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Abstract

As drilling depths continue to increase in oil and gas operations, the associated downhole
environment has grown more complex. Data from recent field measurements reveals signif-
icant differences between the major and minor axes of the wellbore cross sections, resulting
in an elliptical rather than a circular geometry. Such a wellbore may affect the drilling
trajectory and wellbore quality. In this work, a dynamic model of a downhole drillstring
system incorporating elliptical wellbore constraints is developed using an Absolute Nodal
Coordinate Formulation (ANCF)-based beam element, specifically designed to handle
contact within both circular and elliptical wellbore cross sections. Numerical simulations
are performed based on an actual well trajectory. The results indicate that the elliptical
shape of the open-hole section affects the vibration of the drillstring and bit, thereby further
influencing the shape of the actual drilling trajectory. The proposed approach can be used
to predict the drilling process with an irregular wellbore. Simulation results can inform
the selection and adjustment of drilling tools and control parameters for the upcoming
drilling operation.

Keywords: drillstring; multibody; contact dynamics; elliptical wellbore; vibration

1. Introduction

The rotary drillstring system is an essential tool in the process of oil and gas extraction,
and its dynamic characteristics during drilling operations are critical factors constraining
drilling efficiency [1]. A drillstring system is composed of a series of drill pipes connected
via connections, with a bottom-hole assembly (BHA) attached at the lower end. In the
dynamics analysis of a drillstring system, the contact between the drill pipes and the well-
bore constitutes a critical challenge during drilling operations. Contact between drill pipes
and the wellbore generates both normal contact forces and tangential friction forces [2],
which not only induce undesirable vibrations in the drillstring system but also reduce the
energy transfer efficiency from top to bottom, significantly decreasing the rock-breaking
efficiency. Complex contact and friction will amplify phenomena such as bit bounce [3]
caused by axial vibrations, whirling induced by lateral vibrations, and stick-slip resulting
from torsional motion of the drillstring [4,5]. These phenomena can severely impede torque
transmission from the top drive to the bit, potentially causing pipe sticking incidents that
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ultimately decrease the service life of drill pipes and damage downhole bottom-hole as-
semblies. Consequently, dynamic modeling of drillstring—wellbore contact interactions has
become a focal point in drillstring dynamics research.

In practical engineering applications, the scarcity of downhole measurement data
necessitates a combined analytical approach utilizing dynamic modeling and field mea-
surements. Recent advancements in dynamic modeling techniques have enabled extensive
research on drillstring system dynamics. Current modeling methodologies including the
analytical method, traditional linear finite element methods [6,7], co-rotational coordinate
formulations [8], geometrically exact beam theories [9], and absolute nodal coordinate
formulation (ANCF) beam elements [10] have demonstrated strong capabilities in charac-
terizing the drillstring system’s high-speed rotation around the axis and large deformation
characteristics [11]. For addressing the drillstring—wellbore contact problem, the analytical
process typically involves three sequential stages [12]: initial contact point localization,
subsequent contact detection, and final contact force computation at identified potential
contact locations.

Significant research achievements have been made regarding the dynamic modeling
of drillstring—wellbore contact interactions. Zhang et al. [13] presented an integrated
model to analyze self-excited axial and torsional vibrations in rotary drilling systems using
realistic PDC bits. Their model combines a multi-degree-of-freedom (MDOF) drillstring
representation with a detailed PDC bit-rock interaction model, accounting for cutter layouts
and rock properties. Bembenek et al. [14] proposed their work to evaluate drillstring—
wellbore contact and friction forces that arise during conventionally vertical and inclined
well construction. In their work, the authors considered rotary and combined methods of
drilling and the usage of drill pipes made of various structural materials. Mao et al. [15]
focused on the nonlinear dynamic characteristics of the bottom hole assembly (BHA). The
drillstring dynamic model is established with the beam finite element method and solved
by the generalized-« method. The PDC bit dynamic characteristics were analyzed, and the
effects of weight on bit, rotation speed, and rock drill ability on the drillstring dynamic
behavior were discussed. Yang et al. [16] proposed a consistent-contact-force algorithm and
a highly efficient implicit-integration scheme. Geometric treatments were applied in gap
and overlap areas to obtain a continuous contact force, in addition to contact-history-based
fast detection. Yang et al. [17] developed a multibody dynamic model of the drillstring for
the torque and drag analysis; the developed model relaxes the assumption of continuous
contact between the drillstring and the wellbore. Moreover, their model can account
for overall rigid motion, three-dimensional (3D) rotation, and large deformation of the
drillstring with a large-scale slenderness ratio and random contact between the drillstring
and the wellbore.

In most of the studies for drillstring dynamics, the wellbore cross sections have been
modeled as perfectly circular. However, field measurement data indicate that actual
open-hole sections exhibit a certain degree of ellipticity, meaning there is a noticeable
difference between the diameters in two perpendicular directions, reflecting distinct major
and minor axes. Irregular drilling processes caused by rock anisotropy and tortuous well
trajectories [18,19] in practical operations result in elliptical wellbore profiles in actual
open-hole intervals. The presence of elliptical wellbore sections introduces non-uniform
contact distributions along the drillstring circumference [20], potentially inducing more
complex vibrational patterns and sophisticated contact friction characteristics. Currently,
no published literature has yet addressed this particular research issue.

In this work, dynamic modeling and analysis of rotary drillstring systems incorporat-
ing elliptical wellbore cross sections in open-hole intervals are conducted. An ANCF-based
beam element model is developed to address the dynamics model of drill pipes. Then, the
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contact issues between drill pipes and wellbore within both circular and elliptical wellbore
cross sections are discussed. Numerical simulations are performed on contact problems
occurring during drilling operations of an actual well trajectory, with a comparative anal-
ysis of drillstring dynamic characteristics under circular versus elliptical cross sections,
establishing fundamental insights for further research. The structure of the remaining part
of this work is organized as follows: Section 2 presents the dynamics of the beam elements
based on the absolute nodal coordinate formulation. The drillstring—wellbore contact and
the bit-bottom interaction are detailed in Section 3, including contact modeling in both the
circular and the elliptical cross sections. Simulations are conducted in Section 5 to analyze
the influence of different open-hole cross sections, and concluding remarks are given in
Section 6.

2. Dynamics of the Drillstring by the ANCF Beam Element

The dynamics modeling is established in this section, where the ANCF Euler-Bernoulli
beam element [21] is used to describe the drillstrings.

2.1. Kinematics of an Element

The generalized coordinates of a beam element are selected as

where 7, € R3, (k = a, B) is the absolute position of node k, 6y is the axial rotation angle,
and rfc =dr/0ds € R3 is the slope of the node, where s is the material coordinate along the
center line of the beam.

To perform Gaussian integration [22] over the interval [—1, 1], ¢ is defined as § =
2s5/1, — 1, where [, is the length of an element. Then, the position and slope of an arbitrary
point on the center line can be determined by a Hermite interpolation [23] as

r(s) = r(Z) = Sira + Sory + Sarp + S4r;5 = Sq° )
where
S = (5113, 031, SoIz, S3Iz, 0341, 5413> 3)
_ 1 3, 14
1= g bt s
1
S5 = ge(l—ff—@z-ir@g)
1 3. 1 (4)
_ Lo 1l
S = gtgb—¢
I
S = g(-1-8+3+8)

and I3 is a 3 x 3 identity matrix and 031 is a zero column vector of size 3.
The axial rotation angle 6 of an arbitrary cross section is

_1-¢
="

1+¢

_gb
O+~ 205 = S'4° 5)
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where
0 1— 1
s = (01x3, LS, 013, Oixs, 35, 01><3) (6)
The global displacement of an arbitrary point P on the cross section is
rp=r+ny+bz (7)

where 7 is the normal unit vector of the center line at the intersection point of the center
line and the cross section, b is the bi-normal unit vector at the same point, y and z are the
local coordinates of the point P in a reference Frenet frame attaching to the element cross
section. The normal unit vectors of the Frenet frame can be obtained by the 3-2-1 sequence
rotation matrix of Euler angles.

CpC3 —C153 +5152€3  $1S3 + €152C3
R3y1 = | o83  c103 + 515783 —8103 + 15283 | = (t, n, b) (8)
—S7 S1C2 Cc1C2

where s; = sin(6;), ¢c; = cos(0;,i = 1,2,3), 61 equals to the axial rotation angle 6, s, s3, c2
and c3 can be expressed as function of the slope vector #/, and the tangent unit vector t is
parrallel to the slope vector [17]. The velocities and accelerations of an arbitrary point P on
the element can be evaluated by taking the first and second time derivatives of Equation (7),
respectively. It is worth noting that the introduction of rotational Euler angles leads to
a singular configuration problem in the aforementioned straight beam element when its
centerline tangent aligns with the Z-axis of the inertial frame. In this study, the orientation
of the drillstring remains largely aligned with the X-axis, with only minor directional
variations, and the singularity issue does not arise. To completely avoid singularities,
Liu et al. [9] introduced a rescaled technique to restrict the rotation angle to avoid the
singularity problem. Gruber et al. [24] avoided the singularity by defining directors at the
nodes and updating them with each computational step. Additionally, employing a Bishop
frame to describe the local coordinate system can also prevent singularities [25].

2.2. Dynamics Equations

With the kinematics information of an arbitrary point on the element, the kinetic
energy and strain energy of an element can be calculated as

Lo LT
T = % /0 /A(fiTSTSiI + T2 + b'b2%)pd Ads ©)

and
e _ 1 le 2 2 2 2
ue = 2 J, (EAe” + GJix; + EJzzx;, + EJyyxy)ds (10)

where p is the density of the material, A is the area of the cross section, E is the elastic
modulus, G is the shear modulus, J; is the polar moment of inertia, J.; and ], are the two
area moments of inertia of the cross section, € and «;, (i = t,1,b) are the longitudinal strain
and the curvatures.
The mass matrix of an element can be deduced from Equation (9) as
I, 1

M = 5 _1(pASTS + Jazngng + Jyybybg)dd (11)
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where The subscript g indicates partial differentiation with respect to the generalized
coordinates. The elastic forces can be deduced from Equation (10) as

ou* ! ! ! T T T T
Q= _< o ) = _Ee 71(EAeeq + GJikikt g + EJzzknicy g + E]yy"b"b,q)dé (12)

The structural damping of an element can be evaluated according to the Rayleigh
model [26] as

£0Q°

d __ (.mage

)q° (13)

Then the dynamic equations of the system can be obtained as
Mij+Q = Q'+ Q’ (14)

where M is the mass matrix of the system, in which Q° is the vector of the constraint forces,
Q' is the internal forces caused by the element elastic forces, the structural damping, and
the quadratic of the rotational velocity, Q° is the external load vector, including the gravity,
the contact forces and the interaction between the drill bit and the well bottom. The system
mass matrix and generalized forces can be assembled from the element mass matrices and
forces. By introducing the Lagrange multipliers and the constraint equations of the system,
the augmented differential-algebraic equations (DAEs) of the system can be expressed as

Mi CTA: e i 0
{ j+CA=Q+Q +Q 5)

C=C(q.9,41)

Motion of the system can be evaluated by solving Equation (15) with an implicit
numerical integration method [27].

3. Drillstring and Bit Interaction with the Wellbore

Contact forces between the drillstrings and the wellbore are established in this section,
and the interaction between the drill bit and the well bottom is introduced. The computation
of the contact forces is divided into three steps: locating the potential contact points in
the wellbore, the contact detection, and the contact force calculation. In this work, the
focus is primarily on the contact issue between the drillstring and the wellbore in an
elliptical wellbore. The locating of contact points and the calculation of contact forces
in an elliptical wellbore are no different from those in the circular wellbore discussed in
published literature. Therefore, only the contact detection issues in these two types of
wellbore cross sections are discussed here.

3.1. Contact in the Wellbore with Circular Cross Section

The research methods for the contact detection between the drillstring and the circular
wellbore are similar to those for joint clearance issues in mechanical systems [28,29]. Re-
searchers have developed several algorithms for the beam contact issue, such as the penalty
function method [29], the Hertz model [28], the linear complementary method [30], and
the all-angle beam contact [31]. In this work, the Hertz model is adopted to describe the
contact between the drill pipes and the wellbore.

The section views of the drillstring and the wellbore can be treated as two circles
due to the fact that the bending deformation near the contact points is small, as shown in
Figure 1. The penetration of the contact can be defined as

d=rp+dc—rp (16)
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where 7, is the out radius of the drill pipe parts, d. is the distance between the two circle
centers, 1y is the inner radius of the wellbore. This formulation is usually used in the
clearance dynamics of revolute joints. Contact occurs when 6 > 0, then the contact force
can be evaluated by using the Hertz contact model with damping as

F¢ = ké° + ¢d (17)

where k is the equivalent contact stiffness, e is a nonlinear exponent, and c is the damping
coefficient. The tangent friction can be determined by the Coulomb model as

Ff = uFe (18)

Figure 1. Contact between the drillstring and the circular wellbore.

3.2. Contact in the Open Hole with Elliptical Cross Section

When the cross section of the wellbore open hole is elliptical, as shown in Figure 2, the
contact detection is more difficult than that in a circular wellbore. The distance between
the inner circle and the ellipse depends on the orientation of the relation between the two
outlines. The radius of the ellipse at an arbitrary angle ¢ is

r(¢) = \/(acos §)? + (bsing)? (19)

where a and b are the major and minor axes of the ellipse. The distance between the circle
center and the ellipse is

d =/ (@cos() — xc)2 + (bsin(p) — yc)? (20)

where x. and y. are the local coordinates of the circle center in the ellipse fixed frame. Since
d > 0, the minimum value dp;, of the distance can also be determined when the square of
d achieves its minimum under the following condition

o(d?)

f= o9 = —2(acos(¢p) — xc)asin(¢) + 2(bsin(¢p) — y.)bcos(¢p) =0 (21)

Equation (21) can be solved by using the Newton iteration as

(ks1) _ 00 S@1) 2
¢ ¢ F¢™) (22)

where the superscript (k) denotes the k-th Newton iteration.
fl(¢) = aJ;E;)) = 2(b? — a?)(cos® ¢ — sin® ) + 2(ax, cos ¢ + by, sin P) (23)
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An initial value of ¢ should be provided for the iteration of Equation (22), and the
angle between the line of centers and the major axis of the ellipse can be used as the initial

value as
arctan &, ifx. >¢
Xc
o = /2, %f|xc| <eandy. >0 (24)
—71t/2, if x| < eand y. <0

arctan Ye 4+, ifx. < —€
Xc
where € is the limit of error, which is a positive value close to zero. When the absolute value
JACID)
f(9®)
the iteration terminates, yielding the solution ¢ to Equation (21).

of the increment

is less than the prescribed error tolerance (0.01 deg in this work),

When dppip is determined at the solution ¢ of Equation (21), the position vector of the
closest point in the 2D ellipse local frame is

d
- (jomtl) ex

The penetration of the contact can be calculated as

d=r1p—||dp—rl] (26)

where . = (x,, yc)T eR2.If6 >0, Equation (17) can be used to calculate the contact force.

Figure 2. Contact between the drillstring and the elliptical wellbore.

3.3. Interaction Between the Drill Bit and the Bottom

In order to investigate the stick-slip vibration of the drillstring system, the model of
the weight-on-bit (WOB) is adopted as

Fwop = Wy + kon(l — sin Gbit) (27)

The torque-on-bit (TOB) model is assumed to be

K1 Whi
! bltz )Fwos (28)

F = tanh Whit) + ——mm—
TOB = Hi( (wpit) 1+ il

The parameters are selected as Wy = 100 kN, kf = 25,000 kN/m, xg = 0.001 m,
ur = 0.04, a1 = 2.0, and ap = 1.0 according to the work of Khulief et al. [5].
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3.4. Integration of Generalized Forces

Due to the complexity of handling an excessive number of contact friction points in
the system, the forces at the contact points are approximated as a combined external force
acting on the beam axis and a torque about the axis. The combined external force vector is

FOm = FC + Ff = Fen + F/t (29)

where n° is the unit vector of the contact direction and 7 is the direction of the friction,
which is determined by the tangent velocity of the contact point. and the axial torque
caused by the friction is

T¢ =ryF/! (30)

where 7 is the radius at the contact point of the drill pipe, F/! is the component of the
friction perpendicular to the beam axis. In order to integrate the combined force and the
torque into the dynamic equation, the principle of virtual work is used, and the condition
that both sets of forces perform an equal amount of virtual work is imposed as

OW = 8r(s)TFO™ = §g° Qo™ (31)
Take Equation (2) into consideration, Equation (31) becomes
oW = 5g°TSTFeom (32)

Comparing Equations (31) and (32), the following force transformation can be ob-
tained as
Qcom _ STFcom (33)

Similarly, the generalized force of the torque can be obtained by using Equations (5)
and (6) as
60T = 6T Q7 (34)

Finally the generalized forces Q™ and Q7 caused by the contact and friction can
be integrated in to the dynamic equation of the system. The discontinuities of the friction
will lead to iteration failure in the numerical solution. To deal with this problem, a tanh
function is introduced in the calculation of the friction force and torque.

4. Validation and Analysis of the Model
4.1. Comparison Between the Proposed Element and the Traditional FEM

In order to validate the model, a single drill pipe is simulated using both solid elements
and the proposed beam element of this work. The outer diameter is 149.2 mm, the inner
diameter is 127.4 mm, and the length is set to be 9.5 m. One end of the drill pipe is fixed
on the ground, and a lateral force ranging evenly from 200 N to 5000 N is applied to the
other end. Simulation results in Figure 3 show that across all data points, the maximum
relative error in lateral deformation is 4.74% (less than 5%), and the maximum absolute
error is approximately 11 mm. The difference is mainly caused by the neglect of the shear
deformation. Such errors are entirely negligible for a system that is several thousand meters
in length.
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g 0.4 3r
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“g 0.2 2t
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Figure 3. Comparison with the solid elements: (a) lateral deformation; (b) errors of the deformation.

4.2. Mesh Convergence

To analyze the mesh convergence of the presented element. A torque 7 = 7tEJ,;/3L is
applied at the end of a 570 m-long drillstring composed of 60 connected drill pipes, and the
theoretical deformation should be an arc. The inner diameter of the drillstring is 111.96 mm,
the outer diameter is 127 mm, the elastic modulus is 210 GPa, and the single pipe length
is 9.5 m. The simulation results with different numbers of elements are compared with
the theoretical analysis, as shown in Figure 4. From the results in this figure, when the
number of elements is larger than 8, the simulation results converged. Correspondingly,
each element can approximately be used to simulate about 5 drill pipes (about 12 elements
for the 60 drill pipes). In subsequent simulations, the element length is less than 47.5 m.

(a) 300 s 4 elements (b) 0 ‘H"a{*"':"*-*ﬂ*'-'*--q- .*‘*
— seeeee 8 elements + it 2N
£ s 12 elements _1_
= 200 16 elements B —0.02 o + L +
g analytical solution = % ;
g E FF
2 100 } @ —0.04 oF
A iy
0™ ~0.06b———
0 100 200 300 400 0 100 200 300 400

Direction x [m] Direction x [m]

Figure 4. Mesh convergence result: (a) deformation; (b) errors of the deformation.

Furthermore, the presented model has been applied to simulate drillstring systems in
a conventional circular wellbore in the previously published work [32] of the authors. The
vibration frequency and amplitude from the simulation results were compared with field
measurement data, showing general agreement in both trend and numerical range.

5. Simulation and Results

In this section, simulations for the drilling process of an ultra-deep well at approx-
imately 6000 m depth are conducted. The corresponding wellbore structure and well
trajectory at this stage are illustrated in Figure 5.

Parameters of the drill pipes and the BHA are shown in Table 1. In order to analyze
the influence of elliptical open-hole cross section on the dynamic behavior of drillstring
systems, simulations are conducted for two working conditions. In Case I, all open-
hole cross sections are circular, while in Cases II and III, the bottom 150-m open-hole
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(6120-6270 m from the surface) section is elliptical, whereas the remainder of the borehole
is circular. Based on field measurements, the major and minor diameters of the ellipse
cross section in the two cases are set to be 453.0 mm and 337.36 mm, respectively, where
the ellipticity ratio (a/b) reaches 1.34. The difference between the two elliptical cross
sections is that the axial rotation angles differ by 90 degrees. From a geometric perspective,
the greater the difference between the major and minor diameters, the more distinct the
contact pattern becomes in different directions. Consequently, the allowable range for
the lateral deformation of the drillstring becomes direction-dependent. As the drillstring
rotates, the magnitude of lateral deformation at the contact points with the wellbore
varies with the borehole diameter, thereby inducing additional vibrations in the drillstring
system. In the simulation of the drillstring system, the contact parameters are adopted as
k=5x10°N/m,c=1x 103 Ns/m, e = 1.5,and u = 0.2 [17]. Parameters of the damping
model are selected as ™ = 0.017 s~ and ¥ = 5 x 107 s according to the result of the
experimental calibration by Tang [26]. The dynamic equation is solved by using the HHT-«
method [27], with the parameters & = —0.3, § = 0.4225 and <y = 0.8. The iteration termination
error tolerance is set to be 1 x107°.

(a) (b)
®473.1mm (451.9mm) 90deg elliptical
Z A casing 0 — 1500m 0 - 0deg elliptical
circular
g
©365.1mm (337.4mm) =" 2000 - !
casing 0 — 5000m % §
o i
S 4000 g
Z ®374.6mm (337.4mm) £
casing 5000 — 5900m > castward
6000 o
—20 -10 0 \ < 6 -
®333.4mm 10 20 L 2
[}
open hole 5900m — Eastward displacement (m)  Northward displacement (m)

Figure 5. Well information of the simulation: (a) wellbore structure; (b) well trajectory and the cross
section of open hole.

Table 1. Parameters of the drill pipes and the BHA.

Parts Outer Diameter  Inner Diameter Length Total Le]?igtth from Mass per Length Inertia per Length
drill pipe 149.2 mm 127.4 mm 1140 m 6245.23 m 36.9 kg/m 0.178 kgm
drill pipe 149.2 mm 129.9 mm 4745 m 5105.23 m 33.0kg/m 0.161 kgm
drill pipe 149.2 mm 92.1 mm 144 m 360.23 m 84.4kg/m 0.324 kgm
drill collar 203.2 mm 71.44 mm 27 m 216.23 m 221.7 kg/m 1.286 kgm

drilling jar 203.0 mm - 10m 189.23 m 252.5kg/m 1.300 kgm
drill collar 203.2 mm 71.44 mm 126 m 179.23 m 221.7 kg/m 1.286 kgm
drill collar 228.6 mm 76.2 mm 18 m 53.23m 284.6 kg/m 2.065 kgm
stabilizer 333.4 mm - 1.8m 3523 m 681.0 kg/m 9.461 kgm
drill collar 228.6 mm 76.2 mm 9m 33.43 m 284.6 kg/m 2.065 kgm
stabilizer 333.4 mm - 1.8m 2443 m 681.0 kg/m 9.461 kgm
drill collar 228.6 mm 76.2 mm 18 m 22.63m 284.6 kg/m 2.065 kgm
shock sub 229 mm - 4m 4.63m 321.3kg/m 2.106 kgm

drill bit 333.4 mm - 0.63 m 0.63m 681.0 kg/m 9.461 kgm

5.1. Comparison of Difference Time Steps

To analyze the time-step convergence of the simulation, simulations of the drillstring
system are conducted using different step sizes, specifically 0.5 ms, 0.1 ms, and 0.05 ms.
Since reducing the step size significantly affects computational efficiency, only an 8-s
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dynamic process was simulated for this comparison. Taking a point at vertical depth
4627 m from the surface on the drillstring as a reference, the lateral motion at this point
is presented in Figure 6. It can be observed that when the step size is 0.5 ms, the error
compared with smaller step sizes is noticeable, approximately 20 mm. When the step size
is reduced to 0.1 ms and 0.05 ms, the error in the drillstring motion decreases significantly
to about 0.85 mm, becoming essentially negligible. Therefore, in subsequent simulations, a
step size of 0.1 ms is chosen to balance simulation efficiency and computational accuracy.

(a) (b)
-13.2 : . . .
@ I 0.1ms v.s. 0.5ms
= 0.02 0.1ms v.s. 0.05ms
=i
g
5 —13.25
5]
S
& ——dt=0.5ms
2 S U1
~133 e ~0.02
0 2 4 6 8 0 2 4 6 8
Times (s) Times (s)
© (@
0.02 ¢
é 7.45
5 g 0 ~
& =
S 7.4 g
@  —0.02 0.Ims v.s. 0.5ms
"Q" 0.1ms v.s. 0.05ms
7.35 : ' : -0.04 s . -
0 2 4 6 8 0 2 4 6 8
Times (s) Times (s)

Figure 6. Lateral motion of the drillstring at 4627 m: (a) lateral motion of the drillstring in y direction;
(b) errors in y direction; (c) Lateral motion of the drillstring in z direction; (d) errors in z direction.

5.2. Motion of the Drillstring

The translational and angular velocities of the drillstring at different positions are
analyzed, with specific points selected at vertical depths of about 2726 m, 4627 m, 6017 m,
and 6175 m from the surface for analysis. These points correspond, respectively, to the
upper-middle section, the lower-middle section, the circular cross section in the upper part
of the open-hole section, and the lower part of the open-hole section of the drillstring. In
the lower open-hole section, a comparative analysis is conducted using both circular and
elliptical cross sections under two working conditions.

Figure 7 presents the axial velocities at the four selected points, along with an
amplitude—frequency characteristic analysis in Figure 8, where the first three order fre-
quencies with the largest amplitudes are marked by colored circles. It can be observed
that the axial vibration frequencies at the first 2 points are relatively lower than those at
the other two points. Furthermore, the cross section geometries of the lower open-hole
section have no significant effect on the upper drill pipe. However, distinct differences
can be observed between different conditions at the two lower measuring points. At the
4627 m point, a noticeable difference in amplitude occurs around 1.1 Hz, with the axial
amplitude of the drillstring being greater inside the elliptical cross section. For the point at
6175 m, the simulation results under the elliptical wellbore condition show a significant
increase in amplitude across most frequencies from 0.5 Hz to 3.0 Hz. Therefore, the local
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elliptical wellbore cross section exerts a considerable influence on the axial vibration of the
drillstring throughout the open-hole section, leading to a marked rise in the amplitude of
the axial vibration velocity.
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Figure 7. Axial motion of the drillstring: (a) axial velocity at 2726 m; (b) axial velocity at 4627 m;
(c) axial velocity at 6017 m; (d) axial velocity at 6175 m.
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Figure 8. Amplitude—frequency characteristic of the axial velocities: (a) amplitude—frequency at
2726 m; (b) amplitude—frequency at 4627 m; (c) amplitude—frequency at 6017 m; (d) amplitude—
frequency at 6175 m.
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Figures 9 and 10 show the lateral velocities of the drillstring. To facilitate the analysis,
the major axis of the ellipse is set parallel to the y-direction. The minor axis is set parallel
to the z-direction. Amplitude—frequency characteristics are plotted in Figures 11 and 12.
The analysis shows that, similar to axial vibration, the elliptical borehole cross section
has no significant effect on the upper points of the drillstring. However, at the two lower
points, results indicate an increase in vibration velocity amplitude within the elliptical
cross section.
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Figure 9. Lateral motion of the drillstring in y direction: (a) lateral velocity at 2726 m; (b) lateral
velocity at 4627 m; (c) lateral velocity at 6017 m; (d) lateral velocity at 6175 m.

Further comparison shows that along the ellipse’s major axis, the velocity amplitude
increases. Notably, this increase is observed both within the elliptical section and in
the circular cross section at the 6017 m point. In the minor axis direction, however, a
noticeable increase in velocity amplitude is only seen at the point within the elliptical
section. Moreover, the influence of the elliptical borehole cross section on the axial velocity
amplitude is more pronounced than its effect on the lateral amplitude. This is mainly
because lateral vibration is constrained by the borehole, while axial vibration propagates
along the well depth.

The angular velocity of each point rotating about the axial direction is shown in
Figures 13 and 14. It can be observed that the vibration frequency of the angular velocity is
relatively low, and there is no significant difference in angular velocity between the two
borehole cross section geometries. However, amplitude—frequency characteristic analysis
reveals that at the middle and lower sections of the drillstring, the amplitude of angular
velocity in the circular borehole is higher than that in the elliptical borehole.
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Figure 10. Lateral motion of the drillstring in z direction: (a) lateral velocity at 2726 m; (b) lateral
velocity at 4627 m; (c) lateral velocity at 6017 m; (d) lateral velocity at 6175 m.
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Figure 11. Amplitude—frequency characteristic of the lateral velocities in y direction: (a) amplitude—
frequency at 2726 m; (b) amplitude—frequency at 4627 m; (c) amplitude—frequency at 6017 m;
(d) amplitude—frequency at 6175 m.
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Figure 12. Amplitude—frequency characteristic of the lateral velocities in z direction: (a) amplitude—
frequency at 2726 m; (b) amplitude—frequency at 4627 m; (c) amplitude—frequency at 6017 m;
(d) amplitude-frequency at 6175 m.
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Figure 13. Angular velocity of the drillstring: (a) angular velocity at 2726 m; (b) angular velocity at
4627 m; (c) angular velocity at 6017 m; (d) angular velocity at 6175 m.
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Figure 14. Amplitude—frequency characteristic of the angular velocities: (a) amplitude—frequency
at 2726 m; (b) amplitude—frequency at 4627 m; (c¢) amplitude—frequency at 6017 m; (d) amplitude—
frequency at 6175 m.

5.3. Contact of the Drillstring

Figures 15-17 present the maximum contact force, maximum friction force, and maxi-
mum penetration depth at various points during the simulation process. It can be observed
that in the casing section of 0-5900 m, the contact forces under the three working conditions
are almost identical. However, in the section below 5900 m, comparison reveals that the
contact force in the circular open-hole is relatively greater. This result is likely primarily
attributed to the fact that the major axis of the elliptical open-hole section is larger than the
diameter of the circular cross section, thereby allowing the drill string to undergo greater
lateral vibration without contacting the wellbore.
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Figure 15. Cont.
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Figure 15. Contact of the drillstring: (a) the whole drillstring; (b) drillstring in the open hole.
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Figure 16. Friction of the drillstring: (a) the whole drillstring; (b) drillstring in the open hole.

5.4. Motion of the Drill Bit

In this section, the axial motion and rotation of the drill bit are analyzed. Figure 18
compares the axial displacement and axial velocity of the bit. The displacement curves
show that the shape of the open-hole section has little influence on the axial movement
of the bit. In contrast, the velocity profile indicates that during the 200 s dynamic drilling
process, the axial velocity fluctuates more intensely inside an elliptical wellbore. To better
characterize the influence of the elliptical cross section on axial vibration, an amplitude—
frequency analysis is performed on the axial velocity data. The results, presented in
Figure 19, show the amplitude—frequency characteristics of the axial velocity under the
two wellbore geometries. It is evident that the elliptical cross section raises the peak axial
vibration velocity of the bit by approximately threefold and concentrates the vibration
frequencies more distinctly. The peak axial velocity of the drill bit in the elliptical wellbores
reaches 12 mm/s and 14 mm/s, while in the circular wellbore it is only 4 mm/s.
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Figure 17. Penetration of the drillstring: (a) the whole drillstring; (b) drillstring in the open hole.
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Figure 19. Amplitude—frequency characteristic of the axial velocity.

Figure 20 presents the angular displacement and angular velocity of the bit about its
axis. Neither the rotation angle nor the angular velocity reveals a clear influence of the
elliptical wellbore cross section. An amplitude-frequency analysis is further performed
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on the angular velocity data in Figure 21. As shown in the corresponding plot, only at
0.110 Hz does the angular velocity amplitude in the circular wellbore exhibit a noticeable
peak; at other frequencies, the rotational response of the bit shows no significant difference
between the two cross section geometries.
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Figure 20. Rotation of the drill bit: (a) Rotation angle; (b) Angular velocity.
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Figure 21. Amplitude—frequency characteristic of the axial rotational angular velocity.

5.5. Drilled Trajectories

The drilled trajectory results are illustrated in Figures 22 and 23. The 3D (three-
dimensional) view and the time-history curves in three directions of the drilled trajectory
are presented, respectively. In the figures, the dotted line represents the drilling trajectory
inside the circular wellbore, while the solid line corresponds to the trajectory inside the
elliptical wellbore.

As can be seen from the plots, under both conditions, the drilling advanced approxi-
mately 700 mm in the vertical direction, with an eastward displacement of less than 2 mm
and a northward displacement of about 2.5 mm. Therefore, the trajectory drilled within
200 s is close to that of a vertical well. The numerical magnitude of the lateral trajectory de-
viation caused by the elliptical wellbore cross section is 1.6 mm during the 700 mm drilling.
Although the deviation is very small, as the drilling depth increases to thousands of meters,
the deviation may become more significant. Moreover, the smoothness and local shape
of the trajectory have also been noticeably affected. From the 3D view, it can be observed
that the trajectory inside the circular wellbore is relatively smooth, whereas the trajectories
inside the elliptical wellbores exhibit more tortuosity. Moreover, Figure 23b shows that the
eastward deviation of the trajectory in the elliptical wellbore is significantly larger than
that in the circular wellbore. In addition, Figure 23c indicates that in the comparison of the
northward displacement components, the trajectories inside both the elliptical wellbores
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display more pronounced trend fluctuations, and their smoothness is noticeably lower than
that of the newly drilled trajectory inside the circular wellbore.
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Figure 22. Three-dimensional view of the drilled trajectory.

(a)
6270.6 . ; ; ~
e
T 62704 ¢ P -
S 62702 | Pt -
=1 e
5 e
S 6270 - e i
6269.8 : : '
0 50 100 150 200
Times (s)
(b)
-13.3025 : ; ;
g
3 —13.303F
g ] e _._."’
%' _13-3035=======:::::_":i:T::=i====!-""“,'"""'='-"]ﬁ":_||_m
&5
-13.304 : : : |
0 50 100 150 200
Times (s)
6.498 ©..
_ . "-‘i%ﬁ T T
£
= 6.497 F
5
E """"'circular
g 6.496 - Odeg elliptical
2 90deg elliptical “"‘]
6.495 ' ' '
0 50 100 150 200
Times (s)

Figure 23. Drilled trajectory: (a) vertical depth; (b) eastward displacement; (c) northward displacement.
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6. Conclusions

In this work, the dynamic modeling and contact issues of downhole drillstring systems
are investigated. First, dynamic modeling of the drillstring system is carried out using beam
elements based on the absolute nodal coordinate formulation (ANCF). Then, theoretical
modeling of the contact between the drillstring and the wellbore is conducted in response
to the elliptical wellbore cross sections identified during field tests. Contact detection
models are developed separately for circular and elliptical wellbore cross sections. Finally,
the established models are used to simulate a certain drilling process in an ultra-deep well.
The simulation results considering elliptical wellbore cross sections are compared with
those assuming simplified circular cross sections. The simulations reveal that elliptical
wellbore cross sections have a noticeable influence on both the lateral and axial vibrations
of the drillstring. The elliptical cross sections also significantly affect the motion of the
drill bit and the direction of the newly drilled trajectory. Therefore, it is recommended
that subsequent analyses of ultra-deep wells take into account the impact of wellbore cross
section geometries on the drillstring.

Future research could proceed in the following aspects. In terms of beam element
modeling, many new methods have been developed in recent years, particularly the ANCF
beam element based on the Bishop frame [25], which significantly enhances both singularity
handling and computational efficiency, making it a viable tool for analyzing drillstrings.
Regarding contact models, numerous new and efficient models can also be applied to the
contact between drillstrings and wellbores. Furthermore, the energy transfer process and
efficiency of drillstrings have always been of great practical concern in the field. Analyzing
the distribution and dissipation of energy from the top drive input based on the dynamic
process remains a highly challenging task. Additionally, research could focus on optimizing
drilling parameters and bottom-hole assembly designs for drilling processes in sections
where elliptical cross sections have already developed.
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