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Abstract: This article presents a static model of bottom hole
assembly (BHA) with rotary steerable system (RSS). This model is
aimed at estimation of control actions generated by RSS actuators
upon drilling path definition. The model can be also applied for
estimation of BHA strength properties.
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I. INTRODUCTION

M odernization of oil and gas industry in the frames of

strategy of development of power sector is the prioritized
trend providing steady economic advance. This strategy
solves major problems aimed at increased efficiency of
exploration, drilling, engineering and development of new
deposits. This should be supported by hi-tech intelligent
integrated systems[1-4].

Nowadays drilling of oil-and-gas wells of complicated
profile is widely applied (shelf, hard-to-recover reserves,
shale oil and gas). Sidetracking is widely applied in order to
reduce total capital costs, to increase well yield, to improve
drainage of natural oil and gas reservoirs. Construction of
such compound wells with inclined and horizontal segments
isadifficult problem accompanied by high risks[5].

Directional drilling can be conventionally carried out using
several methods: with specialized whipstocks, jet drilling
bits, downhole drilling motors with bend adapters or bend
bodies, rotary steering systems (RSS): rotary steering drilling
(RSD).

The latter method was introduced in the early 2000s
aiming at increase in drilling efficiency, it is applied mainly
for drilling of compound wells. The main peculiar feature of
RSD is generation of rock cutting moment by rotation of
overal drilling string, it is especialy efficient upon
construction of compound wells, in this case drilling bit
moves along predefined path together with continuous
rotation of drilling string, which significantly improves
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borehole cleaning and reduces possible freezing [6-8].
Drilling directionis modified by RSSinstalled in bottom hole
assembly (BHA) directly after drilling bit, it is carried out
continuously during drilling. Application of RSD
significantly decreases drilling time by elimination of drilling
tool round trips and formation of smooth (and not piecewise
linear) drilling path, which reduces risks upon subseguent
well casing.

A practicadl RSS embodiment is the variant with
geostationary ~ whipstock  implementing  Push-the-Bit
procedure when guiding force is provided by striking of
elements against well wall, these elements are protruded
from whipstock: the so called shoes (Fig. 1).
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Fig. 1: BHA with geostationary whipstock

The following positions are designated in Fig. 1. the
drilling bit (1); the RSS geostationary whipstock (2), whichis
decoupled with drilling by the radial (3) and the radia thrust
(4) bearings; the steerable whipstock shoes (5); the bottom
(6) and the top (7) stabilizers; the elastic insertion (8).

The main power section of RSS is located in the
geostationary whipstock decoupled from rotating drilling
string by means of bearings. The steerable whipstock shoes
create force which displaces drilling bit to the required
direction according to well design. The bottom and the top
stabilizers striking against well walls are separated by the
elastic insertion which decreases the influence of remaining
drilling string on the forces required for modification
(curving) of well path to desired direction.

In assemblies of such type the stabilizers striking against
well walls act as thrust points (pivots) and alow to deflect
BHA into desired direction. Generally, deflection takes place
due to the flexible insertion characterized by lower bending
and torsional rigidity. Similar assemblies were studied in
[9-14]. However, in these works the subject matter was not
equipped with geostationary whipstock, and it requires for
decrease in cross section of drilling bit drive shaft.

In addition, the previous studies:

- did not account for spatial position of BHA, in particular,
direction of the force of gravity, curvature radius of well
segment where it was located;

- did not account for variable rigidity of the assembly
stipulated by modification of transversal cross section of
BHA;
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- did not pay attention to the influence of geometrical and
mechanical parameters of the flexible insertion and drilling
pipes above the bottom stabilizer on turning angles.

I1. METHODS

A. General description

This work presents analytical model of BHA with RSS
equipped with geostationary unit. Two variants of BHA with
RSS of various dimensions based on this model were studied:
for drilling bits of 220.7...250.8 mm (RSS1), and for
subseguent stages of well construction using drilling bits of
lower diameter of 155.6...188.9 mm (RSS2). These studies
were aimed at analysis of capabilities of the considered BHA
to modify drilling path in various soils, to determine their
rigidity and strength properties.

B. Block diagram

Figure 2 illustrates flowchart of loads considered by the
BHA modd. It is assumed that BHA is loaded by
compressing axial force N, distributed |oads of own weight g,
and g, act along the length, and displacing forces Fg and Fc
act on the side of geostationary unit in points of contact with
bearings. The points E and D are the locations of stabilizers
and considered as pivotal points. The point A, location of
drilling bit, is aso considered as pivotal support. BHA is
assumed to be preliminary bent and directed at the angle B to
vertical axis.
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Fig. 3: Ana]ytlcal model of statlcally indeter minate BHA

Fig. 4: Analytical model of statically reduced deter minate
BHA beam
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Figure 3 illustrates the BHA analytica model according to
which the distributed load is subdivided into constituents q;x
and 0 acting along drilling string; and bending constituents
Oy and gy These congtituents depending on  preset
inclination angle /8 are determined as follows:

tix = -cosf). oy =Cy-Sin(B). dax =0ap-cod3).

2y ZQZ'Sin(ﬂ), (1)
The forces Fg and Fc are predicted by preset force F on
RSS shoe:

FB=F-( —'—4J Fc=F- la
Iy ). o @

The beam pr%ntl ng the BHA analytical model (Fig. 3) is
conventionally subdivided into seven segments. Its
geometrical properties, thrust conditions, or acting forces are
modified at the boundaries of these segments. Each segment
is characterized by its bending rigidity EJ;, EJ,, EJs, EJ; oOr
EJs according to Fig. 3.

OZ coordinates are used along the beam axis where
respective boundaries of the segments are characterized by
own coordinates z(j = 0...7).

According to Fig. 1, due to well deflection, the points A
and D are displaced with regard to straight axis of drilling
string by the distances f, and fp. Displacement and rotation
angle of beam cross section in the support E are set to zero: fg
=0; wg=0.

Displacements of thrust points A and D can be determined
asfollows:

~R|1-cod 2%
fA_R(l co{ R D
fp = R(l— co{z“—?D
©)

The presented BHA system is two times saticaly
indeterminate (Fig. 3). In this case it isrequired to determine
the responses Ry, Rp, Re and M using only two static
equations.

Eliminating vertical support in the point A and restrictions
for rotation of beam cross section in the point E, we obtain
equivalent statically determinate system (Fig. 4). Thissystem
instead of the eliminated linkswill be affected by the force Xa
and the moment Xg which should be determined upon
solution of differential equation of beam bending.

Bend of each beam segment will be described by the
following differential equation:

yln(z) — M (Z) EI]\] yl (Z)
! ©)
where yi(2) isthe functlon of displacements of beam cross
sections with regard to its straight position, M(2) is the

bending moment in the cross section, N-yi(2) is the
bending moment generated by active longitudinal force.

Solution of such equation is obtained as the sum of partia
and general solutions:
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yi(2) =Dy Sin(c; - ) + Dy cOS(a; - 2) + A - 22+ B - 2+C; 5) The coefficient a; for each segment is defined as follows:

The terms of partia solution A;, B;, C; are determined by aiz :i

parameters of beam loading as follows: EJ; .
A g i o o%iz2A_4 _2f Equations of the remaining coefficients are summarized in
Az B2 2 2 o Table 1
ap . ap . Q 24 Q (6) .

where the coefficients a;, B;, vi, 6; are defined individually
for each beam segment.
Table 1: Equations of coefficientsin Eq. (6)

Plot No., i Coecfficients B;, vi, &

_ % _—Xa
1 B 2.8, 1B, L 6=0
Chy -Xa-Fp Fe-z
= = —— 5 =
2 )27, 2.EJ, V2 El, . 2 EJ,
-Xa-Fg—F Fe-z3+Fc-z
3 pa=-ty . _~Xa"FB-Fc 5 Fprathc-z
2'E‘]3- EJ3 . E.Js
- Xa—Fg—F Fr-zy+Fc -2
4 b= Gy ya=_TA"TBTTC 5, _TBATIC %
2'E‘J4- EJ4 . EJ4
__ %y _—Xpa—Fg-Fc-ty - Z4+ 0y -2
Ps= r5 =
2'EJ5_ E]5
5 1 b
5 _Fp-z+Fc 2+Ry 24—y - 24/ 2+ oy - 2412
5 £
_ %y _—Xa-Fe—Fc -ty z4+ 0y 2%
Pe= 76 =
2'EJ6_ E‘]6 .
6 1 1
5 _Fp-z+Fc 2+Ry 24—y - 23/ 2+ oy - 2312
6 =
_ Oy _—Xa—Fg—Fc -ty 24+ 0y - Z4
br=—t— r7=
2'E\]7_ EJ7
7 3

o7 = Fo-z1+Fc 2+ Rp 24—ty 25/ 2+Gpy - 23/2
Bz

In the considered equations, the response in Ry is as follows:

Ry = Xe—Fc-(z7-2)~Fa-(z7-2)~ Xa- (27— 20) + Gy - 24 (27— 24) 1 2+ Oy - (27— 24)° 1 2
27~ W)

C. Algorithm the point D: ya(z4) = fp - Ya(za) = y5(24)

The coefficients D;; and Dy are determined by the set of  yj(z4) = y5(24) . 6)

linear algebraic equations representing Fhe connectivity terms point between the 5th and the 6th segments:
of beam segments and boundary conditions in the points D (25) = Vo(25) YE(2s) = Yi(2s)

and E. The respective conditions for boundary pointsof beam ~ Y5'%5) = Y6l%5) ¥5(25) = Y625,

segments are as follows: the point between the 6th and the 7th segments:
the point B: %i(2)=Y,(2) ¥i(2)=Y,(2). Ye(26) = Y6(27) Y6(2Z6) = Y6(27) -
the point C: Y2(%) = ¥3(Z) ¥2(2) = ¥a(2,). thepoint & Y7(Z) = Te =0

the point between the 3rd and the 4th segments:
Va(Z) = Va(Z) ¥4(Z) = Yil(Z).
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The initial statically indeterminate problem is solved on the
basis of such forces X5 and Xg at which two additional
conditions on the supports A and E are satisfied:

Y(z0) = fa.

y7(z7) =wg =0 9)

The following set of equations should be solved:
{XA'5AA+ Xe-6ae=fa—fao

Xa Oga+ Xg - Oga=We ~Weo (10)

where 8a4 IS the increment of beam deformation in the
point A upon variation of the force Xa by 1; 8 is the
increment of beam deformation in the point A upon variation
of the moment Xg by 1; dga IS the variation of rotation angle
of beam cross section in the point E upon variation of the

force Xa by 1; g is the variation of rotation angle of beam
Ccross section in the point E upon variation of the moment Xg
by 1; fao,Wgo are the beam deformation in the point A and the
rotation angle of beam cross section in the point E,
respectively, withinitial values of forces X, and Xg; fa,we are
the preset boundary conditions which should be satisfied.

Therefore, the considered statically indeterminate problem
can be solved using the following a gorithm:

1. Presetting initial forces in the eliminated links X, = 0
and Xe=0.

2. Solving Eq. (8) of statically determinate system under
the action of preset system of forces: (Xa =0, Fg, Fc, Xg = 0).

3. Determining beam deformation fa, Wgo by equations:

f a0 = D1 Sin(en 7o) + Doy COS(on 20) + A - 25 + By 29+ Cy.
Wego = Dy7 - a7 -coslarz7) — Doz - a7 -sina7z7) + 2A7 - 27 + By

4. Presetting increment of force X,, for instance: AX, = 1.
Solving Eq. (8) of statically determinate system under the
action of new preset system of forces (Xa = AXa, Fg, Fc,Xg =
0). Herewith, the coefficients Dy;, Dy, A, B, C; will vary.

5. Finding ratios of beam deformation variations in the
point A and the rotation angle of cross section in the point E
under the action of the force X, = AX, to variation of the force
AXa=1

Spn= Dy Sin(eq2o) + Dgg COS(enZo) + A 25 + By 2+ Ci — Tag

AX 5

Sag = D17 - a7 - CoS(az77) — Doz - a7 -Sina727) + 2A7 - 77 + B — Wi

6. Presetting increment of the force Xg, for instance: AXg =
1. Solving Eq. (8) of statically determinate system under the
action of new preset system of forces (Xa = 0, Fg, Fc,Xg =
AXg). Herewith, the coefficients Dy;, Dy, A, B;, C; will vary.

AX p

7. Finding ratios of beam deformation variations in the
point A and the rotation angle of cross section in the point E
under the action of the moment Xg = AX to variation of the
moment AXg =1

Sen= Dyy Sin(enZg) + Dpy CoS{onZ0) + A 75 + B - 29+ G — fag

AXg
Sep = D17 - a7 - coslazz7) — Doy - a7 -SiN(a727) + 2A7 - Z7 + B7 —Wgg
AX p
8. Solving Eq. (10) after determination of the responses X« It was required:

and Xg- using the equations:
Xes = (We ~Weo) San—(fa— fa0) Sae
OpA OEE —OAE "OEA

X o = A= Ta0 = Xer-Ong
SpaA

9. The fina result can be obtained by solution of Eq. (8)
under the action of new forces (Xa = Xas, Fg, Fc, Xg = AXg+).
Therefore, the response Ry = Xa and the moment M = Xg. are
the reguired responses of the eliminated links of statically
indeterminate system.

The proposed model was used for determination of load
properties and substantiation of application of BHA with
RSS1 and RSS2 upon directional drilling.
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- to determine forces which should be generated by the
shoes to provide transversal displacement of drilling bit in
various soil types;

- to determine rigidity properties of BHA;

- to determine strength properties of BHA upon lateral
displacement of drilling bit.

Figure 5 exemplifies transversal cross sections of RSS1
and RSS2 used in the predictions. The material is steel with
the elasticity module E = 210 GPa. The weight per meter for
both casesis set to g1 = 2500 N/m; g2 = 2000 N/m; the well
curvature radius is R = 10° m (straight segment); the axial
force actin on BHA is N =
100 kN.

Published By:
Blue Eyes Intelligence Engineering
& Sciences Publication

Exploring Innovation



I nternational Journal of Innovative Technology and Exploring Engineering (1JI TEE)
I SSN: 2278-3075 (Online), Volume-9 I ssue-1, November 2019

OPEN aACCESS

2
1, =334 %‘O\ ;g‘* 1, =400 1, =1430
&
|
1
%0 / %, //// e - T §
= \ T BRI Rl o T
Il a 1 e 77QN777753M sl el - BN Q\: | T )
Qo <
= 1,=900 1,=1750 1,=1030 1,=2780
T T
a) RSS1
1,=334 81 | L=400 i, =1430
i )
5
- I 0\8// . \// 17 ST
o | I | | 1 ol
I > R - 7QN Ry gl - = Qc |
QO
-

1, =900

[, =1050

b) RSS2
Fig. 5: Geometrical properties of cross sections of BHA with RSS

It is known that cutting drilling takes place when the
pressure of drilling tool on soil exceeds minimum force
depending on properties of drilled rocks [15]. The same is
applicable to latera drilling. The protruded shoes should
generate such force when lateral load exceeds minimum
required cutting load. In the model, the lateral load on drilling
bit correspondsto the response R, obtained by solution of the
considered model.

The minimum required cutting load is determined as

Fpmin =05-0mp - SeL. (11)

where oyp is the ultimate strength of mechanical drilling;
S isthe bit dulling surface area in the range of 0.5-3 cm?

In numerical experiments several situations were
considered for various soils. Table 1 summarizes the ranges
of predicted lateral load on drilling bit for various soil types at
preset dulling surface area equaling to S; = 0.5 cm?.

Table 2: Predicted minimum forces of soil cutting

follows[15]:

No. Soil owp, MPa Fenin, KN

1 Chalkstone, coal, gypsum min: 18.2 4.6
max: 51.5 12.9

2 Sandstone, conglomerates min: 51.5 129
max: 62.5 15.6

3 Iron ores, sandy shales min: 62.5 15.6
max: 86 215

4 Granite, marble, dolomite min:86 215
max: 112 28

Thus, the numerical experiments determined the force F
(seeFigs 3, 4) required for creation of response on drilling bit
equaling to the forces corresponding to boundaries of rock
drillability (Table 2) at various initial BHA inclination angle
p (Fig. 1) effecting on load redistribution. The initial angle
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was set to 0, 15, 30, 45, 60, 75, and 90 degrees.

Since lateral drilling can be carried out both along and
against gravity forces, the respective forces F, and F. were
determined.

The obtained results are illustrated in Fig. 6.

Fooog

= 60000 2 = °
. —
& sooo0
5
£
5 40000 ~ —
v L - .
£ 30000 o = *
'Em 0_____-—-.-—-
- 20000
5 - . —e
© 10000 .

]

0 20 40 ] &0 100

Initialwell inclination angle B, deg

—e—Fprmin=455 kM —g—Fpriin= 12,875 kM —e—Fprmin = 15,625 kN
Fprin=21,5 kN  =——g=Fpmin= 23 kN

b) reduced BHA, load F,

Published By:
Blue Eyes Intelligence Engineering
& Sciences Publication

Exploring Innovation'



https://www.openaccess.nl/en/open-publications

Model of Bottom Hole Assembly with Rotary Steerable System

&0000

= 50000 P

i

40000

Guid shoes force
o8] (23]
o =
= =
) )
o o
[
p
y
Jl

10000

——
——

o 20 40 ] an a0

Initialwell inclination angle p,deg

—a—Fpmin= 4,53 k —e—Fpmin=12,57% kN —e—Fpmin= 15,625 kN
Fprin=215 kN —g—Fpmin=258 kM

c) typical BHA, load F_

a0000

= S0000 - -
O

40000

30000 =

o
20000 —t- . -

Guid shoes force

10000
——

u] 0 40 a0 an 100

Initialwell inclinationangle p, deg

—e—Fpmin=455 kN —g—Fpmin= 12,575 kN —e—Fpriin= 15,625 kN
Fpriin= 215 kN —a—Fprnin= 28 kN

d) reduced BHA, load F_

Fig. 6: Required force on shoesfor starting of soil cutting asa function of initial well inclination angles

While analyzing the obtained data, it is possible to
conclude that for the required lateral force Fpyin Of bit
pressure on soil, the force F of shoe striking against well wall
should be approximately by 1.7...2 time higher than the force
Fpmin. Moreover, with the increase in the initia well
inclination angle to vertical, this force dightly varies. For
BHA with RSS1, this variation is about 7...10 kN with
variation of the inclination angle from 0 to 90 degrees; for
BHA with RSS2, due to lower rigidity, thisvariation is about
5kN.

Upon drilling against BHA deadweight, as expected, the
required force on shoe increases with inclination angle (Fig.
6, g, ¢), and decreases upon drilling along the gravity forces
(Fig. 6, b, d).

The BHA bending rigidity reduced to shoe was predicted
as the ratio of increment of the force on shoe to the
displacement of free point of bit position caused by thisforce:

AF

Ya—Yao ; (12)

where ypg, Yo Weretheinitial and final displacements of the
point A after variation of load by AF. The force increment
was set to AF = 1 kN.
According to the predictions, the bending rigidity of BHA
with RSS1 reduced to shoeis: Cgpia 220= 114817 N/m; for the
design of smaller size with RSS2 the rigidity is. Cgua 160=
47754 N/m, that is, characterized by rigidity lower by 2.4
times.
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However, the shoe of smaller BHA should generate the
force by 4-8% higher to start drilling.

The BHA strength properties were determined on the basis
of maximum normal stresses oyax under the action of
bending and axial loads from several BHA cross sections.
Normal stresses for the j-th cross section were determined as
follows:

-N M J
R + —_

O'j=
AW

; (13)
GMAXZmaX(O'J') aj=1 n

where j was the number of BHA beam cross section; i was
the number of BHA beam segment containing the considered
cross section; Ai was the surface area of cross section of the
D? - d?
A=r———
respective i-th beam segment 4 ; Wi was the
modulus of the i-th beam segment containing the considered
cross section j; Mj was the acting bending moment in the
Cross section j.

D. Flow chart

According to Fig. 7, the maximum normal stressesin BHA
with RSS2 significantly exceed those in the beam
corresponding to BHA with RSS1. Even upon drilling of
sufficiently soft rocks, the stresses equal to 180-200 M Pa.
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Fig. 7: Maximum normal stressesin BHA under load on shoe required for starting of soil cutting as a function of initial well
inclination angles

1. RESULT AND DISCUSSION

According to the obtained results, the maximum
deformation of BHA beam with RSS1 was from 5 to 20 mm
depending on acting predicted load. For BHA with RSS2, the
predicted deformation is 18-100 mm.

Therefore, the predicted deformation of BHA with RSS2
for provision of effort required for drilling should be higher
than the gap with well walls, this should be considered while
selecting directional drilling modes using RSS2 depending
on soil strength.

V. CONCLUSION

The proposed model of BHA with RSS made it possible to
define the main RSS specifications for provision of reliable
controlled drilling. The obtained results demonstrated that
the efforts generated by RSS shoes should be by at least two
times higher than the minimum effort reguired for drilling.
Due to decrease in rigidity and strength of bottom hole
assemblies with RSS of lower diameters, their application
should be based on selection of drilling modes with
consideration for soil strength.
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