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Abstract: Intelligent drilling technologies, such as downhole signal and power transmission, can
be used to measure key downhole data and obtain thermal insulation cores. This technology is of
great significance for the accurate assessment of deep oil and gas resources, the reconstruction of
oil and gas resource extraction systems, and the realization of efficient, intelligent and safe resource
extraction. In order to meet the needs of underground communication and power supply for active
thermal insulation coring, a new type of conductive center pole was innovatively designed. Using
the theory of innovation problem solving (TRIZ) and axiomatic design (AD) to analyze the functional
requirements of the conductive central pole, establish and solve the original design matrix. Based on
the axiomatic design theory, the non-coupling matrix is decoupled by using the TRIZ solving tool,
and the key indicators of the design scheme that meet the independent axiom are evaluated. In view
of the contradictions and conflicts, the TRIZ solution tool was continually used to solve, optimize and
obtain a design scheme with a higher comprehensive evaluation. Thus, the self-adaptive non-winding
connection and power conduction of the conductive center pole was realized. Finally, the strength
of the newly designed center pole was checked, and a physical prototype was made. Pre-research
experiments on its conductivity and electrothermal conversion efficiency were carried out under
different simulation environments to verify its conductivity. It provides innovative solutions to
related problems in the field of deep insulation coring and intelligent drilling and provides effective
technical means for related needs.

Keywords: insulation coring; intelligent drilling; conductive center pole; axiomatic design (AD); TRIZ

1. Introduction

In 2021, British Petroleum (BP) released the 2021 World Energy Statistics Yearbook,
in which non-renewable resources, such as oil, natural gas, and coal, accounted for an
extremely high proportion of energy consumption around the world, reaching 83%. Even in
recent years, the whole world has emphasized energy saving and emission reduction, and
put forward related concepts such as “carbon neutrality” and “carbon peaking” to reduce
carbon emissions [1,2] The consumption of renewable resources, such as wind and solar
energy, has reached a historical peak and only accounts for 6% of the total consumption.
Figure 1 shows the proportion of energy consumption in all continents and regions of the
world [3].

Especially for developing countries, their dependence on non-renewable resources,
such as oil and natural gas, is even more serious. For example, China’s consumption of
non-renewable energy accounts for as high as 85%, which is higher than the world average.
The proportion of energy consumption is shown in Figure 2. It can be seen that human
beings are still highly dependent on the utilization of non-renewable resources, such as
petrochemicals and oil and gas.
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Figure 1. Percentage of energy consumption by continents and regions in the world in 2020.
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Figure 2. Proportion of China’s energy consumption in 2020.

People’s high dependence on petrochemical resources has led to the gradual depletion
of minerals and oil and gas resources in the shallow parts of the earth, and the exploitation
of resources needs to continue to go to the deeper parts of the earth [4]. Efficient exploration
and accurate assessment of deep oil and gas resources are crucial for their exploitation [5,6].
However, the existing deep resource mining work lacks consideration of the real physical
and mechanical parameters and model basis of the core in the deep in situ environment,
resulting in failure to achieve safe, efficient and economical deep resource mining and
utilization [7]. Therefore, obtaining fidelity cores with deep in situ environmental conditions
is of great significance to the exploration and evaluation of deep oil and gas resources [7].

At present, the research and application of fidelity core technology at home and abroad
mostly belong to the category of holding pressure, and the fidelity of temperature is rarely
involved [8,9]. However, changes in in situ sample temperature will also have a significant
impact on rock porosity, permeability, and mechanical properties. The conventional coring
technology lacks consideration of insulation, leading to serious deviations in results, affect-
ing the preparation and evaluation of deep resources. It also helps researchers understand
the microbial life in the deep subsurface of the Earth [10-12].

To find out the laws of the Earth’s oil and gas resource storage, it is necessary to
overcome the influence of changes in the in situ sample temperature and other occurrences
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in the environment on the in situ properties of the rock during the coring process [13]. How-
ever, the extreme environment and complicated working conditions deep underground
make it extremely difficult to achieve power and data transmission at the bottom of the
hole, making it extremely difficult to achieve core temperature fidelity [9].

The research and development of key technologies and equipment for intelligent
geological drilling at large depths is one of the necessary means to realize deep explo-
ration [6] In this paper, aiming at the technical difficulties of in situ thermal insulation
and coring in deep rocks, the mechanism and technical requirements for in situ thermal
insulation and coring in deep rocks are analyzed, and innovative design methods are used
to design and optimize the conductive center pole. Based on the independence axiom of
axiomatic design and integrating TRIZ conflict resolution theory, the innovative design
process of a downhole drilling conductive center rod is established. By analyzing the
boundary conditions of the use environment, the design requirements of the conductive
central rod are obtained, and the non-winding and effective contact power transmission
of the underground conductive central rod is realized. In addition, it is not limited by
the assembly position during the assembly of the central rod, and can be operated in the
casing of the coring device, so as to realize the effective and stable connection of the power
channel during the rotation of the central rod.

The conductive center pole will provide energy for the deep insulation system, es-
tablish deep underground information and power channels, realize intelligent and digital
mining, and ensure the safety, speed and efficiency of the drilling process [14].

2. Related Works

At present, the international community only involves thermal insulation and coring
in in situ low-temperature environments, such as combustible ice coring, while high-
temperature thermal insulation and coring in deep hard rock is a blank in research. The core
samplers with thermal insulation function include the pressure temperature core sampler
(PTCS) designed by Japan Petroleum Corporation [15]. Multiple autoclave corer (MAC)
and dynamic autoclave piston corer (DAPC) used in R.V.SONNE cruises developed by the
German OMEGA project [16]. The pressure and temperature preservation system (PTPS)
developed by China First Ocean Research Institute [17]. The hole bottom freezing core
sampler (FCS) developed by Jilin University [18]. The insulation and pressure-maintaining
sampler developed by Beijing Institute of Prospecting Engineering [19]. The gravity piston
fidelity sampler of Zhejiang University [20] Changsha Mine Research Institute developed
a deep-sea hard rock fidelity core remover [21]. The GW194-70BB thermal insulation
pressure-maintaining coring tool and the coal-bed methane thermal insulation, pressure-
maintaining and shape-preserving coring tool developed by the PetroChina Great Wall
Drilling Engineering Technology Research Institute [22,23]. The heat preservation method
of each core remover is shown in Table 1.

Except for the main types of core removers mentioned above, other core removers
do not have the function of heat preservation. At present, most thermal insulation cores
only use passive thermal insulation, and few use active thermal insulation. The most
representative one is the pressure temperature core sampler developed by Japan, which
has both active and passive heat preservation. Its structural principle is shown in Figure 3.
The core remover mainly uses heat insulation materials and liquid nitrogen between the
core lining pipe and the inner pipe to realize passive heat preservation. At the same
time, a battery is used to drive the Peltier refrigeration sheet and cooperate with the low-
temperature drilling fluid to remove the heat from the hot end, maintain high-efficiency
thermoelectric conversion in the well, and realize active heat preservation. However, due
to its complex structure, difficult processing, and high cost, its active insulation technology
has only been tested indoors and has not been applied in engineering [15].
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Table 1. Main thermal insulation method of core remover.
Name of Core Sampler R&D Country or Institution Insulation Method
PTCS Japan Active insulation

MAC Germany/R.V.SONNE cruises External cooling device

DAPC Germany/R.V.SONNE cruises External cooling device
PTPS First Ocean Institute Passive insulation

FCS Jilin University Dry ice, low-temperature alcohol

TKP-1 Beijing Institute of Prospecting Engineering Passive insulation
Gravity piston fidelity sampler Zhejiang University Passive insulation
Deep-sea hard rock fidelity core sampler Changsha Mine Research Institute Passive insulation

GW194-70BB type heat preservation pressure ~ PetroChina Great Wall Drilling Engineering

core tool

Coal-bed methane thermal insulation,
pressure-maintaining and shape-preserving

coring tool

Technology Research Institute Passive insulation
PetroChina Great Wall Drilling Engineering

Technology Research Institute Passive insulation
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Figure 3. Schematic diagram of active and passive heat preservation of PTCS.

Since the in situ temperature of combustible ice is not much different from the am-
bient temperature, the use of passive heat preservation and pressure-maintaining coring
technology can achieve combustible ice acquisition [24]. However, for deep hard rock, the
in situ temperature is as high as hundreds of degrees Celsius, which is very different from
the ground environment temperature. The heat loss during the coring process is serious, so
it is necessary to take active heat preservation for real-time heat compensation to maintain
the in situ temperature of the core.

Underground power supply and signal transmission technology are the prerequisites
for realizing active thermal insulation and coring, but this is still a difficult problem inter-
nationally [25]. At present, most of the downhole signal and data transmission are realized
through the drilling fluid pulse transmission method, electromagnetic wave transmission
method, acoustic wave transmission method, optical fiber transmission method, and wired
transmission method [26,27]. Downhole current transmission is realized by embedding
cables inside the drill pipe, which greatly improves the reliability and power transmission
capacity. This method was first proposed by Intelliserv Corporation of the United States,
and is called smart drill pipe [28]. Wired drill pipe transmission technology includes the
induction and wire butt method. As shown in Figures 4 and 5, respectively [26,29].

However, the smart drill pipe is mainly for the measurement of the environmental
parameters of the drill bit and the bottom hole and cannot conduct and supply electrical
energy to the core remover in the drill pipe, let alone realize the temperature measurement
and temperature control of the core. In addition, the commonly used wired connection
methods in smart drill pipes also have problems such as inability to align electrodes, poor
contact, and low connection reliability [26].
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Figure 4. Principle and structure diagram of the induction transmission technology.
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Figure 5. Structure diagram of the wire butt method.

Referring to the design principles of smart drill pipes, and the use innovative design
methods we designed and optimized the conductive structure of the center pole of the core
remover to realize a self-adaptive non-winding connection and power conduction of the
conductive center pole. Finally, a physical prototype was made for relevant experimental
verification to meet the signal and power requirements for in situ insulation and coring
operations of deep rocks.

3. Overdesign
3.1. The Position and Workflow of the Center Pole

When taking the core, the core remover is in the center of the drill pole. First, the drill
bit and drill pole are used to drill holes. After reaching a specified depth, the core remover
is lowered inside the drill pole. The mud pump provides power to the coring device to
realize the deep in situ coring operation.

By arranging wires in the center pole, electrical energy is provided for the heating
system at the bottom of the hole, realizing active insulation and core removal in situ. One
of the main difficulties is to realize the electrical conduction at the connection position. The
conductive process is shown in Figure 6.

With reference to the conduction mode of the smart drill pipe at the connection
position, there are often problems such as unaligned electrodes, poor contact, and wire
entanglement. Therefore, an innovative design is made for the conductive center pole in
view of the above problems.
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Figure 6. The position and workflow of the center pole.

3.2. Center Pole Size and Assembly Requirements

The center pole is formed by connecting multiple sections of slender poles, and the
interface at the connecting position is a circular ring with an outer diameter of 30 mm and
an inner diameter of 20 mm, as shown in Figure 7. The center pole is small in size and
compact in structure.

The connection position
of the center rod

Center pole

Figure 7. Sectional size of the connecting position of the center pole.

The center pole must strictly observe a certain assembly sequence during the assembly
process, so assembly and wiring cannot be completed in advance. Additionally, it is
required to realize the conduction of electrical energy at the same time after the screw
connection of the central pole is completed.
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4. Detailed Design of the Conductive Center Pole Based on the Innovative
Design Method

4.1. Innovative Design Strategy and Process of the Conductive Center Pole

After clarifying the size and assembly requirements of the center pole, the innova-
tive design method was used to carry out a detailed structural design according to its
functional requirements. The TRIZ invention problem-solving theory was proposed by
Rich Altshuller in 1964 [30,31]. The theory is composed of 39 engineering parameters
and conflict matrices, 40 invention principles, four separation principles, and physical
contradictions. It is believed that the essence of innovative and invention is the process of
resolving contradictions [32,33].

Technical and physical conflict are the main research contents of the TRIZ theory. When
we want to improve one feature in the technical system and cause another feature in the
system to deteriorate, it is a technical conflict. When there are opposite requirements for a
certain feature of a system, it is a physical conflict. To solve a technical conflict, the improved
and deteriorated engineering parameters are defined with 39 technical parameters, and
the invention principle of resolving the conflict is found in the classic conflict matrix, as
shown in Figure 8. When there is a physical conflict in the technical system, four separation
principles (space separation, time separation, separation of the whole and its parts, and
conditional separation) and 40 corresponding invention principles are mainly used to solve
the problem, as shown in Table 2.

Deterioration 1 2 3 4 22 30 39
parameter |Theweight | Theweight [Thelength of| Thelength of Energy loss Harmful productivity
ofa ofa amoving | astationary > | factors acting >
Par:almelers to moving stationary object object onobjects
be improved object object
1
Theweightofa 15,8,29,34 6,12,34,19 22,21,18,27 35,3,24,37
movingobject
2
Theweightofa 10,1,29,35 18,19,28,15 2,19,22,7 1,28,15,35

stationary object

3
Thelengthofa 8,15,29,34
moving object

v
v
v

7,35,9 1,15,17,24 14,4,28,29

4

Thelengthofa 35,28,40,29 6,28 1,18 30,14,7,26
stationary object

v ¥ \ ! i

33
operability

v
\ 4

25,2,1513 6,13,1,25 1,17,13,12 2,19,13 2,25,28,39

v
s
o
=
¥
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v

3526,2437| 2827,153 | 1842838 | 30,7,14.26 28,10,29,5 22351324 (meep
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Figure 8. Classical conflict matrix.

Table 2. Correspondence between the separation principle and the invention principle.

Separation Principles Invention Principles
Space separation 1,2,3,4,7,13,17,24,26,30
Time separation 9,10,11,15,16,18,19,20,21,29,34,37
Separation of the whole and its parts 12,28,31,32,35,36,38,39,40

Condition separation 1,5,6,7,8,13,14,22,23,25,27,33,35
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Axiomatic design is a design decision method proposed by Professor Nam P. Suh
of the Massachusetts Institute of Technology in 1990 [34,35]. Axiomatic design divides
product design into the user domain {CAs}, functional domain {FRs}, physical domain
{DPs}, and process domain {PV’s}, and each domain can be represented by matrix mapping.
Product design mainly refers to the process of mapping and solving the functional domain
{FRs} and physical domain {DPs} of the designed product [36]. Nam Suh used mathematics
to formalize his work in axiomatic design. The following equation articulates any solution
to a given design problem.

{FR} = [Al{DP} M)

Among them, [A] is the design matrix, which represents the relationship between the
functional requirements and design parameters. When the design matrix [A] is a diagonal
matrix or a triangular matrix, the elements in { FR} are independent from each other to
meet the product design requirements, which is also called the independence axiom [37].

The specialty of axiomatic design lies in the systematicness of overall design and
process decomposition, which can provide designers with logical and rational thinking
methods and tools. TRIZ’s specialty lies in its technical innovation and the localization of
conflict resolution. Based on the discussion of design theory and TRIZ theory, the technical
process of the product design is formed according to the independence axiom of axiomatic
design and the integration of TRIZ’s conflict resolution principle.

We analyzed the functional requirements of the conductive center pole, established the
functional requirement vector { FR}, used the TRIZ solution tool to perform preliminary
solutions, and obtained the original design matrix [A]. Then, we used the conflict matrix
and object field analysis method in TRIZ to solve and optimize the contradictions and
problems in the design [38,39]. Finally, a comprehensive evaluation was made from six
aspects: “structural design”, “installation and assembly”, “material properties”, “inde-
pendence”, “functionality”, and “manufacturability” to obtain comprehensive selection
solutions and generate the corresponding design schemes. Then, we evaluated the gener-
ated scheme according to the initial functional requirements, and obtained the final feasible
design scheme.

The innovative design process of the conductive center pole is shown in Figure 9.

4.2. Analysis of the Functional Requirements of the Conductive Center Pole

Thermal insulation in the deeper parts of the ground has high requirements for the
design of power and signal transmission mechanisms. The conductive function is integrated
into the center pole, and the conductive module is required to be connected and screwed
with the center pole to complete the conduction of electricity.

The structure and performance design of the new conductive center pole needs to
meet the following requirements:

1.  The conductive module can realize the alignment of the positive and negative elec-
trodes after the center pole is rotated and docked.

2. The conductive module can realize the contact between the positive and negative

electrodes after the center pole is rotated and connected.

Avoid entanglement of the wire during the screwing process of the center pole.

4. The whole operation process meets the requirements of insulation and 150 °C temper-
ature resistance.

w

A vector of the functional requirements is established, as follows:

FRy Align the electrodes at both ends
FRy| Electrode contact at both ends @)
FR3| The wire is not entangled

FRy Insulation and high temperature resistance (150 °C)
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Figure 9. The innovative design process of the conductive center pole.

4.3. Establishing the Design Parameter Vector and Design Matrix of the Conductive Center Pole

Solving the design parameter DP;: In order to ensure that the two poles of the con-
ductive module can be accurately aligned after the center pole is screwed and docked, the
corresponding position of the center pole can be marked after the center pole is screwed.
Additionally, the electrode channel corresponding to the conductive module can be ar-
ranged at the marked position, and increase the probability of electrode alignment by
increasing the contact area.

Solving the design parameter DP,: In order to ensure that the two poles of the
conductive module can fully contact and achieve conduction after the center pole is screwed
together, the length of the connecting thread of the center pole should be measured in
advance, and the placement position of the conductive module in the center pole should be
designed according to the distance after screwing.

Solving the design parameter DP3: In order to ensure that the wire is not twisted
during the screwing and installation process of the center pole, an anti-rotation structure
can be designed between the conductive module and the center pole to avoid the relative
rotation of the conductive module and the center pole during the screwing process, which
may cause the wire to be twisted.

Solving the design parameter DP,: To ensure the insulation and temperature resistance
of the conductive module, high-temperature-resistant resin and conductive copper phase
materials can be used. The high-temperature resin is small in size and difficult to machine,
so must be manufactured by 3D printing.
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The expression of the design parameter vector can be obtained as follows:

DPy Mark the position in the circumferential direction of the center rod

Dpy| _ Measure and set the length of the thread 3)
DPs Design anti — rotation structure

DPy Use high temperature resistant resin

Through the expression of the design parameter vector, the initial conceptual design
diagram of the conductive center pole can be obtained, as shown in Figure 10.

Axial movement Change the cross- Initial desian of
direction sectional structure hitial design o -
\ of the center rod conductive module

Anti-rotation
structure

Axial movement

direction
\

Direction of
rotation
Direction of
rotation

The length of
the thread

4. Center pole short section 2

1. Center pole short section 1

2. High temperature resistant resin 1 5. High temperature resistant resin 2

3. Conductive copper pillar 1 6. Conductive copper pillar 2

Figure 10. Conceptual design drawing of the conductive center pole.

Set the elements in the design matrix A to X. It can be seen from the mapping rela-
tionship between the functional requirement vector { FR} and the design parameter vector
{DP} that the connection of the conductive module is related to the position of the center
pole circumferential mark, the thread length, and the angle of the anti-rotation structure.
Therefore, the design parameter DP; is related to the design parameters DP, and DP3, and
the design parameter DP; is related to the design parameter DP; and DP3. The design
matrix A is as follows:

1110
1110

A= 0 01 0 @
0001

In the design matrix A, 1 means that there is a correlation between the design parame-
ters, and 0 means that there is no correlation between the design parameters. This matrix
is a coupling matrix and does not satisfy the independence axiom design. The associated
design needs to be optimized and decoupled to form a triangular or diagonal array that
meets the design requirements.
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4.4. Design Matrix Decoupling Based on TRIZ

To decouple the design matrix A for the conductive module structure of the center
pole in Figure 10, the position and length of the center pole need to be calibrated after the
center pole is tightened to ensure that the conductive module can be screwed together with
the center pole to complete the alignment and contact of the electrodes. However, whether
the conductive module can be conducted is related to the position of the electrode in the
circumferential direction, the distance in the axial direction, and the relative position of
the anti-rotation structure. It is necessary to ensure the alignment of the electrodes and
to ensure that the electrodes are in full contact and are not affected by the angle of the
anti-rotation structure, that is, to eliminate the influence of elements A1y, A13, A>1, and Ayj
in matrix A. Furthermore, the required effects or effects that need to be eliminated must be
established according to functional requirements.

Ideally, to realize the conduction of the conductive module in the center pole, it
is necessary for the conductive module to completely align its electrodes and ensure
sufficient contact at the same time after the connection is completed. In order to avoid wire
entanglement during the installation, an anti-rotation structure was designed to make the
conductive module and the center pole move in-sync, remaining relatively static. However,
the conductive modules in the two sections of the center pole move with the center pole,
resulting in a relative rotation, which causes the electrodes of the two sections to move
relative to each other, making it difficult to ensure alignment.

This problem is the alignment of the two conductive poles, which belongs to the
physical conflict in TRIZ. When the two sides of the key subsystem conflict only appear on
one side of a certain space, the space separation method can be used to resolve the physical
conflict. Mann of the University of Bath in the United Kingdom proposed that there is a
corresponding relationship between the separation principle for resolving physical conflicts
and the invention principle for resolving technical conflicts. There are multiple invention
principles corresponding to one separation principle, and more ideas for solving problems
are provided [40]. The corresponding relationship is shown in Table 2.

The solution to spatial separation includes 10 principles of invention. To solve the
problem of electrode alignment in the conductive module, the invention principle seven
“nesting” and the invention principle 17 “space dimension change” can be used. “Nesting”
refers to embedding an object in another object or allowing something to pass through the
cavity of another object. “Space dimensionality change” refers to changing one-dimensional
linear motion into two-dimensional plane motion or three-dimensional space motion. With
the help of these two principles, and considering the rotational movement of the conductive
module, the electrode can be designed as a combination of a ring and a dot. The dot-shaped
electrode is placed in the center of the circular ring electrode, and the electrode at the other
end is the dot-shaped electrode at the corresponding position, which avoids the problem
that the two electrodes cannot be aligned due to the rotational movement. The structure
before and after the improvement is shown in Figure 11.

This design ensures that when the center pole drives the conductive module to rotate,
the electrodes at both ends can always be aligned in the circumferential direction and the
center position and are not affected by the center rod’s circumferentially calibrated position
and the angle of the anti-rotation structure. Therefore, A1, and A3 in the design matrix A
can be eliminated, and the alignment before contact can also be satisfied, that is, Ap3 can
also be eliminated. Matrix A is improved to matrix B, as shown below:

©)

[
S O = O
O = O O
—_ O O O
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Initial design of
conductive module

Straight line
alignment

Ring electrode
structure

Rotate
alignment

Straight line
alignment

Figure 11. Improved conductive module structure.

However, whether the electrode can contact is still related to the circumferential
calibration position of the center pole, that is, the angle of rotation of the center pole, so Ay
is still 1. It can be judged by the independent axiom that the improved matrix B is still a
coupling matrix, and the design scheme still needs to be improved. Since the contact of the
conductive module is related to the screwing angle of the center pole and the thread wear
condition, when the center pole is completely screwed, it may cause insufficient contact
or excessive squeeze. The object—field model between the center pole and the conductive
module can be established for analysis, as shown in Figure 12. S; represents the conductive
module, S, represents the center pole, and F; represents the electrical conduction.

Wire Inadequate
. role or effect
connection === ————
Harmful
effect or effect
¢ = = =
Conductive Center pole

module

Figure 12. Object—field model of the conductive module.

Due to the insufficient contact or excessive squeezing of the conductive module, this
object—field model belongs to the ineffective complete model and the harmful complete
model. According to the general solution of the object-field model, the useful effect can
be improved by adding another substance S3 and another field F,. Considering that the
degree of electrode contact can be adjusted by itself, a spring that can provide a telescopic
function is introduced as S3, and the elastic force field is F. The improved object-field
model of the conductive module is shown in Figure 13.
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Wire
connection

Conductive Spring Center pole
module

Elastic field Desired effect

Figure 13. Improved object—field model of the conductive module.

By adding a spring mechanism between the center pole and the conductive module,
and introducing an elastic force field, the problem of insufficient or excessive contact
between the conductive modules is solved.

The functional behavior structure diagram to realize the conductive function of the
center pole can be obtained, as shown in Figure 14 [41].

The center rod
conducts the current

y \ 4 l

I making current | I insulation | High temperature I Self-regulating |
resistance

» |

< separate ,

Y

Function Behavior Structure

O <>

Figure 14. Functional behavior structure diagram of the electrified center pole.

stretching and
squeezing

By adding a spring mechanism between the center pole and the conductive module,
the adaptive adjustment of the electrode contact is realized. The conductive center pole is
shown in Figure 15. The space and positioning structure for placing the spring mechanism
are designed inside the center pole, the spring is installed on the positioning structure, and
the conductive module is placed on the spring. During the screwing process of the center
pole, the two electrodes always remain aligned. A certain length of spring is selected to
provide the initial pre-pressure to ensure contact, and after the screwing is completed, the
position of the two electrodes is automatically adjusted by the compression spring to make
them fully squeeze in contact without excessive squeezing, ensuring the safe conduction
of electricity.

In this design, the contact of the electrode can be adjusted by a spring, and the contact
of the electrode can be achieved even if the fixed-length thread and the circumferential
position of the center pole are not set, that is, Ay; can be 0. After design matrix B is
improved, it becomes matrix C, as shown below.
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The design matrix C is a diagonal matrix, which satisfies the independence axiom design.

Elongation and
compression direction

Positioning steps
spring

Figure 15. Conductive center pole.

4.5. Optimized Design of the Conductive Center Pole

According to the design of the conductive center pole in Figure 15, the design of
the conductive center pole can meet the basic installation and conductivity requirements.
However, its “independence”, “functionality” and “installation and assembly” still need
to be improved. In terms of “installation and assembly”, a spring mechanism has been
added, and an elastic force field has been introduced, which can solve the situation of
insufficient or excessive contact of the conductive module. However, the internal space
requirement for the center pole has increased, and the increased spring mechanism reduces
the overall assemblability. In terms of “independence” and “functionality”, although the
electrode alignment and contact of the conductive module are not affected by the rotational
angle of the center pole and the thread length, this structure has high requirements for the
relative position between the two electrodes. Because the two electrodes are on the same
conductive module, if one electrode comes into contact earlier than the other electrode, the
first electrode in contact will push the conductive module to squeeze the spring, causing
the conductive module to move as a whole, while the other electrode will not contact. The
contact of the electrodes will form mutual interference. As shown in Figure 16.

In order to solve the problem of mutual interference of electrode contact, it is necessary
for the two electrodes to have the ability to move and adjust independently, but the
conductive module belongs to a hole with a fixed shape, and there is a physical conflict
here. The division principle in the invention principle in Table 2. can be used to divide
the electrodes so that they can be aligned and contacted, respectively. The preliminary
segmentation is shown in Figure 17.
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Figure 16. Interference of electrode position.

conductive module 1 conductive module 2

Structural decomposition of Structural decomposition of
conductive module 1 conductive module 2

Positioning steps

Figure 17. Structural separation of the conductive modules.

To optimize the “overall assemblability.” of the conductive module, it is necessary
to simplify the shape of the spring and the conductive module to reduce the difficulty of
assembly and avoid interference with the center pole. However, the internal complexity of
the corresponding system will increase, and its manufacturability will also deteriorate.

In engineering design, one design parameter of the system is improved, while another
parameter is aggravated, that is, technical conflict [30,31]. To solve the technical conflict, it is
necessary to transform the actual problem into the conflict problem model. The relationship
between the technical parameters and the invention principle is found through the conflict
matrix table, and the final solution is obtained according to the invention principle.

Using the technical conflict resolution theory, the corresponding technical parameters
and invention principles in the classic conflict matrix were found, as shown in Table 3.

Table 3. Technical conflict matrix of conductive center pole assembly.

Optimized Parameters Deteriorating Parameters Invention Principles

Manufacturability (32) 01,32,17,28
System complexity (36) 16,29,01,28

Shape (9)
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To simplify the shape of the conductive module, while avoiding the deterioration of
its manufacturability and system complexity, inventive principle 1 (segmentation: divide
the object into mutually independent, detachable and installable parts) can be used as a
solution. This solution integrated the spring structure into the conductive structure to make
the overall shape more concise and easy to assemble, while retaining the expansion and
contraction function of the spring. Even if the initial segmentation operation is performed,
as shown in Figure 17, the relative position of the two electrodes in the axial direction cannot
be guaranteed before the central rod is tightened, and they are prone to misalignment. So
the segmentation operation in Table 3 needs to be performed again. This separation needs
to maintain the shape of the conductive module, including the spring structure and can
meet the independent adjustment of the two electrodes. The structure of the separated
components is shown in Figure 18.

o \ Asseml:l): drawing of Threaded Threaded
onductive madule ﬁ connection ( connection
(S
S
\\ ;‘
€

Threaded T
(( connection
~

(( Sliding o
O e ™

6
b

Explosive diagram of conductive structure

Ring conductive copper nail a. Center fixed electrode

Insulated base b. Annular sliding electrode
Straight conductive copper nail c. Center sliding electrode
d
e

Insulation anti-rotation sleeve
Insulated base

Straight conductive copper nail
Spring

Ring insulation base

. Insulated base . Eccentric fixed electrode
0. Straight conductive copper nail . Conductive structure assembly

N
PRI I

Figure 18. The final optimization design of the conductive center pole structure.

As shown in Figure 18, the four electrodes at both ends are separated in the axial
direction so that they can move independently without interfering with each other. The
insulating base 2 and the straight conductive copper 3 must be threaded together to form an
independently movable electrode unit, as shown in Figure 18a. The ring-shaped insulating
base 5 and the corresponding ring-shaped conductive structure 6 are assembled to form
an independently movable electrode unit, as shown in Figure 18b. The insulating base
7 and the straight conductive copper 8 must be threaded together to form an electrode
unit that can move independently, as shown in Figure 18c. The insulating base 9 and the
straight conductive copper 10 must be threaded to form an electrode unit that can move
independently, as shown in Figure 18d.

The spring structure is integrated with the conductive module to make it both func-
tional and simple in appearance. The original conductive module structure is divided
to form a split structure, and the spring and the four independently moving electrodes
a, b, ¢, and d shown in Figure 18 are placed inside the conductive module. Additionally,
the split and step structures are placed in the insulating seat to form an assembly fit to
realize the limit and movement guidance. Finally, its function integration and appearance
simplification are carried out. The simplified conductive structure and overall shape are
shown in Figure 18e.

The final design of the conductive center pole is shown in Figure 19.
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Figure 19. The final design of the conductive center pole.

The electrode unit a and the electrode unit b are matched with each other, the electrode
unit ¢ and the electrode unit d are matched with each other, and the conduction and
self-adaptive adjustment of the electrode are realized by a spring.

The optimized conductive center pole integrates the spring structure, solves the
contact interference of the two electrodes, and optimizes its “installation and assembly”,
“independence” and “functionality”.

4.6. Design Comprehensive Evaluation and Analysis
According to the functional requirements and the comprehensive solution from Figure 9.

"o

The overall design scheme was evaluated from six aspects: “structural design”, “installation and
assembly”, “material properties”, “independence”, “functionality” and “manufacturability”.
The design schemes of the above three conductive center poles are summarized and
evaluated through the analytic hierarchy process [42,43], as shown in Table 4. Scheme
A is improved on the basis of the original scheme (Figure 10) by changing the electrode
contact from surface contact to point contact, which solves the problem that the electrodes
cannot be aligned when the conductive structure rotates with the central rod. Scheme B
separates the conductive structure on the basis of Scheme A, and adds a spring structure at
the middle electrode. The problem that the conductive structure in Scheme A is excessively
squeezed and contacted after the central rod is rotated is solved. Scheme C is improved on
the basis of Scheme B. The electrode is separated again, and the spring is integrated into the
conductive structure, which increases the overall installation of the conductive structure.
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Table 4. Comprehensive evaluation of the optimized conductive center pole.

Design Scheme

Scoring Item and Weight Scheme A Scheme B Scheme C Schematic Diagram
Strucg;ghgfsign 0.4931 0.3342 0.1727 Scheme A

Installati(()&zaoréc; )assembly 0.2413 0.1235 0.6352
Mater(ig’logzc:))gerties 0.3333 0.3333 0.3333
Ind%?g(f)‘;jnce 0.1572 03193 0.5235
Fur(lgtéggf)hty 0.1616 0.3025 0.5359
Mang'if(t)gz?bﬂity 0.4025 0.3291 0.2684
Comprehensive score 0.2511 0.2776 0.4712

Scheme C

5. Strength Check of the Conductive Center Pole

In order to assemble the conductive module, it is necessary to expand the hollow
inside the center pole, which causes the pipe wall at the threaded part to be thinned. The
cross-section of the threaded connection is shown in Figure 20.

Y
i ¥
/ ’
10
Before manufacturing After manufacturing

Figure 20. The cross-section of the threaded connection.
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Therefore, it is necessary to check the strength of the threaded connection structure of
the center pole after processing and thinning to ensure that the center pole can complete
the lifting of the core remover.

During the operation of the core remover, it is always in a vertical working state. After
the core is completed, the center pole needs to vertically lift the corer with a weight of
about 350 kg. The threaded connection strength when the central pole is subjected to an
axial load, and the tensile strength of the structure at the weakest part of the central pole
need to be identified and resolved [44].

The connection of the center pole adopts an M30 standard thread, the pitch P is
2 mm, and the minor diameter d; of the thread is 27.835 mm. The center pole is made of
304 stainless steel, its yield strength Ry, is 310 MPa, and its tensile strength Ry, is 620 MPa.
In the case of a static load, the safety factor Sg of the bolt connection is taken as 4. To ensure
the reliability of the threaded connection, it is required that the residual pre-tightening
force of 1.3 times the working load is retained when the center pole is tensioned.

1.3(1.3F + I
o= (Z;%O) = 17.1 MPa @)

The allowable strength is:

o ReL
[0'] - ss

= 77.5 MPa 8)

The strength check value is far less than the allowable strength, and the strength of the
threaded connection meets the needs of use.

The tensile strength of the thinned part of the center pole must be checked. The
cross-sectional area of the threaded connection of the center pole is As, and the area of the
hollow is Aq.

As = md? — Aq = 215.9 mm? 9)
o= % — 37.29 MPa (10)
S

Taking the safety factor S as 4, the allowable tensile stress is [o5].
[0s] = — = 155 MPa (11)

The tensile strength value is much smaller than the allowable tensile strength, which
meets the operation requirements of the center pole pulling and lifting.

6. Experiments and Results
6.1. Continuity Performance Test

A physical prototype of the designed conductive center pole was made, as shown
in Figure 21. Since it only needs to verify the action and conduction performance of the
key structure of the conductive module, on the basis of retaining the key features and
dimensions of the center pole, it has been reduced in the length direction. The lengths of
the two test center poles are 200 mm and 133 mm, respectively, and the connection between
the center poles is an annulus with a diameter of 20 mm and an M30 threaded connection.

The resistance of the connected conductive center pole was measured using a multi-
meter, as shown in Figure 22.

It was measured that one end of the connection resistance was 0.3 (), and the other
end was 0 (), and its conduction performance was good. The electrothermal conversion
efficiency of the center pole conductive module in actual use still needs further experimen-
tal verification.
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Center pole conductive Conductive module Center rod connection
module installation

Figure 21. Physical prototype of the conductive center pole.

Conductive module Conductive module
connection resistance test 1 connection resistance test 2

Figure 22. Conductive center pole resistance test.

6.2. Heating Performance Test of the Conductive Center Pole at Room Temperature

A conductive center pole and a conventional wire were used to power the carbon
nano-material heater and heat the thermal oil, respectively, to compare its electrothermal
conversion efficiency. The experimental platform is shown in Figure 23.

1 2 3 4
1. DC power supply;

)

Center pole with conductive
module;

DC power supply;

Rely;

LI

Carbon nanomaterials;
Thermal oil;

Temperature Sensor;

© = oo

Paperless recorder

56 7 8

Figure 23. Comparative heating performance experiment.
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o=
| 150°C temperature
| .\ environment simulation

High temperature oven

Using a 12 V DC power supply to supply power to the load, 100 mL of thermal oil
was heated with a heating target temperature of 90 °C, and kept at a constant temperature
for 10 min after reaching the target temperature. The results of the experiment are shown
in Figure 24. The thermal oil was heated to 90 °C through the conductive center pole and
the conventional wire, which took 8 min and 8 min and 35 s, respectively.

Heating curve of different energization methods
100 -
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g 60
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ﬁ module

30 -
Ordinary wire
20
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Time/min

Figure 24. Heating curve of the different energization methods.

6.3. Heating Performance Test of the Conductive Center Pole at High Temperatures

The oven was used to simulate an in situ high-temperature environment of 150 °C
to verify the working performance of the conductive center pole in a high-temperature
environment. The conductive center pole was placed in a high-temperature oven, and the
rest of the connected electronic components were placed outside the oven to ensure normal
operation. The principle of the experimental system is shown in Figure 25.

DC power Paperless
recorder

supply Relay

HEEEEEEBE

J Temperature
______ Sensor

1
.
. DO 09
| ==
— B — | B
[ | =]
l

Carbon nanomaterial 100ml

Energized center pole lisita thermal oil

Figure 25. High-temperature test experiment of the conductive center pole.

The physical experiment platform is shown in Figure 26.

The results of the high-temperature-resistance test of the conductive center pole are
shown in Figure 27. Heating the same thermal 0il to 90 °C took 2 min and 45 s longer in a
high-temperature environment than at room temperature, taking 10 min and 45 s in total.
On the one hand, it is considered that due to the increase in temperature, the resistance of
the wires in the center pole increases, and the loss of power consumption increases. On the
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other hand, the uniformity of the temperature distribution of the thermal oil is poor, and
the position of the temperature sensor has great influence on its readings, which ultimately
makes the heating curve of the two environments different.

5 6 7

High temperature oven;

.

Temperature Sensor;

100ml thermal oil;

= W N =

.

Carbon nanomaterial heater;

n

Relay;

DC power supply;

.

Paperless recorder;

® 9

.

Energized center pole

Figure 26. The physical experiment platform.
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Figure 27. The results of the high-temperature-resistance test of the conductive center pole.

6.4. Long-Term Effectiveness and Stability Test of the Energy Supply Transmission and Signal
Transmission of the Conductive Central Rod

In order to verify the long-term effectiveness and stability of the conductive central
rod in the process of power and signal transmission, the long-term work and tempera-
ture and pressure signal transmission test experiments were added on the basis of the
above experiments.

In the long-term energy supply stability test, the conductive central rod is used as the
current-carrying middleware. The twisted conductive central rod is connected in series
with the heating load, and the heating load is powered by a 0-30 V adjustable DC power
supply. The heating medium is heat conduction oil, and the heating target temperature was
set at 100 °C. When the target temperature was reached, the temperature was maintained
by a paperless recorder and relay. The whole experiment process was set to maintain the
temperature for more than 100 h. The experimental results are shown in Figure 28, which
verify that the conductive central rod, as a current-carrying middleware, can stably supply
power for a long time and meet the dynamic response when the voltage and current change.
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Figure 28. Long-term experiment and results of the stability of the energy supply by the conducting
central rod.

In addition, the signal transmission performance of the conductive central rod was
verified by experiments. First, the signal transmission of the PT100 temperature sensor
was tested. The temperature sensor was connected in series with the conductive central
rod, and the heat conducting oil was used as the object of temperature measurement. The
different temperatures of the heat conducting oil at different times were measured and
recorded. The experimental results are shown in Figure 29. The temperatures measured
by the temperature sensor in series with the conductive central rod and the standard
temperature sensor have a high consistency. Due to the different placement positions of
the sensors, the measured temperatures have slight differences, but basically meet the
engineering application requirements.
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Figure 29. Comparison experiment and results of the temperature sensor testing.

Later, the pressure sensor signal transmission was tested. The pressure sensor was
connected in series with the conductive central rod, and connected with the hydraulic
station for pressurization and pressure data acquisition. In the experiment, the hydraulic
source pressure was raised from 0 MPa to 63 MPa within 200 s, and the pressure data
collected by the test pressure sensor was compared with the standard pressure data of the
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hydraulic station. The experimental results are shown in Figure 30. The two pressure data
have good consistency and can meet the engineering application requirements.

Sensors for testing
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Figure 30. Comparison experiment and results of the pressure sensor testing.

The signal transmission experiment of the temperature sensor and pressure sensor
verified the stability and reliability of the conductive central rod as the signal-transmission
middleware, which has certain application prospects in the field of deep in situ measurements.

7. Conclusions

In this paper, based on the requirements of the in situ insulation and coring of deep
rocks, and based on energized smart drill pipe technology commonly used in the logging
field, an innovative conductive center pole was developed. The conductive center pole
meets the power supply and lifting strength requirements for the in situ insulation and
coring of deep rocks. With a small size, high-reliability connection and self-adjustment
function, it can realize the non-winding energization and communication between the
center poles.

e According to the requirements for the in situ insulation and coring of deep rocks
and referring to the design of smart drill pipes in logging, the overall design of the
conductive center pole is proposed.

e The innovative design process of the conductive center pole is proposed, the functional
requirements of the conductive center pole were analyzed, and the design matrix A
was established and solved.

e The TRIZ solving tool was used to obtain a preliminary design scheme, and to further
optimize the scheme to obtain a scheme with a higher comprehensive evaluation.

e The strength of the conductive center pole of the new structure was verified, and
a physical prototype was made to conduct comparative experiments in a realistic
environment to verify the feasibility of its function and structure.

e In addition, the feasibility of its application in the field of energy supply and signal
transmission was verified through long-term heating experiments and sensor data
acquisition tests.

The conductive center pole technology proposed in this paper is of great significance
for the realization of underground power supply and communication. The effectiveness
of the integrated application and the design processes of the axiomatic and TRIZ design
methods were verified. The preliminary research experiments were carried out in an ideal
indoor environment. It performed well in the installation and resistance tests, and could
realize a normal energy supply to the load under high-temperatures, which verified its
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characteristics of a non-winding and stable connection. It provides technical support for
the accurate assessment of o0il and gas resources and the realization of intelligent, efficient
and safe digital drilling. It is also provides an innovative approach for the in situ insulation
and coring of deep rocks. Follow-up work will continue to focus on experimental tests
under high-temperature and high-pressure and practical engineering applications.
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