energies MBPY

Article

A Powerful Build-Up Rate (BUR) Prediction Method
for the Static Push-the-Bit Rotary Steerable
System (RSS)

Yucai Shi 1209, Zhixiang Teng 3, Zhichuan Guan 12, Jing Bai 4, Wei Lv °, Hualin Liao -2,
Yugiang Xu 1?* and Yongwang Liu 1

1 School of Petroleum Engineering, China University of Petroleum (East China), Qingdao 266580, China;

shiyucai@upc.edu.cn (Y.S.); guanzhch@upc.edu.cn (Z.G.); liaohualin2003@upc.edu.cn (H.L.);
liuyongwang@upc.edu.cn (Y.L.)

Key Laboratory of Unconventional Oil & Gas Development (China University of Petroleum-East China),
Ministry of Education, Qingdao 266580, China

3 CNPC Tarim Oilfield Company, Korla 841000, China; tzx20200910@gmail.com

CNPC Chuanging Drilling Co. Ltd., Guanghan 618300, China; baijing_sc@cnpc.com.cn

Aerospace Science and Industry Inertial Technology Co. Ltd., Beijing 100074, China;
weiweianhui.asit@gmail.com

Correspondence: xuyugiang@upc.edu.cn

check for
Received: 30 June 2020; Accepted: 15 September 2020; Published: 16 September 2020 updates

Abstract: The RSS has been widely used in directional drilling. In order to enhance wellpath
control accuracy and efficiency of the static push-the-bit RSS, a powerful BUR prediction method is
reconstructed by coupling a rotary steerable bottom-hole assembly (RSBHA) mechanical model and a
drill bit-rock interaction model. This article showed that when establishing the RSBHA mechanical
model by using the continuous beam column method, the steering rib should be treated as an
eccentric stabilizer to consider the contact effect between the steering rib and wellbore wall. For the
beam column containing the flexible sub and between two stabilizers, it should be rearranged into
three beam columns, and the lower and upper steps of the flexible sub should be considered as
virtual supports. The equilibrium tendency method (ETM) to predict the BUR can enhance wellpath
prediction accuracy than those of traditional methods. Under 3D conditions, the total drilling tendency
angle should be denoted by inclination tendency angle and azimuth tendency angle to enhance the
solution efficiency. Case analyses have verified that the average forecast error of the BUR prediction
model in this article is less than 1°/30 m.

Keywords: rotary steerable system (RSS); static push-the-bit; build-up rate (BUR) prediction;
bottom-hole assembly (BHA); mechanical model; beam column theory; drill bit-rock interaction model

1. Introduction

The RSS is a directional drilling system that performs continuous and real-time steering of
the wellpath while the drill string is always rotating. Compared to the traditional sliding steerable
system with a bent-housing downhole motor, the RSS can enhance the efficiency and accuracy of
complex wellpath control. Now, the RSS is widely used in directional drilling [1-5]. According to
the steering mode, the RSSs are divided into push-the-bit systems (for example, Baker Hughes’
AutoTrak RCLS/ Schlumberger’s PowerDrive system), point-the-bit systems (for example, Sperry-Sun’s
Geo-Pilot system), and hybrid systems [6—8]. Among the RSSs, the AutoTrak RCLS belongs to the static
push-the-bit RSS and is the original one put into industrial application in the world.

Energies 2020, 13, 4847; doi:10.3390/en13184847 www.mdpi.com/journal/energies


http://www.mdpi.com/journal/energies
http://www.mdpi.com
https://orcid.org/0000-0001-5501-6382
http://dx.doi.org/10.3390/en13184847
http://www.mdpi.com/journal/energies
https://www.mdpi.com/1996-1073/13/18/4847?type=check_update&version=2

Energies 2020, 13, 4847 20f12

During the course of wellpath control, the key task is to predict and adjust the BUR to hit the target.
The existing BUR prediction methods mainly include the three-point circular method (TPCM) [9,10]
and its modified methods [11-13], the equilibrium curvature method (ECM) [14] and its modified
methods [15], and the equilibrium tendency method (ETM) [16,17]. The TPCMs only consider the
geometric configurations of the BHA. Its prediction accuracy is relatively low. The ECMs consider
the geometric shape of the wellbore and the deformation of BHA. Its prediction accuracy is higher
than that by means of the ECMs. Compared to the TPCMs and ECMs, the ETM additionally considers
the anisotropic features of drill bit and formation. Its prediction accuracy is higher than those of the
TPCMs and ECMs.

Now, the static push-the-bit RSS is being developed in China. The ETM has been tried to predict
the BUR of RSBHA [18-20]. As more directional or horizontal wells have been drilled by more complex
RSBHAs, it is urgent to set up a powerful BUR prediction method to provide guidelines to optimize
the RSBHA and drilling parameters to predict and adjust the BUR accurately.

2. Modified RSBHA Mechanical Model

2.1. A Typical Static Push-the-Bit RSBHA

A reasonable BHA mechanical model is the basis to predict the BUR accurately. As shown in
Figure 1, a typical static push-the-bit RSBHA includes a rotary steerable tool with a separated stabilizer
(14# stab.), a flexible sub, a short non-magnetic drill collar (SNMDC), a drill string stabilizer (2# stab.),
non-magnetic drill collars (NMDC), and a MWD (measurement while drilling) system inside of the
NMDCs. Compared to previous configurations of RSBHA [18-20], the significant difference is that this
one adopts two stabilizers. The 2# stabilizer can decrease the stick-slip vibration of the drill string to
protect the MWD system.
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; e = 3
= — L — g—
Rotary steerable tool Flexible sub SNMDC| 2¢ Stab. NMDC
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Figure 1. A typical static push-the-bit RSBHA.

A variety of methods can be adopted to establish the RSBHA mechanical model, including the
finite element method [12,13], the weighted residual method [21], and the beam column method [22,23].
The beam column method is relatively simple and more accurate as compared to the abovementioned
methods and has been employed in this paper.

2.2. Basic Assumptions to RSBHA

The following assumptions are generally adopted by the beam column method [24]:

(1) The total RSBHA is a small elastic deformation system.

(2) The center of a drill bit is located on the wellbore center line.

(3) The weight-on-bit (WOB) is a constant value and along the tangential direction of the wellbore.

(4) Due to the effect of the drill string gravity, the drill string above the upper tangential point lies on
the lower side of wellbore.

(5) The wellbore wall is a rigid body and the wellbore size does not change over time.

(6) The contact between the stabilizer and wellbore wall is a point contact.

(7)  The effect of rotation and vibration of a drill string is not taken into account.
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2.3. Equivalent Treatments of the RSBHA

When establishing the RSBHA mechanical model, the steering rib and the flexible sub should be
simplified and treated reasonably. Now, there are two equivalent treatment methods to the steering rib.
The first method took it as a laterally concentrated force with known magnitude and direction [23].
The second method considered the steering rib as an eccentric stabilizer with a known support force
(equal to the steering force) and unknown eccentric displacement [20]. Based on the working principle
of the static push-the-bit RSS, the support effect between the steering rib and the wellbore wall should
be considered [25]. Hence, the second method is adopted in this paper. There are also two equivalent
treatment methods to the flexible sub. The first method employs the theory of the Timshenko variable
stiffness beam to directly calculate its eccentric displacement and tilt angle [23,26]. The second method
takes the steps of the flexible sub as virtual supports with unknown internal bending moments and
eccentric displacements [24]. Both methods have high computational accuracy. Because the second
method is more simple than the first method, it is adopted in this article.

2.4. RSBHA Mechanical Model

Taking the steering rib as an eccentric stabilizer and the lower and upper steps of the flexible sub
as two virtual supports, the modified RSBHA mechanical model is shown in Figure 2. Under this
mechanical model, the RSBHA is divided into 6 beam columns at the steering rib, two stabilizers,
and the lower and upper steps of the flexible sub. They are named as BC1 (drill bit to steering rib),
BC2 (steering rib to 1# stabilizer), BC3 (1# stabilizer to lower step of the flexible sub), BC4 (between
lower and upper steps of the flexible sub), BC5 (upper step of the flexible sub to 2# stabilizer), and BC6
(2# stabilizer to the upper tangential point between the drill string and wellbore wall). Here, D,
d;, and L; denote the outer and inner diameters, and the length of the ith (i = 1~6) beam column,
respectively; Dy, Dy, and Dy denote the diameters of the drill bit and 1# and 2# stabilizers, respectively.

Db DSl DSZ
' D /dcl Dcz/dcz * Dc3/dc3 Dc4/dc4 DC5/dC5 * DCG/dc()
Ly L, Ly Ly Ls Le
BC1 BC2 BC3 BC4 BC5 BCé6

Figure 2. Continuous beam column model of the RSBHA.

Compared to previous mechanical models of RSBHA [18-20], the significant differences are that
two steps of the flexible sub are regarded as two virtual supports and the beam column between two
stabilizers is divided into three spans with different diameters. In most cases, the lengths of BC3, BC4,
and BC5 are in the range of 0.5-1.0, 1.0-4.0, and 4.5-6.0 m, respectively. The modified mechanical
model of RSBHA can enhance the prediction accuracy of BUR.

When establishing the RSBHA mechanical model above, all three-moment equations and
supplementary equations need to be derived by the continuity conditions at each stabilizer or
virtual supports. To simplify the derivation process, suppose that the wellbore is a 2D arc and the
resultant steering force is along the high or low side of the wellbore. The supplementary conditions
and equations of the steering rib and the flexible sub can be derived as follows.

2.4.1. Basic Three-Moment Equations to the RSBHA

According to the beam column theory [24], basic three-moment equations corresponding to two
stabilizers and the upper tangential point of the drill string and wellbore wall can be derived directly.
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where EI; and u; denote the stiffness and the stability coefficient of the ith (i = 1~6) beam column,
respectively; g; denotes the lateral uniform load of the ith beam column due to its gravity; X(u;),
Y(u;), and Z(u;) denote the amplification factors for the tilt angle of the ith beam column end; M; and
y; denote the internal bending moment and the height of the ith support, respectively; My and y
denote the internal bending moment and the support height at the drill bit, respectively; K denotes the
curvature of the wellbore; the other variables have the same meanings as above.

Please pay attention that the basic three-moment equations corresponding to beam columns
BC1~BCS5 have been uniformed to the first equation above.

Some parameters in Equations (1) and (2) should be calculated as follows.
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where w; P;, and a; denote the line weight, the midpoint axial load, and the average inclination of the
ith (i = 1~6) beam column, respectively; Aj, Az, and A4 denote the eccentric displacements of steering
rib and the lower and upper steps of the flexible sub, respectively; “+” denotes the contact between the
stabilizer and the upper wellbore wall; “~" denotes the contact between the stabilizer and the lower
wellbore wall; the other variables have the same meanings as above.

Regardless of the wellbore enlargement and the bending moment at the drill bit, let My =0, yo =0,
wo=0,Lg=0,Py = Py (weight-on-bit, WOB), and 9 = a; (inclination of the current wellbore
bottom). All equations above contain 9 unknown parameters, M; (i = 1~5), Lg, y1, ¥3, and y4. In fact,
the eccentric displacements, A1, A3, and Ay, are implicit in y1, y», and y3, respectively. The number of
the unknown values is greater than that of the given equations. Some supplementary equations to the
steerable rib and the steps of the flexible sub must be added to the RSBHA mechanical model.

2.4.2. Supplementary Condition and Equation of the Steering Rib

As for the steering rib, the eccentric stabilizer treatment method is adopted. The first two beam
columns BC1 and BC2 are picked out and showed in Figure 3. Here, the bending moments My,
M;, and M, are basic unknown parameters and the eccentric displacement A; is a supplementary
unknown parameter.

The supplementary condition to the steering rib is that the support force is equal to the steering
force and denoted by Equation (8).

=QFk-0Qf (8)
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where F; denotes the resultant steering force of steering rib; Qlf and Q% are the shear forces corresponding
to the right end of the first beam and the left end of the second beam, respectively.

qz » R

R
1

Figure 3. Force analyses of the beam columns related to the steering rib.

According to the beam column theory [24], the supplementary equation was derived and showed
by Equation (9). Here, M1, M3, and y; are unknown values; y; contains the additional unknown value
A1 (the eccentric displacement of the steerable rib).

Mo _( 1 1 )M M> (P1 &) C_F il + @l Piyo  Pay 9
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2.4.3. Supplementary Condition and Equation of the Flexible Sub

As for the flexible sub, three beam columns BC3 to BC5 are picked out and showed in Figure 4.
Here, the bending moments M; (i = 2~5) are basic unknown parameters, and the eccentric displacements
Az at lower step and A4 at upper step are supplementary unknown parameters and implicit in y3 and
y4. Two supplementary conditions are required to derive two supplementary equations.

The supplementary condition to a step of the flexible sub is that the shear forces of two sides of
the step are equal and denoted by Equations (10) and (11).

Q¥ =% (10)

Qf =0t (11)

where Qg and Qi are the shear forces corresponding to the right end of the third beam (left side of the
lower step) and the left end of the fourth beam (right side of the lower step), respectively; fo and Qé
are the shear forces corresponding to the right end of the fourth beam (left side of the upper step) and
the left end of the fifth beam (right side of the upper step), respectively.

According to the beam column theory [24], the supplementary equations were derived and
showed by Equations (12) and (13). Here, M; (i = 2~5), y3, and y4 are unknown values; y3 and y4
contain the additional values A3 and Ay, respectively.

M+ == = 12
L3 - 3t L3 Ly 2 (12)

M, (1 1 My Y3 ya\p (4= ¥3)p g3Ls + q4L4
Is \L; 'L L TI; ) 4
3 L4 4
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Up to now;, all equations of the 2D RSBHA mechanical model are derived. All equations should
put into one equation set and solved by numerical solution.

L3 114 ol o

Figure 4. Force analyses of the beam columns related to the flexible sub.

2.4.4. Simple Discussion of the 3D RSBHA Mechanical Model

The above 2D mechanical model is only applicable to 2D wellbores, and the tool face angle (TFA) is
0° (the steering force is along the high-side direction) or 180° (along the low-side direction). Under the
other conditions, the 3D RSBHA mechanical model also can be established and solved according to
the beam column theory [24]. In short, the 3D wellbore and 3D steering force all can be decomposed
into the inclination plane P and the azimuth plane Q, and then, the 3D RSBHA mechanical model
can be transformed into two 2D mechanical models and solved separately. The basic equation sets
corresponding to the P and Q planes can be derived in a straightforward manner and omitted here.

The purpose to set up and solve the RSBHA mechanical model is to solve the lateral force(s) and
tilt angle(s) of the drill bit, and then, predict the BUR. Here, only the equations involving lateral forces
and tilt angles of the drill bit are listed and showed by Equations (14)—(17).

Pyyip | Mpl1 | Myp
Nip = — 14
bP ( L T L (14)
3
_ Jply MipLy Y1p
Pying Mg
R 19
MigLy Y10
Apg = mz(m) I (17)

where Nyp and App denote the lateral force and the tilt angle of the drill bit on the inclination plane
D, respectively; Nyg and Apg denote the lateral force and the tilt angle of the drill bit on the azimuth
plane Q, respectively. Normally, when Npp and Ap are positive (along the high side of the wellbore),
the inclination shows an increasing trend, while a decreasing trend is observed when Np and Ap are
negative (along the low side of the wellbore). When N, and A;( are positive, it shows an increasing
azimuth tendency, and there is a decreasing azimuth tendency if N;g and Ay are negative.
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3. Modified BUR Prediction Method

3.1. Principle of the ETM and Its Modifications

The principles of the ECM and ETM are shown in Figure 5 [16]. Here, x” indicates the current
wellbore axial direction (tangential direction); z” indicates the current wellbore high-side direction; v’
is determined by x’, z’, and the right-hand rule; unit vectors ej, e?, and e: denote the directions of the
resultant drilling velocity (called as the drilling tendency direction), the resultant force, and the axial
of the drill bit, respectively; the angle A, between the drilling tendency direction and wellbore axial
direction is called the drilling tendency angle. If unit vector e_; is above the x’ axis, it means that A, > 0;
if ej is below the x’ axis, it means that A, < 0; if ej is along the x” axis, it means that A, = 0.

Figure 5. Drilling tendency analysis.

The ETM considers that the drilling direction is determined by the resultant drilling velocity at the
drill bit. If the lateral drilling velocity is not equal to 0, it means that A, # 0, and then, the new drilling
wellbore curvature will increase (A, > 0) or decrease (A, < 0). If the lateral drilling velocity is equal to
0, it means that |A,;| = 0, and the new drilling wellbore curvature has reached to the equilibrium value
and can be selected as the predicted BUR corresponding to the given drilling condition. Compared to
the ETM, the ECM considers that the drilling direction is determined by the resultant force at drill bit.
If the lateral component force ultimately turns into 0, the new drilling wellbore curvature is selected
as the predicted BUR corresponding. In fact, only ETM combines with the drill bit-rock interaction
model [26] and totally takes into account the effects of the wellbore geometry, the BHA mechanical
model, and the anisotropic features of the drill bit and formation. As a result, its BUR prediction result
is relatively accurate.

The ETM requires a trial and error approach. Under the 3D condition, the BUR is related to the
inclination and azimuth. Itis difficult to adjust the next trial value of BUR (wellbore curvature) based on
the previous value of A,. In view of this problem, A, is decomposed onto the P and Q planes, denoted by
inclination tendency angle (Ap) and azimuth tendency angle (Ag), respectively. These two factors
are employed to test the trial values of inclination and azimuth. The effect of formation anisotropy is
ignored in this analysis. A simple and practical set of equations for the inclination tendency angle Ap
and azimuth tendency angle Ag are derived as follows.

[ Pe(1=1) tan App + Nip(tan? Ayp + 1)
Py(1 + I tan? Ayp) + Npp(1 = I) tan App

Ao = tan1| Py(1—-1y) tan Apg + N;,Q(tan2 Apg + Ib)
© Py(1+ Iy tan? Ayo) + Ny (1 - 1) tan Ay

Ap = tan
(18)

where I}, denotes the drill bit anisotropic index; the subscript p indicates the P or Q plane.
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3.2. Solution Procedure for the ETM

Taking the 3D problem as an example, the modified procedure for predicting the BUR by the
ETM is shown in Figure 6. According to the given drilling conditions, the inclination and azimuth
are estimated at first. Then, the above RSBHA mechanical model is applied to obtain the lateral
forces and tilt angles of the drill bit on the P and Q planes, respectively, and finally, Equation (18)
is used to calculate the inclination tendency angle Ap and azimuth tendency angle Ag. If Ap # 0 or
Ag # 0, then inclination or azimuth are re-estimated, and the above calculation steps are repeated.
When re-estimating the inclination and azimuth, if Ap > 0 or Ag > 0, the estimation values are
adjusted to increase the inclination change rate or azimuth change rate; otherwise, if Ap < 0 or Ap <0,
the inclination or azimuth estimation are adjusted to decrease the inclination change rate or azimuth
change rate. After several trial calculations, if [Ap| = 0 and (AQ| ~ 0, the trial calculation is terminated.
Simulation analysis shows that the modified method can be used to adjust the trial values of inclination
and azimuth after the previous trial, which can significantly reduce the times of trial calculation and
improve solution efficiency.

RSBHA Configurations Wellbore parameters Drilling parameters
[ I
A
Decrease Increase . Decrease Increase
inclination inclination RSBHA mechanical model azimuth azimuth
Y N Bit lateral force & Bit tilt angle Y N

I
v v

Inclination tendency angle A, Inclination tendency angle A,

| Expected inclination & azimuth |

Figure 6. Solution procedure of the ETM.

4. Case Calculation and Analysis

A test case is chosen from a shale gas horizontal well in southwest China. The RSBHA is shown
in Figures 1 and 2. The known conditions of the test case are listed in Table 1. The wellpath control
instructions of RSS and measured wellpath data are shown in Table 2.

Table 1. Known conditions of the test case.

Dg/mm 1900 diy/mm  55.0 Li/m 0.6 Dp/mm 2159
Dgo/mm 1900  dp/mm 55.0 Lo/m 2.4 Dg/mm  213.0
Dg/mm 1780 dz/mm 572  Lz/m 0.7 Dgp/mm  213.0
Dy/mm  127.0 dgy/mm 572  L4y/m 1.2 I 0.035
Des/mm 1780 ds/mm  57.2 Ls/m 4.5
De/mm 1780 dg/mm 572  Lg/m 15.0
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Table 2. Measured wellpath data vs. predicted wellpath data.

Measured Values Predicted Values by ETM Predicted Values by ECM
TMD dL Wellpath Control
(m) (m) INC AZ1 BUR Instructions INC AZI BUR INC AZ1 BUR
©) ©) (°/30 m) ©) ©) (°/30 m) ©) ©) (°/30 m)
2838.04 / 16.61 159.59 / / / / / / /
2846.51 8.47 18.11 162.29 6.03 60 KN 100%. 30° 18.14 162.29 6.11 20.21 165.84 14.55
2858.42 11.91 20.57 163.29 6.25 ! o 20.26 165.72 6.12 23.20 170.14 14.59
2868.44 10.02  22.06 165.09 4.87 22.39 165.88 6.13 24.86 169.32 14.61
2875.27 6.83 22.76 163.89 3.67 23.15 164.46 491 25.33 163.01 14.81
2891.21 1594  24.79 161.89 411 80 kN, 100%, 345° 25.31 162.49 4.92 30.41 159.54 14.85
2904.45 1324  26.63 160.99 4.26 26.91 160.82 4.93 31.14 158.44 14.86
2934.09 29.64 30.5 164.39 4.25 80 kN, 100%, 15° 31.42 163.08 4.96 40.89 167.53 14.89
2946.77 12.68 31.11 164.49 1.45 80 KN 33%. 30° 31.30 165.00 2.04 32.57 166.35 5.45
2963.79 17.02 31.38 166.29 1.71 ! i 32.12 166.26 2.04 33.88 167.04 5.44
2992.96 29.17  35.77 165.89 4.52 80 KN 100%. 355° 36.18 165.92 494 45.85 164.35 14.94
3004.08 11.12 36.91 164.19 4.10 ! i 37.58 165.92 4.88 41.28 165.15 14.93
3020.87 16.79 37.62 163.09 1.74 80 kN, 33%, 330° 37.96 163.49 2.03 38.71 162.74 541
3027.07 6.20 38.32 162.29 414 80 KN 100%, 345° 38.64 162.76 5.04 40.60 161.89 14.89
3050.04 2297  40.61 159.79 3.64 ! i 42.14 161.11 5.08 49.38 158.22 14.90
3079.22 29.18 45.88 157.69 5.62 60 KN. 100%. 345° 46.53 157.90 6.23 54.63 154.99 14.87
3088.83 9.61 47.99 156.79 6.90 ! o 47.83 157.10 6.24 50.50 156.13 14.86
3102.53 13.70  49.83 156.79 4.03 49.63 157.25 3.67 52.50 158.31 10.20
3109.50 6.97 50.36 156.99 2.37 80 kN 66%. 15° 50.66 157.02 3.67 52.12 157.56 10.20
3125.79 16.29 52.29 157.89 3.78 1R 52.31 157.52 3.66 55.70 158.73 10.16
3137.74 1195 53.61 158.69 3.85 53.72 158.27 3.66 56.20 159.15 10.15
3150.22 1248  54.49 157.99 2.50 80 kN, 66%, 345° 55.10 158.30 3.66 57.69 157.40 10.14
Average absolute error/ Maximum absolute error 0.43/1.53 0.59/2.43 0.67/1.44  4.10/10.391.82/6.85 8.38/11.26

9o0f12

Note: (1) TMD, INC, and AZI denote the measured depth, the inclination, and the azimuth of at a survey station; dL denotes the measured depth increment of a survey interval. (2) The
push-the-bit RSS is accustomed to use a set of wellpath control instruction with the WOB, the relative steering force and the tool-face angle. For example, “90 kN, 100%, 345°” means that
the WOB is 90 kN, and the relative steering force is 100% of the maximum value (22.5 kN), and the high side tool face angle is 345°.
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The RSBHA mechanical model proposed in this paper is employed to calculate the lateral forces
and tilt angles of drill bit at different survey stations, and then, the ETM and ECM are adopted to predict
the BURSs, inclinations, and azimuths simultaneously. All measured wellpath data and predicted
wellpath data are summarized in Table 2 and Figure 7.

Inclination(® ) Azimuth(° ) BUR(® /30m)
2800 T T T T 1 2800 T T T — 2800 TTT T T T T T
o 20 30 40 50 60 150 155 160 165 170 175 2 4 6 8 10 12 14 16
2850 - % . . g ©
\\,AA 2850 2850 S 6
)\A}t %
@ )
2900 % A, 2900 1 2900 1 6
2 I 2 = L
S 2950 L 5 2950 - 5 29501 gats
) A Q (o) @
. ] [ ..
= ‘A o] -
& 3000 b © 3000 & 3000 1 -
g A,A S S ¢ P o
= 3050- 4 = = :
@ 3 3050 & 3050 1 ®
&= W = = o
i \ o
S100 }é 3100 3100 - o
N < :
))A- ] 5
150 a -
R T N— 3150 - 31501 ¢ °
Inc—predicted by ETM —— Azi-measured —o— DLS—measured
..o Inc—predicted by ECM Azi-predicted by ETM DLS-predicted by ETM
3200 - 3200_--4>< Azi-predicted by ECM 3200_“0" DLS-predicted by ECM

Figure 7. Measured wellpath data vs. predicted wellpath data.

It can be seen that when using the ETM proposed, the predicted wellpath data (inclination,
azimuth, and BUR) are totally more accurate than those of the traditional ECMs. The average absolute
errors of inclination, azimuth, and BUR at each survey station or section are 0.43°, 0.59°, and 0.67°/30 m,
respectively. Only a few survey stations or sections have larger errors. Compared to the ECM, the ETM
can enhance the BUR prediction accuracy greatly and meet the drilling requirements.

The test case analyses have also showed that the predicted BUR of ECM is always quite larger
than the true values. That is why its modified methods use two coefficients to decrease the values [15].

The simulation analyses have also verified that the modified mechanical model of RSBHA in this
article can enhance the accuracy of lateral forces and tilt angles of the drill bit, and the modified ETM
under the 3D condition could reduce trial calculation times and improve the solution efficiency.

5. Conclusions

In this article, a powerful BUR prediction method for the static push-the-bit RSS is reconstructed
and verified by an instance analysis. Some instructive conclusions and understandings are obtained
for the development and application of the static push-the-bit RSS.

(1) When establishing the RSBHA mechanical model by using the beam column method, the steering
rib should be considered as an eccentric stabilizer.

(2) For the beam column between two stabilizers, it should be rearranged into three beam columns,
and the two steps of the flexible sub should be considered as virtual supports.

(3) Under 3D conditions, the total drilling tendency angle should be denoted by inclination tendency
angle and azimuth tendency angle to enhance the solution efficiency.

(4) The ETM to predict the BUR can enhance the wellpath prediction accuracy than those of traditional
methods. Its average forecast error of BUR is less than 1°/30 m.
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Nomenclature

RSS rotary steerable system

BUR build-up rate

BHA bottom-hole assembly

RSBHA  rotary steerable bottom-hole assembly
TPCM three-point circular method

ECM equilibrium curvature method

ET™M equilibrium tendency method

TMD true measured depth of a survey station
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