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Suppression of Lateral and
Torsional Stick–Slip Vibrations
of Drillstrings With Impact and
Torsional Dampers
Violent drillstring vibrations in a well should be suppressed to prevent premature failure
of the drillstring parts and borehole wall and enhance the drilling process. This paper
presents novel centralized impact dampers and torsional vibration dampers for lateral
and torsional stick–slip vibration suppression which will function well in the harsh envi-
ronment in the well due to their all-metal construction. A drillstring vibration model is
used in this paper to simulate coupled lateral and torsional vibrations of the drillstring
with impact and torsional dampers installed in the drill collar (DC). The high-fidelity
model utilizes Timoshenko beam finite elements (FEs) and includes stress-stiffening
effects to account for the gravity and axial loading effect on the transverse string stiff-
ness. The rotational motions of the impactors result from dry friction tangential contact
forces that occur when they contact the DC or sub. The tangential forces utilize a nonlin-
ear Hertzian contact restoring force and a nonlinear, viscous contact damping force, in
place of the typical coefficient of restitution (COR) model that cannot provide the
required normal and tangential contact forces. The primary conclusions drawn from
the simulation results are: (1) both the lateral vibration of the drillstring that is close to
the bending critical speeds and the vibration induced by destabilizing forces can be sup-
pressed by impact dampers and (2) the torsional stick–slip motion of the drillstring can
be mitigated by the torsional damper. [DOI: 10.1115/1.4033640]

Introduction

Violent drillstring vibrations in a well, including torsional
stick–slip and lateral whirl vibrations, may cause premature fail-
ure of tubulars and drill bits (DBs) and damage to the borehole
wall. In addition, these vibrations may result in an inefficient dril-
ling process with excessive trips to replace worn DBs. Some
approaches that utilize an elastomer and viscous fluid based
damper have been applied to mitigate lateral vibrations. However,
typical fluid dampers vary viscosity radically with working tem-
perature, which may lead to inefficient damping in higher temper-
atures (>120 �C). But this is not the primary concern in industry
since there are very few high-temperature wells currently being
drilled. In the harsh deep well environment exposed to oil and
water (or moisture), the combined effects of oxidization, swelling,
and degradation due to age and chemical reactants on the elasto-
mer may result in the premature ineffectiveness of the elastomer
damper.

As far as torsional vibration is concerned, a viable way to avoid
deep well environment problems was reported by Jansen and van
den Steen [1]. They proposed an active damping system above the
rotary table and reduced the threshold value for stick–slip by
using feedback control. Sowers et al. [2] found that a violent whirl
occurring at the bit or in the bottom hole assembly (BHA) may
result in large side forces at stabilizers, thereby generating high
friction torques that lead to stick–slip vibrations. In such situa-
tions, they replaced the stabilizers with roller reamers to reduce
the frictional drag acting at the BHA and eventually mitigate the
bit whirl.

Kyllingstad and Halsey [3] used a pendulum model with a sin-
gle degree-of-freedom (DOF), in which the drillstring is assumed
to be suspended at the hoist/rotary table, and applied a constant
Coulomb friction torque to the DB during rotating-off-bottom
(ROB) or drilling-ahead (DA) to analyze its stick–slip motion.
Jansen and van den Steen [1] employed a static-sliding torque
model, which is similar to the Coulomb friction torque model, and
divided the torque-on-bit (TOB) into static and sliding torque by
assuming that the DB never rotates backward (i.e., no rolling
occurs), and that the drill pipe (DP) does not come to a complete
standstill. Their assumptions are helpful for understanding how
the stick–slip vibration occurs though the observations in the dril-
ling field demonstrate three different types of stick–slip vibra-
tions, i.e., simple speed oscillation, full stick, and backward
rotation. More comprehensive drillstring models that account
for multiple types of stick–slip vibrations were investigated in
Refs. [4] and [5].

Although the classic Coulomb (static-sliding) torque model has
provided a good estimation of torsional vibrations in many cases,
Dawson et al. [6] came up with a hypothesis that the torque acting
on the DB undergoes a continuous and mild reduction with an
increasing spin speed. Brett [7] proved by experiment that the
polycrystalline diamond compact (PDC) bit has the characteristic
described in Dawson’s et al. hypothesis [6] and is thereby prone
to cause torsional vibrations. Moreover, the lab measurements
presented in his work indicated that other types of bits may have
the same characteristic (torque reduction with an increase in spin
speed) as the PDC bit. This velocity-dependent friction torque is
analogous to the Stribeck friction model in physics. Leine et al.
[8] utilized a similar torque model, in which the dry friction tor-
que drops with a rising rotary speed, to investigate the coupled
stick–slip and whirl vibrations. In accordance with Ref. [7], the
Stribeck torque model is sensitive to the type of DB, the weight-
on-bit (WOB), the drilling condition, and even the wear of the bit.
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With regard to the lateral whirl of a drillstring, a simplified
2DOFs lateral dynamic model of a drillstring has been presented
by Jansen [9]. As stated in his paper, the lower part of a drillstring
(i.e., the DC) is essential for the analysis of whirl motion, and
the DC section between two stabilizers is analogous to a rotor sup-
ported by two bearings. Bailey et al. [10] used the transfer func-
tion matrices based on the Euler–Bernoulli beam bending
equations to model the DC span (DC section between two nearby
stabilizers). The boundary conditions were defined in two ways.
One is that the DC span is pinned at both ends (stabilizers), and
the other is that the span has one end built-in and the other end
free. The same lateral dynamic model of a drillstring and bound-
ary conditions was applied in Ref. [11], and the region of parame-
ters for a DC span that contains common spin speeds, span
lengths, and natural frequencies was also provided. The DC used
in this paper is modeled based on this region of parameters.

Impact dampers have long been used to dampen out structural
vibrations in traffic light poles, turbomachinery blades, machine
tools, etc. Moore et al. [12] employed a single-DOF impacting
model characterized by the COR to simulate the collision between
an impact damper and an impact housing and then utilized a high-
speed cryogenic rotor–bearing test rig with a multiple-impactor
set that consists of impact dampers and housings to verify the sim-
ulation result that the lateral vibration was suppressed by impact
dampers. McElhaney et al. [13] presented the mitigation effects of
cylindrical impact dampers on lateral vibrations at resonances of
a rotating shaft. The cylindrical impactor was assumed to have
planar motions and impact with the housing that was connected to
the shaft, but the tangential friction between the impactor and
housing was neglected. The rotating shaft was modeled with
multi-DOF (multiple nodes with 6DOFs per node) beam FEs. The
dissipated kinetic energy was characterized by the COR.

The COR is defined as the ratio of relative translational speeds
of two bodies after and before an impact. According to the earlier
measured data that have been published in Refs. [14] and [15], the
COR of inelastic impact is mainly dependent upon conditions like
collision velocity, mass ratio, material properties, and geometry of
the impactors. In order to account for the velocity-dependent char-
acteristic of inelastic impact, Hunt and Crossley [16] developed a
nonlinear damping model based on the Kelvin–Voigt viscoelastic
model to interpret the COR in vibro-impact.

This paper utilizes the centralized impact dampers and torsional
dampers to attenuate lateral vibration of the drillstring that oper-
ates close to the bending critical speeds and stick–slip torsional
vibration within the operating speed range, respectively. The Tim-
oshenko beam FE model, which accounts for shear deformations,
is employed, though they may be negligible due to a large ratio of
beam length to diameter. Additionally, stress-stiffening effects are
included to account for the influences of gravity and axial loading
on transverse string stiffness. As previously stated, stick–slip is
too complex to perfectly describe by using a single model, there-
fore both Coulomb and Stribeck torque models are employed to
validate the mitigation effects of the impact and torsional damp-
ers. The pinned–pinned DC span model used in Refs. [10] and
[11] is applied for analysis of pure lateral vibrations with impac-
tors. Furthermore, a complete drillstring system (Fig. 1) that is
composed of a DP, a DC, a DB, and the impactors and torsional
damper installed in the DC is modeled for investigation of work-
ing conditions like ROB and DA. The vibro-impact model devel-
oped in Ref. [16] is employed to simulate the translational
collision between the DC and impactor, and the tangential friction
in between is also taken into account. The destabilizing forces
induced by drilling fluid or mud are introduced to investigate the
stabilizing effects of the impact damper on the drillstring. The tor-
sional damper installed at the bottom of the DC is designed for
mitigating stick–slip vibration. In order to provide guidance for
acquiring stronger suppression effects on the drillstring vibration,
various design parameters of the impactors and torsional damper
are analyzed and compared.

Theory

The dynamic formulation based on the Timoshenko beam
FEs for the model of a drillstring either in or out of impacting is
given as

½Me�f€qeg þ ð½Ce� þ ½Ge�Þf _qeg þ ð½Ke
S� þ ½Ke

r�Þfqeg ¼ ffeg (1)

where the gyroscopic matrix ½Ge� is provided in Ref. [17], and the
formulation of the remaining terms can be found in Ref. [18]. The
stress-stiffening matrix ½Ke

r� is representative of the influences of
gravity and axial loading on transverse stiffness of the drillstring.

Fig. 1 Drilling rig (left) and cross section of the drillstring (right) with impact dampers and a
torsional damper
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The weight of the drillstring with the impactors and torsional
damper and the WOB is accounted for as axial load in the external
load vector ffeg. Stress stiffening acts to increase lateral bending
stiffness under tensile load or reduce it under compressive load.

An impactor collides with the inner surface of the DC when the
clearance between them drops to zero. In accordance with
the Hertz law of contact, impact forces can be formulated by the
force–interference relations (Fig. 2)

F ¼ kd3=2 (2)

where F and d denote the force and interference in contact,
respectively, and k is interpreted in the Appendix. As noted in
Ref. [16], this formula is only applicable if the dimensions of the
impact area are relatively small compared to the radii of curvature
of the contact bodies. The size of the impacting bodies in this
paper meets this requirement. The shape of the impact damper
and DC at the moment of impact can be approximated as sphere
and cylindrical cup, respectively.

By referring to Ref. [16], the COR eCOR for most materials
within a linear elastic range and below the input impact velocity
of 0:5 m=s can be written as

eCOR ¼ 1� avi (3)

where a ranges between 0:1 and 0:6 s=m for steel and iron
according to Ref. [14], and vi refers to the relative velocity of
impact (i.e., the input impact velocity shown in Fig. 2). The
force–interference law yields the final equation of motion during
impacting [16]

mI
€d þ c _d þ kd3=2 ¼ 0 (4)

where c ¼ ð3=2Þakd3=2. Consequently, the contact forces reacting

on the DC are equal to c _d þ kd3=2.
For each pair of impactor and DC section that come into colli-

sion, the total transverse loads acting on the DC section are
included in the planar impacting model, which is depicted in
Fig. 3. The dash line connecting the DC center D and the impactor
center I is extended across the contact point Q of the DC and the
point P of the impactor. The impactor collides with the DC wall
when the distance between D and I, d, exceeds the clearance C0,
and the collision is approximated to occur in the YZ plane. During
the collision, the restoring forces due to the elastic deformation
will induce friction forces in the tangential direction, and it is
assumed here that only sliding frictions exist between the two
impacting surfaces. As shown in Fig. 3, the velocity vectors of the
DC and impactor centers are defined as vD and vI , respectively.

The edge velocity vectors vP and vQ of the contact points P and Q
are derived from

vP ¼ vI þ xI � rP=I (5)

vQ ¼ vD þ xD � rQ=D (6)

where xD and xI are the rotation speed vectors of the DC and
impactor, respectively, and rP=I represents the radius vector start-

ing from I and ending at P, and it is similar with rQ=D. The veloc-

ity vector angle uP can be derived from vP, and then, the
tangential angle ut;P is obtained from ut;P ¼ uP � b, where

b ¼ tan�1ððzI � zDÞ=ðyI � yDÞÞ. ut;Q can be derived in the same

way. Finally, the tangential velocities of the contact points P and
Q are given as

vt;P ¼ vP sin ðut;PÞ (7)

vt;Q ¼ vQ sin ðut;QÞ (8)

d is related to C0 by

d ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðyI � yDÞ2 þ ðzI � zDÞ2

q
� C0 (9)

and the corresponding velocity vector is written as

_d ¼ ð _yI � _yDÞiþ ð _zI � _zDÞj (10)

where i and j represent the unit vectors in Y and Z directions,

respectively, and the vector angle of _d can be subsequently

expressed as bc ¼ tan�1ðð _zI � _zDÞ=ð _yI � _yDÞÞ.
An imbalance mass is located in the middle of the DC (Fig. 1)

with an eccentric distance e. The drillstring rotation creates cen-
trifugal forces that can be decomposed into two components in Y
and Z directions as

Fe;y ¼ mDex2
D cos ðxDtÞ (11)

Fe;z ¼ mDex2
D sin ðxDtÞ (12)

Fig. 2 Cross section of the impact damper and DC at moment
of impact

Fig. 3 Planar impacting model for impactor–DC collision
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The final equations for the impact forces and moments acting on
the DC and impactor are given as

FD;y ¼ Fe;y þ kd3=2 cos bð Þ þ c _d cos bcð Þ

� kd3=2 þ c _d cos b� bcð Þ
h i

l cos bþ p
2

� �
� sign vt;Q � vt;Pð Þ

(13)

FD;z ¼ Fe;z þ kd3=2 sin bð Þ þ c _d sin bcð Þ

� kd3=2 þ c _d cos b� bcð Þ
h i

l sin bþ p
2

� �
� sign vt;Q � vt;Pð Þ

(14)

TD;u ¼ �rDl½kd3=2 þ c _d cos ðb� bcÞ� � signðvt;Q � vt;PÞ (15)

FI;y ¼ �kd3=2 cos bð Þ � c _d cos bcð Þ

þ kd3=2 þ c _d cos b� bcð Þ
h i

l cos bþ p
2

� �
� sign vt;Q � vt;Pð Þ

(16)

FI;z ¼ �kd3=2 sin bð Þ � c _d sin bcð Þ

þ kd3=2 þ c _d cos b� bcð Þ
h i

l sin bþ p
2

� �
� sign vt;Q � vt;Pð Þ

(17)

TI;u ¼ rIl½kd3=2 þ c _d cos ðb� bcÞ� � signðvt;Q � vt;PÞ (18)

The equations of motion for the impactor may be written as

mI €yI ¼ FI;y (19)

mI€zI ¼ FI;z (20)

JI €uI ¼ TI;u (21)

As demonstrated in Fig. 1, a torsional damper of a cylindrical
shape is installed inside the DC. Damping forces may be induced
by the drilling mud passing through the outer surface of the tor-
sional damper that has a relative rotational speed with respect to
the DC. Larger damping forces can be obtained by encasing the
torsional damper surrounded by high-viscosity fluid. Another way
to increase the torsional damping is to reduce the clearance
between the surfaces of the torsional damper and the DC wall.

In the previous study of stick–slip vibration, either Coulomb
[1,3] or Stribeck [7,8] torque model has been applied, but it highly
depends on the type of DBs and drilling conditions to decide
which torque model is adequate. Therefore, we apply both
Coulomb torque TC and Stribeck torque TS as TOB to the DB
node (the bottom node of the drillstring beam FE model shown in
Fig. 1). As illustrated in Fig. 4, the torque TC equals Tstt when the
angular velocity of the bit xB ¼ 0 while it turns into Tsld when the
bit starts rotating.

In contrast, the Stribeck torque model shown in Fig. 5 allows a
continuous change of the TOB with the angular velocity of the bit,
which can be described by

TS ¼ �
TS0

1þ kjxBj
� sign xBð Þ (22)

where a small k indicates a moderately declining torque curve.
The torsional damper is supported at the bottom of the DC, and

damping forces act as torque on the torsional damper. The total
angular motion can be described by

JA €uA þ cMð _uA � _uBÞ þ TA � signð _uA � _uBÞ ¼ 0 (23)

where cM denotes the coefficient of the mud damping, and the tor-
que TA is induced by sliding frictions between the torsional
damper A and inner base of the DC B.

In impacting, the external load ffeg in Eq. (1) consists of the
weight of the drillstring with the impactors and torsional damper
and the WOB FW , the TOB TTOB, the impact-induced forces FD;y

and FD;z and torque TD;u (refer to Eqs. (13)–(18)), and the torque
resulting from mud damping cMð _uA � _uBÞ and sliding friction
TA � signð _uA � _uBÞ (refer to Eq. (23)). The resultant external load
vector for the element node n may be written as

ffn
eg ¼ ½FW ;FD;y;FD;z; ðTD;u þ TTOB þ cMð _uA � _uBÞ

þ TA � signð _uA � _uBÞÞ; 0; 0�T (24)

The specific load to be added into Eq. (24) depends upon the
load condition, and thereby, not all the external loads need to be
included. The novel impact and torsional dampers presented here
are explained by analysis and demonstrated by simulations, with
an underlying assumption that the physical implementations are
feasible.

Modeling

The conceptual design of the drillstring that is composed of a
DP, a DC, a DB, and the impactors and torsional damper is dem-
onstrated in Fig. 1. The ROB and DA are the working conditions
that are commonly seen in a drilling process. It is therefore

Fig. 4 Coulomb torque model: sliding torque Tsld and static
torque Tstt

Fig. 5 Stribeck torque model
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necessary to ensure the effectiveness of the impactors and tor-
sional damper in these conditions. The parameters of the drill-
string system are illustrated in Table 1, and boundary conditions
are specified for each working condition.

As the drillstring is fully suspended in the ROB condition
and partially suspended in the DA condition, the weight of the
impactors and torsional damper will increase the bending stiffness
of the drillstring, thereby shifting the critical speeds. To exclude
the influence of shifting critical speeds on the vibration amplitude,
the weight of the impactors and torsional damper is always
accounted for in the comparison of vibrations at the critical speed
even if there are no dampers in the drillstring.

The length of the DP varies with the depth of the well and may
even reach a few kilometers. In contrast, the diameter of the DP is
normally less than 0:2m, which makes the DP act more like a
string. Eighty meters is enough long for the investigation of the
influences of the impact dampers on the lateral string vibrations.
With regard to the length and diameter of the DC, it is similar to
the DP, i.e., slender as a string, except that the DC is usually
27–36 m in length. Two or more stabilizers are installed on the
DC, and the segment between two stabilizers (called DC span) is
about 15m long. The DC may consist of several DC spans, and
the total length of the DC is dependent on the BHA design.
According to Refs. [10] and [11], the lateral position of the stabi-
lizer is assumed constrained to zero, and the first bending mode is
most commonly seen within the rotating speed range of the drill-
string. Therefore, it is acceptable for a conceptual design to use a
DC span with two stabilizers located at both ends (see pinned
points A and B shown in Fig. 1) to investigate the lateral dynamics
of the DC in impacting.

ROB. The drillstring while rotating off bottom can be modeled
by setting both pinned points A and B in Fig. 1 free, analogous to
a pendulum with the top end O pinned. The boundary conditions
may be written as xO ¼ yO ¼ zO ¼ 0 and xO ¼ const:, where the
subscript O denotes the top end of the DP near the hoist/rotary ta-
ble, and the spin speed of the top drive xO is constant. It is
assumed that the DC mass is eccentric, and no drilling torque acts
on the DB. The drillstring carries the tensile axial load resulting
from the weight of the DP, DC, impactors, and torsional damper.

DA. With regard to the DA condition, both ends (A and B) of
the DC shown in Fig. 1 are pinned, and the drilling torque acting
on the DB is included. Hence, the boundary conditions may be
written as xO ¼ yO ¼ zO ¼ 0, xO ¼ const:, and yA ¼ zA ¼ yB

¼ zB ¼ 0. In the axial direction, the hoist pulls the DP, and the
bottom of the borehole supports the DC weight. That is to say, the
DP is in tension, and the DC is under compressive load. The
unbalanced forces caused by the eccentric DC mass are loaded in
the middle of the DC.

Simulation Results

ROB. The drillstring operating in the ROB condition has been
simulated, and the results are demonstrated in Figs. 6–13. As Fig.
6 shows, the largest lateral deflections of the DC in the whirl
mode at the bending critical speed of X ¼ 119 rpm are located at
two bending peaks, i.e., point C (4.5 m away from point A) and
point B (the bottom of the DC).

The impactors are installed in the DC in such a way that the
mass of nine impactors is equally distributed (31.8 kg per element,

Table 1 Parameters of the drillstring

Component Parameter Value Unit

DP Length 80 m
OD 100 mm
ID 75 mm

Number of beam FEs 40 —
Density 8000 kg/m3

Mass 2199 kg
Modulus of elasticity 2.1� 1011 N/m2

Poisson’s ratio 0.3 —
Transverse mud damping per axial length 50 N s/m2

Torsional mud damping per axial length 0–2 N �m s/rad

DC Length 15 m
OD 150 mm
ID 75 mm

Number of beam FEs 10 —
Density 8000 kg/m3

Mass 1590 kg
Eccentricity 1–8 mm

Modulus of elasticity 2.1� 1011 N/m2

Poisson’s ratio 0.3 —
Transverse mud damping per axial length 300 N s/m2

Torsional mud damping per axial length 0–6 N �m s/rad

Impact damper Density 8000 kg/m3

Number 9 —
Total mass 143–286 kg

Modulus of elasticity 2.1� 1011 N/m2

Poisson’s ratio 0.3 —
Clearance between the impactor and DC 10–30 mm

Sliding friction coefficient between the impactor and DC 0.4 —

Torsional damper Length 2.5–6 m
Density 8000 kg/m3

Mass 226–542 kg
Moment of inertia 0.4–0.8 kg/m2

Number 1 —
Sliding friction coefficient between the torsional damper and inner base of the DC 0.002–0.35 —

Torsional damping 0.25–8 N �m s/rad
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286 kg in total) with a clearance of d ¼ 10 mm between the
impactor and DC. As a result, the vibration amplitudes of points B
and C at X ¼ 119 rpm are reduced from 22 mm and 12 mm to
14 mm and 8 mm, respectively, which can be seen from Figs. 8
and 9. This suppression effects on the vibration amplitudes are
attributed to the impacting between the DC and impactors that
may dissipate the kinetic energy of the drillstring. If we reduce
the mass of the impactors from 286 kg (18% of the mass of the
DC) to 143 kg (9% of the mass of the DC), in which case the
mode shape of the drillstring is the same as that shown in Fig. 6,
the vibration amplitudes at B and C increase from 14 mm and
8 mm to 16 mm and 9 mm, respectively, which is displayed in
Figs. 8–10. This increase can be understood by looking into either
the impacting model with the COR or the one with a Hertzian con-
tact force and a nonlinear viscous damping force.

As far as the impacting model with the COR is concerned, the
velocity of the DC after inelastic collision can be described by

_xþD ¼
1

1þ g
g 1þ eCORð Þ _x�I þ 1� geCORð Þ _x�D
� �

(25)

where _xD represents the velocity of the DC, _xI the velocity of the
impactor, g the mass ratio of the impactor to the DC, and the
superscripts þ and � denote the velocity after and before colli-
sion, respectively. If we assume that eCOR is constant (if g does
not change too much) and _x�I ¼ 0, it can be derived from Eq. (25)
that _xþD drops when g rises, which implies that after collision,
the kinetic energy of the DC containing the impactors with
larger mass is less than with smaller mass. In other words, more
kinetic energy is dissipated by the impactor with larger mass than
with smaller mass, indicating that the lateral vibration is attenu-
ated to a larger extent. This conclusion is verified by the simula-
tion results presented in Figs. 8–10 that after the mass of the
impactors increases, the lateral velocities of points B and C in
impacting decrease from 200 mm/s and 115 mm/s to 180 mm/s
and 105 mm/s, respectively.

Regarding the impacting model with a Hertzian contact restor-
ing force and a nonlinear viscous contact damping force, the
enhancement of the vibration suppression is attributed to the
larger inertia of the impactors, which renders less change of
the velocities of the impactors. In other words, the impactor does
not follow the motion of the DC under contact forces, implying
that the relative velocity between the impactor and the DC may
increase (this conclusion does not apply to the impactor with
much smaller mass than the DC). According to Eq. (3), an
increase in the relative input velocity vi yields a smaller COR,
thereby dissipating more kinetic energy of the DC. As demon-
strated in Fig. 11, the velocity of the impactor with respect to
point C under the total impactor mass of 286 kg is a little larger
than under the total impactor mass of 143 kg. In addition to vi, the
coefficient a usually increases with the mass of the impactor
according to the measured data presented in Ref. [14]. Hence, it
can be clearly seen that a larger impactor mass renders an increase
in both vi and a, thereby causing the COR to decline and leading
to more dissipation of kinetic energy of the DC.

Moreover, the clearance between the impactor and DC also has
an effect on the suppression of lateral vibrations. As can be seen
from Fig. 12, the vibration reduction is greater with d¼ 20 mm
than with d¼ 30 mm. The collision state shown in Fig. 13 corre-
sponds to a total impactor mass of 286 kg in the ROB condition at
X ¼ 119 rpm. This plot indicates that the impactor collides with
the DC more frequently with d ¼ 20 mm than with d ¼ 30 mm.
Thus, the greater vibration reduction may be plausibly explained

Fig. 7 Displacement and velocity of the DC at point B without
(left) or with (right) impactors with d 5 10 mm and the total
impactor mass of 286 kg in the ROB condition at the critical
speed of X 5 119 rpm

Fig. 6 Mode shape of the drillstring at the bending critical
speed of X 5 119 rpm

Fig. 8 Displacement and velocity of the DC at point C without
(left) or with (right) impactors with d 5 10 mm and the total
impactor mass of 286 kg in the ROB condition at the critical
speed of X 5 119 rpm

Fig. 9 Displacement and velocity of the DC at point B (left) and
point C (right) with d 5 10 mm and the total impactor mass of
143 kg under impacting in the ROB condition at the critical
speed of X 5 117 rpm
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by the smaller clearance instigating more frequent impacting,
which leads to increased dissipation of kinetic energy.

The energy dissipation mechanism is more complex though
since a smaller clearance is likely to cause a decrease in the rela-
tive impact velocity as the impact damper may closely follow the
DC with a small clearance. This conclusion is verified by analyz-
ing the orbits of the impactor, which is presented as the relative
displacements of the impactor with respect to the DC in Fig. 13. It
can be seen from these orbits that the impactor follows the DC
more closely under d ¼ 20 mm than under d ¼ 30 mm. According
to Eq. (3), the COR will increase when the input impact velocity
drops. Hence, the frequent impacting caused by a small clearance
may not necessarily increase the total amount of dissipated kinetic
energy. This is illustrated in Fig. 7, which shows that the impactor

collides with the DC more frequently with d ¼ 10 mm than with
d ¼ 20 mm, but the impacting velocity, i.e., the velocity of the
impactor with respect to the DC, is smaller under d ¼ 10 mm than
under d ¼ 20 mm. Due to this, the vibration amplitudes of the DC
at point C with d ¼ 10 mm are larger than that with d ¼ 20 mm.

DA. The drillstring may undergo both lateral whirl and tor-
sional stick–slip vibrations while drilling ahead. As shown in
Fig. 14, the DC mode that corresponds to the bending critical
speed of X ¼ 91 rpm is the first bending mode with the largest
deflection (point D) appearing in the middle of the DC. The simu-
lation results of the drillstring vibration utilizing the Coulomb tor-
que model with Tsld ¼ 0:8Tstt are demonstrated in Fig. 15. Like in
the ROB condition, the weight of the impactors and torsional
damper in the DA condition is included regardless of impacting,
and the total mass of the impactors is 286 kg (18% of the mass of
the DC). It can be seen from Fig. 15 that the largest vibration
amplitude approaches 14 mm without the impactors and torsional
damper and drops to 7 mm in impacting, and the stick–slip vibra-
tions dampened out owing to the torsional damper. For the case
presented in Fig. 15, nine impactors are installed in an even mass
distribution in the DC (31:8 kg per element of the DC). The mass
and the moment of inertia of the torsional damper are 226 kg
(14% of the mass of the DC) and 0:4 kg=m2, respectively.

In addition, the mass distribution of the impactors may have
influences on the suppression effects. The mass of the impactors
in the DA condition is distributed as (15:9, 15:9, 31:8, 47:7, 63:6,
47:7, 31:8, 15:9, and 15:9) kg, which is proportional to the dis-
placement distribution of the DC in the first bending mode
(Fig. 14), for the nine impactors instead of 31.8 kg for each

Fig. 10 Velocity of the impactor with respect to the DC at point
C with d 5 10 mm and the total impactor mass of 286 kg (left) at
the critical speed of X 5 119 rpm or 143 kg (right) at the critical
speed of X 5 117 rpm under impacting in the ROB condition

Fig. 11 Displacement of the DC at point B (top) and point C
(bottom) with d 5 20 mm (left) or d 5 30 mm (right) and the total
impactor mass of 286 kg under impacting in the ROB condition
at the critical speed of X 5 119 rpm

Fig. 12 Orbit of the relative displacement of the impactor with
respect to the DC (top) and collision state (1 represents colli-
sion and 0 no collision) between the impactor and the DC (bot-
tom) at point C with d 5 20 mm (left) or d 5 30 mm (right)

Fig. 13 Displacement of the DC (top), collision state (1 repre-
sents collision and 0 no collision) between the impactor and DC
(middle), and velocity of the impactor with respect to the DC
(bottom) at point C with d 5 10 mm (left) or d 5 20 mm (right)
and the total impactor mass of 286 kg in the ROB condition at
the critical speed of X 5 119 rpm

Fig. 14 Mode shape of the drillstring at the bending critical
speed of X 5 91 rpm
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impactor. For simplicity, we call it the mode-oriented mass distri-
bution. These two ways of mass distribution are compared in Figs.
15 and 16. The simulation results show that a larger mass distrib-
uted at point D (the location of the largest displacement in the
bending mode) leads to a larger reduction of the vibration ampli-
tude, which is further reduced from 7 mm (Fig. 15) to 4 mm (Fig.
16). The reason for this larger reduction is partially the same as
what has been clarified in the ROB condition, i.e., that the impac-
tor with a larger mass (63:6 kg) is able to dissipate more kinetic
energy of the DC than with a smaller mass (31:8 kg). The differ-
ence lies in that the total mass of the impactors utilizing the
mode-oriented distribution remains constant (286 kg), compared
to increasing the mass of the impactors in the ROB case. That is
to say, the mode-oriented mass distribution is able to enhance the
suppression effects on the lateral vibrations of the DC without
changing the total mass of the impactors.

The stick–slip could appear at a wide range of rotary speeds. As
displayed in Fig. 15, the peak rotary speed of the DB in the
stick–slip vibration may reach twice the rotary speed of the top
drive, thereby aggravating the whirl vibration of the DC. Ideally,
a torsional damper is installed inside the DC to mitigate the
stick–slip vibration of the drillstring, and the torsional damper
with a larger moment of inertia is more effective than with a
smaller moment of inertia. In practice, however, the torsional
damper may be less effective due to the sliding friction torque
between the torsional damper and the inner base of the DC that
supports the weight of the torsional damper. For the simulation
results demonstrated in Figs. 15 and 16, the coefficients of sliding
friction between the torsional damper and inner base of the DC
are both set as lA ¼ 0:002, which is close to the coefficient of
rolling friction for an angular contact thrust ball bearing. Similar
to the drillstring utilizing the Coulomb torque model, the
stick–slip vibration induced by the Stribeck torque model can
be completely attenuated by the torsional damper under a small
coefficient of friction like lA ¼ 0:002, which is demonstrated in
Fig. 17.

It would be simpler for assembly if the torsional damper is
installed directly on the inner base of the DC. In this condition,
the friction between the torsional damper and DC base may be
treated as the sliding friction between two metal surfaces. Nor-
mally, the coefficient of dry sliding friction lA is close to 0:35,
and lA may decrease with the mud fluid lubricating the inner base
of the DC. As can be seen from Fig. 18, for the Coulomb torque

Fig. 15 Rotary speed of the DB, lateral displacement and ve-
locity of the DC at point D utilizing the Coulomb torque model
without (left) or with (right) the impactors and torsional damper
under d 5 10 mm, and the even mass distribution of the impac-
tors in the DA condition at the critical speed of X 5 91 rpm

Fig. 16 Rotary speed of the DB, lateral displacement and
velocity of the DC at point D utilizing the Coulomb torque model
with the impactors and torsional damper under d 5 10 mm, and
the mode-oriented mass distribution of the impactors in the DA
condition at the critical speed of X 5 91 rpm

Fig. 17 Rotary speed of the DB, lateral displacement and ve-
locity of the DC at point D utilizing the Stribeck torque model
without (left) or with (right) the impactors and torsional damper
under d 5 20 mm, and the mode-oriented mass distribution of
the impactors in the DA condition at the critical speed of
X 5 91 rpm
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model, an increase in the friction torque between the torsional
damper and inner base of the DC results only in a very minor
reduction in stick–slip vibration mitigation. On the contrary, as
shown in Fig. 19, the torsional vibration of the drillstring that uti-
lizes the Stribeck torque model with k ¼ 0:02 may result in limit
cycles with the amplitudes oscillating between 77 rpm and
105 rpm under a large coefficient of friction of lA ¼ 0:35. The
limit cycles may dampen out under either a small lA or a moder-
ately declining torque curve with k < 0:02. This is because a large
friction torque, which is attributed to a large lA, makes the tor-
sional damper closely chase, or drive the rotating DC. In other
words, the relative rotating speed between the torsional damper
and DC approaches zero, resulting in less dissipation of kinetic
energy. Therefore, any support structure with a low friction tor-
que, such as an angular contact thrust ball bearing, is useful in
enhancing the mitigation effects on torsional vibrations. The Stri-
beck torque model has the characteristic that torque decreases
with increased rotary speed, which induces a negative damping
and may cause severe torsional vibrations. A moderately declining
torque curve, which implies a small k, leads to a small negative
damping. In accordance with Ref. [7], the torque curve usually
declines mildly in practice, indicating that k < 0:025 is adequate
for the real DA case.

In comparison with the higher-frequency stick–slips shown in
Figs. 15 and 17, oscillations at the first torsional mode of the full
drillstring with a period of 2� 10 s are usually more damaging.
To model these lower natural frequencies, the length of the DP is
extended to 1.2 km, and the DC to 30 m. Additionally, the external
torsional damping caused by mud and drilling fluid is set to zero
in order to exclude its influence on the mitigation of stick–slip
vibrations. Zero torsional damping may result in severe speed
oscillation. The speed oscillation will increase as WOB increases
so the parametric study starts at zero WOB. The simulation results
are presented in Figs. 20 and 21. For the Coulomb torque model,
as is shown in Fig. 20, the torsional vibration of the DB under the
extended 30 kN WOB is suppressed by the torsional damper in the
simple speed oscillation period. In contrast, the highest WOB to
extend for the Stribeck torque model (Fig. 21) is 3 kN.

Besides the stick–slip, the DC and DB may be destabilized
by mud or drilling fluid. As pointed out in Ref. [19], this type

of destabilizing force may be explained in the presence of

cross-coupled stiffness in the form of
0 KXY

�KXY 0

� �
at the DC

and DB. The simulation results from the drillstring model with
KXY ¼ 7000 N=m are demonstrated in Figs. 22 and 23. The eigen-
value of the drillstring system for the first bending mode of the
DC is 0:46þ j9:78, indicating a negative damping ratio of
n ¼ �0:05. As can be seen from Fig. 22, the DC without the
impactors and torsional damper is unstable, and the amplitudes
of lateral vibration reach 400 mm in 10 s, which far exceed the
clearance between the DC and the borehole. A short time period
of t ¼ 8� 10 s is selected to clearly present the stick–slip vibra-
tion of the DB. When the impactor dampers and torsional damper

Fig. 18 Rotary speed of the DB and lateral displacement of the
DC at point D utilizing the Coulomb torque model with the
impactors and torsional damper under d 5 10 mm, lA 5 0:35,
and the even mass distribution of the impactors in the DA con-
dition at the critical speed of X 5 91 rpm

Fig. 19 Rotary speed of the DB and lateral displacement of the
DC at point D utilizing the Stribeck torque model with the
impactors and torsional damper under d 5 20 mm, lA 5 0:35,
and the mode-oriented mass distribution of the impactors in
the DA condition at the critical speed of X 5 91 rpm

Fig. 20 Rotary speed of the DB utilizing the Coulomb torque
model without (left) or with (right) the impactors and torsional
damper in the DA condition in the first torsional mode of the
drillstring under 30 kN WOB in the first torsional mode at the
critical speed of X 5 34 rpm

Fig. 21 Rotary speed of the DB utilizing the Stribeck torque
model without (left) or with (right) the impactors and torsional
damper in the DA condition in the first torsional mode of the
drillstring under 3 kN WOB in the first torsional mode at the crit-
ical speed of X 5 34 rpm
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are installed in the DC, the drillstring becomes stable, and the
vibration amplitudes of the DC are attenuated to 12 mm. Further-
more, the stick–slip vibration is completely suppressed. It is simi-
lar with the drillstring utilizing the Stribeck torque model that the
impact dampers are able to stabilize the drillstring (Fig. 23).
Owing to the impactors, the accumulative kinetic energy resulting
from the negative damping is dissipated through impacting.

Summary and Conclusions

Impact dampers are offered as an alternative to the conven-
tional viscous fluid and elastomer mechanisms for suppressing lat-
eral whirl vibration of the drillstring that is close to the bending
critical speeds. In addition, a torsional damper is introduced to
attenuate stick–slip vibration of the DB and tubulars. In order to
simulate the collision between the impactor and DC, a vibro-
impact model, which includes a nonlinear Hertzian contact restor-
ing force and a viscous contact damping force as the radial
impacting forces and considers the sliding frictions in between as
tangential forces, is applied. Both Coulomb and Stribeck friction
torque models are utilized to simulate torsional stick–slip vibra-
tion of the DB. The stress-stiffening effects resulting from the
weight of the entire drillstring and the axial loads are accounted
for in analysis of lateral vibration.

Regarding the ROB condition, it can be concluded from the
simulation results that the larger the mass of the impact dampers

becomes, the more the lateral vibrations of the DB and DC
are suppressed. Properly designing the clearance between the
impactors and DC is also essential to the suppression effects. The
amplitudes of lateral vibration in impacting may drop with a
decrease in clearance, however, an excessively small clearance
may impede the enhancement of the suppression effects.

In the DA condition, lateral vibration of the DC can be attenu-
ated to a larger extent by the impact dampers with a larger total
mass or with a mode-oriented mass distribution, in which case the
total mass of the impactors remains constant. Generally, a smaller
clearance between the impactor and DC may enhance the mitiga-
tion of lateral vibration, however, excessively small clearances
will diminish the mitigation.

With regard to stick–slip vibration, the torsional damper with a
larger inertia and a lower coefficient of friction between the tor-
sional damper and inner base of the DC is more effective in miti-
gating stick–slip vibration in both Coulomb and Stribeck friction
torque models. The stick–slip vibration (simple speed oscillation)
of the DB may be completely dampened by the torsional damper
if the coefficient of friction between the torsional damper and
inner base of the DC is small. With a large coefficient of friction,
the angular velocity of the DB may exhibit limit cycles. In addi-
tion, the range of WOB may be extended by using the torsional
damper in the speed oscillation period. Finally, a drillstring that is
experiencing lateral vibration caused by drilling mud induced,
destabilizing, cross-coupled stiffness forces may be stabilized by
the impact dampers.

Nomenclature

cM ¼ coefficient of damping of the mud
C0 ¼ clearance between the DC and impactor
ffg ¼ external load vector

F ¼ force
j ¼ imaginary unit of a complex number
J ¼ moment of inertia
m ¼ mass

½M�; ½C�; ½KS� ¼ mass, external damping, and structural stiffness
matrices, respectively

q ¼ translational, rotational, axial, and torsional
DOFs

r ¼ radius
sign ¼ signum function

T ¼ torque
Tsld ¼ sliding torque
Tstt ¼ static torque

X;Y; Z ¼ Cartesian coordinates
g ¼ mass ratio of the impactor to the DC
l ¼ coefficient of sliding friction between the impact

damper and inner wall of the DC
lA ¼ coefficient of friction between the torsional

damper and inner base of the DC
n ¼ damping ratio
u ¼ rotation angle
x ¼ angular velocity
X ¼ rotary speed of the drillstring

Subscripts

A ¼ torsional damper
B ¼ bottom of the DC or the DB
e ¼ eccentricity

I;D ¼ impactor and DC, respectively
P;Q ¼ contact point of the impactor and DC,

respectively
S ¼ structural stiffness matrix including bending,

shear, axial, and torsional stiffness components
t ¼ tangential direction

y; z;u ¼ Y, Z, and torsional directions, respectively
r ¼ stress stiffness matrix

Fig. 22 Rotary speed of the DB and lateral displacement of the
DC at point D utilizing the Coulomb torque model without (left)
or with (right) the impactors and torsional damper, with cross-
coupled stiffness, d 5 20 mm and the mode-oriented mass dis-
tribution of the impactors in the DA condition at the critical
speed of X 5 93 rpm

Fig. 23 Rotary speed of the DB and lateral displacement of the
DC at point D utilizing the Stribeck torque model without (left)
or with (right) the impactors and torsional damper, with cross-
coupled stiffness, d 5 20 mm and the mode-oriented mass dis-
tribution of the impactors in the DA condition at the critical
speed of X 5 93 rpm
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Superscripts

e ¼ elemental matrix or vector
� ¼ derivative with respect to time

Appendix

By referring to Ref. [14], the parameter k in the formula for the
force–interference relations can be expressed as

k ¼ 4

3
� qk

d1 þ d2ð Þ
ffiffiffiffiffiffiffiffiffiffiffiffi
Aþ B
p (A1)

where

d1 ¼
1� �2

1

E1p
(A2)

d2 ¼
1� �2

2

E2p
(A3)

� and E denote the Poisson’s ratio and modulus of elasticity,
respectively, and the subscripts 1 and 2 refer to the sphere and
cylindrical cup, respectively. For contact between a sphere and a
cylindrical cup, A and B can be obtained from

A ¼ 1

2

1

R1

� 1

R2

� �
(A4)

B ¼ 1

2R1

(A5)

where R1 and R2 represent the radius of sphere and cylindrical
cup, respectively. qk is dependent upon A and B and can be
referred in Ref. [14].
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