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ABSTRACT The automatic vertical drilling system (VDS) adopts downhole closed-loop control, through
ground monitoring, a large closed-loop control on the ground and downhole is formed to keep the wellbore
in a vertical position. The Mechanical Automatic Vertical Drilling System (MVDS) which working in full
mechanical mode has been more economical, safety and reliability. We proposed and developed a novel
MVDS with high control accuracy in this paper. A new type of Hydraulic Balance Turbine (HBT) is presented
and applied to MVDS, used to drive the upper disc valve to reduce the frictional resistance and the influence
of the bottom drilling tool vibration. This can achieve a ““soft”” connection between eccentric platform and the
upper valves, eliminate the effect of the friction between the upper valve and the lower valve, and optimize
the control ability. After HBT optimization, the stable angle is closer to the low side, which can make the
control of MVDS more accurate. The same conclusion was verified by laboratory tests as well.

INDEX TERMS Dynamics, eccentric platform, hydraulic balanced turbine, simulation, vertical drilling

system.

I. INTRODUCTION

In oil and gas drilling, boreholes typically tend to penetrate
bedding planes and other geological features at a right angle
without special drilling procedures or technology. In addition
to natural drift, drilling practices can also create boreholes
with doglegs or other irregularities in shape or direction.
In the past, passive deviation control technologies [1]—[3]
such as tower drilling tools, pendulum assemblies and full
hole drilling tools were run to maintain low borehole incli-
nation angles, but they offered limited effectiveness in hard
or steeply dipping formations. Correction runs to bring the
borehole back to vertical were costly and did nothing to pre-
vent the problem from recurring. Kontinentales Tiefbohr pro-
gramm der Bundesrepublik Deutschland (KTB), the German
Continental Deep Drilling Program [4], [5], drilled a 9101m
(29860-ft) vertical well to study fundamental aspects of the
Earth’s crust. An automatic vertical drilling system (VDS)

The associate editor coordinating the review of this manuscript and

approving it for publication was Agustin Leobardo Herrera-May

159382

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

limited building angle and minimized hole size and friction.
The vertical drilling technology adopts downhole closed-loop
control [6], which programmed on surface to automatically
and capable of preventing boreholes from vertical and can
also return inclined boreholes to verticality. The advantages
of the VDS include precise well placement, high-quality
boreholes, high Rate of Penetration (ROP), and effective hole
cleaning Bratton et al. [7]. Although vertical drilling may
seem relatively simple, it can present challenges similar to
directional drilling, and it is required in some of the most
expensive operating arenas, such as subsalt development in
deep water. Vertical drilling is also critical to the success
of extended-reach drilling operations. Excessive tortuosity in
the top hole causes increased torque and drag in subsequent
hole sections, which can lead to wear of drill pipe and casing.
Tortuosity also increases the potential for drilling problems,
such as poor hole cleaning, stick/slip and inability to reach
planned depth because of torque and drag. Currently, there are
mainly three kinds of typical VDS tools, including the Baker
Hughes Verti-Trak system, Schlumberger Power-V system,

VOLUME 9, 2021


https://orcid.org/0000-0002-8439-0186
https://orcid.org/0000-0002-7373-9258

J. Wang et al.: Dynamics of Mechanical Automatic Vertical Drilling System With Novel Hydraulic Balanced Turbine

IEEE Access

Rig

- Top drive

Reaction force

of centralizer\

Thrust force by
VDS -

Lateral cutting VDSE

M"force by bit

|~ Drillstring

BHA

Bt

Connect to drillstring

""“_‘-3- N

™ Eccentric block,
Stable at the low side of the
wellbore under the
influence of gravity

s

Thrust force

Connect to (irill bit

(a) Schematic of a drilling system for a vertical borehole configuration

Eccentric platform

Direction of rotation of drill
string and lower disc valve

Thrust force

___ Hydraulic diverter

. o /
mechanism of disc valve ‘k&/ s ,..,r
~
S

High side

4

= )
:/

. W_Lower disc valve

o "

Low side

(b) Schematic of working principle of MVDS

FIGURE 1. Schematic of a drilling system for a vertical borehole configuration (a) and the working principle of MVDS (b), When the VDS
works, it will generate a pushing force to push against the high side of the wellbore and then return inclined boreholes to verticality. The
eccentric block turn to the low side of the hole under the action of gravity, drives the upper disc valve to stabilize in the expected position.
Due to the lower disc valve rotates with the bottom hole drilling tool, when one of its three valve holes rotates to the upper disc valve

hole, the corresponding hydraulic flow channel is ¢ ted and p

hed the pads to the high side of the borehole.

Halliburton Sperry-sun V-Pilot system [2], [6], [8]. All of
them have sensitive and expensive electronic components [9]
which has low reliability under complex conditions such as
high temperature (more than 200°) and extreme vibration in
ultra-deep wells [10]-[13].

Inrecent years, the Mechanical Automatic Vertical Drilling
System (MVDS) [14]-[16] which working in full mechanical
mode and more economical, safety and reliability has grad-
ually attracted attention. Especially in today’s low oil price
economic situation [17], it has become the best choice for
“deviation control and fast drilling”’. The working principle
of MVDS as shown in Fig.1, (a) is the schematic of a drilling

VOLUME 9, 2021

system for a vertical borehole configuration, When the VDS
works, it will generate a pushing force to push against the high
side of the wellbore and then return inclined boreholes to ver-
ticality. In MVDS, as show in the Fig.1 (a) and (b), there has
an eccentric block, which could stable at the low side of the
wellbore under the influence of gravity. When the borehole
and drilling tool is inclined, the eccentric block turns to the
low side of the hole under the action of gravity, which drives
the upper disc valve to stabilize in the expected position. The
lower disc valve rotates with the bottom hole drilling tool
and the drill bit. When one of its three valve holes rotates to
the upper disc valve hole, the corresponding hydraulic flow
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FIGURE 2. Two design of MVDS, (a) Original design; (b) New design. In the new design, the eccentric platform
control the up disc valve with a nozzle to drive the HBT stable in the low direction of the wellbore, then the
vibration of the tool caused by pads will not affect the stability of the eccentric platform. The “soft”
connection between the eccentric platform and the upper disc valve is realized.

channel is connected. The pads will be pushed to the high
side of the borehole by internal and external drilling fluid
differential pressure. After a period of time, it is turned off,
the next one is turned on, and in this way the full-rotation
dynamic correction is realized. Eccentric platforms as shown
in Fig.1(b) are now widely applied in MVDS. However, due
to the friction between the upper and lower valves, as well as
the vibration caused by bottom hole assembly [18], [19], the
well deviation control accuracy is low, which is a key factor
to restrict the development of MVDS.

In this paper, a novel Hydraulic Balance Turbine (HBT)
is installed at MVDS, the balance moment generated by
the HBT is used to stabilize the upper disc valve at a pre-
determined position. This can achieve a “soft”” connection
between eccentric platform and the upper valves, eliminate
the effect of the friction between the upper valve and the
lower valve, and optimize the valve control ability. Therefore,
deviation precision will be improved greatly.

The paper is organized as follows. The conceptual design
and geometric features of the new turbine using MVDS
are presented in Section 2. Subsequently in Section 3, the
mechanical model of HBT and the mathematical methods
of simulation based on FE methods is presented. Then, the
mathematical model of dynamic characteristics of eccentric
block torsion is established. Next, the main results of the
paper are given in Section 4, the dynamic characteristics of
eccentric block torsion and the optimization effect of HBT
were obtained. Finally, Section 5 draws conclusions and gives
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a summary of the most important outcomes of this work with
suggestions for the future work.

Il. NOVEL HBT IN MECHANICAL VERTICAL DRILLING
TOOLS

In MVDS, because of the friction resistance between the
upper and lower disc valves and the vibration of the bottom
drilling tool [18], [19], the deviation control accuracy of the
MVDS is difficult to improve, which has become the main
factor restricting its development. The main factors affecting
the accuracy of deviation control are as follows: firstly, due to
the friction resistance of the upper and lower disc valves, the
eccentric platform cannot be stabilized at the low side of the
well [15]; Secondly, the centralized force of the pads cannot
be stabilized at the high side of the well due to the vibration
of the bottom drillstring [20]-[23].

In addition to the friction resistance between the upper and
lower disc valves, the friction resistance between the mechan-
ical structures, bearings and the damp effect of drilling
fluid [24] will also affect the platform, but the friction resis-
tance between the upper and lower disc valves is the most
significant, and it is difficult to quantify and compensate the
friction resistance at the beginning of the design due to the
influence of bottom drilling tool dynamics [18], [25].

In this paper, a novel HBT is installed at MVDS as shown
in Fig.2 (b), the balance moment generated by the HBT is
used to stabilize the upper disc valve at a predetermined
position. The eccentric platform is only controlled by the
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FIGURE 3. Working principle of the HBT, (a) shows the nozzle and the turbine in a balance position, and the nozzle
impact distance is h, turbine blade relative angle is 3; (b) shows a kind of unbalanced state of HBT, fluid produces
torque (Clockwise or counterclockwise) through the nozzle; (c) shows the dynamic following performance of the

HBT with the speed of nozzle.

liquid flow nozzle to drive the HBT. The ‘“‘soft” connection
between the eccentric platform and the upper disc valve is
realized, so that the eccentric platform is not affected by the
friction resistance of the upper and lower disc valve, and the
abnormal oscillation of the eccentric platform will not be
transmitted to the upper disc valve, which makes the thrust
force as shown in fig.1 (a) more stable. The HBT optimizes
the performance of the control mechanism of MVDS. The
advantages as following two aspects: firstly, it effectively
avoids the influence of the frictional resistance of the upper
and lower disc valves, as well as the influence of stick-slip
vibration of the bottom drilling tools [18]; secondly, utiliz-
ing the follow-up and hysteresis characteristics of the HBT,
can cushion the vibration of the eccentric block, effectively
reduce the influence of the swing of the eccentric block on
the upper plate valve, and improve the stability of the control.
As shown in Fig.2, the hydraulic turbine is installed between
the upper and lower disc valves, the hydraulic impact of the
nozzle provides the driving force.

The working principle of the HBT is shown in Fig. 3, where
(a) depicts the balance state of the turbine, where the turbine
torque is balanced and the turbine is stable. When the nozzle
moves to other positions driven by the control mechanism,
the hydraulic impact of the nozzle will provide the driving
torque, as shown in Fig. 3 (b). Finally, the turbine will restore
to its balance position under the action of the torque produced
by the hydraulic impact of the nozzle. Turbine and upper disc
valve are fixed together, which drives the movement of upper
disc valve and realizes the flow channel control of upper and
lower disc valve.

Under the impact of nozzle jet, the turbine overcomes the
frictional resistance torque and then moves. The ability of the
hydraulic turbine to overcome the frictional resistance torque
is called the start-up performance of the turbine. When the
nozzle moves driven by the eccentric platform, the turbine
will move along with the nozzle, as shown in the Fig.1 (c).
We call this characteristic of the turbine dynamic following
performance. When the nozzle deviates from the balance
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position, the turbine will gradually stabilize at the position
shown in Fig. 3 (a). At this time, the hydraulic moment tends
to be balanced. The anti-disturbance performance of the tur-
bine is defined as the dynamic balancing performance of the
HBT. Whether the turbine can overcome frictional resistance
and follow the nozzle rotation depends on the turbine torque.
This paper studies the factors affecting the turbine impact
torque, and provides a theoretical basis for the optimal design
of the balance turbine.

IIl. MODELING AND METHODS

A. MODELING OF ECCENTRIC PLATFORM

1) STATIC ANALYSIS OF ECCENTRIC PLATFORM

When the inclination angle of the well exists, the eccentric
block will generate an eccentric torque that always points to
the low side of the well. As shown in the Fig.4, let Fg is the
eccentric force of the eccentric block during the movement.
Gravity G produces two components for an eccentric block,
F, and F,. The component Fg of F, generates an eccentric
force, thereby providing an eccentric torque. The eccentric
torque Tg will be calculated by the following:

b4

G = pgV = E,ogl (r22 — r12> (D

F, = Gsinf 2

Fr = Gsinfsing 3)

Tg = ngl <r3 — r3) sinBsing )
3 2 1

wherein, r; and r, are inside and outside radius of eccen-
tric block, m; p is the material density of the eccentric
block, kg/m3; g is gravitational acceleration, 9.8m/s2; [ is the
length of the eccentric block, m.

Friction resistance torque comes mainly from two aspects:
One is the frictional resistance torque generated by axial
and radial bearings; The second is the frictional resistance
caused by the relative rotation of the upper and lower disc
valves. Assuming that the radial bearing friction is Frp, the
axial thrust bearing friction is F4p, and the relative motion
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Low side of
the well

FIGURE 4. Calculation model of eccentric torque of eccentric block, the angle between
the eccentric block and the vertical direction is 8, and the angle between the
symmetrical centerline of the eccentric block and the low side of the wellbore is ¢.
Gravity G produces two components for an eccentric block, Fr and Fg. The component
Fg of Fr generates an eccentric force, thereby providing an eccentric torque.

resistance of the disc valve is Fp, all frictional resistance
directions are always opposite to the direction of the tool’s
movement. Axial component F,, = G cos 8 and radial com-
ponent F, = G sin B cos ¢ of the eccentric block gravity will
be provided to the axial and radial bearings positive pressure
respectively. The resistance torque generated by the bearings
are calculated as follows [15]:

Frg = Gsin B cos o (5)

Fap = Gcos Buap (6)

Trn — . 1(r2 = 2)si 7

= pgl{ry —n sin 8 cos ¢ LTBTTE (7
T

Tas = 5 p8l <r22 — r}z) cos BiaBTAB ®

wherein rrp is the radial bearing equivalent radius, m; r4p is
equivalent radius of axial thrust bearing, m.

Without driving the upper valve, if Tg > T7p + Tap, the
eccentric block will turn to the lower side of the wellbore,
in fact, the frictional resistance of the disc valve is the main
factor. As shown in the Fig.5, because the upper disc valve
has an arc hole for overcurrent, we divide the friction torque
into three parts, the area of S1 and S, was ignored during the
calculation and the calculation formula as follows:

Ry 2
Tp1= ,u,pP[ZJTdeRZ gﬂMpP[R? 0<R. =R

a 2 3 3
Try = 5 SmurP <R2 - Rl)

o
= SupPi (RS — )

Tpy = 2 ppP DY’ R
P3—37TMPI ) 2

wherein D is outer diameter of upper disc valve, mm; pp is
coefficient of friction between disc valves; « is opening angle
of arc hole of upper disc valve; P, is the pressure on the upper
disc valve during drilling fluid flow.

Ri <R, <R

Ry <R, <Dp

C))
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FIGURE 5. Schematic of upper disk valve structure.

Then the total frictional torque between the upper and
lower disc valves is,

Tp=Tp1+Tpr+ Tp3 (10)

The formula for calculating the friction torque 7p between
disk valves can also be simplified as:

Tp=P;-Sp-Rq-pp (11

wherein is the Sp is the area of disc valve except circular hole,
also is the area of effect of fluid pressure differential, S =
nR%+ 2"2_“ (R% —R%)+n((§)2 —R%), m?; Rp is the equivalent
friction radius of disc valve, m.

In the process of working operation of MVDS, if the
eccentric block can reliably move to the lower side of the
wellbore, need to satisfy the following:

Tg > Tt +Tap + Tp (12)

2) DYNAMICS OF ECCENTRIC PLATFORM

Assuming the equivalent total frictional resistance is Fy, Ry is
the equivalent friction radius. Obviously, total friction torque
Ty = FyRy = Trp + Tap + Tp, combine Equation (7)-(10),

Gsin B cos ¢uyprre + G cos Buaprap + Fpitprap
Fy = Ry
(13)
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FIGURE 6. Turbine schematic diagram and the main parameters, the design parameters of balance turbine include
outer radius of turbine ry, inner radius of turbine r,, turbine height h, flow angle of turbine g, blade length /;, blade
angle y, blade spacing angle g, blade number n, blade thickness w, nozzle radius r¢, nozzle length /5, nozzle height hq,

and nozzle distance k from the center.

wherein Ry can be considered as the distance from the cen-
troid of the eccentric block to the center of rotation, can be
expressed as follows:

4(;’22 + rr + r12)
y ==
3w(ry +r1)

The direction of the friction resistance depends on the
relative movement direction of the eccentric platform and
the tool body, so the direction of the friction force is always
opposite to the direction of the eccentric force. The motion of
the eccentric platform can be expressed as:

(14)

Fg — Ff = mRr¢ (15)

wherein m is the mass of the eccentric block, m = G/g. ¢ is
the angular acceleration. Substituting formulas (3) and (13)
to (15) can be obtained:

G 5.
—R%qb — GsinB(Rrsing — cos LTBITB)
8
— (G cos Buaprap + Fpipray) =0 (16)

According to the different movement modes of the eccen-
tric platform, Equation (15) can be rewritten as follows:

—~Fg +Ff = —mRr$ @ > w,, sing >0
—Fg —Ff = —mRr$ o < w,,sing >0
Fg + Fy = mRr¢
Fg — Ff = mRr¢

. (17
w; > we, sing < 0

W < We, SIng < 0

wherein wy is the rotary angular velocity of drillstring; w, is
the rotational angular velocity of eccentric platform.

The eccentric platform will eventually stabilize at an angle
¢s, which we call the stable angle. At the stable angle posi-
tion, the eccentric force and the friction force meet the oppo-
site direction and have the same magnitude. It can be seen that
the larger the eccentric force or the smaller the friction, the
smaller the stability angle. Therefore, in the design process,
the friction should be reduced as much as possible to improve
the control accuracy of the drilling tool.
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In this paper, the classical Coulomb friction model is used
to analyze the dynamics of eccentric platform. The classic
Coulomb model states that the friction force Fy can be calcu-
lated as,

Fr = —poWvi/ vl (18)

where ¢ is universal representation of any coefficient of
friction, W is the magnitude of the normal contact force and
vy is the tangential contact velocity. Obviously, this friction
model will be scale invariant if is scale Fy independent.

B. NUMERICAL SIMULATION MODEL OF HBT

To verify the feasibility of the new design of this paper,
the three-dimensional analysis model of HBT is established
in software of Solidworks. Conventional turbine design is
complex [27]-[29], in order to make the design of the turbine
simple and efficient, projection modeling method is used
for the blade. The blade profile is only controlled by the
outer angle of the blade. The design parameters of HBT as
shown in Fig.6, include blade angle y, blade number n, blade
thickness w, blade length /1, turbine height 4 and so on.

The working medium of the turbine is liquid. Generally,
the liquid is regarded as an incompressible fluid. A flowing
fluid follows the law of conservation of mass, momentum
and energy. However, it is very difficult to solve the velocity
field and pressure field in complex flows accurately. The
computational fluid dynamics (CFD) method can be used
to solve the approximate solution to satisfy the engineering
application. The accuracy of CFD methods has been verified
in many fields. This paper employed numerical simulation
tools to demonstrate the results of the theoretical analysis, and
to study the variation of geometric parameters.

The steady operating performance of the turbine was evalu-
ated using a set of dimensionless coefficients which are char-
acterized in terms of the torque coefficient C;, input power
coefficient f;, turbine efficiency § and flow coefficient ¢.
The definitions related to these parameters are expressed
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as follows:
C, = 2T,/ {p(vf +ud)on- ¥s} (19)
f = 2APQ/ { POV + uf)snv,} (20)
n = Tow/(ApQ) = Ci/(fip) 21
= v /uy (22)

where AP is the total pressure drop between the inlet and
outlet of the turbine; 7, is the output torque; and Q and
p denote the air volumetric flow rate and liquid density,
respectively. s and w represent the number of rotor blades and
the angular velocity of the turbine, respectively. Also, v, and
u, are mean axial flow velocity and circumferential velocity,
respectively; s indicates the area of each annular blade.

A flow simulation was carried out using the software of
ANSYS Fluent 19.0, which uses the finite-element numer-
ical method for solving the Reynolds-averaged Navier-
Stokes equations by means of the pressure-based solver. The
whole 3D geometry model of the turbine was established
using ANSYS Workbench (specific parameter values can be
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obtained in Section 3.3), and grids were generated using the
pre-processing software ICEM-CFD.

The k-¢ reliable model is chosen as the fluid analysis
model, the second-order upwind model is used for discretiza-
tion, the simple solution algorithm is selected, and the pres-
sure discretization scheme is presto. CFD simulation analysis
model and meshing are shown in Fig.7, Fig.8 illustrates that
the torque coefficient remains basically constant under the
same flow coefficient when the number of mesh cells is
greater than or equal to 4.68 million. Therefore, we chose to
use a moderate number of mesh cells (4.68million) to save
computing resources and improve work efficiency.

The impact torque and impact force of the turbine directly
affect the start-up performance of the turbine [30]-[32]. The
magnitude of the hydraulic torque determines whether the
turbine can overcome the system load torque and the friction
torque. Therefore, when the turbine works, it is not necessary
to consider the hydraulic efficiency of the blades, and only the
torque and impact force of the HBT are important. There are
many factors affecting turbine performance. This paper uses
CFD software to simulate and analyze the system of nozzle
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TABLE 1. Eccentric platform design parameter.

Parameters Value Parameters Value
2 (m) 0.11 rre (m) 0.081
r1 (m) 0.045 Urp 0.0025
p(kg/m? 11000 P (MPa) 1
G(m/s?) 9.8 S (mm?) 2713
rap (M) 0.08375 Fab (M) 0.054
Uap 0.0015 Up 0.2

Nozzle diameter d
—_—

Nozzle diameter
—

Nozzle diameter o
A=

Nozzle

R Nozzle N length /7,
Nozzle height /, TerigthJ, \‘(:T:le 2
angle @ Nozzle anglea
angle a /7
(a) Cylindrical nozzle (b) Shrinkage nozzle (c) Amplified nozzle

FIGURE 9. Different nozzle shapes, (a) Cylindrical nozzle, the nozzle diameter is constant and no boost is generated;
(b) Shrinkage nozzle, the nozzle diameter is gradually reduced, resulting in supercharging; (c) Amplified nozzle,
the nozzle diameter gradually becomes larger and produces a pressure drop.

and the HBT to explore the influence of different factors on
the turbine force.

C. SIMULATION PARAMETERS OF CFD

In this paper, a novel HBT is installed at MVDS, the bal-
ance moment generated by the HBT is used to stabilize the
upper disc valve at a predetermined position. The ‘“‘soft”
connection between the eccentric platform and the upper
disc valve is realized, so that the eccentric platform is not
affected by the friction resistance of the upper and lower disc
valve.

The impact torque and impact force of the turbine directly
affect the start-up performance of the turbine. The magnitude
of the hydraulic torque determines whether the turbine can
overcome the system friction torque, which drives the upper
disc valve to rotate, and the impact force affects the sys-
tem friction torque. Therefore, unlike conventional turbines,
when the turbine works, it is not necessary to consider the
hydraulic efficiency of the blades, and only the torque and
impact force of the HBT are important. This paper uses
computational fluid dynamics (CFD) software to simulate
and analyze the system of nozzle and the HBT to explore the
influence of different factors on the turbine force. A flowing
fluid follows the law of conservation of mass, momentum
and energy. However, it is very difficult to solve the velocity
field and pressure field in complex flows accurately. The
CFD method can be used to solve the approximate solution
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to satisfy the engineering application. The accuracy of CFD
methods has been verified in many fields [33]-[35]. This
paper employed numerical simulation tools to demonstrate
the results of the theoretical analysis, and to study the vari-
ation of geometric parameters. The design of the eccentric
platform in this paper takes the parameters as shown in
the Table 1.

According to the structural parameters of the MVDS [15]
and the design of the eccentric platform, the basic dimensions
of the turbine are determined: the inner diameter is 44.5mm
and the wall thickness is 2.75mm. The important factor in
the design of HBT is the flow angle. Near the flow angle,
the external force acting on the turbine changes dynami-
cally. Therefore, the transient analysis is used to study the
change of the force acting on the turbine when the nozzle
is near the symmetrical position and under different flow
angles.

Different nozzle shapes may affect the turbine toques.
In this paper, the influence of three nozzle types on turbine
performance is considered. Three turbine shapes are shown
in Fig. 9. The influence of different nozzle shapes on turbine
torques and impact forces are studied.

A flow simulation was carried out using the software of
ANSYS Fluent 19.0, which uses the finite-element numer-
ical method for solving the Reynolds-averaged Navier-
Stokes equations [Eq.(23)] by means of the pressure-based
solver. The whole 3D geometry model of the turbine was
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TABLE 2. Optimized parameters design of turbines and nozzles.

T () g(°) w (mm) h (mm) 1; (mm) ho (mm) v (m/s) d(mm) k (mm) 1, (mm) T ()
36 22.5 4 80 108 20 40 88 40 40
Velocity Yooy,
Cum;]flﬂrﬂzoe‘ﬂﬂz 1.177e+002
F 9.000e+001 H 1.059e+002
9.412e+001

8.000e+001 -
7.000e+001 1 |
6.000e+001
| 5.000e+001
- 4.000+001
3.000e+001
2.0006+001
1.000e+001
0.000e+000

[m s*-1]

Velocity
Contour 1
l 2.566e+001

230864004
2.053e+001
1.796e+001
1.540e+001
| [ 1.283e+001
- 1.026e+001
7.698e+000
5.132e+000
I 2.5666+000
0.000e+000

[m s*1]

. Jet outer boundary

Jet mixing layer

8.236e+001
7.059e+001
5.883e+001
4.708e+001
3.530e+001
2.353e+001
1.177e+001

0.0006+000
[m sn-1]

— —
005 0T

(b) Shrinkage nozzle

Jet core area

Height of nozzle
to turbine

(c) Cylindrical nozzle

FIGURE 10. Velocity contour of different nozzle cross-section, (a) Amplified nozzle, shows the flow rate from high to low;
(b) Shrinkage nozzle, shows the flow rate from low to high; (c) Cylindrical nozzle, the flow rate does not change much inside
the nozzle, the fluid becomes unstable depending on the relative height of the nozzle and the turbine.

established using ANSYS Workbench (specific parameter
values can be obtained in Table 2, No. represents the
system parameters corresponding to different simulation
tests), and grids were generated using the pre-processing
software ICEM-CFD.

a

— (i) =0

iy OP 9 (utu) du  du

i 9 uy=_ 0 O ) Ot Oy,
8t+8xj(ulu]) pox;  0x; P (ij+8x,~)]+ﬁ

(23)

where, P is pressure, p is fluid density, fi; is velocity vector,
f; is volume force vector, p is dynamic viscosity.
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IV. RESULTS AND DISCUSSION

A. DYNAMICS OF HBT

The design of experiments (DOE) method in the ANSYS
Work-bench was employed to create a design space and
Standard Response Surface-Full 2nd order polynomial model
was used to study the influence of design variables on the
turbine efficiency.

As shown in Fig.10 (a), the amplified nozzle jet diffuses at
the inlet, the core area of the jet attenuates completely before
the outlet of the nozzle, while the jet velocity of the shrinkage
nozzle diffuses at the outlet of the nozzle, and the core area
of the jet lasts until it contacts the turbine, as shown in
Fig. 10 (b). Therefore, although the inlet velocity of amplified
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FIGURE 11. Force variation of turbine with different nozzle shapes, when the nozzle rotates 360 degrees, in the situation of the same flow
rate (a) shows the shrinkage nozzle produces the greatest impact torque, while the cylindrical produces the smallest; (b) shows the
shrinkage nozzle produces the greatest impact force, while the cylindrical produces the smallest.
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FIGURE 12. Pressure contour and velocity vector when turbine stops, left is the pressure contour and right is velocity vector. Steady
state of HBT, balanced torque is stable and the system is converging.

nozzle is equal to the outlet velocity of shrinkage nozzle, the
structure of the amplified nozzle leads to the decrease of jet
average velocity, and finally the velocity of amplified nozzle
jet impacting turbine is much lower than that of shrinkage
nozzle, which leads to different toques on turbine. The force
of the cylindrical nozzle is more stable than that of the other
two nozzles, as shown in Fig.10 (c) which is due to the smaller
velocity and the smaller turbulence fluctuation in the flow
field. As shown in Fig.10 (c), the velocity distribution of the
fluid is uniform when it just leaves the nozzle. After flowing
a certain distance in the Y direction, the boundary of the
jet becomes wider and wider, while the velocity of the jet
decreases gradually, because the jet pumps and entrains a
large amount of surrounding fluid. The jet boundary layer
expands to both sides as the distance of the exit increases in
the Y direction.

Torques and impact forces of turbines with different noz-
zles in different positions are shown in Fig. 11. The torque
and impact force produced by the shrinkage nozzle are greater
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than that produced by the amplified nozzle at the same flow
rate, while the cylindrical nozzle produces the least torque
and impact force.

Considering the comprehensive torque and thrust,
we choose the cylindrical nozzle as the practical application.
In the following simulation and experimental results, we have
adopted this structure. When the turbine is in a steady state,
the final stop position of the turbine is as shown in Fig.12.
At this time, the nozzle is in the balance position, and the
turbine is balanced and stationary. When the balance is
broken by disturbance, the turbine will provide a recovery
torque.

Simulation study of different design parameters as shown
in table 2, under the condition that other factors remain
unchanged, that turbine blade angle y, nozzle diameter dj,
blade thickness w, fluid velocity v, nozzle distance hy from
the center of the turbine have impact on the torque of the
turbine. We did 10 sets of simulation experiments, two of
which are shown in the Fig.13. As shown in the Fig.13 (a),
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FIGURE 13. Effect of different factors on turbine torques and impact forces, the turbine blade angle y and nozzle diameter d,

have a greater impact on the force and torque.
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FIGURE 14. Turbine torque, force and maximum tangential velocity variations with or without friction, (a), (b), (c) shows
the turbine oscillates continuously around the central axis, and its amplitude value of torque, force and maximum
tangential velocity decreases continuously, eventually stabilized at a certain position; The stability time with friction is
shorter than that without friction. And the fluctuation at the tail of curves in case of friction is caused by discontinuity of

calculation due to time step.

we obtained the maximum torque value when blade angle
is 36 degrees. With the increase of nozzle diameter dy, fluid
velocity v and distance k from the nozzle to the turbine center,
the absolute value of the torque and impact force on the
turbine increases (Fig.13 (b)). The turbine’s parameter design
should be determined according to the influence of different
factors on start-up performance of the turbine. Turbine torque
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directly determines whether the turbine can overcome the
friction torque to drive the upper disc valve. The impact force
on the turbine results in the change of the friction force of the
system. Different factors have different changes in the torque
and impact force.

In the case of the presence or absence of friction, the
torque, impact force and speed curve of the HBT stability
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FIGURE 16. Angular velocity ¢ for eccentric block before and after optimization by HBT, when the bottom drillstring does not rotate,

the eccentric block rotates downward from 90° from the lower side.

process are shown in Fig. 14. The turbine oscillates contin-
uously around the central axis and eventually stabilized at
a certain location. Amplitude value of torque and maximum
tangential velocity of the turbine decreases continuously to
zero while the force gradually stabilizes to a fixed value.
The amplitude of the torque changing with time decreases
gradually and eventually becomes zero, which is consistent
with the approximate linear variation of turbine torque near
the flow angle mentioned above.

The curve of torque, force, and maximum tangential veloc-
ity of the turbine without friction is smoother while the curve
with friction fluctuates at the tail. This is because the fric-
tion force will change abruptly when the velocity direction
changes and the calculation is discontinuous due to the time
step, which will lead to the instability of the turbine speed
and the fluctuation of the turbine speed in the balance posi-
tion. Turbine torque also fluctuates due to the fluctuation of
turbine’s position.

When designing the turbine blade, it is necessary to con-
sider comprehensively so as to achieve the optimal relation-
ship between the torque and the impact force. In principle, the
greater torque of the turbine is better and the smaller force
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of the turbine is better. However, considering the strength
and durability of the turbine, the turbine blade thickness was
set to 4 mm and the fluid velocity was 20m/s. Consider-
ing the coupling relationship between the nozzle diameter
and the nozzle from the center, when the nozzle diameter
is 40 mm, the distance between the nozzle and the center of
the turbine is preferably 88 mm. At the same time, the turbine
design also needs to cooperate with the parameters of MVDS,
borehole size, drilling pressure, drilling fluid type and so on.
According the research above, optimized parameters design
of the turbine is shown in Table 2.

B. OPTIMIZATION OF ECCENTRIC BLOCK DYNAMICS

The stable platform included an eccentric block which is
not only sensitive to gravity, but also severely affected by
vibration of drillstring [12], [15], [18]. When the eccentric
torque of the eccentric block is greater than the friction torque
of the bearing and the disc valve, the eccentric block can
be started. At this time, the position of the corresponding
lower side of the eccentric block is the critical start angle.
Starting torque T, = Tg-Ty, for different well inclination
angles 8, when the torque of the eccentric block is equal to the
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FIGURE 17. Rotation position ¢ curves of eccentric blocks at different starting positions.

frictional resistance, the angle ¢ between the eccentric block
and the low side of the well is the starting angle.

As shown in the Fig. 15, when the well is inclined at 6 °,
the change curve of T,, the intersection point of the curve
and the x-axis of the abscissa is the starting critical angle.
It is convenient to explain that it cannot be started under the
x-axis. The larger the wvalue, the greater the startup
acceleration.

When the bottom drillstring does not rotate, the eccen-
tric block rotates downward from 90° from the lower side,
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as shown in the Fig.16 is the angular velocity ¢ curve for
eccentric block before and after optimization, after optimiza-
tion of HBT, the eccentric block approaches the steady state
faster.

Since the friction depends on the relative speed of move-
ment, the rotation of the drillstring will greatly affect the
stability of the eccentric block [15], the “soft” connection by
HBT in this paper will play a more significant role. As shown
in the Fig.17, when the eccentric block is in a different starting
position, the rotation of the drillstring will greatly affect the
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FIGURE 18. Prototype of MVDS and Eccentric block response test bench.

final stable angle of the eccentric block. As shown in the
Fig.17, (a) when the starting direction of the eccentric block
is the same as that of the drillstring, after the eccentric block
falls to the low side, it continues to move to a specific angle
due to the friction. After HBT optimization, the stable angle is
closer to the low side, which can make the control of MVDS
more accurate; (b) when the starting position of the eccentric
block is opposite to the direction of rotation of the drill string,
after the eccentric block falls to the low side, eccentric block
rotation will reverse recovery in the direction of drillstring
rotation. Before optimization, the stability angle will change
due to different starting positions. After optimization, due
to the use of a soft connection, the stability angle is largely
unaffected by drill string motion. (c) assuming the starting
position of the eccentric block is near (7.5° in the Fig.17.c) the
low side, the rotation of the drill string will cause it to leave
the original position. Although the friction of the bearing still
exists after optimization, the eccentric block cannot be kept
completely on the low side, but the swing amplitude is greatly
reduced.

C. LABORATORY TEST TO VERIFY EFFECTIVENESS
The above simulations verify the effectiveness of the bal-
anced turbine.

Additionally, we built a prototype to test the control
accuracy of the proposed MVDS on the laboratory-scale.
As shown in the Fig.18, is the prototype of MVDS and
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eccentric block response test bench. We can test the inductive
accuracy of the eccentric block control mechanism in the
laboratory, and objectively reflect the dynamic response of
the eccentric control mechanism during the action.

During the test, the effects of the rotation of the drill
string, the friction between the upper- and lower-disc valves
and the bearings on the eccentric platform can be simulated,
the rotation motion of the eccentric platform can be mea-
sured, and the final stability angle of the eccentric block
can be recorded under different well deflection conditions.
As the value of the circular hole of the upper valve 6 can
be adjusted according to different designs, therefore, during
the work of the eccentric block, the stability angle of the
eccentric block will determine the opening radius of the
upper disc valve which is very important for the control
accuracy.

We test that when the drill string is rotated, the eccentric
block is at the starting position of 90 °, and the final stability
angle is shown in the Fig.19. As the length of the eccen-
tric block continues to increase, the stable angular position
decreases. However, if the length of the eccentric block is
too long, it will increase costs and cause new downhole
problems. Based on the length of the eccentric block of 3.5m,
the stability of the control angle was significantly improved
after optimization with HTB. The high degree of fit between
the calculated value and the laboratory test value indicates
that the theoretical calculation is reliable.
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FIGURE 20. The value of deviation angle and azimuth angle gradually decreases (as shown in Figure b), and the
borehole trajectory formed by drilling is a three-dimensional curve, which has the tendency of drifting to the left

(as shown in Figure a).

This paper is about trying to improve the performance
of a mechanical vertical-drilling tool (i.e. a tool to keep
the hole vertical in the face of deflection forces). The main
contribution of the paper is to add a novel turbine to the inter-
nal mechanism of vertical drilling tool. This turbine should
allow the tool to be more effective — to keep the hole closer
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to vertical. Our experiment can only be carried out on the
overall drilling tool to verify the work effect with or without
HBT optimization.

The accuracy is not so good for the theoretical test related
to the 0.35m eccentric block stability angle, that is because
when the eccentric block is short, the eccentric gravity

VOLUME 9, 2021



J. Wang et al.: Dynamics of Mechanical Automatic Vertical Drilling System With Novel Hydraulic Balanced Turbine

IEEE Access

acceleration is small, and the interference of friction, damp-
ing and other resistance plays a key role. These influenc-
ing factors cannot be fully considered in the theoretical
model. Therefore, the error between theoretical calculation
and experimental results is larger than when the eccentric
block is longer.

D. INCLINATION AND AZIMUTH BUILDING
CALCULATIONS

In the process of deviation correction, the value of deviation
angle and azimuth angle gradually decreases (as shown in
Figure 20.a), and the borehole trajectory formed by drilling
is a three-dimensional curve, which has the tendency of
drifting to the left [36]. Furthermore, the deviation change
rate decreases and the azimuth change rate increases with
the increase of vertical depth (as shown in Figure 20.b).
That’s because as the deviation angle decreases, the tool face
angle of MVDS increases. Resulting in the pushing force
distributed in the deviation plane decreases gradually, and
the pushing force distributed in the azimuth plane increases
gradually.

V. CONCLUSION

We proposed and developed a novel MVDS with high control
accuracy in this paper. A new type of Hydraulic Balance
Turbine (HBT) is presented and applied to the eccentric
platform-disc valve mechanism used in MVDS. In MVDS,
because of the friction resistance between the upper- and
lower-disc valves and the vibration of the bottom drilling
tool [18], [19], the deviation control accuracy of the MVDS
is difficult to improve, which has become the main factor
restricting its development.

The HBT is used to drive the upper disc valve to reduce the
frictional resistance and the influence of the bottom drilling
tool vibration on the bias platform to improve the control
accuracy. This can achieve a “soft” connection between
eccentric platform and the upper valves, eliminate the effect
of the friction between the upper valve and the lower valve,
and optimize the valve control ability. In this paper, the opti-
mization mechanism of the HBT to control the mechanical
performance of the MVDS disc valve mechanism is revealed.
Torque and impact force acting on the HBT are the most
important parameters affecting the performance of turbine.
Turbine blade angle, nozzle diameter, blade thickness, fluid
velocity and distance from nozzle center to that of the turbine
have great influence on the turbine torque, which is the main
factor to be considered in HBT design.

Through dynamics analysis of eccentric block, the rotation
of the drillstring will greatly affect the final stable angle
of the eccentric block. After HBT optimization, the stable
angle is closer to the low side, which can make the control
of MVDS more accurate. The same conclusion was verified
by laboratory tests, As the length of the eccentric block
increases, the position of the stable angle from the lower side
becomes smaller and smaller. If the threshold of the stability
angle in engineering application is not more than 50°, the
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3.5m eccentric block needs 3.98 degree well deviation to
respond before optimization, however, after optimization, the
response accuracy has become 1.25 degrees, and the engi-
neering applications have been greatly improved. However,
in this study, we have assumed that the drillstring rotates at a
uniform speed. In fact, the drillstring will exhibit complex
dynamic forms of motion such as torsion, stick-slip, etc.
Further research is required for in-depth analysis of the effect
of the tool in mitigating torsional stick/slip vibrations.
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