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Abstract

A statistical model of the choice of non-steerabtétom hole assembly (BHA) for drilling stabilizedell bores i
proposed, based on the results of analysis ofi¢fet data and taking into account multifunctioreduirements under conditic
of information uncertainty. The algorithm for calating the static and dynamic characteristics of-steerable BHAs with non-
gauged support-centering elements (SAEgpecified. There are developed algorithms @ivisg the problem of the BH
choice.

Keywords: bottom hole assembly, information uncertainty, risks, stabilized wellbore, static and dynamic characteristics,
statistical decision-making model, support-centering el ements.

The efficiency of the technology of drilling the well wall. The dynamic characteristics are redtu
stabilized wellbores depends on the use of BHAcWhi frequencies of oscillations, amplitude and freqyenc
determines the quality of the wellbore, the techhand characteristics, and others.
economic performance of drill bits. This leads to Analysis of drilling technologies of stabilized el
multifunctional requirements for BHA, which dependbores indicates that the requirements for BHA aeld f
on the geological and technical conditions of thgl data are inaccurate, as well as information unirgyta
The choice of BHA requires information on the effet  about the zenith angle of the borehole, the parnseif
the process and technological parameters on théyquathe drilling mode and the well (the presence ofaloc
of the wellbore under appropriate conditions. unevenness of the walls and caverns).

The problem of choosing BHA has been studied in
its various aspects by many researchers [1-4]. When Model of BHA selection
drilling stabilized vertical and inclined well bareBHA
is used for various functional purposes and design In general, the choice of non-steerable BHA is
features, the main task of which is to form thelbae performed taking into account multifunctional
and to control the trajectory of the well [5]. requirements, reflecting its effectiveness depemadin

It is known that the number and location of SCEs$echnical, technological and natural factors [Hlhce a
affects the shape of the well. A.A. Derkach [6]misito number of factors affecting stabilization of thelkvere
a better wellbore with rigid BHAs. Ensuring theduring drilling are random, the statistical moddl o
straightness of the inclined section or the veliticaf  decision making should be the basis for justifythg
the wellbore with the shape of the cross-sectiothen BHA [10].

form of a circle is, as it is well known, one oktbasic For the corresponding intervals of directional
requirements for qualitative cementing of casinmings  wells, depending on the geometric parameters of the
[7]. trajectories and drilling conditions, the requirerse

The choice of BHAs (drill collar (DC), number of that can be implemented in a certain clasg?ofayouts
SCEs, their location and other constituent elen)@sts have been formed. The choice of BHA should
based on the initial data on drilling conditionsdahe correspond to the system of constraints, whichecs
results of their static and dynamic calculations5[18, 9]. the requirements for well construction conditions,
Static characteristics include the bit side fotbe,angle taking into account information uncertainty, and is
of inclination of the bit axis to the well axis, eth formalized in the form of a statistical decisionkimay
reactions to the SCEs, the contact point of thevid@  model as follows

{R(p",a”) -~ min,vd#, pOD";
#(p')<o0,

where R( p” ,a") is a risk of thev ™ BHA of class ofd

1)
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Condition (2) reflects, in fact, the Rayleigh—Ritz
Variation Method, which is used as a basis for wppl
parameters;¢( p") is the system of restrictions for thethe finite element method.
parameters of the BHA. Let us consider an example of calculating the BHA

v : Lo - in the ANSYS software environment with non-gauged
The system¢(p ) defines limitations on drilling SCEs for drilling an inclined well for such initiglata

mode parameters, geometric parameters and stiféfess, —15 g° 0 =1140 kg/m, G=150 kN, w=70 min®.

the BHA elements, their static and dynami : ) .
characteristics in order to ensure the efficienoy acgllfsg ::c'? 'gﬂgdfﬁemgs?%f:’ ;Zi-grasltjg:::jm ggoi?lhtetric

quality of well drilling. The model (1) also takésto o . )
account the information uncertainty of some paranset characteristics of BHA are given in Table. 1.

(the zenith angle of the well, parameters of th#irly Table 1 — Geometric characteristics of the BHA
mode, coordinates of the points of contact of to& $o with non-gauged SCEs

the well walls, the presence of local caverns). tlass
9 of alternative variants of BHA is defined by the 1he element D, | d, r a, )

design features, dimensions and placement of th¢ ofthe_BHA mm | mm| m |kg/m| mm
elements. Bit 295.3| 80 | 0.40 | 400 —

. , v . DC 216 | 80 | 2.76 | 245 =
The risk function R(p,a) determines the SCE 50531 80 | 0.67 | 200 0

probablhtyofwola}uon.ofthe condmo_nsfor sahg the_ DC 516 | 80 | 033 | 245
problem of estimating the static and dynami
characteristics of the BHA due to inaccurat
information of the decision-making model. Risk
assessment is based on statistical modeling angséna

a”=(ai’,a;,...,a;)T is the vector of known

SCE 295.3| 80 | 0.67 | 400 | 0.75
DC 216 | 80 | 6.83 | 245 =
SCE 295.3| 80 | 0.67 | 400 1.00

of the results obtained [11]. DC 216 | 80 | 5.33 | 245 -

To evaluate the static and dynamic characteristi SCE 295.3| 80 | 0.67 | 400 | 1.50
of the BHA in conditions of information uncertaintf DC 216 | 80 | 66.67| 245 -
the contact of the SCEs with the borehole wall,czleh
for a flat design scheme was used [8]. The caliculds BHA was calculated by static (bit side force,
performed in the ANSYS Mechanical APDL [12]reactions to SCEs, distance from the bit to thentpof
environment and software [8]. contact of the bit with the borehole wall) and dyna

(natural frequencies of transverse oscillations)

Features of calculating BHA characteristics characteristics. Also, there was determined defoama

with non-gauged SCEs energy of the bottom of the drill string from thé to
the point of contact between the DC and the well.wa

Non-steerable BHAs, especially multi-supporting Table 2 shows the results of BHA calculations for
BHAs, may include non-gauged SCEs. This is due t@ur variants. For the first variant, it is assunibat all
certain functional requirements for the bottom bé t SCEs contact the well wall, for the second variatie
drill string (for example, preventing sticking, §tor second SCE does not contact, for the third variattite
wear of the SCEs. Forming estimates of the statit athird SCE does not contact, and for the fourtharari-
dynamic characteristics of the BHA, including one othe second and third SCEs do not contact. The absen
more non-gauged SCEs, has certain peculiaritiesalueof contacts of non-gauged SCEs are illustratedhey t
the uncertainty of the boundary condition for thatis values of the deformations of the elastic axis lud t
displacement [8], as well as the possibility of thdottom of the drill string at their locations.
absence of SCE contact with the borehole wall. Based on the results of calculations (Table 2), the

In the ANSYS software environment, there can b&inimum value of the specific strain energy of Bi¢A
formalized the calculation of the static and dyramiis 0.029 MJ/m, which corresponds to the secondaers
characteristics of the BHA as a task of selecting t of the BHA. Thus, the second non-gauged SCE does no
design model, which allows various possiblecontact the wall of the well and does not fulfitk i
combinations P of missing contacts of non-gaugedfunctional purpose.
SCEs with the well wall

min I'I(Lr )/Lr L7, ‘Wr (X,- )‘ A rOP, () BHA selection algorithm

where M(L,) is the total deformation energy of the The basis for selecting non-steerable BHAs is the

bottom of the drill string from the face to the pbdf analysis of drilling data in similar geological and

. th . technical conditions, and design technological
contactL, with the borehole wall for the ™ calculation parameters. They form the input data of the mogl (

scheme;w, (xj) is the displacement in the locations ofwhich include, in particular, the class of tife set of
permissible alternatives and the system of regirist

non-contacting SCE for the™ calculation schemef,
¢( p”) on the parameters of the BHA.

is a radial clearance of non-contacting SCE.
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Table 2 — Results of calculation of multi-supportedHA with non-gaugedSCEs

. Numerical values for BHA variants
1 | 2 | 3 | 4
Initial data
Diameter of the SCE, mm / distance from
bit to the SCE, m:
the £ 295.3/3.5 295.3/3.5 295.3/35 295.3/35
the 2¢ 293.8/4.5 - 293.8/4.5 -
the 3 293.3/12.0| 293.3/12.0 - -
the 4" 292.3/18.0( 292.3/18.0| 292.3/18.0| 292.3/18.0
Calculated characteristics
The deflecting force on the bit, kN -2.89 2.82 -2.81 0.11
Reaction to SCE, kN:
the ' 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 cont
of the DC with the well wall, m 213 215 2022 2hE
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 T 0.5910* 0.51:10* 0.4210* 0.5510*
the 2 0.8810* 0.6210* 5.50 0.6010™*
the 3¢ 14.28 10.36 5.72 9.41
the 4" 21.60 13.35 18.34 12.39
the 8" 31.75 24.78 19.62 25.34
the @" 35.50 30.94 29.82 30.14
In principle, the class? can include alternatives 3. To form a subset of equivaled§, 0 A BHAs

using rotary steerable systems [13]. The main efmeyariants that correspond to the conditions of the
of rotary steerable systems is the orientatiogroblem, based on the analysis of static and dymami
mechanism, which is installed above the bit. Folf@v characteristics of variant8 model (1).

the mechanism of bit orientation, as a rule, naioga 4. If the subsefy, =0 is empty (i.e. it does not

control systems for drilling and other elements are . . .
installed, among which there are also SCEs. .Hfontaln alternatives that correspond to the comafitiof

location of the SCEs can be justified using theisiec- fe problem (1), then construct a new getand go to

making model (1). Restrictions on the statiteP 2

characteristics of BHA are reasonable to build Hase 5. To build risk assessmentR(p*,a’) for a
the results of analysis of field data. subsetA, of equivalent BHA variants.
To choose the BHA using the model (1), two 6
methodological approaches can be used. '
According to the first one, it is believed thatriéne

is available a setA={a},i=1m of acceptable The second approach is based on the design of the
alternatives of BHA for such drilling conditionsased BHA for the given drilling conditions using heuitst

on the analysis of field data. It is necessaryhoose ideas and methods for planning numerical experiment
the layout optiona”, corresponding to the minimum Its implementation can be submitted by such
risk condition, from this set for the given drijn Procedures.

To choose the varianta” of BHA,
corresponding to the minimum risk, from the coruditi

conditions (1). 1. To form the class? of the set of permissible
The procedure for choosing the BHA isBHAs variants, based on the initial information
implemented in the sequence as follows. (diameter of the DC, the number and diameters ef th
SCEs, etc.).

1. T te th tA={a},i=1m of . .
O generate fhe se {q} I m o 2. To build a zerov =0 approximation of the

alternative BHAs variants based on the analysithef ga variantin the class?, using heuristic ideas or

industry data. ; ;
: . . industrial data.
2. To build the estimates of the static and dynamic 3. To build the estimates of the static and dynamic

g?ﬁ.rr?cféﬁg.i.so ngf the alternatives for the given characteristics of the ™ BHA variant and perform their
Hing 1ons. 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 risk indicators of alternative BHA variants are
the conditions of the problem (1) go to step 7. built by the method of statistical modeling of inatate

5. To build the risk assessment of the BHA varianinformation (Monte Carlo) in a simple situation. €r'h
using Monte Carlo methods, based on informatiomenith angle was modeled as a statistically indépen
uncertainty. normal random variable with a mathematical

6. If the risk satisfies the conditions of the td8k  expectationm, =17° and a standard deviatian, =1°.
then the results of the choice of the variant of BHA The parameters of the drilling mode and the coateis
are to be shown. of the contact points of the SCEs with the borelad

7. Using heuristic ideas and methods of experimemnfere modeled as statistically independent uniformly
planning, to buildv+1 approximation of the BHA distributed random variables in a given intervattudir
variant. Go to step 3. variation (for contact pointg +1,/2). The local caverns
were modeled by the absence (presence) of theatonta
of one of the SCEs with the borehole wall as a

. . . . uniformly distributed discrete random variable. The
Let’s consider the choice of BHA for the following ,,mper of statistical experiments equals 100.

data: a bit with a.diam_eter of 295.3 mm; a zenitgla For the given example, the alternative BHA
of the borehole distortionr =17°; an axial load on the \ariants are evaluated according to (1) by theckidis
bit G=170-190 kN; the bit rotation frequency isof the risks of violation of the conditions of dyn&
w= 70-90 mirf; the density of the driling mud stapility r, and stabilization of curvature , as well as
p, =1170 kg/i; the length 203 mm of DC with their conjunctionr, Or, and disjunctionr, Or,. These

internal diameter 80 mri,. =150 m; the length of the jndicators are important during the procedure for
SCE contact surfacé =600 mm. The class? of the selecting an alternative variant according to (g are
set of admissible variants includes BHAs with thoee 9iven in Table 3. Note that the selected BHA witree
more full-size SCEs. SCEs has high values of risk indicators and dods no

To choose the BHA, we use the dynamic stabilit atisfy thg conditions of problem (;). C!arificatianf .
condition, which reflects the nature of the attéimmaof ~ the coordinates of the SCEs location did not previd
the distribution curve of the transverse oscillasio 0w levels of risk indicators.

amplitude of the drill string bottom, which aretdibed  Taple 3 — Assessment of characteristics of the BHAs
by the bit operation at the bottom [5, 8, 10]. BHA

lllustration of choosing BHA

considered to be dynamically stable if it provide{ Characteristics Number of SCEs
attenuation of transverse oscillation amplitudes, i| Of the BHAs 3 | 4 ] 5
a,./a, <1 (and onlya,./a; =1 on the bit), wherea, Static Characteristics
is the amplitude of transverse displacements orbithe Fs . kN -0.24 0.47 0.01
a,. is the amplitude of transverse displacements @f t R, kN 5.69 1.35 2.09
drill .string bottom [5, 8,. 10]. Otherwise, .BHA .is R,, kN 6.39 536 -2.06
considered to be dynamically unstable. Since it KN
possible to use three-roller bits and PDC bits wit R 16.35 -1.70 6.49
different frequencies of disturbing forces for thdling R,, kN - 14.37 -8.47
of W_e!ls, the BHA must meet the dynamic stability R, kN _ _ 17.90
condition for these bits.
To ensure the stabilization of the curvatur L, m 29'40 35_'89 30.50
the transverse force on the bit is assumed to Dynamic Characteristics
[F;]=1.4 kN. In order to model the influence of loca| Max (ac/2s) | 1.0/1.0| 1.0/1.0| 1.0/1.0
caverns on the efficiency of the BHA in the problen| Risk Indicators
(1), it is additionally assumed that the dynamabdity r 0.51 0.39 0.09
!s ensured at the bottom and the curvature is |tedhi I, 0.29/0.32034/0140.07/0.00
in the absence of one contact (an arbitrary oneghef
SCE with the borehole wall [10]. r, Or, 0.20/0.04 0.22 /0.02{ 0.02 / 0.00
The BHA is chosen according to the secon r, Or, 0.60/0.79 0.52 /0.53 0.14 / 0.09

algorithm. The zero approximation of the locatidriiee o tor sh " | f charatt it
three SCEs was made using the method of planning o, ' umerator Snows the values of charaltarsor

. ) N N the three-roller bit, and the denominator shows tifathe
numerical experiments for the criterion of the miom 55~ e

bit side force|F,| and ensuring the conditions for the

dynamic stability of the BHA [5, 8, 10]. Coordinate
of the location of the SCE centers are=3.5 m,

X,=9.0 m, x,=18.0 m. Table 3 shows the calculate

In this case, we increase the number of SCEs and
again find the coordinates of their locatiqF2.0 m,
dx2 =7.0 m, x,=12.0 m, x,=22.0 m. Table 3 shows the

characteristics and risk indicators of the BHA wiiblur

values of the static and dynamic characteristicshef SCEs, insufficient for the conditions of the prablél)
BHA. ’
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Figure 1 — Diagrams of stabilization of the borehd curvature (@) and dynamic stability conditions of BHA ()

(including the results of clarifications of the edmates conditions for the stabilization of the boreholevaiure

of the SCEs location). (@) and the dynamic stability of the BHA)(in the
Similarly, after clarifications, we choose thecoordinates, respectively, the zenith angle — théoad

coordinates of the location of the five SCEsand the zenith angle — the rotation frequency. The

x=13 m, x,=2.8 m, x,=5.5 m, x,=11.0 m and diagrams show the risk indicators of the BHA chosen

%=16.0 m. The characteristics and risk indicators it five SCEs for three-roller bits. o
Based on the results of statistical modeling, it is

BHA are shown ir_1 Tablg 3. Signifigantly, th_e BHA shown in Figure 2 the dynamic characteristics @& th
chosen, in comparison with the previous versioms gy chosen for drilling with the PDC bit and thedb-
significantly improved characteristics. The riskden  qyer pit For the PDC bit, the BHA characteristiare
the condition of dynamic stability (see Table 3) Snodeled without local caverns, and the three-rddies
sufficiently low 0.07 for the three-roller bits ant are modeled with a local caver,n (the first SCE dust
gqgals zero for the .F.)DC bit. Comblnlngl_the rISl%ontact the borehole wall). The distributions ok th
indicators for t.he_ conditions O.f dynamic stab|lﬁ§/_the amplitudes of the transverse oscillations of thé&dmo
BHA and stabilizing the bending of the well cansit ¢ the gl string for the illustrated BHA (seedkire 2)

the conditions of the problem (1). - . _correspond to the condition of the dynamic stapilit
According to the results of statistical modeling, i

is shown in Figure 1 the point diagrams of the
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Figure 2 — Dynamic characteristics of the BHA for dilling with PDC bits (a) and three-roller bits (b)
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BubGip KOMNOHOBOK HU3Yy OYpUIbLHOI KONMOHU ANA GypiHHA cTabinisoBaHux
CTOBOYypiB CBepANIOBUMH B yMoOBax iH(popmauinHOI HEBU3HAYEeHOCTi

M.A. Mucarwoxk, P.M. /lonux, I.B. I'aspunos

lséano-@pankiscvruii HayioHATLHUL MEeXHIYHUL YHIGepcumem Hagmu i 2asy;
eyn. Kapnamcoka, 15, m. Isano-@panxiecvk, 76019, Vrpaina

3anponoHOBaHO CTATUCTHYHY MOJENb BHOOPY HEOPi€EHTOBAaHUX KOMIIOHOBOK HU3Y OypuibHOI kononu (KHBK)
Juist OypiHHS cTaOl1i30BaHMX CTOBOYpIB CBEPIUIOBHH, SIKa IPYHTYEThCS Ha pe3yjbTaTax aHaji3y NPOMHCIOBHX
JJaHUX 1 BpaxoBye MOJIi(YHKIIOHAIbHI BUMOTH B yMOBax iH(OpMaLiifHOI HEBH3HAYEHOCTi. YTOYHEHO aJITrOPHTM
PO3paxyHKy CTaTHYHMX 1 JUHAMIYHMX XapakTepucTHk HeopieHToBaHuX KHBK i3 HernmoBHOpO3MipHUMH OINOpPHO-
[EHTPYBaIbHUMH efleMeHTaMu. [loOymoBano anroput™u po3B’ 3Ky 3a1adi Bubopy KHBK.

KirouoBi cnoBa: ingpopmayitina HesusHaueHicms, KOMIOHOBKA HU3Y OYPULLHOI KOIOHU, ONOPHO-YEHMPYBATbHI

eleMeHmu, pusuKu, cmadinizosanuli cmogoyp c8epOI08UHU, CIAMUCMUYHA MOOeLb NPULHAMMS PileHb, CIAMUYHI
i OUHAMIYHI XAPAKMEPUCTUKUL.
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