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Abstract:

This paper presents a nonlinear finite element method to resolve the problem of the nonlinear con-

tact between the drillstring and hole wall by using a Multi-directional Contact Gap Element (MCGE) contact-
ing at appropriate positions in each beam element. The method was successfully applied to the Daging il Field
GP1 well. It was shown that the drillstring” s contact resistance at any well depth could be obtained by calcula-
tions and that as the error in the calculation of the hole top load is below 10% » the calculation result can pro-
vide theoretical basis for the design and operation of drillstrings.
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INTRODUCTTION

In the drilling of directional and horizontal
well with large displacement, the drillstring” s
possible contact with the hole wall at many places
in the inclined and horizontal sections increases
the frictional resistance, force moment, hole top
load, and drilling risk. When the frictional resis-
tance is very high, the drilling weight and torque
of the bit cannot be effective and the up and
down drill pipe cannot be operateds so the
drilling process stops. Since 1980, many scholars
have researched the frictional resistance of drill-
string using the method of drillstring mechanics
and among many models developed are three
main types: flexible structure type (DBrett et al. »
1989 D, rigid structure type (Payne et al. » 1997
) and mixed structure type (Ma et al. » 1996).
These models cannot consider both geometric and
contact nonlinear effect> so their calculation of
frictional resistance is imperfect. For this reason,
the MCGE is constructed in this work and the
contact and geometric nonlinear mechanics of
drillstring is studied using the MCGE connection
with beam element so that the frictional resis-
tance can be properly taken into account.
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THE NONLINEAR STATICS MODEL OF
DRILLSTRING

The drillstring” s force and deformation in the
hole can be divided into two parts. The first part
is the bending deformation of the straight drill-
string caused by the hole trajectory, which is
usually produced in the inclined section. The sec-
ond part is the load induced drillstring assembly
deformation in the hole during the drilling pro-
cess. In the second part,> the drillstring mechan-
ics includes the geometric and nonlinear contact
problem. The geometric non-line means the lon-
gitudinal bend of drillstring acted on by the more
axial load, and the contact non-line means that
the drillstring deformation is constrained by the
hole wall and the contact is randomly distributed
along the well depth and hole circumferential di-
rection. Therefore, in the analysis of drillstring
mechanics these force and deformation must be
considered so that the contact frictional resistance
can be properly taken into account.

According to the drillstring work state, the
whole drillstring is selected as a research object
and the nonlinear statics model is presented in
this paper, as illustrated in Fig. 1. In the mod-
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el> according to the drillstring structure and hole
trajectorys the drillstring can be discretized into
several beam elements along the axis and then
the MCGE is installed at every beam element.
The beam element can describe not only the vari-
ous drillstring construction and loads, hole top
and toe boundary condition, but also consider the
longitudinal bend and initial deformation of the
drillstring. The MCGE can properly describe the
random contact between the drillstring and hole
wall. This shows that this model can correctly
describe the real work state of the drillstring,
which takes the drillstring mechanics as a geo-
metric and nonlinear contact problems not as the
previous helical bend or the longitudinal and lat-
eral bend. The model makes the drillstring me-
chanical analysis more rigorous, but the analysis
method is more difficult and calculation time is
increased. Because the drillstring work state is
complicated and the statics analysis method is
limited, the following hypotheses are adopted.

Hole top

Z

Beam
element

Drillstring

Hole wall

Bit

Fig.1 The nonlinear statics model of drillstring

1. The hole wall is a cylindrical shell. Mea-
surement and the engineering experience may
give the deformation of the hole wall and the
thickness of the mud sheath.

2. The hole wall may produce the key
groove and the drillstring may produce the stick-
ing at any well depth, which is not normal work
state. In this case, the mechanical resistance act-
ing on the drillstring can be obtained through
simulation of the hole top load and turning mo-
ment.

3. There is no need to consider all dynamic
loads caused by the motion of the drillstring.
Thus it can seen that the nonlinear statics model
presented in this paper should be solved by the
MCGE and beam element.

MULTI-DIRECTIONAL CONTACT GAP EL-
EMENT (MCGE)

Description of the MCGE

The MCGE is a virtual element composed of
drilling fluid, with outside linked to the hole
wall, inside linked to the drillstring; and is in
the form of a thick annulus. When the drillstring
is not in contact with hole wall, the MCGE has
compressive rigidity approximating to zero and
has no effect on the free motion of the drill-
string; once the drillstring contacts the hole
walls its compressive rigidity becomes so big as
to prevent drillstring from getting into the hole
wall» allow motion of the drillstring, produce the
contact reaction force and the corresponding fric-
tional resistance and force moment.

The local coordinate system oyz of MCGE is
chosen so that it overlaps with that of the beam
element. The MCGE may be installed at x dis-
tance to the left node of the beam element; its
displacement should be the lateral displacement of
the beam element and can be shown to be

fo=lv.r w,]'= 1

Where Ng; is the formal function of the beam ele-
ment and also the transform matrix of 2 X 12, d.
is the nodal displacement vector of the beam ele-
ment. If the beam element is to make first con-
tact with hole wall at maximum lateral displace-
ment> the MCGE should be located at x( posi-
tion which can be obtained as the extreme value

of Eq. (1).
S, = max( f) = Ng

After the deformation of the drillstring, the
MCGE may be compressed in any direction; and
the relative compression is given by
2fq,
D—d
Where d is the outside diameter of the drill-

string> D is the inside diameter of the hole.
When the MCGE produces the compressive de-

formation, the contact reaction force should be:
R = fo(;ﬂ 4>

Where G, is the compressive rigidity of the

NGdc

x:x“dc: N(;"de (2)

(3
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MCGE and its relation with relative compression
is shown in Fig. 2. That proves the MCGE is a
nonlinear element with varying rigidity. The
motion of the drillstring produces frictional resis-
tance and force moment as shown in Fig. 1.

R = p11Rex

Rea= poRen
d ]

M(h:ER(h (5
d

Mea= E Rea

G, Rigid
Free  contact
G Elastic

contact
1.0 Eoy

Fig.2 'The relation of compressive rigidity
with relative compression of MCGE

Where R and R are the frictional resistance
along the hole circumference and axis direction
respectively. ¢ is the coefficient of sliding fric-
tion and z; =0.0 during the rotary drilling; but
11 =0.0 and g, is not zeros but some other val-
ue during the sliding drilling or the upward and
downward drill pipe. Mg, and Mg, are the tor-
sional and bending moment caused by the fric-
tional resistance. These forces and moments can
be transformed into the equivalent nodal force of

o], axefate|
¢ = N Ra,y " AN Meay | 6)

R dx | Mga.
M, 0

Where Rg,, and Rg,. are the components of the
force Rg, in the y and =z direction, Mga, and
M. are the components of the bending moment
Ma in the v and 2 direction, N is the formal
function of the beam element.
The contact state discriminant of MCGE

If the long drillstring is numerically analyzed
using beam element, the global stiffness matrix
may be a singular one because the constraint of
the hole wall is not considered> which makes the
equilibrium equation of drillstring unsolvable. In
addition, the drillstring constrained by hole wall

is also a random contact boundary that can not be
correctly given. Therefores the MCGE must be
installed at every beam element and its compres-
sive rigidity must be above zero during the itera-
tive calculation. For the calculation efficiency and
calculation error to satisfy the needs of drilling
engineering» the relative compression and contact
reaction force should be given a small value ey
and Ry in the iterative calculation, and then the
contact state discriminant of MCGE can be writ-
ten as:
1. Free state

E(}N - 1 0< —END
R(;N - RNO<0~ 0
Gk = (}kmin J

7

2. Elastic contact state

— ENg=EGN — 1'0<€Nmax\t

Ren— Rno=0.0
G = Gy I

(8

Where ey is the maximum relative compression
of MCGE considering the deformation of rock
and mud sheath; Gy, is the minimum compres-
sive rigidity of MCGE and generally takes a small
value; Gy is the rock compressive rigidity used
to simulate the rock deformation. When ey =
eno and Gy, = Gy in Eq. (8), the elastic con-
tact can be transformed into rigid contact, and
Gy 18 the maximum compressive rigidity used
to simulate the hole wall rigidity.

THE EQUILIBRIUM EQUATION OF NON-
LINEAR FINITE ELEMENT IN THE DRILL-
STRING MECHANICAL ANALYSIS

If the nodes of beam element produced any
virtual displacement d&d.» the beam element
would produce virtual displacement 8f and virtu-
al strain de, the MCGE would produce virtual
displacement J8fg> and then the virtual work e-
quation can be derived according to the virtual
work principle (Liu et al. » 1996).

[Vae"‘adv + Of RN = [Vaf'l‘PvdV +
JA(Sf"‘PAdA + 6d. P, + 8d! RS, D)

Where ¢, Py» P4 and P, are the stress, distri-
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bution of bedy forces distribution of surface force
and nodal force for the beam element, respec-
tively. The second term on the left hand side of
Eq. (9) stands for the virtual work produced by
the displacement of MCGE, and the last term on
the right stands for the virtual work by the e-
quivalent nodal force of MCGE. The finite ele-
ment method was used to derive the equilibrium
equation of element as:

(K{+ K{+ K+ Ky)d,=F.+ R, 10>

Where Kj is the linear stiffness matrix that is not
related with nodal displacement, K4 is the large
displacement stiffness matrix that is related with
nodal displacement, K¢ is the geometric stiffness
matrix that is related with the stress of element,
F, is the equivalent nodal force of element. K¢ is
the MCGE stiffness matrix given by

K:;ZNEGW(j; 11>

Through the transformation of coordinate system
and assembly of every element stiffness matrix on
overall MCGEs and beam elements, the global e-
quilibrium equation of the drillstring can be ob-
tained by nonlinear statics analysis as:

(Ko + Knoy + Koo+ Koy ?d =F + Ri
12>

Where KO’ KN’ Kg and K(; are the global llnear
stiffness matrix, large displacement stiffness ma-
trix, geometric stiffness matrix and the stiffness
matrix of MCGE, respectively; F and R are
the equivalent nodal force of beam element and
MCGE, respectively. After the nonlinear Eq.
(12) is solved, the contact state discriminant of
MCGE must be distinguished and adjusted, and
the geometric stiffness matrix must be also modi-
fied according to the beam element stress during
the same iterative calculation. This process must
be repeated until all conditions are met, and the
accurate solution of generalized displacement and
internal force of drillstring can be obtained.

APPLICATION IN ENGINEERING

The Daqging Oil Field GP1 horizontal well
with hole trajectory as shown in Fig. 3 was se-
lected as an example. The predicted capability of
the bit acted on by the drilling weight, and the
operation risk of upward and downward drill pipe

were analyzed in order to

Hole top

Inclined

: Horizontal
section

section

Fig.3 'The hole trajectory of GPI well

provide theoretical basis for the drillstring design
and operation in GP1 well. The frictional resis-
tance must be calculated for various load cases.
According to the above drillstring mechanics, the
frictional resistance was calculated at any inclined
and horizontal sections under four load cases:
ups down, rotary and sliding drill. Part of the
calculated results are listed in Table 1 showing
that the frictional resistance in the upward drill
pipe was greater than that in the downward drill
pipe; frictional resistance in the horizontal section
was greater than that in the inclined section, that
in the sliding drill pipe was greater than that in
the downward drill pipe. And the longer the
horizontal section was or the greater the well
depth was, the greater was the frictional resis-
tance. These increasing trends of frictional resis-
tance were observed because the contact reaction
force was increased by the drilling weight acting
on the bit, the inclination of hole trajectory,
contact section, etc.. In the sliding drilling at
the longest horizontal section, the resistance was
the maximum value and the hole top load of
432.5 kN was the minimum value that could
meet the needs of the 100. 0 kN drilling weight
acting on the bit. In addition, the maximum cal-
culated value of the hole top load was 768.4 kN
in all the load cases, which was lower than the
allowable load of the drilling machine. This
showed that the design of the hole trajectory and
drillstring construction were reasonable; that the
drilling machine could safely work under the var-
ious load cases; that the weight of the drillstring
could overcome the various frictional resistances
and ensure the drilling weight acting effectively
on the bit; and that the whole drilling process
was safety and reliable.
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In order to test and verify the calculation
precision of the drillstring mechanics, actual
measurements of the hole top load are also listed
in Table 1 showing that the calculated hole top
loads basically conform to the actually measured

values, with relative error below 10% . The re-
sults showed that drillstring mechanical analysis
could be used in drilling engineering. This con-
clusion was confirmed by drilling practice.

Table 1 The calculated and measurement results of frictional resistance in the GP1 well

.. Dirilling Calculated Measured Relative  Frictional Force
Section and . .
1l denth Load case weight  hole top load hole top load error resistance  moment
wel dep (ND (kND (kND (%) (ND - (kNem)
Inclined section up 0.0 733.4 745.0 1.56 —17.29 -
(well depth of down 0.0 699.6 707.0 1.05 16.37 -
2075 m and rotary drilling 150.0 568.2 564.0 0.75 - 13.69
inclination of 65°) sliding drilling 170.0 524.3 511.0 2.60 29.84 -
Horizontal section up 0.0 755.3 800.0 5.59 —63.30 —
(well depth of down 0.0 631.3 680.0 7.16 61.70 -
2770 m and rotary drilling 77.0 616.7 646.0 4.54 - 25.89
inclination of 85°) sliding drilling 90.0 536.4 590.0 9.08 73.50 -
Horizontal section up 0.0 768.4 828.0 7.20 —131.50 -
(well depth of down 0.0 494 .1 504.0 1.96 129.20 -
3190 m and rotary drilling 40.0 582.8 630.0 7.49 - 65.50
inclination of 86°) sliding drilling 60.0 432.5 4440 2.60 137.50 -

CONCLUSIONS

1. The nonlinear statics model of drillstring
presented in this paper considers the random con-
tact and the geometric nonlinear problem of the
drillstring, and adequately describes the defor-
mation and force of the drillstring.

2. The MCGE may be placed at any beam
element position, which maximizes the lateral
displacement of the beam element previously in
contact with hole wall. A new element is provid-
ed so as to solve the contact friction between the
drillstring and hole wall along the well depth and
hole circumferential direction.

3. Engineering tests showed that this finite
element composed of MCGE and beam element is
effective for nonlinear statics analysis of drill-

string. This model can be used not only in fric-
tional resistance analysis of drillstring but also in
mechanics analysis of tubing string, rod string,
etc. in production practice; and has high poten-
tial for application in petroleum engineering.
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