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Abstract

To address whirling- and vibration-induced failures in ultra-deep well drill strings caused
by high slenderness ratios and complex loading conditions, this study establishes a non-
linear dynamic finite element model for a steel–titanium alloy composite drill string. The
model is discretized with Euler–Bernoulli beam elements and solved using Newmark time
integration combined with an iterative node-based spatial solution. Weight on bit, torque,
wellbore–wall friction, impact/contact force, and equivalent drilling-fluid damping are
considered. The model is used to evaluate how titanium alloy section size, length, wall
thickness, and installation position affect whirling, lateral vibration, and torsional vibration.
The results show that increasing drill-string diameter reduces the whirling range and lateral
vibration intensity; when the diameter exceeds 149.23 mm, wall-impact frequency decreases
markedly. Although the titanium alloy section exhibits approximately 60% higher local
lateral vibration intensity than the steel section, the upper steel section experiences an
approximately 18% reduction in lateral vibration. Installing the titanium alloy section in the
middle of the string rather than near the bit reduces the overall lateral vibration intensity
by approximately 30% and torsional vibration intensity by approximately 40%. Based on
comparative sensitivity analysis, a titanium alloy section length of 1000–2000 m, diameter
not less than 139.7 mm, and wall thickness not less than 12.7 mm are recommended for the
simulated ultra-deep well conditions. These findings provide quantitative guidance for
safer and more stable composite drill-string design.

Keywords: ultra-deep wells; steel–titanium alloy drill string; vibration characteristics;
whirling characteristics; nonlinear dynamics

1. Introduction
As the drilling depths in ultra-deep and extra-deep wells continue to increase, drill

strings are subjected to increasingly severe combined loads, including tension, bending,
torsion, and vibration, which raises the risk of failure [1,2]. Titanium alloys have low
density, high specific strength, and excellent corrosion and fatigue resistance, making them
promising materials for reducing drill-string self-weight, lowering friction, and extending
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drilling reach. However, combining titanium alloy drill pipes with conventional steel drill
pipes introduces substantial differences in the elastic modulus, density, and other material
properties. These differences can change the stiffness distribution and mass configuration
of the full drill-string system and may produce distinctive dynamic behavior. Therefore, a
systematic investigation of the whirling and vibration characteristics of steel–titanium alloy
composite drill strings is essential for the safe and efficient application of this technology in
ultra-deep wells.

Research on drill-string dynamics has advanced from early summaries of vibration
types and mechanisms [1,2] to theoretical modeling and analyses of nonlinear coupled
vibrations, including stick–slip and whirling motion [3–6]. Experimental studies and field
measurements have improved the understanding of complex drill-string motion through
model tests [7,8] and downhole measurements [9,10]. With the increasing challenges of
ultra-deep wells, recent work has focused on full-depth dynamic simulations [11,12] and
coupled vibration analyses under extreme operating conditions [13,14]. Studies have also
clarified the effects of drill-string whirling and related safety thresholds. For example,
finite element contact models have been used to evaluate casing wear caused by drill-
string whirling and to emphasize the need to avoid critical rotational speeds [15]. Three-
dimensional dynamic models that include compression, torque, and rotation have also been
developed to investigate buckling and friction transmission [16]. In addition, numerical
simulations have shown that, under ultra-deep well conditions exceeding 9000 m, the
coupling of whirling and stick–slip vibration near the neutral point is particularly strong
and poses significant safety risks [17,18].

Recent studies have also emphasized torsional-axial coupling, stick–slip instability, and
dynamic failure in rotary drilling systems. Kessai et al. analyzed tool-string dynamic failure
and lifetime under coupled torsional-axial vibration [19] and further investigated drill-bit
deformation under large-amplitude stick–slip vibration [20]. These studies show that
torsional stiffness variation, bit deformation, and coupled vibration may strongly influence
drilling stability and fatigue failure. They provide an important basis for discussing the
possible stick–slip implications and limitations of the present steel–titanium alloy composite
drill-string model.

From the perspective of numerical methodology, eigensensitivity analysis and model-
order reduction for damped rotating systems also provide useful references for improving
large-scale finite element dynamic models and Campbell-type response analyses [21,22].
In addition, reducing the vibration, wear, and premature drill-string failure can improve
the resource efficiency and operational safety, which is consistent with the sustainable
infrastructure and responsible production objectives emphasized in the United Nations
Sustainable Development Goals, especially SDGs 9, 12, and 13 [23].

Our previous work systematically examined the influence of drilling parameters, such
as the rotational speed, weight on bit, and mud density, on the whirling and vibration
characteristics of all-steel drill strings in ultra-deep wells. However, that work mainly
focused on optimizing the operating parameters for homogeneous all-steel drill strings.
When titanium alloy is introduced to form a composite drill string, the dominant factors
governing the dynamic response shift from the operating parameters to the structural
design parameters. In recent years, increasing attention has been paid to improving
drill-string dynamic performance through material selection and structural optimization.
Cheng Jinhua [24] studied the whirling characteristics and joint strength of aluminum–alloy
drill pipes, whereas Liu Qiang, Chen Feng, and co-workers [25,26] proposed a titanium
alloy/steel composite drill-string design and preliminarily demonstrated its potential for
reducing dynamic stress. Nevertheless, clear design criteria and comprehensive theoretical
explanations are still lacking for how the size, installation position, length, and wall
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thickness of the titanium alloy section affect the overall whirling and vibration responses
of composite drill strings.

The novelty of this work is that it focuses on the structural-parameter sensitivity
of a long steel–titanium alloy composite drill string under ultra-deep well conditions,
rather than only on operating-parameter optimization or general titanium/steel composite
concepts. Specifically, the study jointly evaluates the titanium alloy section size, length,
wall thickness, and installation position within the same nonlinear dynamic framework
and links these parameters to the whirling range, wall-impact tendency, lateral vibration,
and torsional vibration. The results are intended to support a structural design framework
and parameter-matching strategy for titanium alloy–steel composite drill strings, thereby
improving the safety, reliability, and drilling capacity of ultra-deep well drill-string systems.

2. Materials and Methods
This section describes the composite drill-string configuration, material parameters,

loading scenarios, dynamic model, boundary conditions, contact model, and numerical
solution procedure. The finite element equations were solved using the authors’ numerical
implementation based on Euler–Bernoulli beam elements, Newmark time integration, and
node-by-node spatial iteration.

2.1. Composite Drill-String Configuration and Structural Parameters

As shown in Figure 1, ultra-deep well drilling exposes the drill string to complex
loads, including tension, compression, bending, and torsion. For steel–titanium alloy
composite drill strings, the dynamic behavior is governed not only by these external loads
but also by the heterogeneous material properties and structural configuration of the
composite system.

 

Figure 1. Schematic diagram of drilling.

Previous studies have shown that the whirling and vibration responses of all-steel
drill strings are mainly controlled by drilling parameters such as the rotational speed
and weight on bit [18]. In contrast, when steel and titanium alloy are combined in the
same drill string, the structural configuration of the titanium alloy section becomes a key
factor controlling the stiffness distribution, mass distribution, and dynamic response of
the system. Accordingly, this study investigates the mechanisms by which the following
structural design parameters affect the dynamic characteristics of the composite drill string:
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(1) The size of the titanium alloy drill-string section directly affects its bending stiffness
and moment of inertia.

(2) The installation position of the titanium alloy section determines the stiffness
distribution and center of mass of the composite drill string, thereby affecting its
dynamic stability.

(3) The length of the titanium alloy section controls the proportion and effective range
of the lightweight section within the overall drill string.

(4) Together with the section diameter, the wall thickness of the titanium alloy section
determines the bending and torsional moments of inertia of the cross section.

Clarifying the effects of these structural parameters on whirling and vibration is
necessary for developing a sensitivity-analysis-based composite drill-string design. Such
a design must balance weight reduction and dynamic stability to ensure safe ultra-deep
well drilling.

2.2. Geometric and Physical Parameters of the Drill String

Using the established nonlinear dynamic finite element model for an ultra-deep well
drill string, this study evaluates the dynamic characteristics of a composite drill string at a
well depth of 15,000 m. The analysis focuses on key structural parameters, including the
dimensions, installation positions, and lengths of the titanium alloy drill-string section. The
drill-string combination schemes are listed in Table 1, and the basic calculation conditions
are summarized in Table 2.

Table 1. Drilling collar combination schemes.

Plan Drill String Assembly Factor

1
139.7 mm × 12.7 mm, 165 ksi steel drill pipe + 139.7 mm ×
12.7 mm, 135 ksi titanium alloy drill pipe, 1000 m drill string with
bottom-hole assembly (BHA).

Drill string size
2

149.23 mm × 14.5 mm, 165 ksi steel drill pipe + 149.23 mm ×
14.5 mm, 135 ksi titanium alloy drill pipe, 1000 m drill string with
bottom-hole assembly (BHA).

3
168.28 mm × 15.88 mm, 165 ksi steel drill pipe + 168.28 mm ×
15.88 mm, 135 ksi titanium alloy drill pipe, 1000 m drill string with
bottom-hole assembly (BHA).

4
149.23 mm × 14.5 mm, 165 ksi steel drill pipe + 149.23 mm ×
14.5 mm, 135 ksi titanium alloy drill pipe, 1000 m drill string with
bottom-hole assembly (BHA).

Drill string installation location

5
149.23 mm × 14.5 mm, 165 ksi steel drill pipe + 149.23 mm ×
14.5 mm, 135 ksi titanium alloy drill pipe, 1000 m + 149.23 mm ×
14.5 mm steel drill pipe + BHA

6 Φ149.23 × 15.88 mm, U165 steel drill pipe (upper section) + 139.7 ×
10.54 mm, S135 steel drill pipe (bottom section, 0 m) + BHA

Titanium alloy drill string length

7 Φ149.23 × 15.88 mm, U165 steel drill pipe (upper section) + 139.7 ×
10.54 mm, S135 steel drill pipe (bottom section, 1000 m) + BHA

8 Φ149.23 × 15.88 mm, U165 steel drill pipe (upper section) + 139.7 ×
10.54 mm, S135 steel drill pipe (bottom section, 2000 m) + BHA

9 Φ149.23 × 15.88 mm, U165 steel drill pipe (upper section) + 139.7 ×
10.54 mm, S135 steel drill pipe (bottom section, 3000 m) + BHA
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Table 2. Calculation conditions.

Drill String Whirl—Calculation Conditions

Titanium alloy drill string material Elastic modulus: 120 GPa; Density: 4500 kg/m3;
Poisson’s ratio: 0.3

Steel drill string material Elastic modulus: 210 GPa; Density: 7800 kg/m3;
Poisson’s ratio: 0.3

Drill collar eccentricity 0.001 m

Turntable speed 100 r/min

Weight on bit 50 kN

Mud density 1.2 g/cm3

Friction coefficient 0.3

Wellbore parameters Depth: 15,000 m; Diameter: 315 mm

2.3. Dynamic Model of the Composite Drill String
2.3.1. Basic Assumptions of the Model

To investigate how the structural parameters of the steel–titanium alloy composite
drill string influence its dynamic response, the following assumptions are adopted when
establishing the nonlinear dynamic model:

(1) The wellbore trajectory is assumed to be an ideal vertical well with a circular
cross section.

(2) The influence of drill-string joints, which have a relatively small effect on the
overall whirling characteristics, is neglected.

(3) Drill-string deformation is assumed to be small.
(4) Transverse shear strain is neglected.
(5) The stabilizer is represented as an equivalent drill-string section with a larger

cross section.
(6) The drill string is discretized into three-dimensional elastic beam elements, with

separate material parameters, including the elastic modulus and density, assigned to steel
and titanium alloy elements.

(7) The direct effect of the drilling-fluid flow on the drill-string motion is ignored.
The above assumptions define the applicability of the model. The model is most

suitable for near-vertical ultra-deep wells in which the overall whirling and vibration trends
are dominated by drill-string structural parameters. For highly deviated or curved well
trajectories, large deformation, local joint effects, and nonlinear fluid–structure interaction
may alter the absolute vibration amplitude and local contact force. In the present model,
drilling-fluid effects are represented mainly through equivalent damping in the Rayleigh
damping matrix rather than through fully coupled fluid–structure interaction. Therefore,
the results should be interpreted as comparative design trends among the tested schemes,
while detailed prediction for specific field wells requires further calibration with downhole
measurements or coupled fluid–solid simulations.

2.3.2. Dynamic Control Equations

For the steel–titanium alloy composite drill-string system, the spatial discretization is
formulated using Euler–Bernoulli beam theory. The dynamic behavior of the composite
system is governed by the following equation:

M
..
U + C

.
U + KU = F (1)
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The global mass matrix M and stiffness matrix K are assembled from the material
properties of the steel and titanium alloy sections (Table 2):

M = M1 + M2 (2)

K = K1 + K2 (3)

Kn = Kn1 + Kn2 + Kn3 (4)

where M is the system mass matrix, C is the damping matrix, K is the stiffness matrix,
F is the external-force vector, and U,

.
U, and

..
U are the nodal displacement, velocity, and

acceleration vectors, respectively. M2 is the inertial mass matrix associated with rotation
about the y and z axes. K1 is the linear stiffness matrix, and Kn is the nonlinear stiffness
matrix, which consists of three components: axial-force and bending-moment coupling
(Kn1), axial-force and torque coupling (Kn2), and torque and bending-moment coupling
(Kn3).

The system damping matrix C is formulated in the Rayleigh damping form:

C = αr M + βrK (5)

where αr and βr are the Rayleigh damping coefficients, which are determined from the
natural frequency of the system and the corresponding damping ratio. These coefficients
represent the equivalent damping effect of the drilling fluid.

2.3.3. Boundary Conditions, Loads, and Contact Model

In the dynamic model, the boundary conditions of the drill-string system are defined
as follows. At the wellhead, the lateral displacement of the drill string is constrained by
a hinged support, while the string is driven by turntable torque. In the axial direction, a
spring element is used to represent the elastic support provided by the surface equipment.
At the bit end, the lateral displacement is constrained, and the bit is subjected to frictional
torque from the formation. The axial direction at the bit is free, and the interaction between
the bit and rock is simulated by applying the weight on bit. This dynamic bit–rock contact
provides the axial and torsional excitation for the system.

(1) Weight on bit conditions and torque excitation

The weight-on-bit Wb(t) fluctuates over time:

wb(t). = wbd + K f dsin(2πnb fbt) (6)

where wbd is the average weight on bit (N), Kf is the formation stiffness (N/m), d is the
cutting depth per bit revolution (m), nb is the number of blades or cones, and fb is the
frequency of weight-on-bit fluctuation (Hz).

The frictional torque acting on the drill bit Tb(t) can be expressed as

Tb(t) =
1
3

rhµ f Wb(t) =
1
3

rhµ f [Wbd + K f dsin(2πnb fbt)] (7)

where rh is the borehole radius (m), and µf is the dynamic friction coefficient between the
drill bit and the well wall.

(2) Collision model between drill string and well wall

A clearance-based contact criterion is adopted. As shown in Figure 2, collision is
assumed to occur when the lateral displacement rio of the drill-string element centroid
exceeds the annular clearance (rio ≥ rh − ri), and the contact force is calculated using Hertz
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contact theory. The radial contact force Fr, tangential friction force Ftan, and frictional
resistance moment Tf are expressed as follows:

Fr =

{
−Kh(rio + ri − rh) rio ≥ rh − ri

0 rio ≤ rh − ri
(8)

Ftan = −µhFrsgnΩ (9)

Tf = Ftanri (10)

where Kh is the borehole-wall stiffness (N/m), rio is the lateral displacement of the drill-
string centroid (m), ri is the outer radius of the drill string (m), µh is the dynamic friction
coefficient between the drill string and the borehole wall, and Ω is the rotational speed of
the drill string relative to the borehole wall (rad/s).

Figure 2. Collision model.

2.4. Numerical Solution Method
2.4.1. Time-Domain Discretization

The Newmark method is a widely used time-integration algorithm in structural
dynamics and is applied here for time-domain discretization. It transforms the second-
order differential equation of motion, expressed in terms of displacement, into a linear
algebraic equation that can be solved directly at discrete time nodes.

The motion control equation of the drill string at any time t is

M
..
Ut + C

.
Ut + KUt = Ft (11)

In the Newmark method, the velocity and displacement at time t + ∆t are approximated
as follows:

.
Ut+∆t =

.
Ut + [(1 − α)

..
Ut + α

..
Ut+∆t]∆t (12)

Ut+∆t = Ut +
.

Ut∆t +
[
(

1
2
− β)

..
Ut + β

..
Ut+∆t

]
∆t2 (13)

where α and β are weighting parameters.
Combining Equations (12) and (13) gives

..
Ut+∆t =

1
β∆t2 (Ut+∆t − Ut)−

1
β∆t

.
Ut −

(
1

2β
− 1

)
..
Ut (14)

.
Ut+∆t =

α

β∆t
(Ut+∆t − Ut)−

(
α

β
− 1

)
.

Ut −
(

1
2β

− 1
)

..
Ut∆t (15)
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Substituting Equations (14) and (15) into Equation (11) and rearranging gives

(λ1M + λ4C + K)Ut+∆t = Ft+∆t + M(λ1Ut + λ2
.

Ut + λ3
..
Ut)

+C(λ4Ut + λ5
.

Ut + λ6
..
Ut)

(16)

where λ1 = 1/(β∆t2), λ2 = 1/(β∆t), λ3 = 1/(2β) − 1, λ4 = α/(β∆t), λ5 = α/β − 1, and
λ6 = (α/(2β) − 1)∆t.

Using the displacement, velocity, acceleration, and external force at time t, the dis-
placement at time t + ∆t can be obtained from Equation (16). The velocity and acceleration
at time t + ∆t are then calculated from Equations (14) and (15). Therefore, the motion state
at any time can be derived from the initial configuration.

2.4.2. Spatial Discretization

After time-domain discretization with the Newmark method, the displacement re-
sponse at each time step is obtained using the node iteration method. The spatial solution
strategy is shown schematically in Figure 3. In this method, three nodes and two elements
are used as the basic calculation module, and the overall spatial configuration of the drill
string is obtained through successive recursion based on local mechanical equilibrium.

Figure 3. Schematic diagram of the node iteration method.

In the node iteration method, two elements and three nodes form the minimum
computational unit. The displacements of nodes i and j are assumed to be known. Based on
local mechanical equilibrium, the displacement of node k is calculated. The displacement
of node l is then obtained from the displacements of nodes k and j, and the process is
continued along the string. The equilibrium equation for node k can be written as follows:

Fi = [Ki,i−1 Ki,i Ki,i+1][Ui−1 Ui Ui+1]
T (17)

The displacement of node i is

Ui = K−1
i,i [F − (Ki,i−1Ui−1 + Ki,i+1Ui+1)] (18)

After the nodal displacement is obtained, contact with the wellbore wall is evaluated
immediately. Contact is assumed when the lateral displacement of the drill-string center
exceeds the annular clearance. Once contact occurs, the Hertz contact model [27] is used to
calculate the corresponding radial contact force and tangential friction force. The resulting
nodal force and moment are added to the external-force vector, thereby enforcing the
displacement constraint and preventing the drill string from penetrating the wellbore wall.

The solution starts from the top node of the drill string and proceeds sequentially to the
bottom node. The calculation is then performed in the reverse direction from the bottom
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node to the top node using the latest displacement values. This procedure constitutes
one iteration step. After several iterations, if the difference between the displacement
results from two adjacent iterations is smaller than the prescribed tolerance, the solution is
considered converged, and a stable spatial configuration of the drill string is obtained for
that time step.

3. Results
3.1. Effect of Titanium Alloy Section Size on Composite Drill-String Dynamics

Figure 4 shows the whirling trajectories for drill-string combination schemes 1, 2,
and 3 at different well depths. The intermittent and random collision force between the
drill bit and the wellbore wall, together with torque fluctuations caused by the changing
contact state between the bit and the bottomhole formation, produces irregular whirling
near the bottom of the well. As well depth decreases, the whirling range of the drill string
tends to increase. Near the wellhead, however, the whirling range is strongly restricted by
the wellhead constraint. A larger titanium alloy drill-string section increases the stiffness
and improves the resistance to lateral vibration. At the same time, damping from the
drill-string structure and drilling fluid increases, reducing the collision intensity between
the drill string and the wellbore wall. Consequently, the whirling velocity and whirling
range decrease as the drill-string size increases. When the drill-string diameter exceeds
149.23 mm, the collision frequency between the drill string and wellbore wall decreases
markedly, which helps reduce the vibration intensity and wear. These results are important
for optimizing drill-string design and drilling conditions.

    
(a) Scheme 1 

(b) Scheme 2 

    
(c) Scheme 3 

Figure 4. Whirling trajectory of drill bit, well depth 11,250 m, well depth 7500 m and well depth
250 m.

Figure 5 shows the whirling velocity of the drill string for combination schemes 1–3 at
a well depth of 11,250 m. As the diameter of the titanium alloy drill string increases, its
moment of inertia increases significantly. The coupling between the moment of inertia and
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the added mass increases the sensitivity of the dynamic response. In addition, the higher
stiffness of the drill string reduces the energy dissipation through elastic deformation,
allowing more input energy to be converted into a whirling motion. Therefore, the whirling
velocity increases with the drill-string size.

(a) Scheme 1 

(b) Scheme 2 

(c) Scheme 3 

Figure 5. Whirling velocity of drill string at a depth of 11,250 m.

Figure 6 shows the lateral vibration of the drill string for combination schemes 1–3
as a function of the well depth. Increasing the drill-string diameter increases the system
stiffness, improves the resistance to lateral deformation, and reduces the lateral vibration.
Larger-diameter drill strings also experience stronger viscous damping from the drilling
fluid, which further reduces the lateral vibration intensity. When the drill-string diameter
exceeds 149.23 mm, the stiffness is sufficiently high that further increases provide limited
additional benefit, and the lateral vibration intensity tends to stabilize. By contrast, the
bending stiffness of the titanium alloy drill string is approximately 50% of that of the steel
drill string, resulting in lower resistance to lateral loading. Under the same excitations,
such as bit friction and wellbore collision, the titanium alloy string therefore undergoes
higher bending deformation and exhibits higher lateral vibration intensity.

Figure 7 compares the lateral vibration curves of the composite drill string and the
all-steel drill string. Unlike the all-steel string, the composite string changes the system
stiffness distribution through a lower titanium alloy section and an upper steel section.
This configuration reduces the suspended load carried by the upper steel drill string and
weakens the inertial driving force associated with its lateral vibration. Because the titanium
alloy section has lower stiffness, it becomes the main region for vibration-energy absorption
and therefore shows increased vibration. The upper steel section benefits from its higher
stiffness and from the buffering effect of the titanium alloy section, leading to reduced
vibration levels. This behavior, in which the lower titanium alloy section absorbs vibration
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while the upper steel section experiences vibration mitigation, provides a theoretical basis
for optimizing drill strings under deep-well and complex-wellbore conditions.

Figure 6. Transverse vibration strength of drill string.

Figure 7. Transverse vibration strength of drill string.

3.2. Effect of Titanium Alloy Section Length on Composite Drill-String Dynamics

Figure 8 shows the whirling trajectories of composite drill strings with different
titanium alloy section lengths at different well depths. The drill bit first swings irregularly
at the bottom of the well and then changes to rolling motion along the wellbore wall.
This behavior occurs because the rotational inertia of the drill string becomes increasingly
important during drilling. The combined action of centrifugal force and wellbore-wall
support causes the bit to roll along the wall. As well depth decreases, the whirling range
of the drill string expands. In deep sections, the bottomhole weight on bit and formation
support strongly constrain lateral displacement. At shallower depths, these constraints
weaken, and the lateral freedom of the drill string increases, making the vibration energy
transmitted from the bit more likely to generate a larger whirling motion. Near the wellhead,
the rigid constraint of the wellhead equipment restricts lateral displacement; so, a large
whirling motion is difficult to develop even when the vibration is transmitted upward.
Compared with steel drill strings, titanium alloy drill strings have a lower elastic modulus
and weaker resistance to lateral excitation. Under the same loading conditions, they
therefore exhibit larger lateral deformation and a larger whirling range.
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(a) Titanium alloy section length of 0 m 

    
(b) Titanium alloy section length of 1000 m 

    
(c) Titanium alloy section length of 2000 m 

   
(d) Titanium alloy section length of 3000 m 

Figure 8. Whirling trajectories corresponding to different titanium alloy lengths.

Figure 9 shows the lateral vibration intensity of drill strings with different titanium
alloy section lengths as a function of well depth. Adding a titanium alloy section at the
bottom reduces the lateral vibration intensity of the upper segment by approximately
30% compared with an all-steel drill string. Because the lower titanium alloy section has
relatively low stiffness, it promotes the dissipation and dispersion of vibration energy
during propagation. This attenuates vibration transmission to the upper drill string and
reduces the lateral vibration intensity of the upper segment. As the length of the lower
titanium alloy section increases, more vibration energy is absorbed and attenuated near the
bottom, and less energy is transmitted upward. As a result, the overall lateral vibration
intensity of the drill string gradually decreases.

Figure 10 shows the torsional vibration intensity of the composite drill string as a
function of the well depth for different titanium alloy section lengths. Introducing a
titanium alloy section near the bit or increasing its length reduces the overall torsional
stiffness of the drill string. According to drill-string dynamics, lower torsional stiffness
produces higher torsional deformation under the same applied torque, thereby increasing
the torsional vibration intensity. As the length of the titanium alloy section increases, the
torsional vibration intensity also increases, although the increase is gradual. This indicates
a clear trade-off: a longer titanium alloy section is beneficial for attenuating the lateral
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vibration transmitted to the upper string, but it also weakens the torsional stiffness and
may amplify the torsional response. Therefore, the installation length of the titanium alloy
section should be selected carefully to satisfy the drilling requirements while avoiding an
excessive reduction in torsional stiffness.

Figure 9. Transverse vibration strength of different titanium alloy drill string lengths.

Figure 10. Torsional vibration strength of different titanium alloy drill string lengths.

3.3. Effect of Titanium Alloy Section Wall Thickness on Composite Drill-String Dynamics

Figure 11 shows the whirling trajectories of the upper drill string (Φ149.23 × 15.88 mm,
U165) and the lower titanium alloy drill string (139.7 mm) under wall thicknesses of 9.17,
10.54, 12.7, and 15.88 mm. As the wall thickness of the titanium alloy drill string increases,
the interaction between the drill bit and the wellbore wall changes from intermittent
collision to continuous rolling friction. This sustained contact produces stable normal
pressure and tangential friction on the bit tooth surface, which accelerates abrasive and
adhesive wear. Increasing the wall thickness also increases the stiffness of the titanium alloy
drill string and produces a more stable centrifugal-force distribution along the string. This
suppresses the whirling amplitude, reduces the probability of contact with the wellbore,
and lowers the wear risk in the middle drill-string section. When the wall thickness
exceeds 12.7 mm, the drill string reaches a dynamically self-stabilizing state and can
operate without contacting the wellbore wall. This condition can substantially improve the
drill-string service life and safety. Therefore, drill-bit wear and overall drill-string safety
can be balanced by properly controlling the wall thickness.
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(a) Titanium alloy drill string wall thickness of 9.17 mm 

    
(b) Titanium alloy drill string wall thickness of 10.54 mm 

    
(c) Titanium alloy drill string wall thickness of 12.7 mm 

    
(d) Titanium alloy drill string wall thickness of 15.88 mm 

Figure 11. Whirling trajectories corresponding to different titanium alloy drill string wall thicknesses.

Figure 12 shows the lateral vibration intensity of the composite drill string under
different wall thicknesses. Increasing the wall thickness increases the stiffness and defor-
mation resistance; so, the vibration amplitude of the titanium alloy section decreases under
the same external excitation, and its lateral vibration intensity gradually declines. Because
the steel and titanium alloy sections have markedly different stiffness, vibration-energy
transmission across the material interface is weakened, reducing the ability of the titanium
alloy section to transmit vibration energy to the adjacent upper steel section. The relatively
small stiffness changes caused by varying the wall thickness of the titanium alloy section
have only a limited influence on the vibration characteristics of the upper steel drill string.
Therefore, changes in the wall thickness of the lower titanium alloy section have a limited
effect on the lateral vibration intensity of the upper section.

Figure 13 shows the torsional vibration intensity for titanium alloy drill strings with
different wall thicknesses. Increasing the wall thickness increases the drill-string rigidity
and improves the resistance to deformation. As a result, the torsional vibration decreases
progressively. Within the tested range, increasing the wall thickness of the titanium alloy
section improves the bending and torsional rigidity and helps improve the drilling stability.
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Figure 12. Transverse vibration strength of different titanium alloy drill string wall thicknesses.

Figure 13. Torsional vibration strength of different titanium alloy drill string wall thicknesses.

3.4. Effect of Titanium Alloy Section Installation Position on Composite Drill-String Dynamics

Figure 14 shows the effect of different titanium alloy drill-string installation positions
on the whirling trajectories at different well depths. Compared with installing the titanium
alloy section near the bottom of the well, installing it in the middle changes the mass
distribution of the lower drill string and helps the lower section maintain a more stable
rotational state. This promotes more regular whirling and reduces random collisions
between the drill bit and the wellbore wall. As a result, the bit motion changes from erratic
impacts to more organized rolling contact, which reduces the risk of fatigue failure near
the bit. A middle-position titanium alloy section also stabilizes the lower drill string and
suppresses the expansion of the whirling range in the upper drill string caused by unstable
lower-section motion. This arrangement reduces the probability of wellbore contact and
lowers the risk of wear.

Figure 15 shows the lateral vibration of the titanium alloy drill string versus well depth
for different installation positions. When the titanium alloy section is installed in the middle,
its lower stiffness makes it the main region for vibration-energy dissipation. Bending
deformation in this section absorbs part of the vibration energy through internal material
damping. At the steel–titanium stiffness transition points, vibration waves are also reflected
and scattered, reducing the energy propagation along the drill string. Compared with
installation near the bit, middle installation interacts with the upper wellbore constraints to
form a stable structure with a flexible buffer in the middle and rigid constraints at both ends.
This configuration shifts the center of gravity toward the middle, improves the rotational
dynamic stability, and reduces the overall lateral vibration intensity by approximately 30%.
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It also reduces contact between the drill string and the wellbore, further lowering the risk
of wear.

    
(a) Scheme 4 

    
(b) Scheme 5 

Figure 14. Whirling trajectory of drill bit, well depth 11,250 m, well depth 7500 m and well depth
250 m.

Figure 15. Transverse vibration strength.

Figure 16 shows the torsional vibration of titanium alloy drill strings with depth
for different installation positions. Installing the titanium alloy section in the middle
significantly reduces the torsional vibration intensity and improves the operational stability.
In this position, the section acts as a central mass-distribution region, which promotes
rotational stability and suppresses the torsional vibration amplification caused by uneven
mass distribution. The middle section also serves as an energy-absorption region. When
torsional vibration energy reaches the titanium alloy segment, elastic deformation in this
segment absorbs part of the energy and reduces the energy transmission upward and
downward. Consequently, the overall torsional vibration intensity of the drill string is
reduced. Middle installation reduces the torsional vibration intensity by approximately
40% compared with installation near the bit.
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Figure 16. Torsional vibration strength.

4. Discussion
4.1. Comparison with Previous Studies and Model Applicability

The main trends obtained in this study are consistent with published studies on
titanium/steel composite drill strings and nonlinear drill-string dynamics. Liu et al. [25]
and Chen et al. [26] reported that titanium/steel composite configurations can change
the dynamic stress and vibration distribution because of the stiffness and mass mismatch
between material sections. The present results further quantify how the section length,
wall thickness, and installation position modify whirling, lateral vibration, and torsional
vibration. The observed importance of the torsional stiffness is also consistent with the
coupled torsional–axial vibration and stick–slip studies of Kessai et al. [19,20].

A direct experimental or field validation for the exact 15,000 m composite drill-string
configuration is not currently available. As a partial verification, the model uses established
Euler–Bernoulli beam dynamics, Hertz contact, Rayleigh damping, and Newmark inte-
gration, and the predicted qualitative trends agree with previous validated numerical and
experimental observations of drill-string vibration [11,25,26]. Therefore, the present results
should be used primarily for comparative design and parameter screening. Quantitative
field prediction will require calibration against downhole vibration measurements.

The contact and formation parameters also affect the vibration response. In this study,
the formation stiffness, borehole–wall contact stiffness, friction coefficient, WOB, rotational
speed, and boundary/support conditions are kept constant so that the influence of titanium
alloy structural parameters can be isolated. If softer formations, higher friction coefficients,
curved well trajectories, or different support conditions are encountered, the absolute
vibration amplitudes and contact forces may change. However, the comparative trends
are expected to remain useful, as long as the response is dominated by stiffness and mass
redistribution in the drill string.

4.2. Design Implications of Titanium Alloy Section Parameters

The expression “appropriate increase in wall thickness” refers to the tested wall-
thickness range in which increasing the titanium alloy wall thickness improves the bending
and torsional rigidity without introducing unnecessary weight and cost. In the present
simulations, 12.7 mm is treated as a recommended lower limit for stable operation, whereas
larger values such as 15.88 mm may provide additional stiffness but must be evaluated
against the manufacturing cost, material availability, connection design, and handling
weight. The higher cost of titanium alloy and increased wall thickness may be offset
when longer service life, lower wear, reduced failure risk, and improved operational safety
are required.
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The recommendation to install the titanium alloy section in the middle of the drill
string is condition-dependent. It is supported by the simulated well depth, wellbore
geometry, rotational speed, WOB, contact parameters, and composite string layout used in
this work. For other well trajectories or operating conditions, the middle-position concept
should be re-evaluated using the same modeling workflow before field implementation.

The parameter recommendations in this study are obtained from comparative sensi-
tivity analysis rather than from a formal mathematical optimization algorithm. The evalua-
tion criteria include (i) reducing the whirling range and wellbore-wall impact frequency,
(ii) reducing the lateral vibration intensity of the upper drill string, (iii) avoiding excessive
torsional vibration caused by reduced torsional stiffness, and (iv) maintaining sufficient
wall thickness to improve the bending and torsional rigidity. Under these criteria, the
tested schemes indicate that a titanium alloy section length of 1000–2000 m provides a
practical compromise. A longer titanium alloy section further attenuates lateral vibra-
tion transmission, but it also lowers the torsional stiffness and increases the torsional
vibration tendency.

4.3. Mechanism, Limitations, and Future Work

The vibration attenuation mechanism can be understood from the stiffness and mass
mismatch between steel and titanium alloy sections. The titanium alloy section has a lower
elastic modulus and density; so, it changes the impedance distribution of the drill string.
At the steel–titanium transition, part of the vibration wave is reflected and scattered, while
another part is dissipated through bending deformation and equivalent damping in the
titanium alloy section. This impedance mismatch and wave-propagation effect reduces
vibration transmission to the upper steel drill string, although it may increase the local
vibration in the titanium alloy section.

Because the composite design changes the torsional stiffness distribution, it may also
affect the stick–slip behavior. The present model includes the torsional vibration response
and bit torque excitation but does not explicitly solve a full nonlinear stick–slip instability
model with detailed bit–rock friction law and drilling-fluid coupling. Therefore, the
influence of the recommended configuration on stick–slip onset, stick–slip amplitude, and
fatigue life should be regarded as a limitation of the present work and will be investigated
in future studies using coupled axial–torsional stick–slip models and field validation.

5. Conclusions
Increasing the drill-string diameter reduces the whirling range and wall-impact fre-

quency. In the simulated schemes, when the diameter exceeds 149.23 mm, drill string-wall
collisions decrease, which is beneficial for reducing vibration and wear.

Increasing the drill-string diameter also reduces the transverse vibration intensity.
Compared with the steel section, the titanium alloy section shows approximately 60%
higher local transverse vibration intensity, whereas the drill string above the titanium alloy
section shows an approximately 18% reduction in transverse vibration. This indicates that
titanium alloy sections should be selected with sufficient diameter and stiffness to balance
local deformation and upper-string vibration attenuation.

Installing the titanium alloy section in the middle of the drill string reduces the overall
lateral vibration intensity by approximately 30% compared with near-bit installation and
reduces the torsional vibration intensity by approximately 40%. This configuration is
recommended for conditions similar to those simulated in this study, because it provides a
better balance between vibration attenuation and torsional stability.

Within the simulated parameter set, comparative sensitivity analysis supports the
following recommended titanium alloy section parameters: an installation length of
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1000–2000 m, a diameter of at least 139.7 mm, and a wall thickness of at least 12.7 mm.
These values should be interpreted as design recommendations for the tested ultra-deep
vertical-well conditions rather than universal optima.

The main limitation of this study is that direct field or laboratory validation for the
exact 15,000 m steel–titanium alloy configuration is not yet available. Future work will focus
on field-data calibration, high-resolution figure presentation, non-vertical well trajectories,
fluid–structure interaction, nonlinear material behavior, and coupled axial–torsional stick–
slip fatigue analysis.
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