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Abstract: The efficient development and exploitation of shale oil depends on long-distance horizontal wells. As the degree of cleaning of the wellbore plays a key role in these processes, in this study, this problem is investigated experimentally by focusing on the dimensionless cuttings bed height. A method is proposed to calculate the horizontal-well hydraulic extension taking into account the influence of the wellbore cleaning degree on the wellbore pressure distribution and assess the effect of a variety of factors such as the bottom hole pressure, the circulating pressure drop, the drilling pump performance and the formation properties. The analysis shows that the hydraulic extension of horizontal wells decreases with an increase in the cuttings bed height, and the higher the displacement of drilling fluid, the faster the hydraulic extension declines. The annular pressure drop of the horizontal section increases with the increase of the cuttings bed height, resulting in a higher bottom-hole pressure. Several arguments are provided to guide the safe drilling of shale oil horizontal wells and overcome the limits of current technological approaches.
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Nomenclature



	A
	Annular overflow area, A = π(D2-d02)/4, m2



	A0
	Sectional area of nozzle exit, cm3



	d1
	Inner diameter of drill pipe, mm



	a,b
	Coefficient, dimensionless



	n
	Flow pattern index of drilling fluid, dimensionless



	B
	The flow coefficient of the nozzle, which is related to the resistance coefficient of the nozzle, and its value is always less than 1, dimensionless



	Cec
	Eccentricity coefficient of drill string, dimensionless



	Ccb
	Coefficient of cuttings bed, dimensionless



	D
	Wellbore hole diameter, m



	do
	Outside diameter of drill string, m



	E
	Eccentricity, dimensionless



	e
	Eccentric distance, the distance between drill string axis and wellbore axis, mm



	f
	Friction coefficient of drilling fluid, dimensionless



	fcb
	Friction coefficient between cuttings bed and drilling fluid, dimensionless



	H
	Dimensionless height of cuttings bed, dimensionless



	hv
	Height of the liquid column, m



	k
	Consistency index of drilling fluid, Pa∙sn



	Lm
	Hydraulic extension ability of the horizontal section, m



	L1
	The length of horizontal section under the constraint of the formulas (1) and (2), m



	L2
	The length of horizontal section under the constraint of the formula (3), m



	Li
	Length of the first horizontal well in i section, m



	pf
	Formation fracture pressure, MPa



	pbh
	Bottom hole pressure, MPa



	pc
	Formation collapse pressure, MPa



	ph
	Hydrostatic column pressure, MPa



	Cb
	Annular pressure loss factor, dimensionless



	pp
	Formation pore pressure, MPa



	Q
	The displacement of drilling fluid, m3/s



	Qr
	Rated displacement of pump, L/s



	Pr
	Rated power of pump, kw



	
dpaidL

	Pressure drop in the annulus of i section, MPa/m



	Rec
	Critical Reynolds number, dimensionless



	Re
	Reynolds number of drilling fluid, dimensionless



	va
	Annulus flow rate of drilling fluid, va = Q/A, m/s



	ρf
	Liquid density, g/cm3



	ρs
	Cutting density, g/cm3



	∆pg
	Pressure loss of surface manifold, MPa



	∆pz
	Bit pressure loss, MPa



	∆pa
	Annular pressure loss, MPa



	∆pd
	Internal pressure loss of drill string, MPa





1  Introduction

Shale oil is an important part of unconventional oil and gas resources, showing great resource potential in the region of Gulong in Daqing, Aoxian formation in Jiyang, Jimsar in Xinjiang and the region of Longdong in Changqing, as well as in Eagle Ford, USA. Due to the low permeability of shale oil reservoirs, long-distance horizontal wells have gradually become one of the key technologies for the efficient development of shale oil reservoirs [1,2], and the length of the horizontal section has become an important technical index [3,4]. However, the further extension of long-distance horizontal wells also faces severe challenges, which are highlighted in three aspects: open hole extension [5], mechanical extension [6] and hydraulic extension [4]. Open hole extension mainly engages in the study of the stability of wellbore holes [7]. The mechanical extension mainly engages in lowering the pipe string, which involves the transmission of weight on bit (WOB) and the buckling of the pipe string. At present, the research of the mechanical extension has been quite sufficient, which can be solved by measures such as drag reduction tools, low friction drilling fluid and floating casing running. Hydraulic extension mainly engages in the migration and return of cuttings in the wellbore, involving wellbore cleaning and wellbore pressure distribution. The cuttings bed of the horizontal section is formed by gravity [8], and the removal of the cuttings bed mainly relies on traditional measures such as reaming and large displacement circulation. Because of the limited effort of cuttings removal tools [9] and the hole cleaning degree is low, with the increase of the length for horizontal section, the cuttings accumulation problem becomes more and more serious [10–12], which will affect the circulating pressure consumption in the wellbore annulus, and then feed back to the bottom hole pressure distribution, resulting the increase of the equivalent circulating density of drilling fluid (ECD).

To solve the problem of hydraulic extension, the authors, Gulraiz et al. [13–15] have established a mathematical model about cutting migration and wellbore cleanliness. Li et al. [16] have established the drilling hydraulic extension model about the influence of formation fracture pressure. Liang et al. [17] have pointed out that the extension ability of horizontal wells is limited by the height of the cuttings bed. The authors, Wang et al. [18–20] have established a correction method of annular pressure loss considering the height of the cuttings bed and eccentricity of the drill string through experiments. The existing researches have not yet formed a calculation method of the hydraulic extension ability of shale oil horizontal wells that considers the cleanness of the wellbore. This paper analyzes the coupling relationship between cuttings bed and wellbore pressure distribution, establishes a calculation method of hydraulic extension ability, and gives the relationship between wellbore pressure distribution and hydraulic extension ability under different cuttings bed heights, which provides a theoretical basis for efficient drilling for the long-distance horizontal wells of shale oil.

2  Causation Analysis of Cuttings Bed

The deposition and bed formation of cuttings are related to the forces exerted on cuttings particles. The forces exerted on individual cutting particles mainly include the gravity, the buoyancy generated by drilling fluid, the lifting force generated by the rotation of drill string, the drag force and the driving force generated by the hydraulic pressure drop in drilling fluid. The inter-particle force is also generated when the particles contact each other, however, with the collision of particles, the momentum exchange occurs, so it could be neglected. Taking the shale reservoir of Daqing Gulong as an example, the relative density of shale cuttings is generally from 2.42 to 2.48 g/cm3. In order to avoid leakage and improve efficiency, the density of drilling fluid used is generally from 1.70 to 1.73 g/cm3. The buoyancy of drilling fluid alone is not enough to balance the gravity of cuttings in the horizontal section, and the cuttings tend to deposit to the bottom of the wellbore. When the lifting force, dragging force and thrust force are insufficient to push cuttings to saltate or roll along the lower section of the horizontal interval, the cuttings bed has formed. Generally, the ratio of cuttings bed height to wellbore diameter is used as a quantitative index to measure wellbore cleanliness, which is called dimensionless cuttings bed height. The monitoring of ECD, friction, torque, hook load, returned cuttings volume, and gas drilling, as well as the analysis of cuttings shape and cuttings particle size distribution can be used to evaluate the cleanness of the wellbore [17].

3  Establishment of Hydraulic Extension Ability Model for the Horizontal Well of Shale Oil Considering Wellbore Cleaning

3.1 Definition of the Hydraulic Extension Ability for Horizontal Well

In the process of horizontal well drilling, in order to avoid the danger of well out of control or wellbore instability, it is necessary to control the bottom hole pressure to be greater than the formation pore pressure and the formation collapse pressure. This relationship can be expressed by formula (1):


max(pp,pc)≤pbh
(1)

At the same time, it is necessary to control the bottom hole pressure not to exceed the formation fracture [21] pressure to avoid drilling fluid leakage. This relationship can be expressed by formula (2):


pbh≤pf
(2)

The circulation of drilling fluid is driven by the ground pump, so the total consumption for the circulating pressure of drilling fluid cannot be higher than the rated working pressure of the pump, which can be expressed by formula (3):


ΔpL≤ppw
(3)

∆pL-total consumption for the circulating pressure, MPa; ppw-rated working pressure of the pump, MPa.

As both the bottom hole pressure and the total consumption for the circulating pressure of drilling fluid increases with the increase of the horizontal section, the maximum length of the horizontal section is limited, and the minimum value is taken as the hydraulic extension ability of the horizontal well, as shown in Fig. 1, which can be expressed by formula (4):


Lm=min(L1,L2)
(4)
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Figure 1: Sketch map

3.2 Relationship between the Length of Horizontal Section and the Distribution of Bottom Hole Pressure

Drilling fluid is injected into the bottom hole through the inner of the drill string by the bit port, and then returns to the surface through the annulus, so the bottom hole pressure is mainly composed of hydrostatic column pressure and annular circulation pressure considering the influence of cuttings, which can be expressed by formula (5):


pbh=ph+Cb∑i=1ndpaidLLi
(5)

The hydrostatic pressure can be calculated from the liquid density and the vertical height of the liquid column, as shown in formula (6):


ph=0.0098ρfhv
(6)

The annular pressure drop of horizontal and vertical sections without considering the influence of the cuttings bed can be calculated by Funning-Darcy formula [18], as shown in formula (7):


dpadL=200fρfQ2A2(D−do)
(7)

The friction coefficient in formula (7) is related to the flow regime of drilling fluid, and the calculation is shown in formula (8):


f={16Re, Laminar flow in the pipe24Re, Annular laminar flowa4Reb, Turbulent flow a=0.3104n0.105b=0.2495n−0.217
(8)

The fluid regime of drilling fluid is judged as shown in formulas (9) and (10) [19]. If Re < Rec, it is judged as laminar flow and if Re > Rec, it is judged as turbulent flow:


Re=103−3n121−nρf(D−do)nva2−n(3n)nk(2n+1)n
(9)


Rec=3470−1370n
(10)

3.3 Mechanism of the Influence from Wellbore Cleaning Degree on Hydraulic Extension Ability of Horizontal Wells

The wellbore cleaning degree mainly affects the hydraulic extension ability of horizontal wells by affecting the annular pressure loss. At the same time, the drill string in the horizontal section is frequently eccentric, which will also affect the loss of annular pressure. To sum up, the factor of the annular pressure loss in formula (5) can be calculated in two cases, that is, vertical section and horizontal section, which can be expressed by formula (11):


Cb={1,Vertical sectionCec×Ccb, Horizontal section
(11)

The eccentricity coefficient of the drill string can be obtained by the empirical formula [20], as shown in formula (12):


Cec={1−0.072En(doD)0.8454−1.5E2n(doD)0.1852+0.96E3n(doD)0.2527, Laminar flow1−0.048En(doD)0.8454−23E2n(doD)0.1852+0.285E3n(doD)0.2527, Turbulent flow
(12)

Eccentricity is related to the position of the drill string in the wellbore, as shown in formula (13):


E=2eD−do
(13)

The cutting bed height can be measured by cutting logging and calculation, like ECD monitoring of friction, torque and hook load, volume monitoring of returned rock cuttings. The coefficient of the cuttings bed [18] is mainly related to the dimensionless height of the cuttings bed, as shown in formula (14):


Ccb=0.026Hfcb[1000va2g(D−do)ρfρs−ρf]−1.25+1+0.00582H
(14)

The friction coefficient between the cuttings bed and drilling fluid, as shown in formula (15):


fcb={64Re,Re≤23000.316Re0.25,Re>2300
(15)

3.4 Total Circulating Pressure Loss and Driving Pressure

In addition to the loss of annular circulating pressure, the total circulating pressure loss also includes the pressure loss generated in the surface manifold, drill bit and drill string. The calculation of pressure loss in drill string is similar to that in the annulus. The pressure loss of the surface manifold can be obtained by actual measurement. Therefore, the total circulating pressure loss is calculated as shown in formulas (16)–(19):


ΔpL=Δpg+ΔpZ+Δpa+Δpd
(16)


ΔpZ=0.05ρfQ2C2A02
(17)


Δpa=0.2fρfLva2D−d0
(18)


Δpd=0.2fρfLva2d1
(19)

The drilling pump is the power source of drilling fluid circulation, and it has two working modes, which are rated pressure and rated power [4]. The actual working pressure is shown in formula (20):


ppw={pr  Q≤QrPrQ Q>Qr
(20)

4  Analysis and Discussion

4.1 Basic Parameter

Well-SYH2 is a horizontal shale oil well located in Northeast China, which the position of the deviation point is 2,155 m and the vertical depth is 2448.16 m. The formation pressure pp, fracture pressure pf and collapse pressure pc of shale reservoir are 34.79, 58.75 and 38.39 MPa, respectively. The Structure of the wellbore is shown in Fig. 2, and other calculation parameters are shown in Table 1.
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Figure 2: Structure of wellbore pipes
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4.2 Case Analysis

Fig. 3 shows the variation curve of hydraulic extension ability of horizontal section with the height of the dimensionless cuttings bed under different displacement conditions. On the whole, the hydraulic extension ability decreases with the increase of the height of the dimensionless cuttings bed and decreases with the increase of the displacement as well. When the dimensionless cuttings bed height increases from 0 to 50 and the drilling fluid displacement is 65 L/s, the length of hydraulic extension decreases from 542.40 to 400.95 m. When the displacement of drilling fluid is 30 L/s, the hydraulic extension length decreases from 10182 to 7770.68 m. Therefore, the combination of improving wellbore cleanliness and controlling the displacement of the drilling fluid can improve the hydraulic extension ability of shale oil horizontal wells. However, the reduction of the displacement will easily lead to debris deposition, so it is necessary to take other measures to clean up the debris bed. In this case, during the drilling process in the horizontal section, the displacement of drilling fluid reduces from 70 to 35 L/s, and the measures such as circulating well washing are taken to improve the cleanness of the wellbore, and the drilling of the horizontal section for 2000 m is successfully completed. According to the calculation, when the drilling fluid displacement is 50 L/s, the length of the hydraulic extension of this well is still over 2000 m. Considering that the large displacement drilling is beneficial to improve the wellbore cleaning degree and the penetration rate, the drilling fluid displacement of shale oil horizontal wells in this area is increased to 50 L/s, and the horizontal sections are drilled efficiently, which verifies the reliability of the model calculation.

[image: images]

Figure 3: Changing rule of hydraulic extension ability of horizontal section as dimensionless cutting bed height

Fig. 4 shows the change in pressure distribution in the wellbore. According to the analysis, with the increase of the height of the dimensionless cuttings bed, the annular pressure loss in the horizontal section will increase, which will lead to an increase of the bottom hole pressure. In this process, the total circulating pressure loss remains unchanged, because the rated working pressure of the drilling pump limits the increase of the total circulating pressure loss. When the displacement is 30 L/s, the maximum of the total circulating pressure loss is the rated pump pressure, that is, 38.1 MPa. When the displacement is 65 L/s, the maximum of the total circulating pressure loss is 33.0 MPa, because the displacement exceeds the rated displacement of the drilling pump. Therefore, for shale oil horizontal wells, improving the performance parameters of drilling pumps can enhance the hydraulic extension ability of horizontal wells under the condition of high displacement.
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Figure 4: Changing rule of wellbore pressure parameters as dimensionless cutting bed height

5  Summary and Conclusions

(1) This paper provides a calculation method considering the cleanness of the wellbore hole and the ultimate length of the horizontal section under certain engineering conditions, The calculation method of horizontal well hydraulic extension ability constrained by formation character, bottom hole pressure, total circulating pressure loss and drilling pump performance is established, and the influence mechanism of wellbore cleaning on horizontal well hydraulic extension ability is revealed.

(2) With the increase of cuttings bed height, the hydraulic extension ability of shale oil horizontal wells decreases. The combination of improving wellbore cleaning degree and controlling displacement can improve the hydraulic extension ability of shale oil horizontal wells. It is necessary to take other measures to clean the cuttings bed. Considering that large displacement for the drilling is beneficial to improve the cleanness of the wellbore and the penetration rate, the displacement of drilling fluid should be increased as much as possible to meet the requirement of the length of the horizontal section.

(3) Annular pressure loss in the horizontal section increases with the height of the cuttings bed, which results in the increase of bottom hole pressure. For shale oil horizontal wells, improving the performance parameters of drilling pumps can enhance the hydraulic extension ability of horizontal wells under the condition of high displacement.

(4) The coupling of mechanical extension ability and hydraulic extension are not considered as the limitation of the model. In fact, the statistical results show that there is no direct relationship between the output of horizontal wells and the length of the horizontal section, which reflects the importance of geology, drilling rate and transformation efficiency of geology and engineering sweet heart. Therefore, the optimal length of the horizontal section should be determined comprehensively by considering equipment capacity, geological conditions and benefit factors.
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Table 1: Calculation parameters

SN  Parameters Value  Unait

1 Outer diameter of the drill pipe d,, 127 mm

2 Inner diameter of drill pipe d; 108.62 mm

3 Wellbore diameter D 2159 mm

4 Drilling fluid density ps 1.71  g/em’

5 Eccentricity E 0.5 Dimensionless
6 Consistency index of drilling fluid £ 0.4 Pa‘sn

7 Flow pattern index of drilling fluid » 0.73 Dimensionless
8 Cutting density pq 2.45 g/cm’

9 The flow coefficient of the nozzle C 0.9653 Dimensionless
10 Sectional area of nozzle exit 4, 10.12  cm®

11 Pressure loss of surface manifold Ap, 0.1 MPa

12 Rated working pressure of drilling pump p,,, 38.1 MPa

13 Rated power of drilling pump P, 1600 kw

14  Rated displacement of drilling pump O, 40 L/s
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