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Practice has proved that drag reduction oscillators can decrease the axial friction and increase wellbore
extension effectively in sliding drilling operations. However, the complicated mechanical behavior of
drillstring with drag reduction oscillators has not been revealed sufficiently. In this paper, the mechanical
model of drillstring with drag reduction oscillators is established by considering the friction nonlinearity.
Further introducing the initial conditions, boundary conditions and continuity conditions, the finite
differential equation of drillstring vibration is obtained and solved. The new model has been applied to a
case study, in which the drag reduction effects of drillstring with and without oscillators are compared
and the effects of relevant factors on drag reduction are analyzed. The results show that the hook loads
increase obviously by reducing downhole average friction coefficient for drillstring with oscillators.
Increasing vibration amplitude of the drag reduction oscillator can decrease axial friction, but the vi-
bration frequency is nearly irrelevant to drag reduction. Increasing number of drag reduction oscillators
can decrease axial friction, but may lead to large hydraulic power loss and high risk of drillstring fatigue.
Therefore, there is an optimal number of drag reduction oscillators. The research results are of significant
guiding significance for optimal design and safety control in sliding drilling operations.
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1. Introduction

In recent years, with the rapid development of drilling tech-
nology, well depth has been continuously extended. Complex
structure wells such as horizontal wells and extended reach wells
have been more widely used in oil & gas exploration and devel-
opment. Compared with conventional well types, complex struc-
ture wells are facing many technical problems. Especially in the
long horizontal section drilling process, large friction and pipe
sticking occurs frequently, causing low efficiency of normal drilling
or even serious drilling accident. To effectively reduce the friction
between drillstring and borehole wall, not only the average friction
force should be reduced, but also the static friction force should be
changed into dynamic friction force. Practice has proved that drag
reduction oscillator can decrease the friction force and increase the
wellbore extension a lot. At present, the vibration drag reduction
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tools abroad are mainly divided into two types: mechanical vibra-
tion and hydraulic vibration. Mechanical vibration is represented
by Agitator hydraulic oscillator, and hydraulic vibration is repre-
sented by friction drag reducer (FDR) tool. The agitator hydraulic
oscillator (Newman et al., 2009; Skyles et al., 2012) can generate an
impact force of 3.45—4.14 MPa due to changes in frequency,
amplitude, outer diameter and length. Through axial vibration, the
sliding friction can be reduced by 75%—80%. The required weight on
bit with the tools is about 60% of that without the tools, and all
measurements while drilling (MWD) will not be disturbed by
Agitator tools. Meanwhile, the axial vibration generated by Agitator
tool will not damage the bearings and teeth of drill bit. Agitator
hydraulic oscillator has been applied in many oil fields around the
world and achieved good results. It can greatly reduce the friction
in sliding drilling and improve the penetration rate a lot. The FDR
tool (Sola et al., 2000) was developed by RF-Rogaland Research. The
tool is mainly composed of a two-way moving hydraulic cylinder
with an inner valve and an outer valve. It has been comprehensively
tested in actual drilling processes and the results show that the
friction on coiled tubing can be reduced by 90%. In order to improve
axial force transmission in extended reach wells, Sinopec has
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Fig. 1. Stress state of differential element of drillstring while drilling.

developed a SLZDDQ172 hydraulic pulse oscillation tools (Zhang
et al., 2014). The tool has an outer diameter of 172 mm, a working
frequency of 15 Hz, a working pressure loss of 3—4 MPa, and a
displacement of 10—30 L/s. It can increase the penetration rate by
more than 20%. CNPC Daqing Drilling Engineering Company has
designed a set of hydraulic oscillators (Li, 2014). The vibration fre-
quency is 16 Hz, the amplitude is 4 mm, the pressure drop is 2 MPa
at wellhead, and the reliability of the tool is verified through indoor
and field tests. The research and development of the new turbine
hydraulic oscillator (Wang et al., 2016) has been in testing stage in
the laboratory, and field application has not been carried out. Other
vibration drag reduction tools are developed and improved based
on the principle of Agitator tools.

The studies of tubular mechanics has been for more than 70
years and a lot of innovative research results have been obtained.
Baker et al. (1952) found that when a small mechanical vibration
occurs, the friction in the contact systems will be greatly reduced.
Fridman et al. (1959) concluded that friction resistance between the
contact surfaces under ultrasonic vibration will be significantly
reduced through experiment. Pohlman et al. (1966) found that vi-
bration can reduce the friction between the contact surfaces
through large scale motion analysis. Johancsik et al. (1984) estab-
lished a soft rope model using model analysis method and pre-
dicted the pulling force of drillstring, which provides theoretical
basis for wellbore trajectory design and drillstring optimization. Ho
(1988) established a new stiffness model that considered the three
factors of drillstring rigidity on the basis of Johancsik et al. (1984)'s
model. Lin et al. (1990) verified Denison's theory (Denison, 1979)
and proposed that beating in drilling is induced by the nonlinearity
of the total resistance to the drilling (dry friction, viscous damping
and torque on bit). The formation of three-lobe pattern at the hole
bottom and self-excited vibration without the bit being stuck are
also explored. Li et al. (2004) established a mathematical model of
drillstring longitudinal vibration analysis with bit displacement
and bit stress as boundary conditions and a mathematical model of
drillstring torsional vibration analysis with bit rotation and bit
torque as boundary conditions, respectively. It is concluded that the
longitudinal vibration of drillstring should be studied with bit
displacement as the boundary condition and the torsional vibration
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Fig. 2. Typical double-fold constitutive relation.

of drillstring should be studied with bit rotation as the boundary
condition. Baez et al. (2011) investigated the application of hy-
draulic oscillators in the United States, and found that hydraulic
oscillators can reduce the friction force on the drillstring and
improve weight on bit. Field application in hundreds of wells in-
dicates that hydraulic oscillators can increase the penetration rate
by 37% and greatly improve the construction efficiency. Liao et al.
(2012) studied drillstring motions by experimental and numerical
investigations. The numerical efforts are carried out by using a
reduced-order model with attention to stick-slip interactions be-
tween a drill string and an outer shell. These efforts are com-
plemented by experimental studies conducted with a unique,
laboratory scale model. By analyzing the principle of sliding dril-
ling, Li et al. (2013) found that the application of hydraulic oscillator
can reduce the sliding friction and increase the length of single
drilling during sliding drilling. Liu et al. (2014) developed a two
degree-of-freedom model considering state-dependent time delay
and nonlinearity to study the coupled axial-torsional dynamics.
Next, Liu et al. (2020) developed and studied an integrated model
with spatially distributed inertia and general boundary conditions
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Fig. 3. Schematic diagram of discretization parameters of drillstring.

for the axial-torsional dynamics of a drill string again. Miska et al.
(2015) established an improved soft rod dynamic model based on
the movement of drill pipe in 2D and 3D boreholes. Bavadiya et al.
(2017) conducted on a fully automated drilling rig to examine the
effects of drilling parameters on drillstring vibrations, torque and
rate of penetration. AlZibde et al. (2017) studied a novel approach to
mitigate undesired vibrations, the effects of adding a sinusoidal
input to the rotation speed of a drill string. Wang et al. (2018)
considered the transformation and decomposition mechanism of
static friction force and dynamic friction force, and established a
friction reduction model which was solved by second-order finite
difference method and analyzed the vibration behavior and pa-
rameters under different axial load transfer and tool surfaces.
Zheng et al. (2020) considered nonlinear effects associating with
dry friction, loss of contact and the state-dependent delay, and
studied a reduced-order drillstring model with coupled axial and
torsion dynamics.

It can be found that previous studies are mainly focused on
design and application of drag reduction tools, but the theoretical
studies on drag reduction tools are rare. Moreover, the nonlinearity
of friction force has not been sufficiently considered in the con-
ventional models. In this paper, the mechanical model of drillstring
with drag reduction oscillator is built while considering friction
nonlinearity, and the model is solved with finite differential
method. The new model is applied to a case study to reveal the
effects of relevant parameters on drag reduction.

2. Theoretical model
The following assumptions are made:

(1) The drillstring is an elastic rod, the cross-sectional area is
circular, and the inner wall of the borehole is rigid.

(2) The drillstring is in uniform contact with the borehole wall
without rotation.

(3) Axial vibration is considered, but lateral and torsional vi-
brations are neglected.

(4) The bilinear hysteretic restoring force model is adopted to
depict the friction between the drillstring and the wellbore.

(5) The vibration drag reduction oscillator is simplified as a
spring with greater rigidity.

2.1. Differential equation

As shown in Fig. 1, the drillstring is composed of multiple
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differential element segments, and the force analysis of one dif-
ferential element is performed. Assuming that the entire drillstring
is in static state under initial condition. Thus, the equilibrium
equation of the differential element of drillstring can be written as:

F + dF + gecosflds — F — mDoCvds — upsAsgsinfds = 0 (1)
SinceF = EAS%, the above equation can be re-written as:

8*U _ upsAsgsing + Do Cv — gecosh @)

9s2 EA

e = psAs + piAi — pofo (3)

During the vibration process, the oscillator can apply regular
excitation force to the drillstring. The static friction force between
the drillstring and the borehole wall is converted into dynamic
friction force. Under the action of the weight, friction force, weight
on bit and viscous force, the vibration equation of the drillstring is
written as follows:

oU 0’U
F + dF + gecosfds — F — wD,C s +v|ds — Frds = pSASdsF
(4)
The above equation can be re-written as:
E U gecosfl TDoC [dU F  0°U
=~ — qe _ o (—+1})— f =— (5)
ps 0s psAs  psAs \ ot psAs ot
2¢A
- ©)
DolnD—vnv

where U is the axial displacement function; E is elastic modulus; u
is friction coefficient; ps, pi, po are the densities of drillstring, inner
fluid and annular fluid; D,, D,y are the outer diameter of drillstring
and hole diameter; As, A;, Ao are the cross-sectional area, inner area
and outer area of drillstring, respectively; ge is the equivalent
drillstring weight per unit length; Fr is the friction force between
the drillstring and the borehole wall (casing); v is the difference
between the fluid velocity and the drillstring velocity; s is the
distance from any point of the drillstring to the top of the section; C
is a constant; { is the dynamic viscosity of the drilling fluid; 4 is the
coefficient of resistance increase caused by drillstring eccentricity; t
is time; g is gravitational acceleration; @ is the angle of inclination.

2.2. Friction model

Iwan et al. (1961) put forward a bilinear hysteretic restoring
force model, which equates the dry friction surface with a spring
and an ideal Coulomb friction pair connected in series. the
nonlinear restoring force Fr with memory characteristics is
approximately described by a double fold line model. In this paper,
the bilinear hysteretic restoring force model is adopted to depict
the friction between the drillstring and the wellbore. As shown in
Fig. 2 below, the constitutive relation in incremental form can be
written as follows:

dF; = "75 [1 + sgn(FS - ‘Ffde
. (7)
ks :X_S

where x; is the limit value of elastic deformation when the contact
surface of the dihedral slides macroscopically; Fs is the memory
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Fig. 4. Displacement change of drillstring at 600 m hole depth in sliding drilling
operations.

restoring force when slipping; x is the relative displacement
deformation of the two ends of the hysteresis link; ks is the linear
stiffness before the dry friction link slips.

3. Calculation method
3.1. Finite difference method

Fig. 3 is a schematic diagram of discretization of drillstring. Each
drillstring is discretized according to the spatial step size, and a
segment of drillstring has two nodes. The axial displacement U; is
defined on the nodes, and the Fs is defined on the drillstring
segment. The subscript “i” in displacement U; represents the node
to the left node of i-th segment or the right of node of (i—1)-th
segment, and the subscript “i” in Fy; represents i-th segment.

In order to describe the variation between sliding friction and
viscous friction, it is necessary to introduce a small time step in the
finite difference calculation process. Explicit difference scheme is
superior for calculation, because it is much faster than implicit
method.

With the definitions of above discretized parameters, the
explicit central difference scheme of Eq. (2) and Eq. (5) can be
expressed as:

0.4

02 4

0.1

-01 4

Friction coefficient

-0.2

-03 4 n

20 25 30

Time, s

Fig. 5. Friction coefficient change of drillstring at 600 m hole depth in sliding drilling
operations.
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Fig. 6. Velocity change of drillstring at 600 m hole depth in sliding drilling operations.
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where At is the time interval, the superscript “j” in U’ represents the

Jj-th time point.

3.2. Initial condition

In general, the calculation of vibration equations requires initial
conditions. The discretization scheme of the initial displacement
can be expressed as:

U = tinitial (10)

The values of uj,,are obtained by solving Eq. (8).
The discretized scheme of initial velocity condition is expressed
as:
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Fig. 7. Change of hook load in sliding drilling operations.
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Fig. 8. Change of drillstring contact force during sliding drilling operations of 8 s time.
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Fig. 9. Change of drillstring axial force during sliding drilling operation of 8 s time.
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Note that, the term U,-0 in Eq. (11) can be eliminated by combing

(9) and Eq. (11) while j = 1.
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Fig. 10. Change of drillstring displacement in sliding drilling operations.
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Fig. 13. Change of drillstring axial force in sliding drilling operations.

3.3. Boundary condition

The top of the drillstring is tied to hook, so the axial displace-
ment of the top of drillstring is equal to the vertical displacement of
the hook. Then, the top boundary condition is expressed as:

UI1 = Upook (12)
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Fig. 14. Change of average friction coefficient of drillstring in sliding drilling
operations.

For the drillstring installed with an oscillator, an additional
excitation force will be applied to the drillstring. Therefore, the
boundary conditions at the upper and lower ends of the oscillator
can be expressed as the axial force as:

Uzl+1 — ULl

(EAs) LA,

= F¢ + FF(t), (EAs); =F (13)

lle

where F; is the axial force at the joint of oscillator and drillstring;
FF(t) is the excitation force applied by the oscillator with time.

In the sliding drilling process, the axial force on bit is deter-
mined with bit-rock interaction model. Here, the axial force at the
bottom of the drillstring is equal to the weight-on-bit value, namely

n+l

(EAs)n 2As,

=1 — Wob(t) (14)

where Wob(t) is the weight-on-bit which changes with time. Note
that, the term U’ +1 in Eq. (14) can be eliminated by combing Eq. (9)
and Eq. (14) whlle i=n

3.4. Continuous condition

When two or more than two kinds of drillstrings are adopted,
the relevant parameters such as drillstring diameter, weight, etc.
are discrepant for different drillstrings. Then the continuous con-
ditions on the node connecting to different drillstrings should be
satisfied. To be specific, the axial displacement and equivalent axial
forces on adjacent segments are continuous, namely
U11+1 — UII

Ui _
(EAS)i—l ASi

Asi_q

(EAs); (15)

4. Results and discussion

Based on the above model and calculation method, the me-
chanical behavior of drillstring in sliding drilling operation is
studied. A horizontal well is drilled of which the depth of kick-off
point is 500 m, the inclination angle of the horizontal section is
approximately /2 and the total well depth is 3000 m. The hole
diameter is 0.2159 m. A 5-1/2"drill pipe is adopted of which drill
string weight in air per unit length is 28.03 kg/m, Bingham drill
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fluid is used of which the density is 1.2 g/cm>. The viscosity of the
drilling fluid is 0.2 Pa-s. The drag increase coefficient is 3. The
rotation speed is 50 rad/s, the rate of penetration is 15 m/h, and four
oscillators are arranged below the kick off point. The excitation
frequency of the oscillator is 5 Hz, and the excitation load changes
in sine function with respect to time.

In the numerical simulation, to reveal the transition between



X.-L. Shi, W.-]. Huang and D.-L. Gao

1600

—— 50 kN
—— 150 kN
—— 300 kN

1400 +

1200 4

Z 1000 1
]
O 800 A
.
8 600
T
400 4
200
0 T T T T T
0 5 10 15 20 25 30
Time, s
Fig. 18. Effect of vibration amplitude on hook load.
04
——— 50kN
o3 T 150N
T ——— 300kN
2
2
b=
D 021
Q
o
5
2 014
2
E
[}
o 04
©
o
e
< o1 4
-02 T T T T T

500 1000 1500 2000 2500 3000

Depth, m

Fig. 19. Effect of vibration amplitude on average friction coefficient.

sticking friction and sliding friction, the time interval should be
very small. The time interval is set to 4e-4 s, segment length is set to
3 m, operation time is set to 30 s. It takes about 30 s to obtain the
results.
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Fig. 20. Effect of the oscillator number on hook load.
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4.1. Vibration behavior

As shown in Fig. 4, during the sliding drilling operation, when
the drill bit breaks rock at the set drilling speed, the axial
displacement of the drillstring increases. When the drillstring starts
to move, the displacement increases more rapidly. As the time in-
creases, the movement of the drillstring enters a stable state, the
displacement oscillates around its average value.

As shown in Fig. 5, during the sliding drilling operation, the
friction coefficient of the drillstring always shows a regular change.
Generally speaking, because the vibration of the drillstring is
nonlinear, and the friction coefficient is opposite to the direction of
the movement of the drillstring, the change of the friction coeffi-
cient is not constant. When the drillstring moves in the positive
direction, it always transitions from the static friction coefficient to
the dynamic friction coefficient in the form of a parabola, and then
returns to the static friction coefficient with the same law, and
finally changes the direction of movement and reciprocates with
the same law. In other words, the friction coefficient first decreases
and then increases, and the direction of change also decreases first
and then increases, and then continues to reciprocate.

As shown in Fig. 6, the velocity of the drillstring presents a
relatively regular movement pattern, the drillstring is in an un-
stable state at the beginning of the movement, and the fluctuation
of the drillstring velocity is not stable. With an increase in time, the
velocity change amplitude gradually stabilizes, and the velocity
always reciprocates around the zero point.

As shown in Fig. 7, since the top of the drillstring is always
controlled by the hook, the changes of hook load can reflect the
working conditions of the bottom hole drillstring and bit in real
time. At the beginning of drilling, the hook load is relatively small.
With an increase in time, combined with the action of the down-
hole oscillator, the hook load increases rapidly and reaches a stable
state. The load always oscillates around an average value. It can be
seen that in the sliding drilling process, the increase in the hook
load is more obvious, indicating that the axial friction is decreased a
lot and the sliding drilling process is more smooth.

As shown in Fig. 8, due to the excitation of the oscillator, the
contact force of the drillstring is particularly unstable in the
bending section, the curve change is not smooth. But it can be
found that where oscillators are installed are several obvious mu-
tation points, indicating that the oscillator plays a certain role here.
But as to whether the performance of power or resistance is not
obvious, the following will be verified by comparison.

As shown in Fig. 9, the axial force of the drillstring jumps to
varying degrees at the oscillator installation position, resulting in a

0.35

—2
=g
—

0.30 4

0.25 A

0.20 A

0.15 o

0.10 o

0.05

Average friction coefficient

-0.05

-0.10 T T T T T
500 1000 1500 2000 2500 3000
Depth, m

Fig. 21. Effect of the oscillator number on average friction coefficient.
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discontinuous axial force. This may be different from the conven-
tional understanding of axial force distribution. But considering the
effect of the oscillator at this point, the rationality of the model
cannot be verified.

4.2. Drag reduction of oscillator

Before optimizing the parameters, the mechanical behavior of
the drillstring with and without oscillator are first analyzed. To
simulate the no oscillator case, the excitation force of the oscillator
is set to zero in the above model.

The calculation results with and without oscillator are shown in
Figs. 10—14. Figs. 10 and 11 show that when the oscillator is
installed on the drillstring, the displacement of the drillstring and
the hook load increase greatly, showing a more severe fluctuation
pattern. But the displacement of the drillstring and the hook load
without the oscillator basically have no change, only a slight jump
at the beginning of the movement, and then it is stable. This in-
dicates that the drillstring with oscillator is excited by the excita-
tion force, the load transfer is more obvious, and the drillstring has
been in motion. Figs. 12 and 13 show that when the oscillator is not
installed on the drillstring, the contact force and axial force are
continuous, and the curve changes relatively smoothly. The contact
force and axial force of the drillstring installed with the oscillator
are greatly increased, which is due to that the action of excitation
force will break the original equilibrium state of the drillstring. The
excitation force applied to the drillstring will change the axial force
distribution of the drillstring, thereby changing the contact force of
the drillstring. Thus, the oscillator can change the transfer of the
axial force of the drillstring substantially. A comparison between
the average friction coefficients of the drillstring with and without
the oscillator are given in Fig. 14. The average friction coefficient of
the drillstring with the oscillator will be greatly reduced, especially
at the installation location of the oscillator. The decrease in the
average friction coefficient of the drillstring is very obvious. The
analysis of the above results shows that the load transfer on drill-
string with the oscillator is much better than that without oscil-
lator, and the average friction coefficient is greatly reduced. The
field operation shows that the friction of drilling tools can be
reduced by 75%—80% when the oscillator is selected with appro-
priate parameters. The results of the model in this paper show that
the friction of drillstring is reduced by 78.4%, which is basically
consistent with the field data, thus verifying the rationality of this
model.

4.3. Oscillator optimization

Through the above analysis, we have known that the drillstring
with the oscillator can play a drag reduction effect in the sliding
drilling processes. In this section, relevant parameters including
excitation force form, vibration amplitude, oscillator number, etc.
are optimized to maximize the effect of drag reduction.

The evaluation of the drag reduction effect under different vi-
bration forms of the excitation force is shown in Figs. 15—17. As
shown in Fig. 15, oscillators with different amplitudes and vibration
frequencies generate the same impulse in one cycle to ensure that
the oscillator can provide the same load in the same cycle. As
shown in Fig. 16, the vibration force of larger amplitude has a
greater impact on the hook load. The vibration function form has
basically no effect on the average hook loads, because the oscillator
can generate the same vibration impulse in the same period. As
shown in Fig. 17, when the vibration impulse is the same, the vi-
bration function form with larger amplitude and smaller frequency
has the most obvious effect on reducing the average friction coef-
ficient. But when the amplitude increases and the frequency
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decreases to a certain degree, the drag reduction effect stabilizes in
a good state.

The evaluation of the vibration amplitude on drag reduction
effect is shown in Figs. 18 and 19. As shown in Fig. 18, the larger the
vibration force amplitude, the larger the average hook load and the
fluctuation amplitude of hook load, indicating that large vibration
force amplitude is the key factor improving the axial force transfer
along the drillstring; as shown in Fig. 19, the amplitude increases,
the average friction coefficient decreases, indicating that the large
vibration force amplitude has a significant effect on reducing the
average friction coefficient. However, if the amplitude is too large,
the drillstring is subjected to alternating loads, which may lead to
the risk of slippage of the drill pipes joint and fatigue damage of the
drillstring.

The evaluation of the number of oscillators on drag reduction
effect is shown in Figs. 20 and 21. As shown in Fig. 20, the more
oscillators there are, the more severe the hook loads fluctuation are,
and the average hook load increases significantly, indicating that
the number of oscillators is crucial to the transmission of axial force
of the drillstring. As shown in Fig. 21, the more oscillators, the lower
the average friction coefficient of the drillstring, indicating that
multiple oscillators can significantly decrease the average friction
coefficient. However, too many oscillators may lead to large hy-
draulic power loss and high risk of drillstring fatigue.

5. Conclusions

According to the above analysis, several conclusions can be
drawn as follows.

(1) A dynamic model of drillstring with drag reduction oscilla-
tors is established with the bilinear hysteretic restoring
model depicting friction force, which provides the basis of
mechanical analysis and optimal design of drillstring with
drag reduction oscillators.

(2) When downhole oscillators are installed on drillstring in
sliding drilling operations, the hook load increases obviously,
and the average friction coefficient is decreased significantly.
Therefore, downhole oscillators can decrease the axial fric-
tion force and increase sliding drilling limits.

(3) With increases in the number of drag reduction oscillators
and amplitude of vibration force, the average friction coef-
ficient and the axial friction are both decreased. Meanwhile,
the risk of drillstring fatigue and the loss of hydraulic energy
are also increased a lot, which is detrimental to safe drilling
operation. Therefore, there exist the optimal number of os-
cillators and amplitude of vibration force.
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