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Abstract. In order to improve recovery ratio in “Well Factory” development model,
spoon-shaped wells are introduced. Spoon-shaped wells need a reverse hole
extension with deviate and azimuth change before forward drilling. The complicated
well trajectory leads to larger drag on the working string during the string slacking
off and pulling up. In order to analyze the friction characteristics of downhole string,
software is developed. Case study shows that spoon-shaped hole section makes it
more difficult for the working string to slack off and pull up than an ordinary
horizontal well. The software calculates the axial force, and the in-depth analysis
concludes that the contact force between string and borehole wall in the forward
deviation-built section is very large, especially in the section that deviation and
azimuth change; large target section deviation increases the contact force.
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1. Introduction

In recent years, with the application of the "Well Factory" model in shale gas
development, some problems have emerged [1]. One of them is that the oil beneath the
drilling platform is difficult to extract, because a traditional horizontal well will leave
horizontal displacement in front of target. To minimize the displacement, need large
borehole curvature, which makes it difficult for the working string to slack off [2]. For
this reason, a special type of horizontal well has been developed, which is referred to in
engineering as a spoon-shaped horizontal well, a fishhook well, an under displacement
well or a reverse displacement well and is here after referred to as a spoon-shaped well
in this paper [3-7]. Spoon-shaped wells can extract the dead gas zone below the drilling
platform, increasing reservoir mobilization and increasing production. In the design of
the drilling platform, emphasis needs to be placed on anti-collision problem and the
spoon-shaped well is indeed a 3D well [8,9].

A great deal of research has been done on the establishment and calculation of
downbhole string friction models. In 1984, Johancsik for the first time proposed a soft rod
model for predicting whole string drag, which was mechanically analyzed for the micro-
element section and calculated iteratively from the bottom [10]. In 1987, Sheppard et al.
considered the effect of well trajectory on the torque and concluded that the torque of the
string could be reduced by adjusting the well trajectory in the lower section [11]. In 1988,
HS Ho et al. introduced the effect of stiffness into soft rod model to form the rigid rod
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model based on large deformation theory [12]. In 1989, Zhang et al. considered the
correlation between the drilling string tension increment and the lateral force to obtain a
model for calculating the drag in directional wells [13]. In 1993, Han obtained 2D and
3D friction model [14]. In 2000, Gao et al. calculated string spiral buckling critical force
in slant well section, the contact force distribution after buckling [15]. In 2011, Yan et
al. adopted segmental calculation method to establish a three-dimensional drilling string
drag model for horizontal wells to improve accuracy [16]. In 2017, Wang et al. conducted
a computational analysis on string axial force in L-type wells. These works increased the
understanding of string friction in complex well type [17]. In 2018, Zhu et al. calculated
the torque problem of spoon-shaped wells based on the full drilling string dynamics
model, and concluded that the contact force of the forward building up section is high
[18].

In the past studies, the modified soft rod model that considers the additional contact
force caused by the string stiffness is generally used. The contact force of the special
well section is high and the effect on string axial force is more complex. Therefore, it is
necessary to analyze axial force distribution of the downhole string in spoon-shaped
wells.

2. Models for String Drag
2.1. Borehole Description

The trajectory of a typical spoon-shaped well is shown in figure 1, where OA - straight
section; AB - reverse build up section; BC - hold on section; CD - drop off and azimuth
change section; DE - forward build up section; EF - target section. This paper mainly
analyses string force in curved section and target section. Basic assumption include: the
hole is smooth; the string slides axially along borehole wall; the friction coefficients in
cased section and bare-hole section are constant respectively.
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Figure 1. Well trajectory of a spoon-shaped well.

2.2. String Force in Slant Section

An axial string segment, length dl, is taken and force analysis is shown in figure 2.
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Figure 2. Force analysis of string element in slant section.

In figure 2: o — deviation angle; T}, ; - the axial force at the upper end of string
element; 7; - the axial force at the lower end of string element; N - contact force between
the string element and the borehole wall; W, - effective weight of the string element.

Normal force:

N=W,,x sin (D
Axial force:
T, ,=T;+W, % cos o +f @)
Axial force:
T, =T+ W% (cos a£p sin o) 3)

2.3. String Force in Curved section

In the shale gas 'Well Factory' mode of exploitation, the design needs to consider anti-
collision issues, the curved section of a spoon-shaped well is a three-dimensional section.
When analyze string force, it is assumed that there is a difference in the contact position
when slacking off and pulling up, and the curvature of the string is equal to the borehole.
Take a micro-element section for force analysis, contact force between string and
borehole is: [16]

N=y/(T;A0 sin 0))>+(| T;Ac|£W,,, sin a)? @

Where: Af - azimuth angle increment; Aa - deviation increment.

Equation (4) can be used for two-dimensional well section when A8 = 0, and further
when Aa = 0, it becomes straight well equation.

Axial force:

T =T;+W,, cos o £uN ®)
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3. Spoon-shaped Wells Axial Force Analysis
Based on the overall force analysis of the string, the software for calculating and
analyzing the string drag was developed, and use the software to calculate the force of
the string.

3.1. Case Studies

An example of a drilled spoon-shaped well in China is analyzed, its borehole parameters
are shown in table 1.

Table 1. Borehole parameters.

Key Measure Deviation Azimuth Well section

points depth (m) angle (°) angle (°)

Wellhead 0 0 - -

A 750 0 - Straight

B 985.44 23.54 43.86 Build up

C 2012.78 23.54 43.86 Hold on

D 2200.93 11 43.85 Drop off

E 2364 0 338.84 Drop off and azimuth change
F 2537.08 48.02 270.26 Build up and azimuth change
G 2654.81 48.02 270.26 Hold on

H 2829.73 83 270 Build up

I 4329.73 83 270 Object

The well is previously cased with 339.7mm surface casing to the end of straight
section (above 750m) and 244.5mm intermediate casing to the end of curved section
(above 2829.73m). And production string will be lowed to hole bottom (4329m). Take
friction coefficient is 0.25 in cased section and 0.30 in bare borehole. The following is
an analysis of string drag during the production string trip in the hole.

The data of intermediate casing and production string to be run in are shown in table
2.

Table 2. Downhole string data.

String type Outer diameter (mm) Inner diameter (mm) Wire weight (kg/m)
Intermediate casing ~ 244.5 222.41 64.74
Production string 139.7 115.44 34.22

The axial force of string when reaching well bottom is shown in figure 3(a), and for
comparison, similar axial force for an ordinary horizontal well with the same hole
configuration, azimuth change and target section is shown in figure 3(b).
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Figure 3. Axial force distribution.

Figure 3 (a) shows that, the hook load is 535kN when slacking off, 776kN when
rotating and 1179kN when pulling up, the difference between the hook load when pulling
up and rotating is dF1=1179-776=403kN, the difference between the hook load when
slacking off and rotating is dF2=776-535=241kN. This indicates that drag when pulling
up is higher. Analysis of the axial force calculation using the software and Landmark

yielded results within 5% difference.

Comparing figures 3(a) with (b), it is found that strings in spoon-shaped well are
more difficult to slack off and pull up than in ordinary horizontal well.

3.2. Effect of Target Section on Axial Forces

3.2.1. Axial Force Distribution

For the above actually drilled well, change its deviation angle of target section, and string

axial forces are shown in figure 4.
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Figure 4. Effect of target section deviation on string axial forces.

Figure 4 shows that as deviation angle of target section increases, spoon-shaped well
is more difficult to slack off and easier to pull up. In addition, when the deviation angle
increases, slacking off axial force appears uncommon change in curved section, and this
phenomenon becomes more obvious as the deviation increases.



Y. Zhang et al. / Calculation and Analysis of Drag of Spoon-Shaped Well Strings 893

3.2.2. Axial Force Component

The friction and the axial component of the gravity of string in curved section for target
section deviation 105° and 83° are shown in figure 5.
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Figure 5. Axial force component fortarget section deviation 105° and 83°

Figure 5 (a) shows that gravity axial component is greater than frictional force in
segment DE and FG in the well with target section deviation 105°, axial force decreases;
the opposite is true for the segment EF and GH, axial force increases. Resulting in axial
force in curved section appears uncommon change. However, figure 5(b) shows that the
well with target section deviation 83° has a greater gravity axial component in segment
DG, axial force decreases; the segment GH has a greater frictional force, axial force
increases. Axial force shows normal trend above the G; point.

4. Conclusions

By calculating the axial force and analyzing contact force between string and borehole
of spoon-shaped well, the following conclusions are drawn.

(1) In spoon-shaped well, it is more difficult for the working string to slack off and
pull up than in an ordinary horizontal well, and drag when pulling up is higher than drag
when slacking off.

(2) The contact force between string and borehole of forward deviation-built section
is obviously higher than that of other sections.

(3) Large target section drag will increase the friction of curved section, and string
axial force will appear uncommon change in curved section when slacking off.
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