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Abstract

The stick—slip vibration of a drill bit in oil and gas drilling causes significant disturbances to the formation, severely impacting
the drilling quality. The dual drill bit (DB) torque self-balancing drilling technology has superior drill bit stability, obtained
by balancing the torques of the inner and outer bits (IB and OB). However, research on the DB working process is still in
the initial stages. To analyze the vibration reduction in the DB from the perspective of the rock-breaking mechanism, this
study established a dynamic rock-breaking finite element model of the DB through theoretical calculations and conducted
a numerical simulation comparison and drilling experiment comparison of the rock-breaking process between the DB and
conventional drill bit (CB). The differences in the reactive torque between the DB and CB were compared. Subsequently,
the drilling process was simulated using the two drilling methods, including the rock-breaking process, core and wellbore
disturbance, and bit motion. The results indicate that DB drilling can reduce the torque vibration of the rock on the drill bit
by 69.7%, thus decreasing the damage to the formation. In addition, DB can form a shear-breaking effect on the rock at the
junction of IB and OB, which improves the rock-breaking efficiency by 13.8%. The results of this work will help reveal the
low stick—slip vibration mechanism of the DB self-balancing drilling technique, which can provide new ideas for the study
of drilling stability.

Keywords Torque self-balancing dual drill bit - Rock-breaking mechanism - Stick—slip vibration - Drilling stability
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List of Symbols

p  Load distribution of the diamond particle (pa)
po Pressure at the center of circle (pa)
r  Distance from any point in the stress region to the centerof the circle (m)

a  Radius of a diamond particle (m)

n  Stress distribution index (dimensionless)

F, Normal contact pressure between diamond particle and rock (V)

F;  Shear force at the center of circle (V)

M  Torque applied to the bit (N m)

k  Number of diamond particles per element area (dimen-sionless)
Fr Force per element area consumed in rock-breaking andfriction ()
/ Radius of integral micro-element (m)

R, Inner diameter of the bit (m1)

R, Outer diameter of the bit (m)

M; Reactive torque of the CB (N - m) M; Reactive torque of the IB (N - m) M, Reactive torque of the
OB (N - m) M; Combined reactive torque of the DB (N m)

N Weight on bit (V)

T  Toque of bit (N m)

S Bitarea (mm?)

w  Bitrotating speed (rpm)

Rate of penetration (mm/s)
1 Introduction

Depletion of shallow resources has led to an increase in drilling depth requirements, and borehole structures have become
increasingly complex [ 1]. The structure and mechan- ical properties of the formation will change owing to changes in ground stress,
as evidenced by an increase in rock strength and a decrease in formation drillability, which in turn affectsthe efficiency of the drill
bit in breaking rock [2]. Meanwhile, as the length of the drilling string increases, the movement of the downhole drill bit
becomes more complex [3].

The vibration of the drill bit under a rotary drilling pro- cess disturbs the wellbore and core, which greatly affects the
drilling efficiency and quality [4]. As the weight on the bit and rotation speed increases, the bit vibration intensifies.However,
an increase in the height and width of the rock ridge will facilitate the stability of the bit [5]. During the drilling of the gas-
hydrate-bearing stratum, the pressure core sampler bit also disturbed the undrilled sub-bottom hole near the cutting shoes and
underground layer around the well near the bit, which made it difficult to obtain accurate informa- tion on the gas-hydrate
formation by core drilling analysis and logging [6]. The torque variation of the bit was particu-larly significant when drilling
complex formations including soft-hard interbedded rock. Under these severe conditions, bit cutters are easily crushed and
broken [7]. When sliding drilling with curved housing drilling fluid motors, the reactivetorque generated by the bit is too high,
which significantly affects the guiding effect [8]. In horizontal well drilling, as the driven torque aggregates and releases, the
drill string acts as a low-side local stick—slip and tumbling motion, which causes damage to the drill string and wellbore [9].
The back-torsional oscillation of the drilling string is largely caused by stick—slip vibration, and reducing it helps reduce the
distur-bance to the formation and core at the bottom hole.

Stick—slip motion is a dynamically unstable vibration caused by the transition between static and kinetic frictions[10]. The
periodic accumulation and release of energy in thedrill string when the bit overcomes the frictional torque at the bottom of the
borehole can easily cause stick—slip vibra-tion, which not only accelerates the wear of the bit, but alsointensifies the disturbance
of the surrounding formation andcore [11]. Numerous studies have attempted to attenuate thisnegative state. Kyllingstad et al.
[12] developed a simple pendulum model to study the stick—slip vibration of a drill string and suggested that the stick—slip
vibration could be effectively suppressed by reducing the weight on bit (WOB)or decreasing the rotary speed. Besselink et al.
[13] stated that the stick—slip vibration on a bit could be suppressed byoptimizing its axial vibration. Liu et al. [ 14] used the
opti- mal feedback gain method to control the stick—slip vibrationof a nonlinear drilling string system and achieved certain
control effects. Zhu et al. [15] indicated that high-frequencytorsional shock can effectively suppress stick—slip vibration. Tian et
al. [16] studied the influence of the PDC bit cutter layout on the stick—slip vibrations of deep drilling systems.Previous studies



have mainly adopted optimizing the drilling tool combination configuration, drilling parameters, or con-trol method to attenuate
stick—slip vibration. The root cause,however, is that most existing drilling technologies use a drill string to deliver torque over
long distances. The result of the growth of the drill string is a reduction in its equivalent torsional stiffness, followed by severe
losses, poor controlla-bility, and low efficiency. The torque transmitted to the bit isdiscontinuous and variable, which in turn
causes stick—slip vibration of the drill string.

In order to reduce the stick—slip vibration of drill bit, Gaoet al. [17] proposed a downhole drilling tool system of torque self-
balancing. As shown in Fig. 1, the principle is to drive asimultaneous reverse rotation of the dual drill bit (DB), con-sisting of
an inner drill bit (IB) and an outer drill bit (OB), using downhole power components. The pressure adjustment system is used
to adjust the weight on the IB and OB, whichcreates a mutual balance of the torque downhole, thus coun-teracting the reactive
torque generated by the rotation of thedrill string during conventional drilling. This drilling method ensures the stable operation
of the downhole drilling tools, which is conducive to weakening the wellbore instability caused by stick—slip vibration.

Some scholars have studied the mechanism of rock-breaking using DB. Gao et al. [ 19] established a rock- breaking model
of DB and analyzed the force state of the bit and rock during the rock-breaking process of the conventional bit (CB) and DB
using the ANSYS/LS-DYNA software. It was concluded that DB drilling produced more stress concentration points and
higher stress values on the rock at the bottom of the well compared with CB drilling, which was conducive to improving the
rock-breaking effi- ciency. However, it lacked disturbance analysis of the well-bore and core, as well as vibration analysis of
the drill bit. In addition, the bottom surface of the bit model used in the simulation was flat, which is a common deficiency in
diamondbit drilling simulations [20]. Therefore, further and more accurate research is required on the mechanism of micro-
disturbance rock-breaking with DB. With the development of computer technology, the use of computer simulation tech-
nology to study the rock-breaking mechanism of drill bits has gradually become a convenient and feasible research method, mainly
including the discrete element method (DEM) and finite element method (FEM). Rojek et al. [21] used DEM toconduct a
simulation study on the process of rock-breaking using a drill bit. The results showed that the DEM can modelthe bit-breaking
rock quantitatively and obtain an average cutting force in good agreement with the laboratory results. Jaime et al. [22]
concluded that rock cutting could be reason- ably modeled using a plasticity-damage model based on theFEM, an element
erosion scheme that removes an element when its energy release equals fracture energy.

In summary, CB is prone to large stick—slip vibrations during drilling, which has a limited rock-breaking efficiency. DB is
superior in improving the stability of the drill bit. How- ever, few studies have analyzed vibration reduction from theperspective
of the rock-breaking mechanism. In this study, taking granite as the research object, two types of drill bits were established
using FEM, and rock-breaking simulationswere performed. Subsequently, the differences in the rock- breaking mechanism,
wellbore and core disturbance, and bitmotion between the DB and CB were compared. Finally, the simulation results were
verified through drilling experiments. This study is expected to provide a new perspective for reducing the vibration of drill
bits.

DB Core tube Power components Pressure adjustment system

Fig. 1 Schematic of the downhole drilling tool system oftorque self-balancing [18]

2 Nonlinear Dynamics Model

2.1 Damage Model of the Rock

Both conventional and dual diamond drill bits rely on exposed diamond particles to break rocks. The working process of a
single-grain diamond is equivalent to the contact between a rigid sphere and rock, for which we performed a force analysis.
As shown in Fig. 2, the diamond particle first crinkles and crushes the rock under normal pressure and then carves the rock
under tangential shear [23]. Fracture damage chips are generated at the front of the diamond particle, whereas spalling chips
are at the back. Therefore, the force analysis of diamond particles in breaking rocks must be considered from both normal and
tangential load distributions [24].
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Fig. 2 Schematic of the rock broken by a diamond particle [25]

The Hertz contact theory provides a calculation method for the contact force between a rigid sphere and elastic half space
body [26]. As the hardness of diamond is far greater than that of rock, it is regarded as a rigid sphere. By applying a circular
normal distributed load to the surface of an elastic half-space body, the contact stress becomes nonlinear with the applied
pressure [27]. The expression for the load distribution is:

r2
M

where po is the pressure at the center of the circle, r is the distance from any point in the stress region to the center of the circle,

n is the stress distribution index, and a is the radius ofthe diamond particle. As the load was spherically distributed, n was set to
%

The normal contact pressure between diamond particle and rock can be calculated as
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Finally, the equation for the tangential stress distribution between the single-grain diamond and rock is as follows:
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where 7,is the shear force at the center of circle. The theory of the finite element method has also been introduced [ 28]. Let
the spatial domain occupied by the contact system at moment ¢ be Q. The exposure problem can then be formulated as:

fcrﬁsdﬂ—nyﬁudﬂ — f GudedS — fq,gaud5+fpaé‘udﬂ =10
2 €2 Q2

r f r{'
where F¥ denotes the body force, gu and ¢ £ denote the boundary stresses, ¢ denotes Cauchy’s stress, I' fdenotes

the boundary of the given boundary stress, T c¢denotes the contacting boundary, J & denotes the virtual strain, du denotes

the virtual displacement, 0 denotes the density, and a denotes the acceleration. The spatial domain Q is discretized by the
finite element method.We introduce the virtual displacement field, and the equation is as follows:

mii = p(t) +c(u., ) — f(u. p) (5)

wherem is themassmatrix, # is the acceleration vector, ¢ isa ti me variable, p is the external force vector, c is the contact
force and friction vector, fis the internal stress vector, u is the object displacement, « is a variable associated with the

contact surface characteristics, and & is a variable associated with the constitutive relation of the materials.

2.2 Drill Bit-Rock Interaction Model

As shown in Fig. 3, this section introduces the interaction model between the impregnated diamond bit and the rock and
compares the torque of CB with DB. The reactive torque of the impregnated diamond bit during drilling was mainly due to the
reaction force when cutting the rock with diamond particles and the friction force of the matrix.

Bit

Rock

Fig. 3 Drill bit-rock interaction model



Because the diamond particles exposed at the bottom of the bit are small, numerous, and messy in distribution, it is not possible
to analyze and sum the forces on all particles. To facilitate the calculation, we treated the bottom surface of the drill bit as a flat
circle, without affecting the comparisonresults. Then, the torque applied to the bit can be represented as:

Rp
S
M= fﬁnk}?ﬂzdf — %nkFT(RS - R}) (6)
Ra ‘

where £ is the number of diamond particles per element area on the bottom surface of the bit, F7is the force per element
area consumed in rock-breaking and friction, / is the radius of the integral micro-element, and Ra and Rp are the inner
and outer diameters of the bit, respectively.

Based on the structural characteristics of CB and DB, we assumed that the inner diameter of the CB was R1 and the
outer diameter was R4, the inner diameter of the IB was R1 and the outer diameter was R2, and the inner diameter of the
OB was R3 and the outer diameter was R4. The direction of rotation of the CB was defined as positive. OB rotates in
the same direction as CB, whereas IB rotates in the opposite direction. Then, the reactive torque of the CB is calculated

by

~

M, = -3k FT(RE . R%) (7)

Similarly, we obtained the counter torque Mo applied to OB and the counter torque M applied to IB.
2 3 p3
M; = E;r;dl;(f:zz ~ R}) (8)
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Then, the combined torque on the DB can be calculated as:

~

My = —%:arkFT[(Rﬁ —RY) — (R} - Rm (10)

From these, we theoretically concluded that the counter torque of the DB during drilling is much lower than that of
the CB. Ideally, Eq. 11 is satisfied, and there is no fluctuation during drilling when DB can even achieve “no counter
torque” drilling. This provides a theoretical reference for DB design size.
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2.3 Rock Constitutive Relations and Failure Criterion

Rock is an anisotropic and nonlinear material that undergoes elastic deformation, plastic deformation, and brittle fracture
under force. A suitable strength theory is particularly pivotal for rock-breaking simulations. In this study, the rock failure
criterion was established based on the Drucker—Prager (D—P) criterion, which is an extension and generalization of
theMohr—Coulomb and well-known Mises criteria in plastic mechanics. The D—P criterion considers not only the effect of
intermediate principal stress, but also shear-induced expansion [29]. Therefore, theD—P criterion is widely used to study
the rock-crushing process, and its expression is as follows:

ali +V/h—-K=0 (12)

I =014+02+03 (13)
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where /1 is the first invariant of the effective stress tensor, J2 is the second invariant of the stress deviator tensor, and
o1, o2and 03 are the principal stresses of the effective stress. The experimental constants related only to the friction angle

¢ and cohesion ¢ of rocks are @ and K, respectively, and the equation is as follows:

2 sin
o = e (15)
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Plastic strain occurs when the rock is pressed into and sheared by diamond particles. When the equivalent plastic
strain value of the rock elemental node reaches its limit, the material starts to get damaged. The judgment criterion can

be expressed as follows:

—pl _ =pl
el <% (17)
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where . is the equivalent plastic strain of the rock element, and
element.

is the equivalent plastic strain of the failure

3 Finite Element Analysis of Rock-Breaking Process

3.1 Basic Assumptions

This study focuses on the rock-breaking process of the DB, which is compared with CB. To facilitate the establishment and
solution of the bit and rock model, the simulation model is reasonably simplified based on the research emphasis. (1)
Because the hardness and strength of diamond particles are much greater than those of rocks, and the stress distribution

of the bit is not essential in this study, it is assumed that the bit is a rigid body. (2) The bit and rock are homogeneous
continuous media, and the influence of the porous medium is neglected. (3) Rock elements were removed immediately
after failure, neglecting the influence of repeated fragmentation on continuous drilling. (4) The influence of the flow

and temperature fields on the rock-breaking process was not considered.

3.2 Geometric Model and Material Properties

The numerical programABAQUSwas used to study the rockcrushing process and simulate the evolution of the damage
initiation and propagation. Nonlinear dynamical finite element models, including the CB-rock and DB-rock systems, were
developed. As shown in Fig. 4, the cutaway views of the two models were selected for ease of observation. The purpose

of the pressure sheet was to ensure that the weight of the DB was the same as that of the CB. To unify the dimensions

of the two bits, the IB had the same inner diameter as the CB and the OB had the same outer diameter as the CB. As for the
drilling parameters, the direction of the rotation speed of the IB and OB was opposite, the sizes of which were the same

as those of the CB. The weights applied to the CB and DB were identical. The sizes and drilling parameters of the bits

are listed in Table 1. It isworth noting that when designing IB and OB, in order to theoretically balance the reactive torque,
the dimensions of IB and OB satisfied Eq. 11. It is known that the computation time of a program increases geometrically with
the grid encryption. Because of the small size and large number of diamond particles on the bit, a very fine grid is required if
the model is built according to the actual size of the diamond, which affects the calculation accuracy [30]. After repeated
simulation tests, a model size and mesh division form suitable for the calculation of the diamond particles were established.
As shown in Fig. 5, the diameter of one diamond particle was set to 1 mm, and the spacing was 0.5 mm. Diamond particles
were uniformly distributed on the bottom of the bits, and the exposed height was uniform at 0.5 mm, without considering the
shedding of diamond particles and the self-sharpening of the bits. To control for irrelevant variables, the same mesh density
and partitioning were used for both the finite element models of the CB-rock and DB-rock systems. As shown in Fig. 6,

both the rock and pressure sheet were discretized using eightnode linear hexahedral reduced integration elements, among
which hourglass control was considered (C3D8R). The bits were all discrete with tetrahedral elements (C3D4), which were
locally encrypted in the cutting area to improve calculation efficiency. During the simulation, the lower surface and sides of
the rock were set with fixed constraints to limit its movement completely. The translation and rotation of the bitwere limited in
the X- and Z-directions. WOBwas applied to the pressure sheet in the same direction as the bit drilling direction. The contact
between the surface of the bit and the rock element was face-to-face with a friction coefficient of 0.3. This numerical model
adopts an international system of elements (mm-N-s). The basic parameters for each part of the material are listed in Table 2.
Because the stress distribution of the bit was not analyzed in this study, the overall material of the bit was set to diamond to
simplify the calculation. A pressure sheet was used to simulate the pressure of the drill pipe, and the material was steel.
Granite was used as the rock material.



Fig.4 a Cutaway view of the CB
and rock model. b Cutaway view
of the DB and rock model

CB
pressure sheet

(a) (b)
Table 1 Bit sizes and drilling
parameters Bit type Inner diameter (mm) Outer diameter (mm) Rotary speed (rpm) Weight on bit (V)
CB 28 48 300 1000
1B 28 40 — 300 Total 1000
OB 41 48 300
5 s Madelaf O ool CB pressure sheet pressure sheet

pressure sheet. b Model of DB
and pressure sheet

(a) (b).

Fig.6 Mesh and boundary rotation direction of CB rotation direction of OB  rotation direction of IB
conditions: a the CB-rock :

system; b the DB-rock system

fixed boundary fine mesh zone fixed boundary

(a) (b)



Table 2 Physical parameters for

finite element analysis Model Material Density (kg-m‘") Elastic modulus (Gpa) Poisson’s ratio
Bit Diamond 3510 897 0.07
Pressure sheet Steel 7890 209 0.269
Rock Granite 2700 48.4 0.25
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Fig.7 Comparison diagram of rock failure: a laboratory test; b numer- 0 2 4 & 8 o
ical simulation Strain (%o)

Fig.8 Stress—strain curves obtained from numerical simulations and
laboratory experiments

3.3 Calibration of RockModel Parameters
This section focuses on the verification and calibration of rock parameters for the reliability of the simulation results.
The uniaxial compression simulation of the granite model using the finite element software ABAQUS was compared

with the experimental results. To minimize the error caused by the experimental samples, a granite sample of @ 50 X

100 mm was drilled and the surface was polished. The rock model used for the numerical simulationwas the same size as
that of the experimental sample. The rock material parameters are presented in Table 2.Additionally, a coaxial rigid disk
was added to the upper surface of the model. A completely fixed constraintwas applied to the bottom surface, and a
compressive displacement load of 5 mm was applied to the disk, which only had z-directional degrees of freedom. Figure 7
shows the failure patterns of the rock under uniaxial compression. The simulated result of uniaxial compression was

of morphology. They consistently exhibited a V-shaped fracture pattern (red dashed lines in Fig. 7 are fractures), which is
related to the internal friction angle of the rock. The experimental test results (red curve) and numerical simulation results
(blue curve) for the uniaxial compression of granite under the same parameter conditions are shown in Fig. 8. The peak
intensity and slope of the elastic segment of the two stress—strain curves were consistent, and both exhibited brittle damage
after the peak. This study considers that this model is reliable for simulating the fracturing and stress—strain behavior

of rocks.

4 Simulation Results and Discussions

4.1 Analysis of Rock-Breaking Mechanism

To compare the differences in the rock-breaking mechanism betweenDBand CB, this section compares the rock-breaking
morphology, cutting force of the bit, and mechanical specific energy (MSE). Figure 9 compares the equivalent plastic strain of
the rock at 0.03, 0.06, 0.12, and 0.15 s. At 0.03 s, the bits were in contact with the rock surface under pressure and the
compressive stress dominated. As the bottom surfaces of the CB and DB were equal, there was little difference in the plastic
strain of the rock. At 0.06 s, the crater formed by the DB was significantly larger than that of the CB, and the DB formed a
shear damage zone at the junction of the IB and OB, while the CB did not exhibit this phenomenon. At 0.12 s, the breaking
area of the rock under the action of the DB was the first to form a closed loop, and both types of rocks were broken by the



outer ring first, which could be due to the fact that the linear velocity of the outer ring of the bit is larger than that of the
inner ring. At 0.15 s, the DB took the lead to break the first layer of rock elements and formed a cylindrical core, while

the CB did not break the first layer. Therefore, the efficiency of DB breaking rock was higher than that of CB breaking

rock.

To further illustrate the shear-breaking effect of DB on the rock in the junction breaking zone, as shown in Fig. 10, the
maximum principal stress of the rock (0.06 s) was selected in this study. It can be seen that themaximum principal stress on
the rock duringDBdrillingwas 12.4% higher than that during CB drilling. We then used four areas to illustrate the breaking
effect of the rock surface under the action of DB. Under the grinding action of the diamond particles, scratches first

appeared on the rock surface, as shown in Region 3. Subsequently, the scratches gradually formed small pits, as shown

in Region 2. Some rock ridges formed between the breaking pits, and these rock elements were subjected to tensile stress.
This indicates that DB had a shear-breaking effect on the rock. Subsequently, some of the small crushing pits merged to form
large crushing pits, as shown in Region 1. At this point, the rock elements between the large fracture pits were

already relatively fragile and could easily form volumetric fractures, as shown in Region 4. Rock-breaking is the process of
alternating the action of macro- and microcrushing forms. During the rotary cutting process, small and large chips are formed
and flow out continuously, and the cutting force of the drill bit varies continuously.The investigation of the variation lawof the
cutting force is beneficial for the analysis of the rock-breaking mechanism. The results in Fig. 11 clearly indicate that periodic
fluctuations in the tangential force occurred with time. In addition, the force increased and then decreased in each

cycle, indicating that the grinding process of the impregnated diamond bits also resulted in stress accumulation and

release. The tangential forces and fluctuations of IB and OB were significantly smaller than those of CB. Compared with

the CB, the average tangential force of the IB decreased by 18.8% and that of the OB decreased by 35.8%. Therefore,

DB provides a more consistent cutting performance, which contributes to more efficient drilling.
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4.2 Damage Analysis ofWellbore and Core

The damage to the wellbore and core can be used to analyze the effect of DB drilling to reduce disturbance. Figure 12
shows the cross-sectional stress of the rock during rockbreaking with the CB and DB. To facilitate a comparative
observation, the von Mises stress diagram of both was set to the same scale. In this study, four time points were selected
for description. At 0.2 s, the rock fragmentation pit was shallow, and no core or wellbore was formed, at which time the
forces on the rock were similar between the CB and DB. At 0.49 s, the CB started to produce weak stress in the middle of
the core, but theDBdid not exhibit this phenomenon. At 0.6 s, the CB produced significant disturbance to the core, while
the DB had no stress effect on both the core and wellbore. At 0.8 s, the CB started to disturb the surrounding formation, but
the DB only weakly disturbed the core at this time. Therefore, it can be concluded that the disturbance to the core and
formation during DB drilling is significantly less than that of CB drilling under the same conditions, and DB can achieve
the purpose of micro-disturbance drilling. To further analyze the damage of the two types of bits on the rock at different
locations, seven rock elements were selected. As shown in Fig. 13, they were all 1.2 mm from the rock surface. El is

the core element immediately adjacent to the core wall, E2 is the core wall element, E3 is the element in the IB breaking
zone, E4 is the element in the junction breaking zone, ES5 is the element in the OB breaking zone, E6 is the wellbore element,
and E7 is the formation element immediately adjacent to the wellbore.
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Figure 14 shows the damage of the core and wellbore elements. After the simulation, the damage to the core element
(E1) under the DB drilling conditions was reduced from 0.072 to 0.057, a 20.8% reduction compared to the

CB drilling. Similarly, the damage to the core wall element (E2) was reduced from 0.222 to 0.208, a 6.3% reduction. The
damage to thewellbore element (E6)was reduced from 0.333 to 0.219, a 34.2% reduction. The damage to the formation
element (E7) decreased from 0.071 to 0.045, a reduction of 36.6%. Figure 15 shows the comparison of rock elements in the
breaking zone under the two drilling conditions. For these elements to be broken into holes, including the elements in

the breaking zone of the IB (E3), the breaking zone of the junction (E4), and the breaking zone of the OB (ES), the DB
could complete the breaking in preference to that by CB, with 27.8%, 16.8%, and 15.6% improvement in efficiency,
respectively.

After comparing the damages to the seven elements, we concluded that the DB not only disturbs the formation

and core significantly less than the CB, but also breaks the rock more efficiently than CB.
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4.3 Comparison of the Drill Bit Movement

According to the working principle of Downhole Drilling Tool System of Torque Self-balancing, the reactive torques

of IB and OB can cancel each other. Figure 16a shows the variation in the reactive torque on IB and OB with time during
the DB drilling process. The rotation direction of OB is defined as the positive direction and that of IB is defined as

the negative direction. It can be seen that the reactive torque fluctuates periodically with time, which is due to the granite
being a brittle material. Before breaking the rock, the bit must accumulate energy, at which time the reactive torque
gradually increases. After breaking the rock, there is a stage of sudden release of stress when the reactive torque of the
rock on the bit decreases suddenly. The bit regains contact with the unbroken rock when it builds up energy. The average

value of the reactive torque of the rock to the IB was 6.0 N * m, while the OB was 6.1 N * m. Despite certain fluctuations,

the IB and the OB could still achieve a balance of reactive torque. To further compare the difference in reactive

torque between DB and CB, the vector sum of the IB and OB reactive torques at each time point was taken as the reactive
torque of DB and compared with that of CB. The results are shown in Fig. 16b, where the average magnitude and fluctuation
range of the reactive torque of the DB are significantly smaller than those of the CB. It can be illustrated that DB

weakens the reactive torque of the rock on the drilling tool during the drilling process, specifically reducing it by 69.7%.

The MSE was used to specifically quantify the drilling efficiency enhanced by DB [31]. MSE refers to the energy

consumed by the crushing unit volume of rock and is an important indicator for evaluating the drilling and tool breaking
efficiencies. In other words, the lower the rock-breaking ratio, the higher the rock-breaking efficiency [32]. The MSE

can be expressed as follows:



MSE =

N 120 - T - w
§_|_ (18)

v-S

whereMSE is themechanical specific energy, N is theweight on bits, 7 is the torque of the bit, « is the bit rotation speed,

S is the bit area, and v is the rate of penetration.

As CB and DB have the same diamond particle distribution andWOB, and the impregnated diamond drill bit grinds

the rock mainly, theMSEismainly contributed by the torque. This study ignored the effect of the axial force and considered
only the energy consumption of the tangential force. As shown in Fig. 17, the MSE of DB was reduced by 55.7%,

and the ROP was increased by 13.8% compared to that of CB. This confirms our assumption in Sect. 4.1 that DB has

a higher drilling efficiency owing to its more stable rockbreaking process.
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Fig. 18 Schematic and photography of the drilling experimental setup

5 Experimental Verifications

Relying on Downhole Drilling Tool System of Torque Self balancing,a drilling comparison experiment was conducted
between DB and CB. Figure 18 illustrates a schematic of the entire system used to perform the laboratory drilling
experiment. It contains five parts: drilling rig, DB, tank, air compressor, and automatic control system. To ensure the

same conditions for the experiment and simulation, CB and DB of the same size as the simulation were prepared. The
experimental bit size and drilling parameters were identical to those used in the simulation.

The experimental granite was the same as the granite material used to calibrate the model parameters presented in

Sect. 3.3. Core drilling experiments were conducted on the CB and DB under the same drilling conditions. The experimental



results are as follows: (1) Figure 19 shows the drilling hole comparison of granite drilled by CB and DB. Borehole-

1 was drilled by the CB, and borehole-2 by the DB. Volume breakage occurred at the junction of the IB and OB at the
bottom of the hole, while the bottom of borehole-2 was quite flat. DB has a shear-breaking effect and facilitated the breaking
of rocks, as described in Sect. 4.1. (2) The core and wellbore wall diameters were considered as drilling damage

indicators. DB drilling could reduce damage to the core and wellborewall by 24.7% and 33.3%, respectively, as compared
to those with the CB drilling. This result is in better agreement with the simulation results in Sect. 4.2, which verifies

the effect of DB in reducing the drilling disturbance. (3) Three sets of drilling experiments were conducted to compare

the ROP of the CB with that of the DB, as shown in Fig. 20. DB increased the ROP by 16.3%, 13.7%, and 14.5%

in the three sets of experimentswith an average improvement of 14.8%. The results of this drilling comparison experiment
were in good agreement with the simulation results, thereby verifying the accuracy of the finite element model simulation
analysis. In addition, we conducted a comparative drilling experiment on a looser artificial conglomerate, and the results are
shown in Fig. 21. The integrity of borecore-4 drilled using the DB was much greater than that of core-3 drilled using

the CB. It can be clearly seen that the disturbance to the wellbore wall and core during drilling was reduced by the

DB compared with the CB. The CB always disturbs the core and wellbore wall as the drilling depth increases, resulting

in severe core damage and roughness of the wellbore wall. While DB only caused some disturbance to the core at the open
hole, stable coring work was quickly achieved, and the sidewall surfaces of both the core and wellbore wall were

very smooth. As shown in Fig. 18, the rock does not need to be fixed during DB drilling, and the upper drilling rig is
largely free from reactive torque. In this experiment, the core recovery percentage of the CBwas 34.1%, and that of theDB
was 83.3%, which was an improvement of 55.2%. This indicates that the ability to reduce drilling disturbance is more
pronounced when drilling into softer, looser rocks with DB than into hard rocks such as granite.

Volume breakage

,‘ o vg‘l.; " PR . _ [ X » .?rt’ ‘ - l
Borehole-1 Borehole-2

Fig. 19 Drilling hole comparison of granite drilled by the CB and the DB
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6 Conclusion

In this study, it was verified through calculations that DB drilling technology reduced the stick—slip vibration and dis-turbance
to the core and formation. Subsequently, a nonlinear dynamical simulation was conducted to reveal the rock- breaking process,
wellbore and core disturbance, and bit motion, which explained the differences in the rock-breaking mechanism between DB
and CB. Finally, the simulation results were validated using a drilling experiment. The fol- lowing conclusions were drawn:

(1) The theoretical calculation of the DB’s reactive torqueshows that DB can achieve “no reactive torque” drillingideally
when the cubic difference between the inner andouter radius of OB and IB is equal. This conclusion wasverified using
numerical simulation, where the averagevalue of the reactive torque of the rock to the IB was
-6.0 N m and to the OB was 6.1 N m. This provides a theoretical suggestion for the size design of the DB.

(2) The simulation results show that DB forms a shear dam- age zone on rock at the junction of IB and OB compared with CB,
which facilitates rock-breaking and improvesdrilling efficiency. Specifically, the tangential force ofIB decreased by
18.8%, whereas that of OB decreased by 35.8%. As a result, DB reduced the MSE by 55.7%and improved the
ROP by 13.8%.

(3) The reactive torque generated by the DB was 69.7% lower than that generated by the CB. The disturbance to the
formation and core was also less than that of theCB, specifically 20.8% less disturbance to the core and36.6% less
disturbance to the formation. This indicatesthat DB decreases the stick—slip vibration of the bit, which is beneficial for
the core recovery and formationstability.

(4) The results of the drilling comparison experiment between DB and CB showed that the average ROP of DB self-
balancing drilling increased by 14.8%. Dam- age to the core and wellbore wall was reduced by 24.7% and 33.3%,
respectively. This is consistent withthe numerical simulation results, thereby verifying ourconclusions. During DB
drilling, the ability to reduce drilling disturbance is more pronounced when drilling into softer, looser rocks.

Despite the above-mentioned advantages of DB drilling, this study only conducts a comparative study of impregnated
diamond bits, and the rocks used for the numerical simulation were homogeneous rocks, which have certain limitations.In
future research, it will be necessary to study the rock- breaking process of other types of dual drill bits, such as PDC bits, to
further improve the theory of DB drilling.
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