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Abstract

:

In the drilling industry, it is of great significance to accurately predict the drag coefficient and settling velocity of drill cuttings falling in the non-Newtonian drilling fluid. However, the irregular shape of drill cuttings and the non-Newtonian rheological properties of drilling fluid (e.g., shear-thinning and yield stress behavior) make it challenging to predict the settling velocity. In this study, the velocity of particle settlement was studied by a visual device and high-speed camera system. Experimental data of the free settlement of 224 irregular drilling cuttings and 105 spherical particles in the Herschel–Bulkley fluid were obtained. A mechanical model dependent on the force balance of settlement particles was adopted to conduct a detailed statistical analysis of the experimental results, and a prediction model of the drag coefficient of spherical particles in the Herschel–Bulkley fluid was established. A two-dimensional shape description parameter is introduced to establish a model for predicting the drag coefficient of irregular-shaped cuttings in a Herschel–Bulkley fluid. The model has high prediction accuracy for the settling velocity of irregular shale cuttings in Herschel–Bulkley fluid. The average relative error is 7.14%, verifying the model’s accuracy.
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1. Introduction


In the process of oil and gas drilling, using mud (non-Newtonian fluid) to remove solids (cuttings) of different shapes in the wellbore is an essential step [1,2,3,4]. However, due to operational limitations (e.g., bit change, single operation) or emergencies, the drilling operation must be stopped briefly, and the circulation of drilling fluid in the annulus will also be interrupted briefly. The cuttings initially transported to the wellhead through drilling fluid circulation begin to settle and deposit at the bottom of the well, causing hole cleaning problems [5,6]. The settling velocity can be used to estimate the formation depth of cuttings. Through cuttings analysis, important formation information such as lithology, porosity, permeability, and pore pressure can be obtained. The settling velocity can also be used as an input parameter for drilling optimization and design. For example, given the condition that the upward velocity of drilling fluid in the annulus needs to be greater than the settling velocity of cuttings, it can guide the mud pump displacement required for the drilling fluid to effectively carry cuttings. The settling velocity of cuttings can usually be calculated according to the prediction model of the particle settling drag coefficient. The in-depth study of the settlement law of cuttings in the mud drilling fluid of horizontal wells and accurate calculation of the settlement drag coefficient is the basic work needed to understand the hole cleaning problem of horizontal wells, which can provide a basis for optimizing the rheological properties and circulation speed of drilling fluid [7,8].



Revealing the law of cuttings settlement can start from the study of spherical particle settlement. Since Stokes (Stokes, 1851, CD = 24/Res), researchers have carried out many studies on using the CD-Res relationship to accurately predict the drag coefficient. The drag coefficient (CD) is defined as the ratio of viscous drag to kinetic energy acting on particles [6,7], and its expression is:


   C D  =   4  (   ρ p  −  ρ l   )   d e  g   3  ρ l   V t    2     



(1)




where ρp is the density of particles, kg/m3; ρl is the density of fluid, kg/m3; g is the acceleration of gravity, m/s2; de is particle diameter, m; and Vt is the settling velocity, m/s. If the particle is non-spherical, then de is the equivalent diameter of the particle, and its expression is    d e  =   6  m p  / π  ρ p   3   , where mp is the mass of the particle, kg. The particle Reynolds number (Res) is defined as:


  R  e s  =    ρ p   V t   d e   μ   



(2)




where μ is the Newton viscosity of the fluid, Pa·s.



There is much research on particles’ drag coefficient in Newtonian and non-Newtonian fluids [8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30]. For example, Shah [21] proposed a method using a drag coefficient to analyze particle settling velocity in the power-law non-Newtonian fluid. This method takes into account the influence of fluid flow index n and establishes the functional relationship between particle Reynolds number Res and CD2−n. In data processing, Shah fitted CD2−n and Res to a straight line on the coordinate diagram. At a low Reynolds number, the particle settling velocity is greatly affected by the fluid flow index, which decreases with the increase in the Reynolds number. Especially when n = 1, the drag coefficient decreases to the Newton curve of CD and Res. The method has been tested with the data of previous studies, and the results show that the method has high prediction accuracy.



The settling velocity of particles in a liquid is affected by fluid properties. The non-Newtonian characteristics of fluid have a great influence on the settlement rate, especially the non-Newtonian fluid with yield stress (τ0). Dedegil [31] established a prediction model of the sedimentation drag coefficient of particles in Herschel–Bulkley fluid, considering viscous resistance, gravity and buoyancy. The yield stress is included in the influencing conditions of the settling velocity of the model, which is verified by the published clay suspension data.



Certain yield stress is a unique feature of Herschel–Bulkley fluid. When the vertical force acting on it reaches equilibrium, a single particle can be completely suspended. If other parameters remain unchanged, the net downward force increases with the increase in particle size. The fluid used in the petroleum industry not only has yield stress but also has time-dependent and viscoelastic rheological behavior [29]. Through the study of particle settlement in a viscoelastic fluid, it can be found that fluid viscoelasticity will significantly affect the settling velocity in the transient region and has no effect on the settling velocity in the laminar region. The experimental phenomenon reveals that the drag coefficient has also changed substantially due to the changes in particle Reynolds number (Res), particle shape, and viscoelastic fluid parameters. Since the Herschel–Bulkley fluid has certain yield stress, and the settlement law of particles in a non-Newtonian fluid is also different from that in a Newtonian fluid, and to ensure that the settlement results conform to the distribution form of the standard Newton drag coefficient curve, it is necessary to modify the definition of the Reynolds number and apparent viscosity. The modified particle Reynolds number Res in the Herschel–Bulkley fluid is expressed as [32];


  R  e s  =    d e n   ρ l   V t     2 − n      τ 0     (     d e     V t     )   n  + K    



(3)




where τ0 is the yield stress, Pa; n is the fluid behavior index, dimensionless; and K is the Herschel–Bulkley fluid consistency index, Pa·sn. The fluid behavior index is the indicator of shear behavior, and the consistency coefficient is the indicator of fluid viscosity, both of which are used to define the rheological parameters of Herschel–Bulkley fluid. The expression is as follows:


  τ =  τ 0  + K   γ ˙  n   



(4)




where τ is the shear stress, Pa, and   γ ˙   is the shear rate, 1/s.



The shape characteristics of the particles are one of the factors affecting the settlement behavior of irregular particles in the fluid. Drill cuttings are irregularly shaped non-spherical particles. It can be seen from the public literature that researchers have established many correlations to predict the drag coefficient of irregular particles, indicating that the shape factor has an impact on the drag coefficient. However, few studies have developed drag coefficient models for irregular particles in Herschel–Bulkley fluids.



Among the parameters describing the shape characteristics of particles in the drag coefficient prediction model, sphericity is a very important one [33,34]. However, it is not easy to measure the surface area of irregular particles, especially for highly irregular particles such as shale cuttings, and it is also difficult to operate in the field. Therefore, other particle shape characteristic parameters, such as circularity c [35,36], can be applied. Circularity c is the ratio of the circumference of the maximum projection surface of a particle to the rim of its equivalent circle. Since it is a two-dimensional shape parameter sensitive to the irregularity of the particle contour, it is relatively easy to measure [37]. Its definition is as follows:


  c =   π  d A   P   



(5)




where dA is the diameter of the equivalent circle of the maximum projection surface of the particle, m; P is the entire projection perimeter of the particle, m.



This paper studies the deposition characteristics of shale cuttings in Herschel–Bulkley fluid and verifies the correctness of the experimental process by using particle deposition experiments in Newtonian fluid. By introducing the description parameters representing the cutting morphology, and based on the regression analysis of experimental data, a prediction model for the settlement drag coefficient of spherical particles and shale cuttings in Herschel–Bulkley fluid is proposed. The iterative method was used to calculate the particle settling velocity, which was compared with the particle settling velocity measured in the experiment. The results show that the model has good prediction accuracy for drag coefficient and settling velocity of the Herschel–Bulkley fluid of spherical particles and shale cuttings. These results have important guiding significance for clean hydraulic parameters of shale oil wells in the petroleum industry.




2. Experimental Study


2.1. Experimental Materials


Although high-density materials are not encountered in most practical operations, we hope to broaden the scope and applicability of the experiment by adding some high-density materials to the investigation. In this study, the precise spherical particles of glass, steel, and zirconium and the irregular shape of shale cuttings obtained at the operation site were used. The physical parameters of the particles involved in the experiment are listed in Table 1.




2.2. Experimental Fluid


Carbopol polymer (Lubrizol, Wycliffe, OH, USA) and propylene glycol (Fuchen, Tianjin, China) were used to prepare the test fluids. Carbopol aqueous solution was used as the base fluid of Herschel–Bulkley fluid (Carbopol aqueous solution with yield stress and shear dilution conforms to the rheological model of Herschel–Bulkley fluid), and propylene glycol aqueous solution was used as the base fluid of the Newtonian fluid. The mass concentration range of carbopol aqueous solution is 0.075–0.2 wt%, and the mass concentration range of propylene glycol aqueous solution is 80–100 wt%. In the preparation of Herschel–Bulkley fluid, Carbopol polymer was first mixed with deionized water. Then, the mixture was neutralized with triethanolamine (scientific chemical, Chengdu, China) to form a transparent gel. All pH values were maintained between 6.5 and 7.0, and the viscosity depends on the degree of neutralization. Therefore, two similar polymer concentrations may eventually have different rheological properties. Newtonian fluid is a mixture of propylene glycol and water.



An Anton Paar MCR 92 advanced rheometer (Figure 1) was used to test the rheological properties of the experimental fluid at the experimental temperature. According to the rheological model of Herschel–Bulkley fluid and Newton fluid, the rheological parameters were fitted by data analysis software. The temperature of the experimental liquid was controlled by the temperature control system of the rheometer and was consistent with the temperature in the experiment. The rheological properties of the Carbopol aqueous solution and glycol aqueous solution were tested, and the results are shown in Table 2.




2.3. Characterization of Shale Cuttings Shape


The shale cuttings used in the experiment are shown in Figure 2.



The circularity of the target particle was measured by using the ‘analysis particle’ function of Image J [38]. The circularity in the Image J user guide is defined as:


  c = 4 π ×    A p     P 2     



(6)




where AP is the surface area of the largest projection surface of particles, m2.



For spherical particles, c = 1, and for any other shape particles, c < 1 [39]. We selected some shale cutting image conversion examples, as shown in Figure 3.



The distribution of circularity and equivalent diameter parameters of 224 groups of effective irregular shale cuttings used in the experiment are shown in Figure 4. The equivalent diameter of the shale cuttings used in the experiment is 2.5–5.9 mm, with a median of 4.2 mm, and the circularity is 0.36–0.88, with a median of 0.62. The circularity of most shale cuttings is concentrated between 0.6 and 0.85.




2.4. Experimental Apparatus and Process


As shown in Figure 5, the settlement experimental device is an organic glass tube with 1500 mm height and 100 mm inner diameter, using a Re-vealer 2F04C high-speed camera to shoot the shale cuttings’ deposition trajectory at 100 frames/second. We connected the high-speed camera to the computer for data storage and analysis. After the feasibility calculation at the beginning of the experiment, the liquid level height above 700 mm in the observation area of this experiment can make the particles reach a stable settlement state. The effect of the end effect on settling velocity is also considered. Therefore, the image acquisition area is set below 700 mm from the top of the liquid inside the tube and above 300 mm from the bottom of the liquid inside the tube.



The configured practical solution was poured into the settling device and stood for 12 h until the bubble was discharged. Before each test, the particles were immersed in a small amount of test fluid to ensure that the particles and the test fluid could come fully into contact during the experiment. During the settling experiment, the particles should be put under the main liquid level of the cylinder container. The temperature should be kept constant throughout the investigation. At the same time, to reduce the interference of uncertainty in the experiment, each spherical particle should be repeated at least three times in the same density fluid. In the subsequent data processing, the experimental data with a relative error greater than 5% are eliminated, and the remaining data are used to fit the drag coefficient relationship.



In addition, the settlement direction of particles in the projection area can be determined and calculated by high-speed camera images and image processing software. Detailed processing and examples are shown in Figure 6.





3. Results and Discussion


3.1. Settlement of Spherical Particles in a Fluid


Firstly, the settlement experiment of spherical particles was carried out, and the relationship between CD (Equation (1)) and Res (Equation (3)) was established. The experimental settlement data of 165 groups (105 groups in Herschel–Bulkley fluid and 60 groups in Newtonian fluid) of spherical particles were analyzed, and the relationship between CD and Res was plotted in the form of logarithmic coordinates (Figure 7). It can be seen from the figure that under the condition of a low Reynolds number, the settlement drag coefficient CD distribution of spherical particles in different fluids conforms to the prediction trend of the Stokes equation (CD = 24/Res). The curve of the settling drag coefficient of particles in a Newtonian fluid with a Reynolds number is in good agreement with the Stokes equation, but there is an obvious error in predicting the settling drag coefficient of spherical particles in Herschel–Bulkley fluid by the Stokes equation. For example, when Res is less than 0.1, the average relative error between the test results of spherical particles in the Newtonian fluid and the results calculated by the Stokes equation is only 2.17%. The average relative error in Herschel–Bulkley fluid is as high as 19.96%. The results show that the rheological properties of non-Newtonian fluids have an important influence on the fluid–particle interaction. Therefore, using the correlation of Newtonian fluid to calculate the drag coefficient of spherical settlement in the non-Newtonian fluid will produce many errors.



According to the experimental data of spherical particle settlement, through the parameter fitting of different prediction models of settlement drag coefficient in Table 3, it is found that the five-parameter model (Equation (7)) proposed by Clift (1970) has the best fitting degree, and its expression is:


   C D  =   24   R  e s    ( 1 + A R  e s    B  ) +  C  1 + D / R  e s    E     



(7)




where A, B, C, D, and E are correlation coefficients. Since the total drag FD of particles under any flow state can be regarded as the sum of the components of drag FD in laminar and turbulent flows, the drag coefficient CD can be improved by adding a complex turbulent term to the extended Stokes equation. From Equation (7), it can be seen that the first item on the right side of the equation shows that under laminar flow conditions, the drag coefficient decreases with the increase in particle Reynolds number. The second item on the right side of the formula shows that under turbulent conditions, the drag coefficient decreases gradually with the increase in particle Reynolds number.



The experimental settlement data of 105 groups of spherical particles were fitted and regressed, and the relationship between the settlement drag coefficient of spherical particles in Herschel–Bulkley fluid was obtained.


   C D  =   24   R  e s    ( 1 + 1.773 R  e s     0.551   ) −   61.377   1 +   1.889   R  e s     0.484        (  0.01 < R  e s  < 96  )   



(15)







By comparing Equation (15) with the representative relationship of the settlement drag coefficient in the Herschel–Bulkley fluid (Equations (12)–(14)) in the literature, the prediction of the proposed correlation of spherical settlement drag coefficient in Herschel–Bulkley fluid is evaluated by using three statistical parameters: the average relative error MRE, the maximum average relative error Max MRE and the logarithmic root mean square error RMSLE [40,41]. The results are shown in Table 4. The expressions of MRE and RMSLE are:


  M R E = (   ∑  i = 1  N      |   C  D , c , i   −  C  D , m , i    |     C  D , m , i       ) / N × 100 %  



(16)






  R M S L E =       ∑  i = 1  N      (  ln  C  D , c , i   − ln  C  D , m , i    )   2     N    × 100 %  



(17)




where N is the total number; CD,c is the predicted drag coefficient, dimensionless; and CD,m is the experimentally measured drag coefficient, dimensionless.



In this study, the sedimentation velocity Vts of the sphere was obtained by the experimental method. According to the data obtained in the experiment, the relationship between the settlement drag coefficient CD and the particle Reynolds number Res was fitted by the fitting software. According to the proposed CD-Res correlation, the iterative trial-and-error method was used to calculate the settling drag coefficient CD and settling velocity Vt of particles in the fluid [35]. The iteration process is shown in Figure 8.



According to the proposed prediction model of spherical particle drag coefficient (15), the drag coefficient CD and settling velocity Vt of settling particles are calculated by the trial-and-error process shown in Figure 8, as shown in Figure 9 and Figure 10. It can be seen from Figure 9 and Table 4 that for the Herschel–Bulkley fluid, the predicted values of Equations (12)–(14) are close to the measured values in the experiment, and the MRE is about 15.62%. The MRE of the model (Equation (15)) is 4.34%. Compared with other models, the three quantitative evaluation parameters are reduced to some extent, and the prediction accuracy of the experimental results is higher. In addition, as shown in Figure 10, the MRE between the predicted and measured sedimentation velocity of spherical particles is only 6.85%. Therefore, the correlation proposed in this paper can better predict the settling drag coefficient CD and settling velocity Vt of spherical particles in the Herschel–Bulkley fluid.




3.2. Establishment and Analysis of Shale Cutting Settling Drag Coefficient Model


Based on the above-proposed prediction model of spherical particle drag coefficient (Equation (15)), the settling drag coefficient CD relationship suitable for shale cuttings is established by introducing particle circularity c. At any given Reynolds number, the drag force on the sphere is less than that on shale cuttings [32,37]. The irregular surface of shale cuttings will increase drag and greater flow separation, resulting in lower settling velocity than spherical particles [42]. Some scholars pointed out that particle property changes lead to two different settling modes [43]: When Res > 100, cutting sedimentation is swinging, while when Res < 100, cutting sedimentation is stable. Circularity c is more suitable for establishing the prediction model without considering the secondary motion in particle falling. Therefore, in the case of a particle with low Reynolds number with Res < 100, it is feasible to select the prediction model of shale cuttings’ settling drag coefficient in Herschel–Bulkley fluid by introducing circularity. Through experimental observation (Figure 11), under the same conditions, the ratio of shale cutting drag coefficient CD to spherical particle drag coefficient CD,sph, is slightly greater than 1. At a high Reynolds number, the percentage will be more significant due to the influence of shape.



By analyzing the difference between the drag coefficient CD obtained by the shale cutting experiment and the predicted drag coefficient CD,sph of spherical particle sedimentation under the same conditions, the exponential function of circularity function f (c) based on natural number e is established, and the functional relationship of CD/CD,sph is also established. The expression is as follows:


   C D  =  C  D , s p h   exp  [  f  ( c )   ]   



(18)







In special cases, such as c = 1, the drag coefficient of shale cuttings is equal to that of spherical particles under the same parameters. Combined with 224 sets of experimental data, f (c) is determined by Equation (19).


  f ( c ) = α R  e s β    ( 1 − c )  η   



(19)




where α, β, and ղ are empirical coefficients, which can be obtained by nonlinear fitting.



The expression of the drag coefficient CD of shale cuttings in Herschel–Bulkley fluid is as follows:


   C D  =  C  D , s p h   e x p  [  0.45 R  e s     0.36     ( 1 − c )   0.95    ]   (  0.08 < R  e s   < 15   )   



(20)







Figure 12 shows the relationship between the predicted value of shale cuttings drag coefficient and the measured drag coefficient CD and the measured value calculated by Equation (20). Table 5 lists the evaluation results of the model, and the MRE of the predicted drag coefficient is 6.39%.



According to the proposed model (Equation (20)), the settling velocity of shale cuttings in Herschel–Bulkley fluid is calculated and compared with the experimentally measured value (Figure 13). The comparison shows that the average relative error of the predicted value of settling velocity Vt of shale cuttings in Herschel–Bulkley fluid is 7.14%. Figure 13 shows that although the prediction results of the model have a certain dispersion, the data are uniformly distributed on the coordinate axis line, so the model can better predict the deposition rate of shale cuttings in the Herschel–Bulkley fluid.





4. Discussion on the Limitations of the Model


The limitation of the prediction model of shale cuttings’ drag coefficient proposed in this study is that the range of particle Reynolds number is relatively small (0.08~15). With increasing the Reynolds number of the particles, either by increasing the particle size or density or by reducing the viscosity of the fluid, particles collide frequently with the column wall during its settlement, even if the inner diameter of the resin glass column we studied is 100 mm. Therefore, these experimental data are invalid because the velocity after particle collision is very different from the original velocity.



We plan to conduct further experiments after increasing the wellbore diameter. With the discovery of relevant fields, the model will continue to evolve, and with more additional data, the rationality and application scope of our results will gradually improve.



In summary, for the test of spherical and shale cuttings, the prediction model proposed in this paper is effective in the range of particle Reynolds numbers and roundness. However, the use of these prediction models outside these ranges may lead to inaccurate results. Therefore, the correlation needs to be confirmed by additional experimental data, such as large particle Reynolds numbers, which will be pursued in our future work.




5. Conclusions


In this paper, the effective experimental data of 105 groups of spherical particles and 224 groups of shale cuttings in Herschel–Bulkley fluid are obtained through laboratory experiments. Through the regression analysis of the experimental data, the following conclusions are drawn:




	(1)

	
For spherical particles, a model for predicting the settling drag coefficient of spherical particles in Herschel–Bulkley fluid is established by modifying the correlation proposed by Clift (1970) and considering the rheological properties of the fluid.




	(2)

	
For non-spherical shale cuttings, based on the spherical particle prediction model, using image analysis technology and introducing two-dimensional shape description parameters, a resistance coefficient model for predicting the settlement of shale cuttings in Herschel–Bulkley fluid is established.




	(3)

	
According to the prediction model, the settlement rate is calculated by an iterative method. The average relative errors of spherical particles and shale cuttings are 6.85% and 7.14%, respectively. The results show that the model has good prediction ability. This work can provide a valuable reference for those interested in cuttings’ settling velocity, cuttings’ migration, and hole cleaning in drilling engineering.
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Nomenclature




	CD
	drag coefficient, dimensionless



	Res
	particle Reynolds number



	ρp
	density of particles (kg/m3)



	ρl
	density of fluid (kg/m3)



	g
	acceleration of gravity (m/s2)



	de
	particle diameter (m)



	Vt
	settling velocity (m/s)



	mp
	mass of the particle (kg)



	μ
	Newton viscosity of the fluid (Pa·s)



	τ0
	yield stress (Pa)



	n
	fluid behavior index, dimensionless



	K
	Herschel–Bulkley fluid consistency index (Pa·sn)



	τ
	shear stress (Pa)



	   γ ˙   
	shear rate (1/s)



	dA
	diameter of the equivalent circle of the maximum projection surface of the particle (m)



	P
	entire projection perimeter of the particle (m)



	c
	circularity



	AP
	The surface area of the largest projection surface of particles (m2)



	A, B, C, D, and E
	correlation coefficients Equation (7)



	N
	total number



	CD, c
	predicted drag coefficient, dimensionless



	CD, m
	experimentally measured drag coefficient, dimensionless



	CD,sph
	predicted drag coefficient of spherical particle settlings, dimensionless



	α, β, and ղ
	empirical coefficient Equation (19)
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Figure 1. Advanced rheometer (Anto Paar MCR 92). 
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Figure 2. Schematic diagram of shale cuttings morphology in different well sections. 
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Figure 3. Examples of image conversion of shale cuttings: (a) Original RGB image; (b) Gray image; (c) Image threshold; (d) Drawing contour. 
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Figure 4. Relationship between circularity of shale cuttings and equivalent diameter distribution. 
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Figure 5. Schematic diagram of particle settlement experimental device. 
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Figure 6. Four consecutive pictures captured during the settlement of shale cuttings. 
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Figure 7. Variation in CD-Res relationship of 165 groups of spherical particles obtained from sedimentation experiment. 
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Figure 8. Iterative trial and error flow chart. 
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Figure 9. Comparison between the predicted value of this model and the experimentally measured value of the settling drag coefficient of spherical particles. 
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Figure 10. Comparison between the predicted value and the experimentally measured value of settling velocity of spherical particles. 






Figure 10. Comparison between the predicted value and the experimentally measured value of settling velocity of spherical particles.



[image: Energies 15 04496 g010]







[image: Energies 15 04496 g011 550] 





Figure 11. CD-Res relationship of 224 shale cutting data. 
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Figure 12. Comparison of prediction results of drag coefficient CD and CD,sph expf(c) measured by shale cutting settling experiment. 
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Figure 13. Comparison results between experimental measured values and model predicted values of shale cuttings settlement velocity. 
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Table 1. Main physical parameters of particles involved in experiments.
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	Material
	Particle Equivalent Diameter ds (mm)
	Density (kg/m3)





	Shale cuttings
	2.1–5.7
	2073



	Glass
	1, 2, 3, 4, 5
	2510



	Zirconium oxide
	1, 2, 3, 4, 5
	6080



	Steel
	1, 2, 3, 4, 5
	7940
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Table 2. Rheological test results of Carbopol aqueous solution and glycol aqueous solution for experiments.






Table 2. Rheological test results of Carbopol aqueous solution and glycol aqueous solution for experiments.





	
Testing Liquid

	
Concentration (wt%)

	
Temperature (°C)

	
Density (kg /m3)

	
Rheological Parameter




	
τ0 (Pa)

	
K (Pa·sn)

	
n






	
Carbopol

	
0.2

	
17

	
1000

	
5.6575

	
3.45189

	
0.59372




	
0.175

	
17.4

	
1000

	
2.4828

	
1.99123

	
0.64663




	
0.15

	
17.4

	
1000

	
1.2732

	
1.00723

	
0.70503




	
0.125

	
16.6

	
1000

	
0.71474

	
0.56533

	
0.74698




	
0.1

	
17.6

	
1000

	
0.30369

	
0.24412

	
0.8189




	
0.0875

	
17.4

	
1000

	
0.23224

	
0.18042

	
0.84364




	
0.075

	
17.5

	
1000

	
0.13798

	
0.10341

	
0.88723




	
glycerol

	
100

	
18.6

	
1260

	
0

	
1.4313

	
0




	
95

	
19.0

	
1246

	
0

	
0.5825

	
0




	
90

	
18.6

	
1231

	
0

	
0.2265

	
0




	
80

	
19.0

	
1205

	
0

	
0.0656

	
0
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Table 3. Representative CD-Res correlation.
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	Author
	Equation
	Number





	Clift [11]
	    C D  =   24   R  e s     (  1 + 0.15 R  e s     0.687    )  +   0.42   1 +   42500   R  e s     1.16       ( R  e s  <   10  5  )   
	(8)



	Shah [28]
	    {         C D     2 − n   R  e s    2    = A    (  R  e s   )   B        A = 6.9148  (   n 2   )  − 24.838  ( n )  + 22.642       B = − 0.5067  (   n 2   )  + 1.3234  ( n )  − 0.1744         
	(9)



	Elgaddafi [29]
	    {       C D  = 24 / R  e s   (  R  e s  < 1  )         C D  = 27.41 / R  e s     0.85           
	(10)



	Yang and Zeng [30]
	    C D  =   24   R  e s      ( 2 − ϕ )   1.29   +   24   R  e s    ( 1 + 0.15 R  e s     0.687   )  ϕ  − R  e s     0.134     +   0.42   1 +   42500   R  e s     1.16        e  1.43 ( 1 − ϕ )     
	(11)



	Khan [31]
	    C D  =    (  2.25 R  e s     − 0.31   + 0.36 R  e s     0.06    )    3.45    (  1 < R  e s  < 1000  )    
	(12)



	Machač [33]
	    {       C D  =   24   R  e s    X  ( n )   (  R  e s  < 1 )        C D  =   24   R  e s    X  ( n )  +   10.5 n − 3.5   R  e s     0.32 n + 0.13      ( 1  < R  e s  < 1000 )       X  ( n )  =  3  ( 3 n − 3 ) / 2     33  n 5  − 64  n 4  − 11  n 3  + 97  n 2  + 16 n   4  n 2  ( n + 1 ) ( n + 2 ) ( 2 n + 1 )           
	(13)



	Okesanya [9]
	    C D  =   24   R  e s      ( 1 + 0.12 R  e s  )   0.35   + 0.398  [  1 − exp  (  − 0.01 R  e s     0.9282    )   ]    
	(14)
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Table 4. Error Statistics of Drag Coefficient of Spherical Particles Settlement in Herschel–Bulkley Fluid.
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Res

	
Author

	
Error




	
MRE

	
RMS

	
Max MRE






	
0.01 < Res < 96

	
Khan and Richadson (1987)

	
16.19%

	
0.21

	
45.6%




	
Machač. (1995)

	
18.42%

	
0.26

	
32.73%




	
Okesanya (2020)

	
12.25%

	
0.16

	
34.8%




	
This chapter (Equation (8))

	
6.85%

	
0.07

	
16.5%
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Table 5. Error statistics of shale cuttings drag coefficient.
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Fluid

	
Coefficient CD Relationship

	
Error




	
MRE

	
RMS

	
Max Error






	
Herschel–Buckley fluid

	
0.08 < coefficient CD relationship < 15

	
6.39%

	
0.069

	
16.74%
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