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Abstract

During the research a drill string was simulatedatfiexible beam. The flexible beam has a 3D deédion under extern
loadings. The system of vector differential equadicof equilibrium is used for analysis of the retsain state. Tt
mathematical model takes into consideration a bedight and stiffness of a drill string, axial fordersional moment ai
reactions of a hole wall.

The deformation of a drill string elastic line wiéixternal diameter of 127 mm in a well “dtEg”’ was analyzed in re
operational conditions using the developed methiibé. author obtained the function of a drill striglgstic line in 3D coordina
system. There were drawn the diagrams of normesstis of bending around basic axes of inertiadoillastring crosssection
It is also noticed that the “dog-leg” increasessthstresses twice.

Keywords:a drill string, a flexible beam, a stress-straiatgt, “dog-leg” of a well, three-dimensional elaslice.

The practice of drilling in Ukraine and abroaddegree of crookedness 1.65 grad/10 m in verticdl an
shows that many wells have places where inclinatiodirectionally drilled wells for the “abrupt bendbdutrol.
and horizontal angles change; specialists call theBut A. Lubinskyi and H. Woods point out that
“abrupt bend” or “dog-legs” [1-5]. The tendency andidmissible degree of crookedness of “abrupt bend”
intensity of angles change at these places do nd¢pends on the distance between “dog-legs” and the
represent intermediate tendency and intensity ahgh hole bottom, diameters of a well, drill pipes, cagees,
of well angles. Therefore *“dog-legs” can be abil-well tubing and rods. The influence of thesetdas
rectilinear and curvilinear places of wells. on the maximal degree of crookedness will be cleare

A. Lubinskyi and H. Woods were the first toafter additional theoretical researches and accaitioul
research this effect [6]. The scientists descriltieel of industrial data.
reasons of “dog-legs” formation. A. Lubinskyi and H Therefore, the aim of the work is to define the
Woods specified the basic reasons. They are arptabrstress-strain state of a drill, which is in a “deg?,
change of bit load and characteristics of geoldgicavhen inclination and horizontal angles change, gisin
materials, esp. the change of inclination angle analytical method.
adjacent stratums (Fig. 1). We study a 3D axis of a wellbore, which is set

The authors of a research paper [7] write that th@iscretely during the drillhole survey. Usually wetm
basic reason of “dog-legs” forming is also rotatioin points in this case. For each point, there arettset
stem assembly around its rotation axis. depthyl;, an inclination angle; and a horizontal angle

But “dog-legs” provoke additional deformation of (i = 1...n). After the processing of final results we get
a drill string, indentation of box-and-pin jointscapipes the absolute depth ky;, horizontal displacement along
body to the side of a hole [6]. This effect resuits “South — North” axes -h, and horizontal displacement
increase of normal stresses of arch in cross sectid along “West — East” axeshy;
drill pipes; fast deterioration of box-and-pin jtinand We also define coordinates of the points for
pipes body; formation of a ditch on side of a holeaccounting the movement restrictions between drill
deterioration of boring casin, which leads tostring axis and well axis. We call these pointsttzes
deformation in operation period [6]. Besides, “degs” “top sidé and the fower sidé of the hole.
provoke complications at extraction of oil and {&s Let's assume thal¥ is any point ofa drillhole

The authors of the research paper [6] recommersdirvey (Fig. 2). We draw a tangent to the well awis
to avoid the presence of “dog-legs” with the maximathis point. The angle between the tangential amtica®
lines is marked as. The angle between the plan of the
tangent anck, axis is marked as

Consequently, the angles between the vertical and
projection of the tangential line on pladg0X, and

X,0X; and are equal to
© 2014, Ivano-Frankivsk National Technical ay, = arctarftana cosy),
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a3 = arctar(tana' sin y).
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Figure 1 — “Dog-leg” of a well
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Figure 2 — An inclination anglee; and Figure 3 — Geometrical plotting for defining the cerdinates

a horizontal angley; for point Y of points at the “top side” and the “lower side” of a hole

We also define non-dimensional coordinates ofthere ,lyi, Jko, k1, k2 are the depths and the order
points at the top sidé and the fower sidé of a hole in  numbers of drillhole survey points, which correspan

a planeX;0X; (Fig. 3). the beginning and the ending of a hole intervaleund
The result is the following: investigation.
D; =T ,4mSINA;,, Therefore, we can write down the coordinates

of the points
[xl =0, Xy +A2] —top side
[x1 +Aq, X, ‘Az] —lower side

Ay =T,4mCOSA;5.
The variabler,,, is a non-dimensional value of a

radial clearance and it is defined by the formula
D-d Here

Faam =5~ % = (hy =y )1,

whereD andd are external and internal diameters of a X2 :(hz - h2k1)/|b'

drill string (availability of box-and-pin joint isntaken ~where hyg, hyg are the absolute depth and horizontal
into consideration in this formula and the follogin displacement along “South — North” axes for theinpo
calculations, that is why the value of equals the atthe beginning of a hole interval under investiign.

external diameter of a drill pipe body). We can apply an analogical idea for the plane
The length of an elastic bealy for modeling a X;0Xs. As a result
hole interval with a “dog-leg” is A3 =T,4mCOSQy 5.
Ib=alkz~alk1: Coordinates of the point otdp sidé and “lower
sid€’ are
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[xl AV +A3] —top side systenrelatively to its initial position;u is a displace-
ment vector]qs, |21, 131 are elements of the matiix

[x1 +A, X3 = A3] —lower side ;
The vectorsP and T are defined by the formulas

As in the previous case

n
X3 = (hs = haq )/ls p=q+Y POS(e-¢)
where hgy is a horizontal displacement along i=1
“West — East” axes for the point at the beginnifigao o
hole interval, which is examined. T=u+ ZT (U)J(g—gu)'
Now we define coordinates of points of hole sides =1
for the planeX,0Xs. By analogy to Fig. 3 we have whereq is the vector of distribute forc€” is the vector
D25 =TagmSINY, of force; u is the vector of a distributed momeft” is
Agy =T y9m COSY. the vector of a moment;, ¢, are curvilinear coordinates
Therefore, of points where vectors are affixed.
Xg =Dz, Xo +A23] —right side For the practical implementation the system

[x A ¥ — A ] _left side (1) — (5) can be projected on the axes of mh@/ing

3 7582, %2 52 coordinate systerf9]. For this purpose we examine the
Elastic line of a drill string is a set of pointstiv  components of external forces and moments vectors i

coordinatesd+uxi(e), U(e), Ual€)], &€ =0..1, because the details.

stress-strain state is analyzed by the numericéhade Among the distributed forces which influence a

As a result we can write the conditions that tretalice  flexible beam we examine the equivalent distributed

between a drill column and a hole side in this p&n force of a drill string weight in a drilling agen; (see

within the radial clearance (see Table 1). Fig. 4). This force is always directed vertically
Table 1 — Conditions for defining a drill column downward parallel to the axe®X;. That is why its
position in a well bore projections on thenoving coordinate systeaxles equal
Conditions Plane G =Oxql11, 92 =0gl21, A3 =0y 131
x1 =41 SetUy(e) Sxp+ 4y
Xp = A SUle) Sxp + 4 0%, X,
xp—A1 Setuy(e) <xqp + 4, X,0X: S ) %
X3 —=A3< Uxs(e) Sx3 + A3 s West-East z South-North
Xp = A23< Ukoe) Sxz + A3
X,0X:
X3 —A3p < Uxse) Sxz + A3y s
If conditions (see Table 1) are true, the distanc
between well axis and drill string axis is in tlege of P
a radial clearance. :
For analysis of the stress-strain state of a dri
string we can simulate it by a flexible beam [&r f
which the system of vector equations of equilibriitem
the following [9]
dQ
—~+¥xQ+P=0 1
e TXQ @
d—M+)(><M +8;xQ+T =0, 2)
de Absolute ©
M =Al-x9) @ _ depth - Y7o .
i3 Figure 4 — Simulation of a drill string by a flexible
1 1y —
Lt Lox$M - 47m =0, (4) beam

du xu+(ly; -1 1oy +las =0, (5) We simulate reactions between sides of a well and
e X 17 e T2 Talfs =5 a drill string in the form of the centered fordes” and
where Q and M are vectors of internal forces andE’xs(l)- These forces are parallel to axt®s and0X; of a
fixed coordinate systerfsee Fig. 4). Their projections

momentsg is a non-dimentional coordinat®, T are . . .
onmoving coordinate systeaxles are the following

vectors of external forces and momenys; x ), are

. n . n .
vectors of current and initial curvature of beagy; e,, pl(’) :|122P>(<|) +I13ZP)(('),
£ 2 £ 3
@3 are unit vectors ofmoving coordinate systerfit =1 =1
moves the system of coordinate with axles, thectioa ) 1 ol & i
> the syste : > Witt : Pl =123 PU) 4153 PL),
of which coincides with the direction of basic beam i i

axles of inertia);4 is a matrix of the beam stiffness; n n
L, L, are transformation matrixes between vector bases; p?fi) =13, p(i) + |33zp(i)_
J is a vector of rotation angle a@hoving coordinate i i
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The valuesly, li3, I, l23, 3o and I3 are projections exist simultaneously, each point of alhis

components of the matrix under the conditions from Table 1, we calculate the
Well side reactiond,, P,™ and the axial force potential energy of bending by the formula
P,% in pointe = 1 (see Fig. 4) are simulated by the 31w (1,)
moving forces, which are in boundary conditions U :ZJ"—bdl, (6)
according to recommendations [9]. i=20 2El
We assume that distributed moments do nathereEl is the stiffness of the drill string bending.
influence a drill string. Therefore, Then two forceP,,® ta P,3® are applied to the
u=0. point ;. The calculation, given above, is repeated. A

A reactive torsional moment, which occurs in asimilar algorithm is implemented for all curvilinea
drill string, is simulated by the torsional momént”, coordinates.
which influences a flexible beam bottom (see Fig. 4 The next step is to load the flexible beam
This moment is also in boundary conditions [9]. simultaneously with two pairs of forces. To begiithw
We assume that theft (¢ = 0) ending of a flexible the first pair of force®,," and P,s" is applied to the
beam is fixed and thdottom one(e = 1) is free. pointe,, the second — to the point . By varying the
Therefore, the boundary conditions for solving thealues of these forces in a given range we obtain
system of vector equations of equilibrium (1) — &¢ solutions of vector differential equations of flebd
the following beam equilibrium. As it was mentioned before, the
ul(o):q uz(O):O, u3(0)=0, potential energy of the beam deformation is catedla
191(0)= Vo, 192(0): 0, 193(0) 0, for solutions that meet the conditions of the Tdble
1)=pW

Further, the position of the first pair of forces
Q1(1)=|:>1(1), Q2(1)=P2(1), Q) Pg(l, remains unchanged, and the second pair of forces is
1 _ -
My0)=T, Mo{)=0, Ms()=0

applied to the pointz. All the necessary calculations are
made, followed by the movement of the second plir o
were u;(e), Q(g), M;(e) are the projections of a forces to the point with curvilinear coordinatas The
displacement vector, cross-axis force and a bendigg/culation is made again. This process is repeaté
moment on axesf a moving coordinate systepg is the the second pair of forces is applied to all poensept
initial value of a rotary anglé;= 1, 2, 3. é1- _ ) ) o
In order to compare an elastic line of a flexible  Then the first pair of forces is applied in turn to
beam with a well axis we define the followingPintéz and the second pair — to each point except for
projections of a displacement vector on fixed ¢ All the necessary calculations are made for each
coordinate system g(;]mbw;]an?n tof _recflr;rocal _posmonstoft f(;)r_qes pairs
- en the first pair of forces is concentrated imfss,
uxl(e)— I11u1(£)+ |21u2(£)+ |31u3(£), €4y En IN turnr.) However, as in the previous crgﬁe, the
Uy, (£) = lotn (£) + 120U (£) + 13503 (), calculation is made for all the points of the setpair
Ux3(5):|13U1(€)+|23U2(5)+|33U3(€)- of forces except for the points, where the firstr pa
Th ¢ rated force,?, @ exists. In general, the calculation is repeated! tine
@ S g, consentral eS¢ s Pe' s number of forces that are simultaneously applieda to
P2, P, P, Pa™, P, P, their values  geinie heam is equal to. Of all the possible positions
and points of application are defined by the follay ¢ 5y ejastic axis of a flexible beam we choosedhe
algorithm. Using _the results of a drillhole surtbgre is ¢\ hich the potential energy of bending is minima
chosen a potentially dangerous area of a well. Jsua — hen the flexible beam lengthincreases. For this
this is an interval with the greater cha_ngg ofimation purpose, itstop moves to one drillhole survey point
and horizontal angles. Points at theginningand the ;245 the wellhead, and itsottom — toward the

endingof a "dog-leg"” are fixed. Then theiddle point  )41tom hole. The calculation is made accordinghie t

of a "dog-leg” is put. Then thep of a flexible beam is giyen above algorithm. Having made the calculations
fixed at the point directly over theiddle point. This /o qhtain the next position of an elastic axis.

point is called d@op point The length of a drill string is The length of a beam increases until the

chosen in the way that its bottom reaches the poiRfenendence dfi(l,) acquires an explicit minimum. The
which is under themiddle point. This point is called a ¢,nction of an elastic axis, which corresponds His t

bottom point This length is equal to the distancepinimym, is the desired position of a drill strimgthe
between theop and thebottom pointsalong the well “dog-leg’.

axis. o In practice this algorithm is calculated in
Consequently, the sequence of calculation is th€yatarloo Maple.”

following. We assume that the distances between

curvilinear coordinatesy, ¢, ¢3,..., &, along the well axis

are known and constant. well Ne 10 in Odessa oilfield there is found a “dog-leg”

@) @ ; i
Two forcesP,; " andPys™ are affixed to points.  \yith a sharp change in zenith and azimuth angles in
The values of these forces change in a predetedmingviiinear depth interval of 990-1,065 m.

range. Now we solve the equations (1) — (5) anéhelef We analyze the stress-strain state of a drill gtrin

the function projections of an elastic axis of exible it gyter diameter of 127 mm and inner diameter of
beam for each plan&;0X,, X;0X; and X,0Xs. If three

Now we shall consider the way of applying this
methodology. According to the drillhole survey bt
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Figure 5 — The projection of an elastic axis of ardl string in a “dog leg” of the well Ne 10 in Odessa oilfield
on the planeX;0X,;
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Figure 6 — The projection of an elastic axis of ardl string in a “dog leg” of the well Ne 10 in Odessa oilfield
on the planeX;0Xj;
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Figure 7 — The projection of an elastic axis
of a drill string in a “dog leg”
of the well Ne 10 in Odessa oilfield on the planX,0X;

111 mm in this area. The diameter of the hole in a
“dog-leg” is 219 mm.
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Figure 8 — An elastic axis of a drill string
in a 3D coordinate system

The length of a flexible beam that satisfies the

criterion of the minimum potential energy of berglin

Using the above algorithm we obtain the functior6) equald, = 75 m

of an elastic axis of a drill string. Its project®on the

The diagram of the change of normal stresses of

planes XOX,, X;0X; and XOX; are shown in bending in the cross section of a drill stringhewn in

Figures 5, 6 and 7 respectively.
The view of an elastic axis of a drill string irBB
coordinate system is shown in Figure 8.

Figures 9 and 10.

So we can see that the “dog-leg” in this well

causes bending strains around principal axes ofidgne

The number, values and curvilinear coordinates aff a drill string cross-section that are equal .oMPa
forces, which show the reactions of borehole walte, and 54 MPa.

shown in Table 2.
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Table 2 — Values and curvilinear coordinates of fazes that show reactions of borehole walls

Forces parallel to axis,
Forces values, N 0 -1,660 3,310 0 -2,450 700
Points curvilinear coordinates, 0.50 0.67 0.74 0.75 0.86 1
where forces are apply
Forces parallel to axis
Forces values, N 370 0 0 -770 0 410
Points curvilinear coordinates, 0.50 0.67 0.74 0.75 0.86 1
where forces are apply
60 MPa
40
2

LS I R 30 40 U m
)

Figure 9 — The diagram of the change of normal steses of bending around axie;
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Figure 10 — The diagram of the change of normal stisses of bending around axis

We also define bending strains in this section of 1) curvilinear coordinates are taken as an argument
the well without taking into account a “dog-leg’hd of an elastic axis of a drill string. It enables ts
results of a drillhole survey are the followingetlength analyze the stress-strain state when the movenfent o
of a well curvilinear sectiol, = 180 m; the zenith and elastic axis relatively the initial position is
azimuth angles at the beginning of the interwgt (°, commensurate with the length of the studied column.
ys = 24; the zenith and azimuth angles at the end d&fhis may be appropriate when analyzing “dog-legs” i
interval o, = 65, y. = 120. For calculating the strains the curvilinear sections of wells;
we use the formulas mentioned in the research paper 2) the directions of vectors of some external loads
[10]. Therefore, the change of a spatial angle is are chosen depending on the specifics of theioastin

AQ = 180° (cosa cosg. + refal co.nditlions. For examp]e, a vector of gra\{ifyao
T s e drill string is set by one projection infixed coordinate
+sinagsinagsin(ye - ys)) = 24°. system and is directed vertically downwards alomg t
. axis X;. Therefore, when analyzing the stress-strain
Radius of the well curvature equals
5731 _

state of the column, the values of the vector’s
projections on thanoving coordinate systewan vary
depending on the position of an elastic axis. Tait

Therefore bending strains of a drill string crossenables us to consider the influence of gravity on
section are the following deformation of drill pipes in both the axial andiied

_Ed _ 3 directions. The vectors of external axial force and

=5 R7 031(10" Pa . ™) torsional moment, applied to the lower end of thié d

Thus, a ‘dogleg” of a hole axis causes the fa T8 FUMIS TR ST B0 eC T reerve
that the strain in the cross section of a drilingtris y P P

twice greater than the value, calculated by thentoa their directions relatively to the cross-section dfll
(7). It should also be noted'that based on theesys pipes regardless the deformation of the elastis aXi

the column;
fr}gladfgg; the offered method has a number of featu 3) aview of a function of the elastic axis is Bet

first, it is the result of the numerical solutiorf o
differential equations of equilibrium.

R= 429.8m .
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From the above mentioned we can conclude on the

feasibility of additional research of stress-strsiate of
the drill string in the place of a well with a shathange
in inclination and horizontal angles.
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HanpyxeHo-aecgopmoBaHUi cTaH 6ypUIIbHOI KONOHU
Ha AinfHKax cBepAsioBUH 3 “ pi3KUMU nepernHamu’

P.B.Pauxesuu’

léano-@pankiscvruii HayioHATLHUL MEeXHIYHUL YHIGepcumem Hagmu i 2azy;
syn. Kapnamcoka, 15,m. lsano-@panxiscox, 16019, Vrpaina

BypuibHa K0JI0HA 3MOJIENIbOBaHA THYYKHM CTEPKHEM, IO 3a3HA€ IIPOCTOPOBOTO 3THHY MiJ Ii€0 NPHKIAACHUX
HaBaHTaXeHb. J[ng  aHamily HampyXeHO-IepOpMOBAHOTO CTaHy BHKOPUCTAHO  CHCTEMY  BEKTOPHHX
nudepeHIianTbHuX PiBHSIHD PiBHOBAard. MareMaTH4YHa MOJENIb BPaxoOBYE BJIACHY Bary Ta YKOPCTKICTh OypHIIBHOI
KOJIOHHU, OChOBY CHJTY, KDYTHHI MOMEHT 1 peaKIlii CTIHKH CBEP/IIOBUHH.

Ha ocHoBi po3po0ieHoro Merojy HpoaHalli3oBaHO HANpYXKEHO-Ie(OpPMOBAHUH cTaH OYpHIIBHOI KOJOHH B
“pizkoMy meperuHi’ CBEpAJOBHHHM 32 peajbHUX yMOB eKcInTyartarii. OnepxaHo (YHKIIIO MPYXHOI oci OypuiIbHOT
KOJIOHM B TPUBUMIpHIA cucrtemi koopaunar. [loOynoBano rpadiku HOpMajdbHUX HAIPYXXEHb 3THHY HAaBKOJIO
TOJIOBHMX OcCeil iHepuil momepeyHoro mnepepizy OypuIIbHOI KOJIOHM Ta BiJ3HAYEHO, IIO HASBHICTH “PIi3KOTrO
neperuHy”’ 30UIbLIYE BEIMYMHY LMX HaNpyXKeHb y JBa pa3H IOPIBHSIHO 13 BEJIMYMHOIO, sika O Maja Micue 3a
BiZICYTHOCTI “pi3KOT0 Neperuty” CBEpAJOBHHH.

Kiro4uoBi croBa: 6ypuibHa KONOHA, SHYYKULL CMEPICEHb, HANPYICEHO-0ehOpMOBaHULl CMAH, HOPMANbHI
HANPYACEHHsL, NPOCMOPOBA NPYICHA BiCh, “ pisKuil nepeaun’.
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