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Abstract

A statistical model of the choice of non-steerable bottom hole assembly (BHA) for drilling stabilized well bores is
proposed. based on the results of analysis of the field data and taking into account multifunctional requirements under conditions
of information uncertainty. The algorithm for calculating the static and dynamic characteristics of non-steerable BHAs with non-
gauged support-centering elements (SCEs) is specified. There are developed algorithms for solving the problem of the BHA

choice.
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The efficiency of the technology of drilling
stabilized welibores depends on the usc of BHA, which
determines the quality of the wellbore, the technical and
economic performance of drill bits. This leads to
multifunctional requirements for BHA, which depend
on the geological and technical conditions of drilling.
The choice of BHA requires information on the effect of
the process and technological parameters on the quality
of the wellbore under appropriate conditions.

The problem of choosing BHA has been studied in
its various aspecls by many researchers [1-4]. When
drilling stabilized vertical and inclined wcll bores, BHA
is used for various functional purposes and design
features, the main task of which is to form the wellbore
and to contro! the trajectory of the well [5].

It is known that the number and location of SCEs
affects the shape of the well. A.A. Derkach [6] points to
a betier wellbore with rigid BHAs. Ensuring the
straightness of the inclincd section or the verticality of
the wellbore with the shape of the cross-section in the
form of a circle 1s, as it is well known, one of the hasic
requircments for qualitative cementing of casing strings
[71.

The choice of BHAs (drill collar (DC), number of
SCEs, their location and other constituent elements) is
based on the initial data on drilling conditions and the
results of their static and dynamic calculations [1-5, 8, 9).
Static characteristics include the bit side force, the angle
of inclination of the bit axis to the well axis. the
reactions to the SCEs, the contact point of the DC with

*  Corresponding author:
mmyslyuk @ukr.net

© 2018. Ivano-Frankivsk National Technical
University of Oil and Gas.
All rights reserved.

the well wall. The dynamic characteristics are natural
frequencies of oscillations, amplitude and frequency
characteristics, and others.

Analysis of drilling technologies of stabilized well
bores indicatcs that the requirements for BHA and ficld
data arc inaccurate, as well as information uncertainty
about the zenith angle of the borehole, the parameters of
the drilling mode and the well (the presence of local
uncvenness of the walls and caverns).

Model of BHA selection

In general, the choice of non-steerable BHA is
performed taking into  account multifunctional
requirements, reflecting its effcctiveness depending on
technical, technological and natural factors [10]. Since a
number of factors affecting stabilization of the wellbore
during drilling are random, the statistical model of
decision making should be the basis for justifying the
BHA [10].

For the corresponding intervals of dircctional
wells, depending on the geometric parameters of the
trajectorics and drilling conditions, the requirements
that can be implemented in a certain class of 2 layouts
have been formed. The choice of BHA should
correspond to the system of constraints, which reflects
the requirements for well construction conditions,
taking into account information uncertainty, and is
formalized in the form of a statistical decision-making
model as follows

R(p',a‘)—>min, ved, p'eD";
o(p’)<0.
where R(p".a") is a risk of the v " BHA of class of ¢

(1

layouts; p* ={p!,p},....p} }T is the vector of variable

parameter of the v ™ BHA with the definition arca D" ;
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a"=(a,",a;',...a")T is  the

7 m

vector of known

parameters; @{p") is the system of restrictions for the
parameters of the BHA.

The system (a(p") defines limitations on drilling
mode parameters, geometric paramelters and stiffness of
the BHA clements, their static and dynamic
characteristics in order to ensure the efficiency and
quality of well drilling. The model (1) also takes into
account the information uncertainty of some parameters
(the zenith angle of the well, parameters of the drilling
mode. coordinaltes of the points of contact of the SCE to
the well walls, the presence of local caverns). The class
¢ ol alternative variants of BHA is defined by the
design features, dimensions and placement of their
elements.

The risk function R(p*,a") determines the
probability of violation ot the conditions for solving the

problem of cstimating the static and dynamic
characteristics of the BHA due to inaccurate
information of the decision-making model. Risk

assessment is based on statistical modeling and analysis
of the results obtained [11].

To evaluate the static and dynamic characteristics
of thc BHA in conditions ol information uncertainty of
the contact of the SCEs with the borehole wall, a model
for a flat design scheme was used [8]. The calculation is
performed in the ANSYS Mechanical APDL [12]
environment and software [8].

Features of calculating BHA characteristics
with non-gauged SCEs

Non-steerable BHAs, especially multi-supporting
BHAs, may include non-gauged SCEs. This is due to
certain functional requirements for the bottom of the
drill string (for example, preventing sticking, ctc.) or
wear of the SCEs. Forming estimates of the static and
dynamic characteristics of the BHA, including one or
more non-gauged SCEs, has certain peculiarities due to
the uncertainty of the boundary condition for the static
displaccment [8], as well as the possibility of the
absence of SCE contact with the borehole wall.

In the ANSYS soltware environment, there can be
[ormalized the calculation of the static and dynamic
characteristics of the BHA as a task of selecting the
design model, which allows various possible
combinations P ol missing contacts of non-gauged
SCEs with the well wall

min TI(L,)/L, =7, |w,(x)<a,.re P, @
where TI(L } is the total deformation energy of the

hottom of the drill string from the face (o the point of
contact L, with the borchole wall for the r™ calculation

scheme; w, (x}) is the displacement in the locations of

non-contacting SCE for the r™ calculation scheme; A,
is a radial clcarancc of non-contacting SCE.

Condition (2) reflects, in fact, the Rayleigh-Ritz
Variation Method, which is used as a basis for applying
the finite element method.

et us consider an example of calculating the BHA
in the ANSYS softwarc environment with non-gauged
SCEs for drilling an inclined well for such initial data
a =15.0°, p=1140 kg/m", G =150 kN, @=70 min".
The BHA includes four SCEs, the first from the bit is
full-sized, and the rest are non-gauged. Geometric
characteristics of BHA are given in Table. 1.

Table 1 - Geometric characteristics of the BHA
with non-gauged SCEs

The element | D, d, | | q, 3

oftheBHA | mm |mm| m |kg/m| mm
Bit 2953 | 80 | 040 | 400 -
DC 216 | 80 | 2.76 | 245 —
SCE 2953 | 80 | 0.67 | 400 0
DC 216 | 80 | 0.33 | 245 -
SCE 2953 | 80 | 0.67 | 400 0.75
DC 216 | 80 | 6.83 | 245 -
SCE 295341 80 | 0.67 | 400 1.00
DC 216 | 80 | 5.33 | 245 —
SCE 20531 80 [ 0.67 | 400 | 1.50
DC 216 | 80 | 66.67 | 245 -

BHA was calculated by static (bit side force,
reactions to SCEs, distance from the bit to the point of
contact of the bit with the borehole wall) and dynamic
(natural  frequencies of transverse oscillations)
characteristics. Also, there was determined deformation
energy of the bottom of the drill string from the bit to
the point of contact between the DC and the well wall.

Table 2 shows the results of BHA calculations for
four variants. For the first variant, it is assumed that all
SCEs contact the well wall, for the second variant — the
second SCE does not contact, for the third variant — the
third SCE does not contact, and for the fourth variant —
the sccond and third SCEs do not contact, The absence
of contacts of non-gauged SCEs are illustrated by the
values of the deformations of the elastic axis of the
bottom of the drill string at their locations.

Based on the results of calculations (Table 2), the
minimum value of the specific strain energy of the BHA
is 0.029 MIJ/m, which corresponds to the second version
of the BHA. Thus, the second non-gauged SCE does not
contact the wall of the well and does not fulfill its
functional purpose.

BHA selection algorithm

The basis for selecting non-steerable BHAs is the
analysis of drilling data in similar geological and
technical conditions, and design technological
parameters, They form the input data of the model (1),
which include, in particular, the class of the % set of
permissible alternatives and the system of restrictions

qa( p") on the parameters of the BHA.
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Table 2 — Results of calculation of multi-supported BHA with non-gauged SCEs

Parameters . 'Nu‘méﬁcaj values for BHA variants
S 1 ] 2 3. b 4
Initial data
Diameter of thc SCE, mm / distance from the
bit to the SCE, m:
the 1% 2953/3.5 295.3/3.5 2953/3.5 295.3/3.5
the 2 293.8/4.5 - 203.8/4.5 -
the 3 203.3/12.0 | 2933/120 - -
the 4" 2923/18.0 | 292.3/18.0 | 2923/18.0 | 292,3/18.0
Calculated characteristics
The deflecting force on the bit, kN -2.39 2.82 -2.81 0.11
Reaction to SCE, kN:
the 1* 27.43 4.84 22.64 5.19
the 2™ -20.78 - -14.84 -
the 3" 2.31 3.98 - -
the 4” 9.43 10.02 10.69 10.30
The distance from the bit to the point of contact
of the DC with the well wall, m 27.18 27.53 27.28 27.38
Strain energy, MJ 1.49 0.81 1.51 1.52
Specific strain energy, MJ/m 0.054 0.029 0.055 0.056
Natural frequencies, Hz:
the 1% 0.59-10™ 0.51:10* 0.4210" 0.55-10*
the 2™ 0.88:10" 0.62-10" 5.50 0.60-10"
the 3 14.28 10.36 5.72 9.41
the 4™ 21.60 13.35 18.34 12.39
the 5% 31,75 24.78 19.62 25.34
the 6™ 35.50 30.94 29.82 30.14

In principle, the class #* can include alternatives
using rotary stecrable systems [13]. The main clement
of rotary steerable syslems is the orientation
mechanism, which is installed above the bit. Following
the mechanism of bit orientation, as a rule, navigation
control systems for drilling and other clements are
installed, among which there are also SCEs. The
tocation of the SCEs can be justified using the decision-
making model (1). Restrictions on the static
characteristics of BHA are reasonable to build based on
the results of analysis of field data.

To choose the BHA using thc model (1), two
methodological approaches can be used.

According to the first one, it is belicved that there
is available a set A={a}, i=1m of acceptable
alternatives of BHA for such drilling conditions, based
on the analysis of field data. It is necessary to choosc
the layout option a", corresponding to the minimum
risk condition, from this set for the given drilling
conditions (1).

The procedure for choosing
implemented in the seqguence as follows.

the BHA is

1. To generatc the set Az{a,.},t':m of

alternative BHAs variants based on the analysis of the
industry data.

2. To build the estimates of the static and dynamic
characteristics of the alternatives A for the given
drilling conditions.
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3. To form a subset of equivalent A, € A BHAs
variants that correspond to the conditions of the
problem, based on the analysis of static and dynamic
characteristics of variants A model (1).

4. If the subsct A, =& is empty (i.e. it does not
contain alternatives that corrcspond to the conditions of
the problem (1)), then construct a new set A and go 1o
step 2.

5. To build risk assessments R(p',a") for a
subset A, of equivalent BHA variants.

6. To choose the variant « of BHA,
corresponding to the minimum risk, from the condition
(1).

The second approach is based on the design of the
BHA for the given drilling conditions using heuristic
idcas and methods for planning numerical experiments.
Its implementation can be submitted by such
procedures.

1. To form the class ¢ of the set of permissible
BHAs variants, bascd on the initial information
(diameter of the DC, the number and diameters of the
SCEs, etc.).

2. To build a zero v =0 approximation of the
BHA variantin the class ¢#, using heuristic ideas or
industrial data.

3. To build the estimates of the static and dynamic
characteristics of the v ™ BHA variant and perform their
analysis for compliance with the conditions of the
problem (1).
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4. In case the BHA characteristics do not match to
the conditions of the problem (1) go to step 7.

5. To build the risk asscssment of the BHA variant,
using Monte Carlo methods, based on information
uncertainty,

6. If the nisk satisfics the conditions of the task (1),
then the results of the choice of the ' variant of BHA
are (0 be shown.

7. Using heuristic ideas and methods of experiment
planning, to build v+1 approximation of the BHA
variant. Go to step 3.

Illustration of choosing BHA

Let's consider the choice of BHA for the following
data: a bit with a diameter of 295.3 mm; a zenith angle
of the borehole distortion @ =17°; an axial load on the
bit G =170-190 kN; the bit rotation frequency is
w= 70-90 min'; the density of the drilling mud
p,=1170 kg/m’; the length 203 mm of DC with
internal diameter 80 mm . =150 m; the length of the
SCE contact surface /, = 600 mm. The class ¢ of the

set of admissible variants includes BHAs with three or
more full-size SCEs.

To choose the BHA, we use the dynamic stability
condition, which reflects the nature of the attenuation of
the distribution curve of the transverse oscillations
amplitude of the drill string bottom, which are disturbed
by the bit operation at the bottom [5, 8, 10]. BHA is
considered to be dynamically stable if it provides
attenuation of transverse oscillation amplitudes, i.e.
dp-fay <1 (and only a,./a, =1 on the bit), where a,

is the amplitude of transverse displacements on the bit,

ap. is the amplitude of transverse displacements of the

drill string bottom [5, 8. 10]. Otherwise, BHA is
considered to be dynamically unstable. Since it is
possible to use three-roller bits and PDC bits with
different frequencies of disturbing forces for the drilling
of wells, the BHA must meet the dynamic stability
condition for these bits.

To cnsure the stabilization of the curvature,
the transverse force on the bit is assumed to be

[F,]=1.4 kN. In order to model the influence of local

caverns on the efficiency of the BHA in the problem
(1), it is additionally assumed that the dynamic stability
is ensured at the bottom and the curvature is stabilized
in the absence of one contact (an arbitrary one) of the
SCE with the borchole wall [10].

The BHA is chosen according to the second
algorithm. The zcro approximation of the location of the
three SCEs was made wsing the method of planning
numerical experiments for the criterion of the minimum

bit side force |FB| and ensuring the conditions for the
dynamic stability of the BHA [S, 8, 10]. Coordinates
of the location of the SCE centers are x =3.5 m,
%,=9.0 m, x,=18.0 m. Table 3 shows the calculatcd

values of the static and dynamic characteristics of the
BHA.

The risk indicators of alternative BHA variants are
built by the method of statistical modeling of inaccurate
information (Monte Carlo) in a simple sitvation. The
zenith angle was modeled as a statistically independent
normal random variable with a mathematical
expectation m, =17° and a standard deviation o, =1°.

The parameters of the drilling mode and the coordinates
of the contact points of the SCEs with the borchole wall
were modeled as statistically independent uniformly
distributed random variables in a given interval of their
variation (for contact points x, £ /2 ). The local caverns

were modeled by the absence (presence) of the contact
of onc of the SCHs with the borehole wall as a
uniformly distributed discrete random variable. The
number of statistical experiments equals 100,

For the given example, the alternative BHA
variants are evaluated according to (1) by the indicators
of the risks of violation of the conditions of dynamic
stability r, and stabilization of curvature r, , as well as

their conjunction # A7, and disjunction r, vr,. Thesc

indicators are important during the procedure [for
selecting an alternative variant according to (1) and are
given in Table 3. Note that the sclected BHA with three
SCEs has high valucs of risk indicators and does not
satisfy the conditions of problem (1). Clarification of
the coordinates of the SCEs location did not provide
low levels of risk indicators.

Table 3 — Assessment of characteristics of the BHAs

Characteristics Number of SCEs
of the BHAs 3 [ 4 | -5
Static Characteristics
Fy kN -0.24 0.47 0.01
R ,kN 5,69 1.35 2.09
R, kN -6.39 5.36 -2.06
R, ,kN 16.35 -1.70 6.49
R, kN - 14.37 -8.47
R, kN - - 17.90
L,m 29.40 35.80 30.50
Dynamic Characteristics
max (ap./a,) | 1.0/1.0 | 1.0/1.0 1.0/1.0
Risk Indicators
7, 0.51 0.39 0.09
r, 0.29/0.3210.34/0.14|0.07 /0.00
rAY, 0.20/0.0410.22/0.01 | 0.02/0.00
rvr, 0.60/0.7910.52/0.53 [ 0.14/0.09

Note. The numerator shows the values of characteristics for
the three-roller bit, and the denominator shows that of the
PDC hits.

In this case, we increase the number of SCEs and
again find the coordinates of their location x, =2.0 m,
x,=7.0m, x,;=12.0 m, x,=22.0 m, Table 3 shows the

characteristics and risk indicators of the BHA with four
SCEs, insufficient for the conditions of the problem (1)
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Figure 1 — Diagrams of stabilization of the borehole curvature (@) and dynamic stability conditions of BHA ()

(including the results of clarifications of the coordinates
of the SCEs location).

Similarly, after clarifications, we choose the
coordinates of the location of the five SCEs
x=13 m x,=28 m, x,=55 m, x,=11.0 m and

x,=16.0 m. The characteristics and risk indicators of

BHA are shown in Table 3. Significantly, the BHA
chosen, in comparison with the previous versions, has
significantly improved characteristics. The risk under
the condition of dynamic stability (see Table 3) is
sufficiently low 0.07 for the three-roller bits and it
equals zero for the PDC bit. Combining the risk
indicators for the conditions of dynamic stability of the
BHA and stabilizing the bending of the well can satisfy
the conditions of the problem (1).

According to the results of statistical modeling, it
is shown in Figure 1 the point diagrams of the

conditions for the stabilization of the borehole curvature
(a) and the dynamic stability of the BHA (b) in the
coordinates, respectively, the zenith angle — the bit load
and the zenith angle - the rotation frequency. The
diagrams show the risk indicators of the BHA chosen
with five SCEs for three-roller bits.

Based on the results of statistical modeling, it is
shown in Figure 2 the dynamic characteristics of the
BHA chosen for drilling with the PDC bit and the three-
roller bit. For the PDC bit, the BHA characteristics are
modeled without local caverns, and the three-roller bits
are modeled with a local cavern (the first SCE does not
contact the borehole wall). The distributions of the
amplitudes of the transverse oscillations of the bottom
of the drill string for the illustrated BHA (see Figure 2)
correspond to the condition of the dynamic stability.
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Figure 2 — Dynamic characteristics of the BHA for drilling with PDC bits (a) and three-roller bits (b)

Conclusions

There is offered a statistical model of the choice of
non-steerable BHA for the conditions of information
uncertainty (the zenith angle, parameters of the drilling
mode, contact points of the SCE with the well wall,
presence of local caverns). The search for the optimal
variant is carried out in a certain class of a multi-
supporting BHA using the statistical modeling method
with the risk minimization condition.

There is also clarified the algorithm for calculating
the static and dynamic characteristics of non-steerable

BHAs with incomplete SCEs in the software
environment ANSYS  Mechanical APDL, the
implementation of which means to choose a
computational model in the class of possible

combinations of contacts of incomplete SCEs with the
borehole wall.

Based on the analysis of field data, there was
substantiated the choice of BHA for drilling of
stabilized wellbore drills in similar geological and
technical conditions. Using the heuristic ideas and the
methods for planning numerical experiments, an
algorithm for designing the BHA for the given well
drilling conditions was built.
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Bubip KOMNOHOBOK HU3Y 6YpPUNBLHOI KONOHU ANA BypiHHA cTabinisoBaHUX
cToBOYpiB CBepANOBMH B YMOBaX iHopMaLinHOT HEBU3HAUYEHOCTI

M.A. Mucmnwok, P.M. /lonux, I.B. Naspuios

leano-Ppanxiecoruii HayioHabHUll MEXHIMHUT YHIGEpCUMem Hagmut [ easy:
eva. Kapnamcwra, 15, m. Ieano-@Ppanxiscex, 76019, Yipaina

3aMponNoHOBAHQ CTATUCTHYHY MOJIENh BHOOPY HEOPIEHTOBAHUX KOMHOHOBOK HH3y OypunkHoi konoru (KIIBK)
ans GypiHHA cTabinizoBaHMX CTOBOYPIB CBEPANOBHH, NKA IPYHTYETRCH HA DEIYNBTATAX ANANISY LIPOMHUCIOBHX
JIAaHHX | BpaxoBye NoulipyHKLIOHATEHI BUMOTH B YMOBax IHGOpMauiinol HeBH3HAUEHOCTI. YTOUHEHO aITOPHTM
PU3PAXYHKY CralMyHUX | AHHAMIYHHX XapakTCpHCTHK HeopienToBaHWX KHBK i3 HeloBHOpPO3MIpHUMH omopHO-
IIEHTPYBaNbEHUMH eleMeHTaMu. [loGynoBaHo anroputmu po3e’a3ky 3anadi rubopy KHBK.

Kmo4oBi ciioRa: ingpopMayiiina HeeUsHAYEHICMb, KOMRONOBGKA HU3Y BYPUIBLHOT KOIONYU, ONOPHO-YEHMPYBATbHE
enemMenmy, PUsUKY, cmabini3oeanuti CMoeoVD C6EPOAOBURH, CIMAMUCTAUYHA MOOERL NPUTHAMMS DIUIEHD, CMamusiti

[ QUHaMIYHI XapaKMEPUCIAUKU.
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