherical particles, the settlement drag coefficient relationship of spherical particles in a power-law fluid is obtained as follows:
[image: image]
By comparing Formula (10) with the representative Formulas (6–8) in the published literature, the mean error MRE, maximum mean error (max MRE), and root mean square logarithm error (RMSLE) were used to evaluate the prediction accuracy of the proposed relationship for the settlement drag coefficient of spherical particles in the power-law fluid. The detailed results of the comparison are shown in Table 2. The calculation methods for MRE and RMSLE are as follows (Dioguardi et al., 2018):
[image: image]
[image: image]
TABLE 2 | Error statistics of the spherical particle settlement drag coefficient in power-law drilling fluid.
[image: Table 2]where N is the total number, CD,c is the predicted drag coefficient, and CD,m is the experimentally measured drag coefficient.
In this study, the settling velocity Vts of the particles is obtained by experiments, and the relationship between the settling drag coefficient CD and the Reynolds number Res of the particles is obtained by fitting. Based on the correlation formula CD–Res proposed, the settlement drag coefficient CD and settlement velocity Vt of particles in the fluid can be calculated by the iterative trial-and-error method. The iteration procedure is shown in Figure 3 (Shahi and Kuru, 2015).
[image: Figure 3]FIGURE 3 | Flow chart of an iterative trial-and-error program.
Introduction to graphics in Figure 3:
a) The parameter distribution of roundness and equivalent diameter of shale cuttings in the 224 groups obtained in the experiment.
b) Changes in the CD–Res relationship of 196 groups of spherical particles obtained by the settling experiment.
c) The comparison between the predicted values of the model and the experimental values of the settlement drag coefficient of spherical particles.
d) Comparison of the predicted and experimental values of the settling velocity of spherical particles.
e) CD–Res relationship of 224 sets of shale cuttings data.
f) Comparison of prediction results of resistance coefficients CD and CD,sphexpf(c) measured by shale cuttings settling experiment.
g) Comparison between the experimental measured value and the predicted value of the model for the settling velocity of shale cuttings.
According to Formula (10) of the prediction model proposed for spherical particles’ drag coefficient, CD and settling velocity Vt of settling particles were calculated by the trial-and-error method, as shown in Figure 2C, D. It can be seen from Figure 2C; Table 2 that the predicted value of Formulas (6–8) is relatively close to the experimental value for power-law fluids, with an average relative error of approximately 17.17%. The average relative error (MRE) of the proposed model (Formula (10)) is 7.11%. The three quantitative evaluation parameters are reduced compared with other models, and the prediction accuracy of the experimental results is higher. Meanwhile, the average relative error (MRE) between the predicted settling velocity of spherical particles and the measured value is only 7.1%, as shown in Figure 2D. Therefore, the proposed model can predict the settling drag coefficient CD and settling velocity Vt of spherical particles in the power-law fluid.
3.3 Establishment and analysis of the shale debris settlement drag coefficient model
Based on the prediction model of spherical drag coefficient proposed above (Formula (10)), the relationship of sedimentation resistance coefficient CD applicable to shale cuttings is established by introducing particle circularity c. At any Reynolds number, the drag force on cuttings is greater than that of its equivalent sphere (Shahi and Kuru, 2015). This is because the irregularity of the cuttings surface will lead to increased drag force and a greater flow separation phenomenon, thus reducing the settling velocity compared with spherical particles (Sun et al., 2024). According to experimental observation (Figure 2E), under the same conditions, the ratio of cuttings’ drag coefficient CD to spherical particles’ drag coefficient CD,sph is slightly greater than 1. The ratio is larger because of the shape at high Reynolds numbers.
By analyzing the difference between the drag coefficient CD obtained by the shale cuttings experiment and the predicted value CD,sph of the settling drag coefficient of spherical particles under the same conditions, the roundness function f(c) is obtained as the function of the natural logarithm of CD/CD,sph. The relationship between particle shape factor c and CD/CD,sph is determined as follows:
[image: image]
In a special case like c = 1, the drag coefficient of shale cuttings is equal to that of the ball with the same parameter. When c is 1, f(c) = 0. In order to ensure that CD/CD,sph = 1 is satisfied when the particle is spherical, f(c) is ascertained by Formula (14) combined with 224 groups of experimental data.
[image: image]
where α, β, and ղ are empirical coefficients, which can be obtained by non-linear fitting.
The expression of the cuttings’ drag coefficient CD in the power-law fluid is as follows:
[image: image]
The relationship between the predicted value of the shale cuttings’ drag coefficient CD,sph expf(c), and the actually measured value of the drag coefficient CD calculated using Formula (15) is shown in Figure 2F. The MRE of the predicted drag coefficient is 7.68%.
According to the proposed model (Formula (15)), the settling velocity of shale cuttings in the power-law fluid was calculated and compared with the experimental measured values (Figure 2G). Through comparison, the average relative error of the predicted value of shale cuttings settling velocity Vt in the power-law fluid is 6.93%. Although there is a certain dispersion in the prediction results of the model, the data are distributed reasonably in a straight line, and the settling velocity of shale debris in the power-law fluid can be predicted accurately by this model.
4 CONCLUSION

(1) Through the regression analysis of the settlement experiment data, the prediction model of the settlement drag coefficient of spherical particles in the power-law fluid was established. On this basis, a shape factor (circularity c) was introduced to describe the two-dimensional geometric characteristics of the particles, and a model for predicting the drag coefficient of shale debris in the power-law fluid was established.
(2) The experimental results of settling were analyzed. Under the same particle Reynolds number, the drag coefficient of shale cuttings increases with the decrease in circularity and decreases with the increase in Reynolds number. However, under the condition of a high Reynolds number, the decreasing trend becomes slow.
(3) According to the debris drag coefficient prediction model obtained, the iterative method was used to calculate the settling velocity, and the average relative error was 6.93%. The predicted results of the model were highly consistent with the experimental results. The prediction model can provide theoretical guidance for borehole cleaning and hydraulic parameter optimization in the field practice of shale oil drilling projects in Daqing, Gulong.
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