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Abstract: The article discusses the possibility of improving the design of the turbine of a hydraulic
drilling machine for drilling wells in very hard rocks and at considerable depths (5000-12,000 m).
The analysis of the results of studies on the technical and technological characteristics of downhole
drilling motors showed that it is impossible to ensure stable operation due to the limitation on the
operating temperature, while with an increase in the flow rate of the drilling fluid, they do not provide
the required power on the spindle shaft, and cannot reach high-speed drilling. In such conditions,
turbodrills with a significant change in the profile of the stator and rotor blades and a reinforced
support unit are most suitable. The paper presents an invariant mathematical model, which made it
possible to determine the optimal geometric parameters based on preselected boundary conditions
and the main performance characteristics of the turbine being developed. The results obtained
were tested by the finite element method, which showed a convergence of 12.5%. At the same time,
zones with the lowest and highest flow rates were identified. Additionally, this paper presents
a comparative analysis of the obtained hydraulic turbine with turbodrills of the TSSH-178T and
Neyrfor TTT 2 7/8 brands. In comparison with the domestic turbodrill, the developed turbine design
shows a 13-fold reduction in its length and a 3-fold reduction in torque, provided that the maximum
power is increased by 1.5 times. In comparison with the foreign analog, there is a decrease in length
by 8.5 times, an increase in torque by 5 times, and in maximum power by 6.5 times.

Keywords: drilling of wells; high-speed drilling; hydraulic downhole motor; increasing the en-
ergy efficiency of drilling; development of a turbodrill; optimization by the trusted region; finite
element method

1. Introduction

All over the world, countries are interested in drilling deep and ultra-deep wells.
Each country has its own interest; some need production wells and some need research
wells [1,2]. However, they are united by the complexity of drilling such wells because the
work is carried out in very hard rocks at high temperatures and using high-density drilling
mud [3-5].

Currently, existing technologies do not allow for effective drilling in such conditions
due to the fact that the loads on the drill string, bit, and hydraulic motor increase [6-8].

The most common downhole screw motors are unable to operate under these condi-
tions due to the significant temperature limitation (up to 150 °C) [9-11]. In addition, their
indisputable advantages in the field of creating significant torque elements at low speeds
lead to the inappropriateness of their use in these conditions [12-14].

Based on the foregoing, the most effective technology for drilling such wells is the use
of impregnated bits in combination with a high-speed hydraulic turbine engine [15,16].

The first turbine apparatus for drilling wells was developed in 1923 by M.A. Kape-
lyushnikov, together with S.M. Volokh. and Kornev N.A., called the Kapelyushnikov
turbodrill (12 HP, single-stage turbine, multi-stage planetary gearbox). The final design of
the turbodrill, which has become widespread, was created by PP Shumilov, RA Ioannesyan,
El Tagiyev, and MT Gusman [17,18].
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At the moment, there are high-speed turbodrills in Russia, the rotational speed of
which does not exceed 1300 rpm (revolutions per minute), for example, turbodrills devel-
oped by VNIIBT-Drilling Instrument. These include models of turbodrills T-4 3/4, T-6 3/4,
and TSSh-178T [19,20].

Abroad, there are turbodrills whose rotational speed reaches 2500 rpm, for example,
Neyrfor TTT 2 1/8 [21] and Neyrfor TTT 2 7/8 [22], developed by Schlumberger [23,24].
However, these turbodrills have a significant limitation associated with their diameter,
hence the small working area of the blades, due to which the hydraulic energy of the
drilling fluid flow is converted into the rotation of the turbodrill shaft [25,26].

From the above technical limitation, it follows that it is necessary to develop a tur-
bodrill with a rotation speed equal to 2500 rpm, and with the possibility of increased
mechanical drilling speed in hard and abrasive formations, reducing the drilling time and
reducing economic costs, while maintaining high reliability [27,28].

2. Development of Mathematical Model

The key component of the turbodrill, which creates the necessary performance charac-
teristics, is the hydraulic turbine [29-31].

It is required to create an invariant model that allows for the identification of the
optimal operating ranges, as well as to develop the geometric parameters of the turbine
(namely, the rotor and stator), enabling the required power to be generated at increased
spindle shaft speeds [32,33].

For this purpose, a parameter was determined that affects the increase in the energy
efficiency of the device in relation to the introduced technical changes to the turbine [34].
To do this, the formula for the turbodrill turbine torque was used, as follows:

D
M = p-Q-7(e1u — cu), 1)
where
e (1, = c;-ctga—equivalent speed in the rotor, m/s,
® (y, = U — cy-ctgf—equivalent speed in the stator, m/s,

Cy = %—axis velocity of the liquid, m/s,
u = 71-D-n'—district fluid velocity, m/s,
M—torque, Nm,

p—density, kg/ mS,

Q—drilling fluid flow rate, m3/s,
D—medium turbine diameter, m,
x—stator blade angle of inclination, n’,
p—rotor blade angle of inclination, n’,
n'—rotation frequency, rev/s,

I—radial length of turbodrill blades, m.

Let us represent Formula (1) in the following form:

t-D-1 -D-1

It is obvious that the generated torque is most influenced by the flow rate and the
tilt angles of the stator and rotor blades. Moreover, it is possible to divide the influencing
parameters into the technological, which includes the flow rate, and the constructive—
the angles of inclination of the stator and rotor blades [35,36].

Depending on the ratio of the angles of inclination of the stator and rotor blades,
the engine can either be low-torque high-speed (low-circulation type) or high-torque low-
speed (high-circulation type) [17]. In our case, we chose the normal type of turbine in view
of its maximum energy efficiency.
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The main factor by which we can achieve the set indicators is the geometry of the
blades of the rotor-stator working pair, in view of obtaining the maximum indicators of
torque and power [37,38]. This is why we focused on changing the geometry in further cal-
culations.

3. Simulation of the Investigated Object
3.1. Study of the Mathematical Model

To find the optimal output angles of the stator and rotor blades of the turbodrill from
the point of view of the power of the working pair, which will make it possible to obtain
the working pair with the maximum power and limited rotation frequency, we used the
following equation, which determines the relationship between the angles and the resulting
power [39-41]:

P(e, B) = M(e, B)-w, ®)
2-7Tn
W == 4)

Substituting Formulas (2) and (4) into Formula (3), we get the following:

Dw (Qctga D-w n Q-ctgp
22t \ n-D:1 2w wD1)’

P(e, B) = p-Q ©)

where

e P—power, W,

e w—rotation frequency, rad/s,
e n—rotation frequency, rpm.

Since we were striving to solve the optimization problem in the range of angles of
inclination of the blades, we carried out differentiation in order to investigate the convexity
of the above function in the considered range.

9’P  Cy-ctga
a2 sin?a ©)
?P  CyctgB
el 7
op? sin?B @

where C; ,—positive permanent.

Since the mixed derivatives are identically zero, and the second derivatives with
respect to each of the variables are non-negative in the range under consideration, there is
a global optimum. Let us introduce a constraint function to avoid considering physically
unrealizable configurations:

60-
(@, B) = 5L (etga+ ctgf) ®

With the limitation of —co <1 < 5000 rpm, the maximum rotational speed is compara-
ble with the maximum rotational speed of the Neyrfor turbodrill [21].

The confidence region optimization algorithm was used on the basis that it is well
suited for handling nonlinear boundaries similar to those in the present problem [42]. Sub-
sequent consideration gives a number of pairs of angles of equal power values, from which
any one can be freely selected.

The trust region optimization method is named so based on the determination of the
region around the current iteration, where the quadratic model approximates the objective
function (the so-called trust region) rather well, based on the given parameter. The al-
gorithm step at each iteration is calculated by solving the next subproblem of quadratic
optimization.
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The algorithm for solving the subproblem is chosen separately and is usually based
on gradients. The Steihaug conjugate gradient algorithm, convenient for approximation,
is often used, which guarantees the convergence of quadratic functions in a finite number
of iterations that do not exceed the number of dimensions of the real numerical space
formed by the variables under consideration, while not requiring an expensive estimate of
the Hessian for the problem under consideration [43].

For the search, we used the optimization by the trust region method, formulating the
optimization problem as the following:

min Y(£(q); — i) ©)

where

g—generalized variables of the desired values,

y—valid speed values of rotation,

f(g)—rotation frequency function values for a set of generalized variables,
Ri—real space with the length of the g vector.

The algorithm uses a barrier method, by which subproblems are solved using sequen-
tial programming of the trust region. Each barrier subproblem has the following form:

Given that h(x) =0, g(x) +s =0,

m
minf(x) —u ) _ Ins;,
e i=1

where

e  h, g—restriction function,
e u—positive barrier parameter, variable s is to be positive.

If we ensure the convergence of 1 to zero, the sequence of solutions to the introduced
problem should usually converge to a stationary point of the original nonlinear problem.
As in some interior-point methods for linear programming, the applied algorithm does
not require satisfiability of iterations with respect to inequality constraints in the original
problem, but only forces some variables to remain positive. To characterize the solution to
the barrier problem, we introduce its Lagrangian form:

L(x,s,Ap,Ag) = f(x) —p ilnsi + ALh(x) + A;(g(x) +5), (10)
i=1

where A, A ;—Lagrange multipliers.
We represent an approximate solution to the barrier problem in the following form:

HVf(x) + Ap(x)Ap + Ag(x)Ag| |oo/
(%,8) : E(%,8, 1) = max [|SAg — pel]., < ey, (11)
|10 | o |18 Cx) + 5l

where
e—single vector-pillar,
S—diagonal matrix,
Ap,g(x)—vector line components of the gradient corresponding to the restriction
function.

The resulting system corresponds to the disordered Kuhn-Tucker system [44]. The ac-
curacy parameter €, decreases, ideally converging to zero, iteratively from one barrier
problem to another.

To obtain a rapidly converging algorithm, it is necessary to carefully control the rate
of decrease in the barrier parameter u and the accuracy parameter €;,. This question was
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studied in the context of the applied algorithm in [45]. Most of the work of the algorithm
clearly lies in Step 1, in the approximate solution of a problem with constraints in equality
with an implicit lower bound on the translation variables. To do this efficiently, we used an
adaptation of iterative quadratic programming with equality constraints with confidence
regions proposed by Bird and described in [46]. We followed the sequential quadratic
programming approach because it is efficient for solving problems with equality constraints
even when the problem is ill-conditioned and the constraints are highly nonlinear [47].
Moreover, using trust-region strategies to globalize sequential solutions makes it easier to
apply the Hessian to non-convex problems. The applied algorithm, proposed by Beard,
is to formulate a quadratic model in a sequential programming iteration and to define
a (scaled) confidence region. They are designed to create steps that have some of the
properties of primary dual iterations and avoid getting too close to the edge of the feasible
region. Each iteration of such a method begins with the construction of a quadratic model
of the Lagrange function. Step d of the algorithm is calculated by minimizing the quadratic
model, provided that the linear approximation of the constraints is satisfied and provided
that the confidence region is limited at this step. If Step d gives a sufficient decrease in
the selected quality function, it is accepted; otherwise, the step is rejected, the zone of
confidence is reduced, and a new step is calculated.

3.2. Results of Mathematical Modeling

Liquid flow conditions: flow rate of 50 1/s and pressure drop in the turbine of
438,649.08 Pa. Overall dimensions of the turbine: outer diameter of 195 mm, average
diameter of 160 mm, radial blade length of 22 mm, section height of 18 mm, and gap
between sections of 8 mm.

From the solution described above, we obtained the angle of inclination of the rotor
blade (12.18 n) and the angle of inclination of the stator blade (12.18 n) (the calculation is
presented in the program). Substituting in the Formulas (2) and (5), the initial conditions
of the fluid flow, and the required overall dimensions of the turbine, we performed the
calculation, as follows:

M= 1000-0.05~¥~

0.05-ctg12.18 2500  0.05-ctg12.18

S S 2 016 — 837

(n-0.16-o.022 w0165+ n-0.16-0.022> 83.78 Nm (12)

P — 1000-0.05. 7~ 0-16:2500
60

0.05-ctg12.18  71:0.16:2500 = 0.05-ctg12.18\

< 7-0.16-0.022 60 7-0.16-0.022 ) = 2195245 W (13)

The dependence of the technical characteristics on the rotational speed is presented in
Figure 1 and in Table 1.

The maximum torque value is 167.6 Nm at a speed of 0 rpm, and it decreases to 0 Nm
when the speed increases to 5000 rpm along a linear relationship (y = 0.0335x + 167.55).
At a speed of 2500 rpm, the torque is 83.8 Nm.

The maximum power value is 21.9 kW at 2500 rpm, it decreases to 0 W when the speed
increases to 5000 rpm according to the quadratic dependence (y = 0.0035x2 + 17.546x).

The maximum value of the effective pressure drop is 438.6 kPa at a rotational speed
of 2500 rpm and decreases to 0 Pa with an increase in the rotational speed to 5000 rpm
according to the quadratic dependence (y = —0.0702x% + 350.92x).



Appl. Sci. 2021, 11, 7517

60f 11

160/

120

80

40

kW

20

15

10

kPa

400

300

200

100

21.9
167.6
, b
F— e =
v’ . o -l o
Pl 438.6 e
e i I “Na
L e "\
"4 o I »
# . o
. e 83.8 "
o 't 2
@
o % ®
g T - o
o M % »
] R
I i ®
"a' " . <
J £
o i Y
. \
S Y
S-RPM

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

Figure 1. Chart of the specifications” dependence on the speed.

Table 1. Values of torque, power, and pressure drop from the speed of rotation.

Rotation Frequency, rpm Torque, Nm Power, kKW Pressure Drop, kPa
0 167.6 0.0 0.0
500 150.8 7.9 157.9
1000 134.0 14.0 280.7
1500 117.3 18.4 368.5
2000 100.5 211 4211
2500 83.8 21.9 438.6
3000 67.0 211 4211
3500 50.3 18.4 368.5
4000 33.5 14.0 280.7
4500 16.8 79 157.9

5000 0.0 0.0 0.0

3.3. Testing the Research Results Using the Finite Element Method

Having simulated and built such a working pair (Figure 2, Table 2), as well as setting
the boundary conditions for the calculation, we tested the developed turbine model by
setting up a computational experiment in the Ansys Workbench program (Figure 3b)
using direct numerical simulation of the process of functioning of the working pair of the
turbine by the finite element method with a grid frequency of 5,034,474 elements and its
type—tetrahedron [48].

Based on the results obtained, it can be concluded that the calculation model is
adequate since the calculation in the program coincides with the calculation made according
to the formulas. According to the formulas, the torque value is 83.78 Nm and the power is
21,932.45 W; in the program, they are 94.13 Nm and 24,630.45 W, respectively. Dividing the
larger value by the smaller one, we obtained a ratio of 1.125, which indicates a calculation
error of 12.5%.

Figure 3b displays the flow rate of fluid flows, which creates the rotation of the
turbodrill. It can be concluded that the model was created correctly since it does not
contain areas with a radical slowing down of the flow rate (Figure 4).
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Figure 2. Model calculation in the «Setup» section: a—flow rate, b—pressure drop.

Table 2. Input data for model calculation in Ansys Workbench.

Parameter Value

Rotor blade angle, n’". 12.18
Stator blade angle, n’. 12.18
Flow rate, L/s 50.00
Turbine pressure drop, kPa 438.65

A gradual increase in the flow velocity in the range of 0 to 26 mm is associated with a
decrease in the cross-section along the axis of fluid movement. By 26 mm, there is a sharp
increase in the flow rate, resulting from the transition of fluid from the stator section to
the rotating section of the rotor of the working pair. Further, the flow velocity fluctuates
from 12 to 29 m/s in the range of 32.5-45.5 mm, associated with the occurrence of local
resistances due to flow turbulization, which occurs due to a change in the direction of the
fluid motion vector. In the interval of 45.5-52 mm, the flow velocity is equalized and is

20m/s.

Yotooe 1
4.379e+01
3.285¢+01
2.191e+01
1.097e+01
2.745¢-02

[ms*1]

H
z
H
(a)

Figure 3. Modeling a working turbine pair: (a)}—Model of a turbodrill, where H—section height, and z—gap between
sections; (b)—Display of the flow of fluid flows in the developed turbine pair.
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Figure 4. Distribution of the flow velocity along the length of the working pair.

4. Comparative Analysis of the Developed Turbodrill

After we received the technical characteristics of the developed turbine pair, we carried
out a comparative analysis based on the equality of the power of the turbodrills.
For comparison, let us take the TSSh-178T and Neyrfor 2 7/8 turbodrills (Table 3).

Table 3. Comparison of technical characteristics.

. Model of Turbodrill
No. Indicator
TSSh-178T  Neyrfor27/8  Developed Turbodrill
1 Outer diameter of the case, mm 178 73 195
2 Turbodrill length, mm 7100 4572 520
3 Drilling fluid flow rate, 1/s 28-38 6.3-7.5 45-55
4 Drilling mud density, g/ cm® 1.0 Before 2.16 1.0
5 Torque, Nm 1630-3000 Before 203 679-1013
6 Operating speed, rpm 945-1283 2000-2500 2250-2750
7 Turbine pressure drop, MPa 5.4-92 7.6-11.4 3.6-5.3
8 Maximum power, kW 80-201 24-43 160-292

In comparison to the domestic turbodrill, the developed turbodrill shows a 13-fold
reduction in length and a 3-fold reduction in torque, provided that the maximum power
has increased by 1.5 times. When comparing the developed turbodrill to a foreign one,
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there is a decrease in length by 8.5 times, an increase in torque by 5 times, and an increase
in maximum power by 6.5 times.

In addition, it is important to note that the outer diameter of the turbodrill, relative to
the existing high-speed models, is larger (the developed turbine pair has 195 mm, and the
Russian counterparts have 178 mm), and, accordingly, the working area of the blades is
larger (by 100%).

5. Conclusions

An analysis of the existing designs of turbodrills was carried out in the work. The lim-
itations of both domestic and foreign models of turbines for drilling in conditions of hard
rocks, high temperature, and high density of the drilling mud were revealed. These include
the following: domestic—low engine speed (up to 1300 rpm), and foreign—the maximum
drilling diameter, suitable for drilling only sidetracks (body diameter up to 73 mm).

The problem is numerically solved using the method of optimization by the confidence
region and dual minimization of the objective function. The results obtained were tested
using direct numerical modeling of the process of action of the working pair of a turbodrill
by the finite element method. The calculation results show that the highest power indicator
of 21.9 kW at a rotational speed of 2500 rpm is achieved for a working pair with angles of
inclination of the rotor blades and a stator of 12.18 degrees.

A comparative analysis of the developed turbodrill with TSSh-178T and Neyrfor27/8
was carried out. It was found that the power is 292 kW (91 kW more (45%) than that of
TSSH-178T, and 249 kW more (579%) than that of Neyrfor 2 7/8), the length is 0.52 m
(6.58 m less (93%) and 4.05 m less (89%)) and the rotational speed is 2750 rpm (1467 rpm
more (114%) and 250 rpm more (10%)).

It is planned to prototype a metal working pair model for physical modeling and
obtaining practical technical characteristics.
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