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ABSTRACT. Stick-slip vibration is commonplace in the drilling of polycrystalline diamond
compact (PDC) bit, which leads to early bit failure, low drilling efficiency and high drilling
cost. Inspired by the application of torsional impactor, this paper establishes a nonlinear
dynamic 3D numerical simulation model, in which the Drucker-Prager criterion is taken as
the yield criterion of the rock. Then, the model was applied to simulate the dynamic rock-
breaking process of the PDC bit under circumferential torque impactor. The results show that
the stick-slip vibration was basically eliminated under the torque impactor, and the rate of
penetration (ROP) increased by three times. This means the application of circumferential
torque impactor to PDC bit can reduce the stick-slip vibration and enhance the ROP. The
research findings provide a theoretical guidance on the application of torsional impactor on
PDC bit.

RESUME La vibration de stick-slip est un point commun dans le forages au diamant
synthé&ique polycristallin (PDC en anglais), ce qui entrame au niveau de forage une
déaillance pré&oce, une faible efficacité et un colt éevé Inspiré par I'application de
I'impacteur de torsion, cet article &ablit un modée de simulation numé&ique 3D dynamique
non lin&ire dans lequel le critére de Drucker-Prager est pris comme critée de rendement de
la roche. Ensuite, le modde a &é& appliqué pour simuler le processus dynamique de
déformation du forages au diamant synthétique polycristallin sous un couple d’impact
circonféentiel. Les réultats montrent que la vibration de stick-slip a é&é& pratiquement
diminé sous le couple d'impact et que le taux de péndration (ROP en anglais) a &é
multiplié par trois. Cela signifie que I'application du couple d'impact circonféentiel au
forages au diamant synthéique polycristallin peut réluire la vibration du stick-slip et
am@iorer le taux de pénération. Les réultats de la recherche fournissent des indications
théoriques sur I’application de I'impacteur de torsion sur le forages au diamant synthé&ique
polycristallin.
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1. Introduction

With the development of the oil industry, more and more deep and ultra-deep
wells have been drilled and completed. However, the increasing well depth is
accompanied with the growth in the hardness and ductility of rock stratum, leading
to poor drillability, low rate of penetration (ROP) and undesirable drilling efficiency.
The low efficiency can be partially attributed to the stick-slip vibration at the drill bit.
The stick-slip vibration refers to the stick and slip of the drill bit when the angular
speed of the bit reduces to zero before the cumulative torque is sufficient to drive the
bit rotation again.

The angular speed of the drill bit is usually periodic because the drill string is
released and distorted in a periodic manner. In the course of drilling, the drill string
exerts a torque on the drill bit. Sufficient torque can break the rock through the
rotation of the polycrystalline diamond compact (PDC) bit. Additional torque may
occur on the drill bit due to the extra static friction force between the drill string and
the well hole and the residual axial displacement of the stuck drill bit. Moreover, the
resistance torque on the drill bit increases with the rock strength when the bit cuts
through hard rocks.

The application of near-bit torsional impactor is a good way to reduce the stick-
slip vibration (Lu et al., 2015; Deen et al., 2011). The impactor can provide a stable
and frequent circumferential torque impactor to the drill bit. In this way, less torque
will accumulate over time, and thus mitigate the stick-slip vibration. This approach
has been adopted in many Chinese oil fields. After applying torsional impactor, the
ROP in 3,458.6m~3,678.5m increased by 2.72 times in Qican 1# well, the mean
footage grew by 122.38% in ¢215.9mm borehole of Yuanba oil field, and the ROP
in 3,598m~3,834m rose by 159.14 % to 2.41m/h in Yumenggingxi Q2 66#well
(Zhang and Ma, 2012).

None of the existing studies on rock-breaking simulations manages to thoroughly
disclose the effects of torsional impactor on drilling (Zhu et al., 2012; Xu, 2015; Li,
2014; Yang et al., 2014). Without considering the influence of the drill string, the
previous finite-element models (FEMs) fail to yield close-to-reality simulation
results. What is worse, the simulation accuracy is severely affected by the selection
of rock material and the determination of the failure conditions.

In light of elastic plastic mechanics and rock mechanics, this paper establishes a
nonlinear dynamic 3D numerical simulation model, in which the Drucker-Prager
criterion is taken as the yield criterion of the rock. Then, the model was applied to
simulate the dynamic rock-breaking process of the PDC bit under circumferential
torque impactor.

2. Theoretical analysis

Our FEM consists of a drill string, a PDC bit and a rock mass. The drill string is
threaded with the PDC bit, which is in contact with the rock mass. During drilling,
the PDC bit breaks the rock mass under the drilling pressure and circumferential
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torque. To ensure grid quality and reduce computing time, the structures of all
elements to be simulated were simplified properly.

The following assumptions were put forward before the modelling:

(1) The tension of the drill string and the angular speed of the drill bit are
constant (See @ in Figure 1).

(2) The drill string is simplified into a spring with certain stiffness (See @ in
Figure 1).

(3) The lateral motion of the drill bit is so small as negligible.

As shown in Figure 1, the FEM on the bit mechanics was established in
reference to the stick-slip vibration of drag bits using a drill string with a velocity-
weakening bit-rock interface (Brett, 1992; Palmov et al., 1995; Challamel, 2000;
Tucker and Wang, 1999) and the elastic contact normal to the frictional interface
(Martins et al., 1990; Twozydlo et al., 1994; Richard and Detournay, 2000; Tolstoi,
1967).

Figure 1. The dynamic model of the borehole assembly (BHA)

Taking the drilling as a continuous process, the forces of the drill string and the
drill bit were analyzed in a short period of time, and the kinematic relationship
between the rotation angle and vertical position of the drill bit was determined. Then,
the differential equation of circumferential motion can be obtained as:

d’g(t)
Clot—g®)|=T.(t) +J ——=
[ot—g(t)]=T,(t)+ o "

The differential equations of axial motion can be expressed as:
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2
M d Ugt) =W, W, (t)
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where C is the torsional rigidity of the drill string; J is the moment of inertia of
the BHA,; 4(t) is the rotation angle of the drill bit at time t; w is the angular speed
provided by the drill rig; Ts (t) is the instantaneous torque of the drill bit; u(t) is the
axial position of the drill bit at time t; M is the quality of the BHA; W is the stable
weight on bit (WOB); Wi(t) is the rock-breaking resistance in the axial direction.

In addition to the torque transferred by the drill string, the drilling process is
accompanied with the instantaneous torque T(t) transmitted by the torsional
impactor, the resistance torque T, resulted from rock-breaking, the frictional
resistance torque T; from the rock’s interaction with drill string and PDC cutting
teeth. Among them, the instantaneous torque can be expressed as:

TO=-TO+T,O+T,

@)
The effective moment of inertia of the drill string can be approximated as:
phL
J=—"=+pl,L
3 +plL, @)
|- #(D,*-d,*) |- 7(D,*—d,")
' 32 ’ 32 ©)

where p is the density of the drilling string; 11 and I, are the polar moment of inertias
of the drill pipe and the drill collar, respectively; L and L, are the lengths of the drill
pipe and the drill collar, respectively; D; and d; are the outer diameter and inner
diameter of the drill pipe, respectively; D.and d, are the outer diameter and inner
diameter of the drill collar, respectively. Then, the torsional rigidity C of the drill
string can be expressed as

L (6)

where G is the shear modulus of the drill string.
3. Finite-element analysis

3.1. The FEM

Considering the rock-breaking process, the drill string was simplified into a
spring with certain torsional stiffness, which is connected to the upper surface of the
PDC bit. Besides, the moment of inertia was applied to the spring before simulating
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the periodic torsion and release of the drill string.

Table 1 lists the parameters of the drill string for an oilfield operation. These
parameters were adopted to calculate the moment of inertia and torsional stiffness of
the spring in the FEM. The drill bit was simulated based on a six-blade PDC bit
(diameter: 244mm), in which the cutter is distributed evenly on each blade. The bit
blades and the bit body were treated as a whole, while the other parts (e.g. inlet,
outlet, connectors and chamfers) with little impact on the structure were ignored.
The wear of the blades was also neglected because the simulation focuses on the
breaking of the rock mass. Viewed as a rigid body, the drill bit was allowed to move
freely except along or around the Y-axis. The rock mass was simulated as a cylinder
(radius R: 250mm; height H: 200mm). The rock material is a strain-hardening, user-
defined material of Drucker-Prager constitutive model. The rock parameters were
taken from sandstone and granite (Table 2). The entire FEM is presented in Figure 2
below.

%x

Figure 2. Rock-breaking model of the PDC bit

Table 1. Spring parameters

Torsional rigidity (N-mm/rad) l 5x10° l Moment of inertia (tmm?) l 8.414x10% ‘

Table 2. Rock parameters

Density (t/mmd) 2.8x10° Modulus of elasticity (MPa) 43080

Poisson’s ratio 0.19 Rock cohesion (MPa) 110

Internal friction angle () | 42.95° | Plastic hardening parameter (MPa) | 1000
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3.2. User-defined material

The strain relationship varies with the well depths under the different confining
pressures in rock-breaking. Therefore, the rock material should be selected in light
of the specific conditions. Here, the rock material is the rock mass at about 4,400m
underground. Thus, the confining pressure can be calculated as (Sun, 2010):

P, =10"pgz ©)
where p; is the confining pressure (MPa); p is the mean density of the overlying
stratum (2.2>10-9t/mm?); g is the gravitational acceleration (9.8m/s?); z is the buried

depth of the rock mass (4,400m). The confining pressure p, calculated from these
parameters was presented in the unit of MPa.

0503

confining
pressure

-E:i'

Figure 3. Rock strength under different confining pressures

Figure 3 shows the rock strength under different confining pressures. It can be
seen from the figure that the rock mass exhibited a linear hardening trend upon
entering the yield phase, and the strain softening ceased to exist. Then, the author
prepared a Drucker-Prager constitutive model for the rock mass according to the
operating conditions. It is assumed that the rock mass has no defect, the rock
softening is negligible and the units are invalid when the plastic strain reach a pre-
set value. Besides, the rock mass was assumed to undergo two phases, namely, the
elastic phase and the plastic phase. Whether the rock mass will enter the plastic
phase and its mechanical properties in this phase are determined by the yield
criterion, the isotropic reinforcement criterion and the associated flow pattern.

The user-defined rock material was subjected to a uniaxial compression test and
the stress-strain curve was plotted (Figure 4). It can be seen from the curve that the
material is suitable for simulation.
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Figure 4. Stress-strain curve of the uniaxial compression test

3.3. Contact and constraint of the FEM

In the drilling process, the PDC bit is always in contact with the rock mass until
the latter is broken. Without considering the effect of the rock mass on drilling, the
bit-rock contact was regarded as an ESTS. Any rock unit failing to reach the failure
condition was removed immediately, while the remaining units were still calculated.
Since the rock mass has not boundary in the stratum, the outer surfaces of the rock
mass were considered as bound-free except the upper surface. To eliminate the
impact of dilatational and shear waves on the results, the surfaces were treated as
non-reflecting boundaries.

3.4. Load of the FEM

During drilling, the rotation of the drill bit is driven by the drill string above it,
which is in turn driven by the drilling rig. Assuming that the pulling force and
rotation speed of the rig are constant, a node of the spring element was selected as
the mounting point to simulate the rotation of the drilling rig. In this way, the
simulation can cover the entire transfer process of the torque from the rig to the bit.
Since it is twisted in contact with the well wall, the drill string was assumed to suffer
from a friction torque opposite to the rotational direction of the bit.

Meanwhile, a torsional torque will be generated from the torsional impactor.
Taking Reference (Li et al., 2015) for example, the torsional torque was 875Nm and
the frequency was 16.5Hz when the inlet pressure of the drilling fluid was 26MPa,
and the two parameters increased with the inlet pressure. Several torsional impactors
are studied in Reference, whose impact torques were between 650Nm and 1,650Nm
and frequencies were between 11Hz and 25Hz. In this paper, the torsional impact
torque of 1,000Nm and frequency of 16.67Hz are simulated, without considering the
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loss in transmission. To simulate the bit weight, the external load was constant is the
Y direction to the drill bit.

4. Simulation results and analysis

Figure 5. The state of rock-breaking
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Figure 6. Bit displacement on the Y-axis

According to the simulated rock-breaking state is shown in Figure 5, some rock
units disappeared after the drill bit moved downward into contact with the rock mass,
indicating that the rock mass is broken. The rock elements on the well wall obeyed a
non-uniform distribution, which reflects the discontinuity of the drilling process.
The contour of the cumulative plastic strain shows that the rock units near the
breaking field had much higher strain than the peripheral units. This means the bit-
rock interaction had little impact on the peripheral rock. The bit displacement on the
Y-axis is shown in Figure 6 below.

As shown in Figure 6, there was a spring back in Y-axis displacement, which
signifies the axial vibration phenomenon in drilling. On Curve A, the bit came into
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contact with the rock at t=3s, and exhibited an obvious sticking phenomenon at
t=3.45~5s and t=7.24s. On Curve B, however, the bit came into contact with the
rock at t=1.88s with no obvious sticking throughout the drilling. In general, curve B
is much more continuous than curve A. In addition, the drilling depth was deeper
after applying the torque impactor. For instance, at t=5s, the depth without torque
impactor was -40.3mm while that with the torque was -119.1mm. This means the
torque impactor could accelerate the drilling process.
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Figure 7. Angular speed of the drill bit around the Y-axis
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Figure 8. Angular displacement of the drill bit around the Y-axis

On Curve A in Figure 7, the bit was stuck when the angular speed was zero at
t=1.5~3s, and slipped off when the speed resumed to 272.3rad/s, an evidence to
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obvious stick-slip vibration. By contrast, the angular speed varied gradually between
zero and 50rad/s on Curve B, indicating that the stick slip vibration is eliminated.

In Figure 8, the ladder-type Curve A demonstrates obvious abnormalities in the
drilling, while the straight Curve B means the drilling was stable and smooth. The
results are similar to those on angular speed.

5. Application test

5.1. Lab test

Figure 9. Test device

Figure 10. Impact frequency after filtering

A lab test was conducted on a torque impactor (Figure 9), and the impact
frequency data were filtered before analysis. It is discovered that the vibration
frequency was about 33Hz (Figure 10). According to the working principle of the
torsional impactor, the frequency to generate torsional moment is about 16.5Hz,
about 990 times per minute. The experimental results show that the test device can
produce periodic vibration at high frequency, laying the basis for efficient rock-
breaking.
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5.2. Field test

Figure 11. Field test

The torque impactor was applied to the drilling of an oil well in a Chinese
oilfield. During drilling, the rock mass was so hard that the drill bit could not reach
the depth of 1,400m. After pulling out, it is found that the connection between the
screw drill and the drill bit became loose. The timely pull-out prevented the bit from
falling into the downhole. Then, a torque impactor was installed before carrying out
a 60h-long drilling. With the impactor, the drilling of the well was completed
successfully, reaching the target layer. The test results show that the torque impactor
can improve the drilling efficiency and stability when the rock mass is very hard.

6. Conclusions

This paper sets up an interactive FEM between the PDC bit and the rock mass,
and analyzes the effect of circumferential torque impactor on well drilling. The FEM
uses a user-defined material, whose mechanical properties were determined by the
Drucker-Prager vyield criteria and confining pressure. After applying
1,000Nm(16.67Hz) circumferential impact torque, the ROP almost tripled without
causing obvious sticking. This means the stick-slip vibration is basically eliminated.
Meanwhile, the rotational speed of the drill bit ranged from 0 to 50rad/s, indicating
that the bit suffers from no high-speed wear. Then, the torsional impactor was tested
in the lab and on an oil field. The test results show that the impactor can produce
high-frequency, periodical circumferential impact torque, and improve the ROP and
drilling efficiency in hard rock mass. The research findings lay the basis for
applying torsional impactor on PDC bit and in other engineering cases.
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