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ABSTRACT

Purpose. The present paper studies the dependence of the dynamic oscillatory movements in the area of drill string
sticking on the parameters of vibrating mechanism and place of its installation in the heavy weight drill pipe. The
authors focus specifically on conditions responsible for resonant vibrations excitation in the drill string, which facili-
tates the release of stuck drill pipe. The aim is to use the results of the research in the development of the method for
vibrator application, to work out recommendations concerning the choice of its installation place in the heavy weight
drill pipe, its tuning to the resonant frequency, the choice of induced force amplitude.

Methods. The authors proposed a mathematical model of the drill string functioning with vibration mechanism installed
into the heavy weight drill pipe. The vibrator is needed to eliminate sticking of the drilling tool. The suggested discrete-
continuum model which takes wave processes into account allows to conduct grounded experimental research.

Findings. The developed mathematical model served as the basis for designing a computer program aimed to visual-
ize oscillatory processes taking place in the string of pipes, and to calculate basic dynamic and kinematic characteris-
tics of the analyzed system. Frequency oscillation spectrum was calculated for the selected layout of the drill string
and the resonant amplitudes at these frequencies.

Originality. The proposed technique allows to significantly determine strains, stresses and safety margins in the arbi-
trary drill string section more accurately and to predict its sticking while drilling oil and gas boreholes.

Practical implications. A specific method of selecting a place for the vibrator installation was elaborated. Recom-
mendations concerning the choice of installation site, amplitude of excitation force, resonant frequencies for elimina-
tion of pipes’ sticking and prevention of drill strings destruction are provided.

Keywords: drilling, drill string, elastic waves, mathematical model, vibrations, sticking, vibrator, stress, energy of
the stuck drill string

1. INTRODUCTION

Drilling engineers pay great attention to the trouble-
free drilling of oil and gas wells. It is explained by costly
and long-term maintenance works aimed to liquidate
breakdowns especially those caused by sticking of drill-
ing tool, which occur far more often than other accidents
(Wen, Chen, & Dong, 2014).

Stuck-pipe problems are still considered (Bodine, 1994)
as potentially dangerous, despite a great number of publica-
tions, developed modern drilling technologies and methods
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for prevention of drill string (DS) sticking. Thereby, one
cannot underestimate the importance of elaborating new
technological solutions and appropriate techniques for the
stuck DS retrieval (Houlbrook & Lyon, 2006).

Current methods of solving stuck-pipe problems are
based on the use of physical, mechanical and hydraulic
impact on the sticking zone (Liu, Wang, Li, & Xu, 2011).
It leads to weakening of wall rock pressure forces be-
cause of rock dissolution, and, consequently, reduction of
friction. Hydraulic methods are based on the alteration of
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hydraulic pressure in the accident zone by way of regu-
lating hydro-statistic pressure component, or forming
hydraulic waves of the drilling mud. Mechanical meth-
ods are based on creation of vibration disturbance, a
shock or explosive loading, applied in the zone of DS
sticking (Abraham & Marsden, 2008).

A considerable amount of experimental researches
and engineering tests have proved that the mechanical
methods are especially effective. One of the most ad-
vanced methods of retrieving stuck DS is the use of vi-
bration mechanisms, given simplicity of their design.
These devices allow to realize a big variety of operation-
al modes, beginning from excitation of disturbing forces
to selection of vibration mechanism’ parameters (Bailey
& Gupta, 2008). Moreover, vibrators are very durable.

2. MATHEMATICAL MODEL OF ELASTIC WAVES
EMITTED BY A DRILL PIPEWITH A VIBRATOR

Mechanical scheme of DS with a vibrating mecha-
nism can be represented by a discrete-continuous sys-
tem comprising six sections (Fig. 1).

block and tackle
arrangement

1 section of
drill pipe

2 section of
drill pipe

Figure 1. Drill string with built-in vibrator

It will examine the dynamic characteristics of the DS
vibrator, built in heavy weight drill pipe (HWDP). The
first section is composed of cylindrical steel pipes made
of steel with density p; = 7869,5 kg/m?, outside diameter
D; =127 mm, inside diameter d; = 107 mm and the total
length 1, =1400 m. The second section is a part of
HWDP located above the vibrator, the third section is
located below the vibrator. The stuck part of the DS is
also divided into three sections: the fourth — loose area
above the sticking zone, fifth — the stuck part of DS, sixth
— loose area located below the sticking zone.

The length of the heavy weight drill pipe is
I, +13=130 m, and the length of the stuck drill pipe —
ls + Is + ls = 40 m. These pipes are made of steel with densi-
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ty p1 = 7759 kg/m?, outside diameter D; =177,8 mm and
inside diameter d, = 71,4 mm, i =2 —6. The vibrator in-
stalled in the heavy weight drill pipe. Its location is de-
termined by the length of the second section
0<1,<130m.

The mathematical model for the proposed scheme of
the drill string describes dynamic processes in DS. Ac-
cording to the theory of elasticity (Giovine, 2012), wave
differential equations for the cross-cuts of each section
can be written as:

ty (,t) + 2ty (%, ) —afu (x,t) = 9;
liy (X, 1)+ 2ty (X, t) —@3U5 (Xp.t) = 0;
U3(X3,t)+2h3U3(X3,t)—a22U3 (X3,t) = g,

Uy (X4,t)+2h4U4 (X4,t)— a3u4(x4 t)=g;

@)

lis (%5, ) + 2Nsls (X, t) ~ 255 (x5, t) =
= g — fosign[ Us (s,t) |;
lig (X6t)+ 2NgUig (g, t) —a3ug (¥s.t) = 9,
where:
% (%) |
Ui (x,t) = 2
hj :2%, i =1-6 — multiple coefficient of viscous
i

resistance;

oy =48.4kglc, «j =380.4kg/c, i=2-6 — coeffi-
cients drilling fluid interaction with DS sections;

my = pyFl; — mass of the first section;

m;, = p,Fl;, 1=2,3 —mass of the second and the
third sections of HWDP accordingly;

= p3Fsli, 1=4-6 —mass of the fourth, fifth and

sixth sections of the stuck drill pipe accordingly;

F;, i=1-3 — cross sectional areas of drill pipes;

aj :\/m i=1-3 —speed of elastic waves
propagation;
E, =E, =E3 =210 GPa—modulus of elasticity or
Young’s modulus;
uf(x;,t) = %)2(')
25
g — gravitation acceleration;
fo = 0.3 — coefficient of DS dry rod friction;
i=1-6 —current coordinate of DS i-th section

,i=1-6;

X »
Cross-cut;

t — current time.

Moving parts of the hoisting system are presented by
multiple mass my =9855kg and rigidity of drilling lines

Cp =53MN/m. We assume that the vibrator produces

harmonic disturbing force P(t).

Next, we have to attach boundary conditions at the
ends and docking sections of DS to the dynamic equations
of the drill string motion (Han, Kim & Karkoub, 2014):

—at the top of DS is hoisting system- the first section
of the drill string:

E;Fu1 (0,t) + mgg = couy (0,t) + moalzui’(o,t) : )
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— at the docking of the 1% and 2" sections of drill pipes: — at the docking of the fourth-fifth and fifth-sixth sec-
u (h,t)=uy(0,t), tions of drill pipe:
ErFu (I1,t) = EpFoub (0,8) +q(Fp — F ) g @  Us(lat)=us(0), uz(ly,t)=us(0;t),

_ at the docking of the second and third sections of drill |5 (Is.t)=ug (0.t). s (ls,t)=ug (0.1); ©)
pipes: — at the lower end of the drill string:

uz (I2,t) =u3(0,1),
E2F2 |:U3 O,t —U2 |2,t):|=—P(t), (4)
: : : : where:
pipes-at the docking of the third and fourth sections of drill 4 = 1200 kg/m® — the density of drilling fluid:
' Rr — rock reaction force on the bore bit.
u3(l3,t):u4(0,t), From static equilibrium equations of the mechanical

, , 3. system we got the initial motion conditions u;(xi, 0),
EaFau3 (Ig,t) = EsFaui3 (0,t) +4(Fs ~F2)g Ellj ) i = 1 — 6 for the system of equations (1):

Equg (Ig.t) =-qg ZI or EgFug(lgt)=R,, (1)

— for the current cross-cut of the first DS section (0<x; <1y ):

1 ~Y 2
u x,O:—+a -9 +—L — =X 8
10:0) Co ’ [15 g 5)[00 ElFng 25, ©
— for the current cross-cut of the second section DS (0 < x> <5, I, — place of the vibrating mechanism installation):
Mo R 1k gx2 92 Pj o
Us (%o,0 :—gJ{als ——Isj[—+— g+| asg ——I5 -= 3 —Xj; 9)
(x2.0) Co g ¢ ER g " )ER 2j5E;"!
— for the current cross-cut of the third section DS (0 < x3 < 13):
R, |9 Pop M)l R, | 9% 90 2
Us (3,0 Mg + g ——21 —+gz( ——1 ——] —— g | =—=-===x3; (10)
3(%3,0) = [0 1S g 5]00 & ajs g 575 EjF 833 g E,F, 2E, 3

— for the current cross-cut of the fourth section — loose part of the stuck DS, located above the sticking zone,
(0< x4 =1y):

R, 19,2 mi| b Pop Mg gl
U4 X4,0 :(mo-‘rals ——ISJ—-FQZ[ S__IS_ + ass ——|5—— —+
(%4.0) g9 ) Al ® g 2 JEjF; g 2 JE,F,

[345 _ P I \J gX4 gp3 XA% (11)
9 " B3Ry 2E3

— for the current cross-cut of the stuck DS part (0 < x5 <5, |5 — length of sticking):

R R P m; ) |
u5(x5,0)=(m0+a13 _Eolsjcg"'(als —EO|5—m1J L Z{ ajs —Eols——J]—'+

Fs—P
fagg—Topg_ma) (o Py )96 (925R-R) (12)
g 2 )E3R3 g " B3R 2E3F3

— for the current cross-cut of the stuck DS loose part, located below the sticking zone (0 < xg <lg ):

R 2 m ) | = mj ) I
Ue(XG'O)Z(mo"Lals—EO|5J%+9[313—EO|5— 1} L 92[ ajs ——2ls— JJ—J

2 JER % g 2 JE5F,
5 P mi\ | 1 6 . |gx
j=4 o g 2 )EgFs 2 =
where 6
Py —evenly distributed load intensity of DS stuck part; a5 = [p3 JZ -a Ell j ] Fs.F
as = (P =) Fih +(p2 ~0)F _ZZIJ' +(ps—a)Fy %Ii ! At the beginning of the motion in the position of stat-
3 3 ! ic equilibrium speeds in the current DS cross-cuts are:
ayg = PzZ',—QZHJFzJF(Ps q)ngll, U (%,0)=0,i=1-6. (14)
J_

Since at the initial time (t=0) all cross-cuts of the
24 DS stuck part are motionless us(xs,0)=0, from equa-
tion (12) we determine the place 1, and length |5 of the

6
335—(,0 |3 q2| JF2+(p3—q)F3Z|j,
[ sticking, and intensity of the load R, .

6 6 .
p3Z|J qzllljF:g,
]:
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3. DYNAMICS OF CROSS SECTION DRILLING STRING 2008), the stationary solutions have the form of a quad-
ratic expression. Static deformations of the current DS
cross-cuts, satisfying the system of equations (1) and
boundary conditions (2) — (7) are of the form:

Since the differential equations (1) are constantly in-
homogeneous equations of the second kind (Kelly,

m 1 X
Ul(X1)=C—09 +(ays —ﬂms)[aJr—ljg _g_plxlz;

0 EiFy 2Ey

Uz(X2)=a9 _Z&Elgll +(ags - Hms)(%Jf%jg +(ags —ﬂms)%—%xgi

U(x3) = (Mg +24s —ﬂms)%Jf gé ( ajs — umg — n;j j EIijj +(ags —Nms)%—%xgi
Ug (X4)=(mp +ays —#ms)%Jr 9 % ( ajs —ﬂms—%J Elijj +(ass —ﬂms—%j%ﬂL

+(ags — u s)é];é —g—gz 4 (15)
U5 (%) = (mg +ay5 —#ms)%*'(als — HMs —7)sl—lél+ g :Z(ajs — Mg —%j%Jf

(345 — MM —TJ%JF(%S Hms ) gs I5x5 — g/E)z (1-u)%E;
Ug (Xg) = (Mg +ays — Nm5)%+ g(als — HMsg —%)%+ g Ez(ajs — H{Mg —%j%Jf
+g Z ( ajs — 5‘%)%‘{93('6_%)(6) UIJg |,}?EX;
where: and initial conditions that satisfy the following equalities:

= (fo/g)signlus (x5, t)]- Uig (%i,0) =u; (x;,0) —u; (% );

. . . . . 18
Stationary solutions (15) testify that elastic motions of Uig (%,0) =i (x,0), i=1-6 (18)

DS cross-cuts depend on the physical characteristics of the
hoisting system and drill pipes, forces of dry friction (u)
and the density of fluids patch (q). They define the loca-
tion, length and integrated power of rock pressure on DS. Uyg (X, )_[ 1 +L)ao;
If the elastic deformation in some cross-cut starts to de- ¢, ER
crease, it shows that DS mobility is limited and there is 1 I
propability of sticking occurence. By changing the density Upg (%,0) = [C—+ - jao '

0

—+

Co

Co

and according to the conditions obtained above (8) — (15)
take the form:

of drilling fluid we can reduce the sticking force and the E1F1 E.F,
intensity of rock pressure or the sticking length. Equations X3 -
(15) completely determine the efficiency of breakdown Usg (%3, 0 zlE F, EsF e
(

elimination by this method. However, if implementation of

at
)<L

this technique in practice fails, it becomes necessary to use u 221 ' RSN PO (19)
mechanical methods (Velten, 2009). 4d SESF, E2 F2 EsFs ) °
Given the stationary solutions (15) a system of ho- L | e | 2
mogeneous differential equations was obtained: Usg (¥s,0) =] —+—2 Y+ X%
) . . Co ElFl E2F2 i E3F3 2E3F3I5
g (¥1,t)+ 2ty (%, 1) —afufg (x,t) =0; 1 3
. 2hi U 2. =0 i=23 qu(XG’O): —t+— 1 z ZI
Uig (X;.t)+2huig (X, t)—agujy (%,t)=0, i=2,3; (16) Co EF EzF E sFs i
" . 2 4 . I
Gig (X, t)+2ntig (x;,t)—agujy (x;,t)=0,i=4-6 Ug (%,0)=0, =16,
with the inhomogeneous boundary conditions: where:
' 2,0 . = um —PI .
E;FRuig (0,t) = cotig (0,t) + mpajuy (0.t); aﬁ 'ul 59 ?csh : . i
EyFty (I,) = EoFyuisg (0.0); The solution of the equation system (16) is compli-
17171d L 272 2d cated by the fact that the boundary conditions (17) are
E2F2|:U3d (0,1) u2d ]——P(t) inhomogeneous because they contain a non-stationary
component — a disturbing force P(t). First it is necessary
ExFouzg ('3’ ) E3F3U4d (0.t); (17) 1o find such special function ¢; (x;, 1), i=1—6, so as to
Uig (Ii,t)zu(m)d (0,t), i=1-5; ensure homogeneous boundary conditions for new un-
id ('ivt):“fnl)d (0,t), i=45 k_nown functions w; (xi, t). After selecting special func-
. tions, the sought-for dynamic movements of DS cross-
Ugg (lg,t) =0 cuts uig (xi, ) must be shifted to gi (x, 1).
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w; (%;,t) =g (X,t) = (x,t), i=16. (20)

Functions ¢i (x;, t), describe additional components of
DS forced oscillations (Maugin, 2007). They should
ensure homogeneous boundary conditions for functions
w; (i, t) and are completely defined by inhomogeneous
boundary conditions (17):

(Dl(xl,t) =¢)2 (Xz,t) =0,
P(t)

3 (X3,t) = £ Rl X3 (X3 —l3)
i P(t) - .
( 1) i li_ i) |:4,51 (21)
204 = 1 g e =x)
_ P
¢6(X6’ ) E3F3|6 X6 (2|6 XG)

The obtained laws of motion indicate that the disturb-
ing force P(t) excites vibrations below the vibrator instal-
lation zone. Equations (21) describe forced components
of drill pipes cross-cuts oscillations, excited by vibration

where:
q3(X3:t)=ﬁ
g (%,t) = (D' = [(x (% —1;) 0 +2a2 )sin(at+y) - 2h % (¥ —
EsFsli
Gs (Xg,t) = L[(x (X6 —2lg )0 +2a3 )sin(wt + )~ 2hgXq (X
6 2E F3|6 6 \ 6 6 3 676 \ *6

Taking into account (19), (20) and (21) initial con-
ditions for the DS current cross-cuts to the sticking zone
took the form:

s—13) (24)

I;—
Wy (X3,0) = Aw—=—"2 x,cosy
3 (X3,0) = E3F3I4 3C0S7

To find a non-trivial solution to the system of inho-
mogeneous equations (16) related to system (23) We will
use the Fourier’s method according to which the DS
cross-cuts moving will be expressed by the product:
WI(Xi,t)ZXi(Xi)'Ti (t), i=1-6, (25)
where:

X;(x;) — the function of the current cross-cut;

T; (t) — the function of the current time.

force P(t). For the purpose of the research we assumed
vibration force to be harmonic P(t) = Asin(w? + y).

Thus, the general boundary problem for functions
Uig (Xi, t) is reduced to the problem with homogeneous
boundary conditions:

E;Rw, (0,t) = cowy (0,t) +mpaZwy (0,t);

E AW (I,t) = ExFpw; (0,1);

EpF,w; (I3,t) = EgFaw, (0,t) ; (22)
w; (I,t) =wi,1 (O,), i=15;

w (I;,t)=w 1 (0,t), i =4,5; wg(lg,t)=0.

For functions w; (xi, t) which are solutions to inhomoge-
neous differential equations obtained in (20) and (21).

Vi () + 200 () —alw' (%, t) =0;
Wiy (Xg,t) + 2hgWig (Xg,t) —a5W5 (Xg,1) = G5 (Xg,t);  (23)
V\/I (Xi ,t)+2h|VV| (Xi ,t)-a%wi”(xi ,t) = qi (Xi ,t) ’

[(x3 (I3 —x3)@® +2a3 )sin(a)t +7)—2hg%g (I3 — X3 ) @cos (et + ;/)] ;

I )a)COS(a)t+7/):|, i=4,5,;
—2I6)a)cos(a)t+;/)} -

After substituting relationships (25) into homogene-
ous dynamic equations which relate to (23), we received
a differential equations system of the current cross-cut
functions:

X{(x)+af peXy (%) =0;
Xi (X)+a2pkx (x)=0,i=23; (26)
X{(x )+a2pEX; (x)=0,1=456.

Thus, we have obtained the Sturm-Liouville problem
with the following non-trivial solutions to X; (X;):

Xy (%) =AlL sin(zk xlj+ A2, cos[zk xlj ;
1

1

Xi (%)= Alsln(lok J+A2 cos(pk
a a

J+ A2. cos[ P
a3

J, i—23: (27)

Xi (%)= AL sm(pk

, 1=4,56.
a3

After substituting (27) into boundary conditions
(22), we obtain a frequency equation for vibrations of
the drill string:

|:[,u2 419 IDk| ) [tg Py, +tg j }Ml—{[l+tg LI IDk| j”ZM (tg Py,
M3 a3 a3 M3 az

a3

3 3 a3

& & M3

—tg pk I5jM3j|M2 ={|:[1 tg |4 tg—|5jM4 +(ﬂltg—|4 + Uy tg p: j 1 i|Ml+|:[th—:|4>< (28)
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where:

M]_: 1——/lek ztg&Il ﬂ,
Co—MoPk & )t

M, - AP 5 +t9&|1;
Co—mopk &

M3 1- tg | tg Pk |3,

M, = gka2+tg IDI<|3, =F\Ep , i=1-3.

Frequency equatlon (28) is transcendent and has an
unlimited number of solutions, so the frequency spec-

is aliquant in character. It should also be noted that the
DS frequency value depends on the parameters of all
sections of the drill string and the multiple mass and
rigidity of the hoisting system. The mathematical model
of DS with a vibrating device built in HWDP was com-
piled to conduct parametric research (Fitzgibbon, Kuz-
netsov, Neittaanmiki, & Pironneau, 2014). This model
allowed to calculate with reasonable accuracy movement
and speed of DS cross-cuts, amplitude-frequency, phase-
frequency and dynamic characteristics of the drill string,
excited by the vibrating mechanism. For the selected DS
layout we calculated the frequency spectrum of free
oscillations, the first ten of which are presented in Ta-
ble 1 (Heinz, 2011).

trum px (k=1,...,00) of DS sections natural oscillations
Table 1. Natural frequencies of the drill string
Frequency Py ) P3 Ps Ps Pe p7 Ps Py Pio
Hz 345 12,70 2345 3450 4550 56.20 6597 7430 8287 9161

In general, the frequency spectrum of DS natural os-
cillations is very wide, and the generated wave propa-
gates along the pipe string and is transferred to the place
of drill pipes’ sticking.

P Xq +
2 Co — Mo Py a

X1k (¥1) =sin Al

ng(xg)={Mlsin&(x3+lz)+M2 cos&(x3+lz)}cosp—ll,
Y] as a
X4k(X4)={&|:M1 (Mltg P |2 +M2jtg P |3 M tg— P |2:|S|n P X4 +|:M1tg P |2 +M2 +
H3 as a

(Ml -~ Matg-t Picy jtg Py }cos P x4}cos Py cos Pk, cos
a

az 1 Q

Based on the discovered natural functions (29), solu-
tions w; (x;, t) are written as series:
o0
Wi(Xi,t)I z Xik(xi)'Tik(t)’ i=1-4. (30)
k=1

Next, let us determine the time function Ty, (t),i=1—

4, so that the series (30) satisfy the system of equations (23)
and the initial conditions (24). Let us decompose the right
parts of differential equations system (23) and the initial
conditions (24) at intervals (0, I;) on their own functions
(29) according to Styeklov’s decomposition theorem:

Gi (xi,t)= k§ Ci (1) Xi (% ):
=]
W (%,0) =

= §Tik (0) Xk (%),
k=1

kozo: Tik (0) Xik (Xi ); (31)
=1

Wi (;,0)
where:

Cik(t)zIjiqi(xi’t)xik(xi)dxi/lfiXi%((xi)dxi :

0 0

Ti|<(0)=IfiWik(Xi,O)Xik(Xi)dxi/lfi X& (% )dx ;
0 0

Tik(O)zI}Wik(xiro)xik(xi)dxi/lji Xik (% )x; -
0 0

5 cos&xl; Xok (%) = (Mlsin&xz +M, cos&xzjcosﬁll;
a

Free oscillations can be amplified by the excitation of
forced resonance oscillations by the vibrating device. With
an accuracy to an arbitrary multiplier equal to one, natural
frequencies py are related to their own functions:

a ar

(29)

pk|

According to (24) Vig(x,0)=Vip(%p,0)=0, then
le (0) :TZk (0)=0, k=1,...,0

As a result, the system of inhomogeneous dynamic
equations allowed to obtain a system of an infinite num-
ber of time function equations which are a classical Cau-
chy problem:

T”ik (t) + 2hiTik (t)+ pETik (t) = Cik (t) ; Tik (0) )
Ty (0),0i =14, k=Leo. (32)

Then the time function takes the form:
Tik (t) = Eihit|:Blik sin(t\ pE - hiz j+ BZik CO{t\ p& - hiz )j| +

Cik(t) , (33)

+
\/(plf - wz)z + 4hi2a)2

and stable integration:

_ - {hiTik (0)+T (0)+

Bl =

pi —hi

Cy (0 -hCy (0) |
( pf - )2 + 4hi2a)2

Cy (0)

BZik :Tik (0)_ (34)

(pf - )2 +4hi2a)2 |

Thus, the solution of equation (1) for the third and
fourth sections of the drill string is:



V. Moisyshyn, K. Levchuk. (2016). Mining of Mineral Deposits, 10(3), 65-76

2

m.
u3(X3,t) = (Mo +ays —ﬂms)%Jf g _Zl(ajs — pMg —71)
J:

I X3(l3 — X
] +(a35—ym5)ﬂ—%x2—MP(t)+

3
EjFj EoF, 2B EaFal3
2 Pk Pk ~hgt - Cax (O | P .
| Mysin=(xg +1p) + Mpcos—(xg +1,) || €73 (Blyy Sin pagt + B23y €0S payt) + —*— |cos—|y;
k=1 8 a 3k &
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m.
Ug (Xg,t) = (Mo +ays —ﬂms)%Jr g _Zl(ajs — Mg —TJJ
j=

lj
EjF;

my ) ol gx
+ (335 — pmg — 73) Ez'iz +(ags - ﬂms)gé‘ )

—%XE +Mp(t)+ OZO: {|:M1—M2 tg%lz —(Mltg%lz +M2jtg&|3:|%sin&X4 +
2 3

2E3 EsFsly k=1 2 ap ag
+{(M1—M2tgﬁlzjtgﬁl3+Mltgﬁlz +M2:|COS&X4}COS&I1COS&IZCosﬁls><
a, as a, az EY a, a,
{e‘h4t (Blyy Sin pakt + B2y COS pyt) + CL(U}
Wk
So, moving of drill string cross-cuts (35) includes Figure 2 demonstrates that the extended cross-cut
four components: us (0, t) begins to shrink as it approaches the accident

— stationary, which is determined by the parameters of zone Ua (ls, t) = u4 (0, t) . Integral values of the sticking
the hoisting system, the drill string tension, pipes weight force and sticking length can be calculated from equa-
and drilling fluid density, viscous resistance power, and tions (15), taking into account the parameters of DS,
rock pressure on the DS stuck part . This component fully hoisting system, and the physical properties of the drill-

determines the location, length and strength of sticking; ing fluid and friction forces.
— forced oscillations with the frequency of the exciting If the resistance is viscous, as in the chosen layout,
force and the amplitude, which depends on DS parame- simple oscillations attenuate exponentially (Fig. 3). The

ters, vibrator location in the heavy weight drill pipe and rate of decrease in the amplitude of these oscillations is
the amplitude of the disturbing force. Such fluctuations determined by the logarithmic decrement of oscillations
have the shape of standing waves and reach maximum Ay =57 /2m;i p, , which is determined by the viscosity
amplitude the middle points of the sections. These waves of drilling fluids. It should be noted that logarithmic
do not transfer energy from the vibrator to the DS sticking decrement of the first section oscillations A1me = 0.0004

place,_ b#t onlty ct?nver';_kmetlc ?ITetr.gy Into pqtetr_1t|al; f th is small compared to the logarithmic decrement of the
—inherent attenuating oscillations consisting of the fourth section oscillations Aam = 0.15.

sum of aliquant harmonics;

— forced oscillations with the frequency of the exciting
force and the amplitude, which depends on DS parame-
ters, vibrator location in the heavy weight drill pipe and
natural DS frequencies, as well as the amplitude of the
disturbing force. Such oscillations have the shape of trav-
eling waves that spread energy in the DS. It is possible to
enhance efficiency of energy transfer by tuning the vibra-
tor to the resonance — one of the DS natural frequencies.
(Bailey & Gupta, 2008).

4. MATERIALS UNDER ANALYSIS

Using mathematical modeling for the selected layout
of the DS, we designed and built graphs for all compo-
nents of drill pipes cross-cuts displacements (Kelly,
2008). Figure 2 shows elastic deformations of the drill
pipe cross-cut above the DS sticking zone.

Figure 3. Standing waves when configuring the vibration
device on the first frequency of the drill string

~
[
FN
W

), cm)

Forced oscillations of the standing waves for the se-
lected DS layout were calculated for harmonic disturb-
ance P(t) = Asin(wt + y). with amplitude A = 1kN.

Figure 3 demonstrates standing waves when the vibra-
tor is configured to the first natural DS frequency, and
Figure 4 — to the fifth natural frequency. Thus, the fre-
guency increases with decreasing oscillation period.

1 2 3 4 For the studied drill string, the oscillations of stand-
The coordinate cross-section ing waves were low amplitude, and therefore their influ-
of thie-deill strinigiGeis 10 ence ¢i(xi, t) on the drill string vibration ui(x;, t) can be
Figure 2. Static movement of the loose part of the drilling pipe neglected.

Static elastic

deformation (u,(x,
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Figure 4. Standing waves when configuring the vibration Figure 7. Simple oscillations of the heavy weight drill pipe
device to the fifth frequency of the drill string below the vibrator location
Figure 5 shows free oscillations of the first DS sec- The study into free oscillations has shown that
tion that slowly fade away as they approach the borehole they quickly fade in the course of approaching the
being close to a harmonious in character. accident zone.

AZNPLIDST5S0
QRIISIEEIRISTI
S SREREHKII
25538 0‘304‘:’:1',
S8

Figure 5. Simple oscillations of the first drill string section Figure 8. Simple oscillations of the drill string stuck section

Figure 6 and 7 show oscillations of HWDP that are Forced oscillations of the heavy weight drill pipe
beginning to slowly attenuate, and Figure 8 presents  (Fig. 9) are multi-harmonious, but the intensity of the
oscillations of the stuck drill pipe that attenuate rather ~ Stuck DS section oscillations decreases sharply with the
quickly. increase in resonance frequency.

"50

Figure 6. Simple oscillations of the heavy weight drill pipe Figure 9. Forced oscillations of the heavy weight drill pipe
above the vibrator installation location
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Figure 10 shows resonance achieved by configuring
the vibrator to the first natural DS frequency, and Fig-
ure 11 — to the fifth natural frequency.

Figure 10. Forced oscillations of the stuck section when
configuring the vibration device ton the first
frequency of the drill string

Figure 11. Forced oscillations of the stuck section when
configuring the vibration device to the fifth
frequency of the drill string

To analyze the setting up of the vibration mechanism
to natural DS frequency, we calculated the resonance
amplitudes (Table 2) of the forced oscillations in the
sticking place and constructed the amplitude-frequency
characteristic (Fig. 12).

Table 2. Resonance amplitudes of oscillations in the sticking
zone

Resonance

frequency

Amplitude
cm

Pp P2 P3 Ps Ps Ps Pz Pg Py Pro

' 1446 40.8 22.3 152 116 9.3 8.0 7.1 6.4 5.7

Past studies have shown that the intensity of forced
oscillations increases with the approach of the installa-
tion site vibrator in HWDP to the accident.

To analyze the vibration mechanism setting up on
natural frequency DS calculated the resonance amplitude
(Table 2) forced oscillations in the place and constructed
stuck frequency response (Fig. 12).

73

S D
L 2

Amplitude of forced
oscillation (4, cm)

50

30
Frequency (o, Hz)

40 60

Figure 12. Amplitude-frequency characteristics of the drill
string oscillations excited by the vibrator

Previous studies have shown that the intensity of
forced oscillations increases as the vibrator installation
place in HWDP approaches the accident zone (Table 3).

It is worth noting that along with the trend described
above, coefficient of the forced oscillations amplitude
transmission increases if the vibrator installation location
is moved in HWDP in the direction of the borehole.

An important dynamic condition of drilling tool
effective operation is instantaneous longitudinal forces
that arise in cross-cuts of drill pipes:

R (x.t)=ERu/(x.t),i=14. (36)
Another important dynamic operational characteris-
tics is strength testing of all cross-cuts of DS.

O'i(xi,t)zEiuir(xi,t),i:l,_zl. (37)

Research into the force variations in drill pipes cross-
cuts showed that the vibrator installation locations
P;(0,t) and o5(0,t) are subjected to the greatest loads
and stresses excited by external vibration.

Amplitude values of these forces and stresses
(Fig. 13) for the selected DS layout grow when the vibra-
tor is set up to a higher natural DS frequency and sharply
fall when the vibrator is lowered along HWDP.

L

200

1501

100

Stresses (o, MN/m’)

501

Installation location vibrator (/,, sm)

Figure 13. Amplitudes of forces and stresses in the vibrator
installation location while its configuring to the
natural DS frequencies pk, k = 1.5
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Table 3. The oscillations resonant amplitudes within the zone of vibrator location

Location The resonant amplitude, cm
the installation, m Py P2 P3 Py Ps Ps p7 Pg Py P1o
5 144.1 38.9 18.8 9.9 4.4 6 1.7 25 2.2 1.0
10 144.1 39.0 19.0 10.3 4.9 1.2 1.2 2.2 2.3 1.4
15 144.2 39.2 19.2 10.7 5.4 1.7 0.7 2.0 24 1.7
20 144.2 39.3 195 111 5.9 2.3 0.2 1.6 2.2 1.9
25 144.2 39.4 19.8 114 6.4 29 0.4 11 2.0 21
30 144.3 39.5 20.0 11.7 6.9 34 1.0 0.6 1.7 21
35 144.3 39.7 20.2 121 7.3 4.0 1.6 0.5 1.3 2.0
40 144.3 39.8 20.4 124 7.7 45 2.2 0.6 0.8 1.7
45 144.4 39.9 20.6 12.6 8.1 5.0 2.8 11 0.2 1.4
50 144.4 40.0 20.7 12.9 8.5 5.4 3.3 1.8 0.4 0.9
55 144.4 40.1 20.9 13.2 8.8 59 3.8 2.3 1.0 0.3
60 144.4 40.1 211 134 9.1 6.3 4.3 2.9 1.6 0.3
65 144.4 40.2 21.2 13.6 9.5 6.7 4.8 3.4 2.2 0.9
70 144.4 40.3 214 13.8 9.7 7.0 52 3.9 2.7 15
75 144.5 404 215 14.0 10.0 7.4 5.6 4.4 33 21
80 144.5 404 21.6 14.2 10.2 7.7 6.0 4.8 3.7 2.7
85 144.5 40.5 21.7 14.4 10.5 8.0 6.3 52 4.2 3.2
90 144.5 405 218 145 10.6 8.2 6.6 55 4.6 3.6
95 144.6 40.6 21.9 14.7 10.8 8.4 6.9 5.9 49 4.1
100 144.6 40.6 22.0 14.8 11.0 8.7 7.1 6.1 5.3 4.4
105 144.6 40.7 22.1 14.9 11.1 8.8 7.4 6.4 55 4.7
110 144.6 40.7 22.1 15.0 11.2 9.0 75 6.6 5.8 5.0
115 144.6 40.7 22.2 15.0 11.3 9.1 7.7 6.7 6.0 5.2
120 144.6 40.8 22.2 15.1 114 9.2 7.8 6.9 6.1 5.4
125 144.6 40.8 22.3 15.2 11.5 9.3 7.9 7.0 6.2 55

For effective elimination of sticking it was necessary
to study DS kinetic and potential energy as well as its
dependence upon the location of the vibrator:

14
Ekin(t)=§_ZPi Fi (I)Uiz(xi )i
i=

4 li _
E pot(t) = _ZlEi F (j)ui'(xi tdx;, =14, (38)
=

where:
U; (,t) —speed of the current cross-cut of DS i-th

section with coordinate x; at an arbitrary time t.
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Figure 14. Energy characteristics of DS oscillations excited by
the vibrator on the first three resonant frequencies

For the selected layout of the drill string, kinetic en-
ergy of the stuck DS is 1.34 MJ and potential — 2.18 MJ.
Studies have shown that energy curves have clearly de-
fined extremes (Fig. 14): the largest Kinetic energy is
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accumulated by DS in case of placing the vibrator at a
distance that is 0.36 HWDP length (Fig. 14), and maxi-
mum of potential energy — in the middle of HWDP. Thus
kinetic energy constitutes only 5 — 10% of the potential
energy (Fig. 15).

725

Potential energy (£,,, MJ)

40 60 80 100 120

20
Installation location vibrator (/,, sm)

i

Figure 15. Amplitudes of potential energy

So, it is more feasible to eliminate accidents at the
expense of DS elastic deformations that can be rein-
forced by the vibration device.

5. CONCLUSIONS

In this work we presented a discrete-continuum
mathematical model of a drill string with vibration
mechanism built into the HWDP. Based on the elaborat-
ed mathematical model we have developed a computer
program which helped us to visualize oscillatory pro-
cesses of the drill-string, as well as to carry out numerical
calculations of power and energy performance.
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The obtained results were analyzed. The developed
model allows to promptly analyze and explain the choice
of vibration mechanism location, so as to provide fast
retrieving of the stuck drill string. Departing from the
aforementioned results, we elaborated the following
recommendations:

— the vibrator should be set up to one of its three natu-
ral frequencies;

—vibration device has to be situated at the distance
which is 0.35 — 0.5 of the HWDP length, starting from its
top. It will allow saving the biggest amount of potential
energy — elastic deformation of the bottom of the drill-
string loose part;

—in the case of setting up the vibration device to its
natural frequencies (higher than the third), the vibration
mechanism has to be located in HWDP as low as possi-
ble. This is because excited vibrations can cause destruc-
tion of drilling pipes;

— for every given layout of the drill-string we should
carry out numerical calculations that will allow to predict
any possible sticking, and also to choose location for the
vibration mechanism;

— we can use the given results for further research and
perfection of existing engineering methods of modeling
and calculation of drill-strings on the stage of their de-
signing and construction.
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Merta. JlocnmiquTy 3a1eXHOCTI IMHAMIYHUX XapaKTEPUCTHK KOJIHMBAJIBHUX PYXIB y MicCIi 3aCTpsiBaHHs OypHIIbHOT

KOJIOHH Bif] TapaMeTpiB BiOpamiiHOTO MeXaHi3My Ta MICIsI HOTO YCTAaHOBKM B OOTsDKHEHIN OypmibHill Tpy6i. Oxpemo
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PpO3poOUTH METOAMKY 3aCTOCYBaHHS BiOpaTopa, peKoMeHamii 3 BUOOpy MiCIl HOro BCTAHOBJICHHS B OOTSDKHEHIiH Oy-
PHIBHIN TpyOi, HACTPOIOBaHHS HA PE30HAHCHY YacTOTY, BHOOPY aMILIITy 11 30yprOBaIbHOT CHIIH.

Metoauka. [[Jsi IpOBEIeHHSI €KCIEPUMEHTAIBHUX JOCIIKEHb OTPUMaHa AWCKPETHO-KOHTHHYallbHa MOJIENb, B
SIKii BpaXOBaHO XBHJIbOBI MPOLIECH. 3alIPOIIOHOBAHO MAaTEeMaTHYHY MOJIETIb poOOTH OypHIIbHOT KOJIOHH 3 BiOpariiHuM
MEXaHi3MOM, BMOHTOBAHHUM B OOTSDKEHY OypHIIBHY TPYOy.

Pe3yabraTn. Ha ocHOBI MareMaTn4HOi MOZENI CKJIaJEHO KOMII'IOTEPHY Iporpamy AJIsl Bi3yalizamii KOJIMBAJIBHUX
MIPOIIECiB, MO BiAOYBAIOTHCSA B KOJIOHI TPYO, Ta YMCEIHLHOTO PO3paxyHKy OCHOBHUX KiHEMAaTUYHHX 1 THHAMIYHHX Xapa-
KTEpUCTHUK JOCII/DKyBaHOI cucTeMH. Po3paxoBaHO 4aCTOTHHH CIIEKTP BJIACHUX KOJIMBAaHb JUISi BUOPAHOT KOMIIOHOBKH
OypHIIbHOT KOJIOHH, & TAKOK PE30HAHCHI aMILTITYAX Ha I[UX 9acTOTax.
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HaykxoBa HoBH3HA. 3anponoHOBaHA METO/MKA J03BOJISIE 3a0€3NEYUTH CYTTEBE ITiIBUILIEHHS TOYHOCTI BU3HAYCHHS
3yCHJIb, HANpY)XEHb 1 3amaciB MIIHOCTI y JOBIJIBHOMY Iepepi3i KOJOHU TPYO, a TaKoX HPOTHO3YBATH IMPUXOIJICHHS
OypHIIBHHX KOJIOH NpH OypiHHI HA)TOBUX 1 ra30BUX CBEP/UIOBHH.

[pakTuyna 3HayuMicTh. HaBeneHo metoanky BuOOpy MicIisi MOHTYBaHHA BiOpaTopa. Po3pobneno pexoMenaaii 3
BHOOPY MICIIS YyCTAaHOBKH, aMIUTITYIH 30ypeHOi CHIIN i pe30HAHCHUX YacTOT IS JIIKBiNAIil MpUXOIUIeHb TPYO U mmorie-
peIDKeHHS pyWHYBaHHSA OypHIBHUX KOJIOH.

Knrwuosi cnosa: 6ypinns, OypunvHa KOJoHA, RPYIHCHI X6UTI, MAmeMamuyna mooennb, 8ibpayis, npuxonieHHs, iopa-
YIUHUI RPUCMPIT, HANPYIHCEHHS, eHep2isi NPUXONIEHOT KOIOHU

ABSTRACT (IN RUSSIAN)

Hean. VccaenoBars 3aBUCUMOCTH TUHAMHYECKHX XapaKTEPUCTUK KOJEOAaTeNIbHBIX JBMKEHUI B MECTE IIPUXBATa
OypHIILHOM KOJIOHHBI OT TIapaMeTPOB BUOPALIMOHHOTO MEXaHU3Ma M MECTa €ro YCTAHOBKH B YTSDKEJICHHOW OypHIbHOU
TpyOe. OTIenbHO pacCMOTPETh YCIIOBHS BO30YKICHUSI PE30HAHCHBIX KoyebaHui B OypuibHOW KojoHe. [lo pesynbra-
TaM MPOBEJCHHBIX HCCIIEIOBaHUN pa3paboTaTh METOIMKY HCIOJIB30BaHUS BHOparopa, PeKOMEHIAIMU IO BHIOOPY
MeCTa ero YCTaHOBKHU B YTSDKEJICHHOH OypHiIbHOU TpyOe, HACTpauBaHMs Ha PE30HAHCHYIO YacCTOTY, BHIOOpa aMILTUTY IbI
BBIHYK/ICHHOW CHJIBI.

Metoauka. {7151 MpoBeJEHHUS KCIEPHUMEHTANBHBIX NCCIIEJOBAHUHN MOTyYeHA ANCKPETHO-KOHTHHYaIbHAasl MOZIENb, B
KOTOpPOH y4YTEHBI BOJIHOBBIE ITpoIiecchl. [IpeoxkenHass MaTeMaTHIeckasi MoJeb paboTel OypHIbHOW KOJIOHHBI C BHO-
panMOHHBIM MEXaHW3MOM, BMOHTHPOBAaHHBIM B YTSDKEJICHHYIO OypuibHYI0 TpyOy. Bubparop mcnomnb3yercst Ui JIMK-
BU/IAIINY TIPUXBATOB OYPMIJIBHOTO HHCTPYMEHTA.

Pe3yabrarsl. Ha ocHOBaHMHM 3TOH MOZAENN COCTaBIEHa KOMITBIOTEPHAs IIPOrpaMMa C HEIbI0 BU3yalu3aliy KoneOa-
TENbHBIX IIPOLECCOB, MPOUCXOAIIUX B KOJIOHHE TPYO, M YHUCIIOBOTO pacyeTa OCHOBHBIX KHHEMATHYECKUX U TUHAMUYe-
CKHX XapaKTepUCTHUK HCClleAyeMoi cucTeMbl. [Ipon3BesieH pacdeT 4acTOTHOTO CIEKTpa COOCTBEHHBIX KoJeOaHMM A
BBIOpAaHHOW KOMIOHOBKH OYpHJIBHOW KOJIOHHBI, @ TAK)KE PE30HAHCHBIX aMIUIUTY/1 Ha 3TUX YacTOTax.

Hayunas HoBu3Ha. [IpeanoxeHHas METOAMKA MTO3BOJISET 00ECIEUYUTh CYIIECTBEHHOE MOBBIIIEHHE TOYHOCTHU OTIpe-
JIeNICHNs] YCWJINHM, HalpsOKEHUH M 3alacoB IPOYHOCTH B IPOU3BOJBHOM CEUYEHHH KOJOHHBI TPYO M MPOTHO3UPOBATH
MPUXBAThl OYPUIIBHBIX KOJIOHH NPU OypeHUH HE(TSIHBIX M T'a30BBIX CKBAYKHH.

IIpakTHyeckas 3HaUNMOCTb. [IpuBeneHa MeToaMKa BEIOOpa MecTa MOHTHPOBaHMs BHOpaTopa. JlaHb! peKkoMeHaa-
IIMM [0 BBIOOPY MecTa YCTaHOBKH, aMIUTUTY bl BO30YXKIAIOMEH CHIBI M PE30HAHCHBIX YacTOT M JUKBHAALMH MpPH-
XBaTa TPyO WM IpeIyNpexIeHNs pa3pyLIIeHUs] OypUIbHBIX KOJIOHH.

Kniouegvie cnosa: 6ypenue, bypunvhas KOJOHHA, ynpyaue 80Hbl, MAMEMAMUYecKdas MoOenb, eUubpayus, npuxeam,
BUOPAYUOHHOE YCIPOUICMBO, HANPAJICEHUE, IHEPSUSL NPUXEAYEHHOU KOTOHHDL
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