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Abstract: A pressure-controlled jet crushing tool (PJCT) for the exploitation of deep-sea natural gas
hydrate (NGH) was invented to achieve sediment crushing and cavity creation. The opening and
closing of tool is controlled by changing the internal flow rate remotely. It can realize the controllable
continuous switching of the working state between horizontal well drilling and cavity creation.
A dynamic simulation model of the sliding core was established based on the innovative design
scheme of the PJCT and the motion law of its slide core was analyzed under the influence of spring
stiffness, friction coefficient, and flow rate loading scheme. Moreover, an engineering prototype of the
PJCT was manufactured so that a sliding core motion experiment of the prototype was carried out.
When the drilling fluid flow rate reaches 455 L/min, the PJCT can stably complete the self-locking and
unlocking functions. Its sliding core needs more time to stabilize with an increase in spring stiffness.
Meanwhile, the PJCT could achieve continuous fast switching between the mechanical drilling state
and the jet crushing state within a cycle of continuous flow changes. Finally, the kinematic and
dynamic working mechanism of the PJCT is verified by the combination of the numerical simulation
and the experimental analysis above.

Keywords: natural gas hydrate; pressure-controlled jet crushing tool; solid-state fluidized exploitation;

experimental analysis; numerical simulation

1. Introduction

Due to its high energy density and wide distribution in the world, NGH is considered
an ideal clean energy in the 21st century. According to the statistics of scholars, NGH has
a carbon quantity twice that of all fossil fuels combined and exists on land in the polar
region and offshore around the globe. Among them, non-diagenetic hydrates account for
76.5% of all hydrates [1-4]. The characteristics of non-diagenetic NGH are shallow burial
depth, low consolidation strength, non-diagenesis, and metastable weakly cemented [5].
Traditional mining technology (such as the decompression method, thermodynamic in-
hibitor injection method, the CO, replacement method, thermal stimulation method [6-10])
for non-diagenetic hydrate mining may break the phase equilibrium of the NGH reservoir,
which leads to a large number of disordered decompositions of NGH, resulting in formation
collapse and the release of a large volume of CO, [11]. Based on the occurrence characteris-
tics of non-diagenetic hydrates, the solid-state fluidized exploitation method, an innovative
exploitation method, was proposed by Zhou [12], which is an effective way to realize safe
and green mining of marine non-diagenetic natural gas hydrates. The core of this process
is to make use of the characteristic of NGH whereby it can maintain phase equilibrium
under temperature and pressure of the NGH reservoir and change the fragmentation and
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decomposition process of NGH from an uncontrollable state to controllable state. High
temperature seawater on the sea surface is pumped into a wellbore to the crushing hydrate
reservoir. NGH particles are then mixed with seawater and sucked into the closed pipeline.
After that, the mixed slurry of NGH is preliminarily separated. Meanwhile, the resulting
mud and sand is backfilled to the goaf of the reservoir, which can ensure the stability of
the reservoir formation structure. Further, the initially separated NGH slurry is conveyed
to an offshore platform through the closed pipeline. Finally, methane is extracted from
the natural gas hydrate mixing paddle on the offshore platform. Figure 1 illustrates the
schematic diagram of solid fluidization exploitation [13,14].

Drilling fluid inlet

EZS4 Hydrate propeller outlet

Hydrate reservoir

Figure 1. Solid fluidization exploitation of NGH.

In 2017, the world’s first solid-state fluidization test production of NGH was success-
fully carried out in the Shen hu sea area of the South China Sea [12]. Jet crushing of the
hydrate-bearing sediment was one of the core developments in the test production. How-
ever, the conventional jet crushing tool had some problems, such as being uncontrollable
and non-reusable. In addition, using it requires replacing the drill string with multiple
times, which greatly reduces the exploitation efficiency and increases the drilling cost and
drilling risk [15]. Therefore, in order to solve the problems of existing jet crushing tools,
Tang et al. [16,17] developed a series of pressure-controlled jet crushing tools for NGH
exploitation. Further, the authors studied the internal flow field of the sliding core of the
PJCT and found the relationship between pressure drop and axial force in the sliding core
and the optimum design parameters of the sliding core. Furthermore, the motion law of the
sliding core in various types of valves has been studied by many scholars. Zou et al. [18]
analyzed the relationship between the closing velocity, closing time, and pressure difference
in the check valve sliding core under different spring stiffness coefficients by using flow
field analysis software. Roman et al. [19] used flow field analysis software to study the
pressure field, the velocity field of the check valve in the steady state, and examined the
unsteady state during the sudden opening and sudden closing process. Wang et al. [20]
established a simulation analysis model based on the disturbance response characteristics
of the spring oscillator of the unidirectional valve, and obtained a stable working range of
the unidirectional valve. Li et al. [21] studied the influence of the check valve on the overall
flow characteristics of the high-frequency reciprocating pump by establishing a dynamic model
of the internal fluid and rigid body of the cone check valve. Lai et al. [22] investigated the
transient characteristics, internal flow field of the double disc check valve, and transient
characteristics during the opening period using the unsteady CFD method. Xiang et al. [23]
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analyzed the opening and closing characteristics of the passive shuttle check valve by
establishing a dynamic model of the check valve. Lee et al. [24] carried out experiments on
different types of check valves and used three types of transient comparison methods to
investigate the dynamic behavior of check valves under pressure transient conditions.

These experiments and studies made a great contribution to the design and application
of the continuous reciprocating valves in the conventional fluid transportation pipeline.
At the same time, through their research methods, we found that establishing a dynamic
simulation model of the sliding core movement process and analyzing the motion law of
the sliding core had important guiding significance for the design and application of the
valve. The PJCT is the key equipment for jet breaking and hole drilling in solid fluidization
exploitation. Whether the sliding core of the PJCT can move to the predetermined position
affects the opening and closing of the jet crushing nozzle in the jet crushing work.

However, to the best of our knowledge, no specific study addresses a motion law
analysis of this kind of pressure-controlled jet crushing tool, which seriously limits the
design and application of such tools. In order to meet the requirements for jet breaking
and hole drilling in solid fluidization exploitation, it is necessary to study the motion law
of this kind of tool. It is hoped that the deficiencies that exist in conventional jet crushing
tools will be solved and the commercial application of the natural gas hydrate solid-state
fluidization process is promoted with our proposed PJCT.

Therefore, we aim to test the feasibility of the PJCT by conducting research and experi-
ments on the movement law of the sliding core. In this paper, we propose an innovative
pressure-controlled jet crushing tool based on NGH solid fluidization exploitation. In
Section 2, the structure of PJCT and the working process under different working condi-
tions are introduced. For Section 3, the mathematical model of PJCT motion is proposed,
and the simulation model and simulation parameters are established through multi-body
dynamics software. The motion law of its slide core was obtained and analyzed under the
influence of various factors in Section 4. Section 5 of this paper is mainly to carry out PJCT
experiments and discuss experimental phenomenon and results. Finally, we provide some
discussion and conclusion in Section 6.

2. Working Mechanism of PJCT

The basic principle of the PJCT is that when fluid passes through the suddenly nar-
rowed pipeline, the fluid will produce a separated boundary layer on the wall of the
pipeline and the vortex zone will form between the fluid and the wall due to the inertia
of the flowing particles. It cannot make a sharp turn along the abrupt flow boundary.
Numerous vortices of different scales continuously absorb energy from the fluid during the
process of formation, movement, collision, and fragmentation, and the energy is eventually
lost in the form of friction and collision. In addition, the appearance of the vortex region
aggravates the pulsating velocity of the turbulent flow, which results in further loss of
hydro mechanical energy [25,26]. Therefore, a pressure drop occurs in the change section of
the pipe diameter. The pressure drop acts on the variable cross-section and forms an axial
force, which is used as the driving force to control the sliding core movement of the PJCT.
The specific structure of the self-locking PJCT is shown in Figure 2.

2.1. Working Process of PJCT
The working process of PJCT has three steps as follows:

1.  Horizontal well drilling state: The flow rate of the drilling fluid is small and the
driving force on the sliding core is less than the preload of the spring. The jet hole
on the sliding core is blocked by the outer cylinder and is not connected with the jet
nozzle. The drilling fluid flows down through the axial flow channel and flows out
through the end of the bit for drilling.

2. Drag back tool string and jet crushing state: The down hole string is dragged back, and
the drilling fluid rate is increased at the same time. The driving force of the sliding core
gradually increases and then the compression spring further moves downward. At
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this time, the jet hole on the sliding core is exposed and connected with the jet nozzle,
and the axial flow channel is blocked by the axial plugging block. The high-pressure
drilling fluid starts the jet crushing operation through the jet nozzle. Meanwhile, the
self-locking mechanism can avoid the fluctuation of the sliding core caused by the
change in the drilling fluid rate and realizes the stability of the breaking process.
Multi-angle directional mining: when the dragging and acquisition of the drill string
is completed, the drilling fluid rate is gradually reduced to 0 L/min, and then the
drilling fluid flow is increased to the jet breaking flow again. During this time, the
self-locking mechanism is unlocked, and then the drilling fluid flow is reduced. The
sliding core rebounds under the action of spring force. The jet nozzle is closed and
drilling fluid flows again towards the bit end through the PJCT. Then the whole
down hole tool will change in another direction at the bottom of the wellbore to
repeat horizontal well drilling and drag back the tool string and jet crushing. Finally,
multi-angle, large-scale mining can be realized.

- = Drilling fluid flow direction in drilling state
— Drilling fluid flow direction in exploitation state
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Figure 2. Structure diagram of PJCT: (a) PJCT in closed state, (b) PJCT in opend state.

2.2. Working Process of the Self-Locking Mechanism

The self-locking mechanism consists of an upper joint, sliding core, locking sleeve

and thrust bearing, as shown in Figure 3a. The positioning slot, locking slot, unlock slope,
and locking slope are set on the upper joint. The auxiliary slope is set on the pressure
control sliding core. The guide slope is set on the locking sleeve. The working process of
the self-locking mechanism has four steps as follows:

1.

When the solid-state fluidized exploitation is in the horizontal well drilling state, the
self-locking mechanism is in the initial state, as shown in Figure 3a. The locking sleeve
is located in the positioning slot, and the guide slope is located in the middle of the
auxiliary slope.

When the solid-state fluidized exploitation is in the jet crushing state, the drilling fluid
flow is increased to the self-locking mechanism opening flow. The sliding core pulls
the locking sleeve out of the positioning slot under the action of the drilling fluid,
the locking sleeve moves along the auxiliary slope to the lowest end of the auxiliary
slope and turns to a certain angle under the action of the thrust bearing as shown
in Figure 3b.

When the drilling fluid flow suddenly decreases or fluctuates, the locking sleeve
moves along the locking slope to the lowest end of the locking slot under the action of
the spring and the thrust bearing. The self-locking mechanism enters the self-locking
state as shown in Figure 3c.
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4. When the jet crushing state is completed, the self-locking mechanism needs to be

released from the locked state. First, the drilling fluid flow is reduced to 0 L/min and
then the flow to the jet crushing flow is loaded. After that, the drilling fluid flow is
gradually reduced to 0 L/min. In this process, the locking sleeve is pushed out of
the locking slot, and the locking sleeve moves along the auxiliary slope to the lowest
end of the auxiliary slope under the action of the sliding core, as shown in Figure 3d.
After that, the locking sleeve enters the positioning slot along the unlock-slope, and
the self-locking mechanism returns to the initial state as shown in Figure 3a. So far,
the self-locking mechanism has carried out a complete working process.

——————

Pressure control sliding core Locking sleeve

o
Thrust bearing Unlock slope (b)

Upper joint
------ Locking sleeve movement direction

—_— « Locking slope

Locking slot (d)

Figure 3. Working process of the self-locking mechanism: (a) the initial state of self-locking mecha-
nism; (b) Self-locking process of self-locking mechanism; (c) the locked state of self-locking mecha-
nism; (d) Unlocking process of the self-locking mechanism.

3. Motion Analysis of the Sliding Core
3.1. Mathematical Model

The motion of the sliding core is controlled based on the motion differential equation
established by Newton’s second law and the interaction between the fluid force and the
sliding core. At the same time, the sliding core of the PJCT hardly deforms during use.
The deformation is negligible relative to the movement of the fluid, so the following
assumptions are made for the sliding core:

1. Consider the sliding core as a rigid body and ignore its small deformation;
2. Consider the gravity of the sliding core and the friction between the sliding core and
the parts of PJCT.

Based on the above assumptions, we combined Newton’s second law and established
the sliding core motion differential equation:

d
My X E(WZM) = Bt — Fspring — f @

where my, is the slide core mass, kg; vely, is the velocity of the sliding core, m/s; Fj; is the
force of the drilling fluid on the sliding sore, N; Fspyinq is the spring force, N; f is the friction
between the sliding core and other parts, N.

The variation rate of the sliding core velocity can be obtained by using the differ-
ential principle for the displacement relationship between the next moment and the
previous moment.

d(velhx) _ velhx_new — vezhx_old (2)
dt tstep
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The acceleration of the sliding core motion can be obtained by using the differential of
the sliding core vector velocity in Equation (1). The differential relationship between the
sliding core velocity and the motion displacement can be established as follows:

Uezhx?new = dhx_neu; - dhx_old (©)]
step

where new is the subscript of the physical quantity at the moment before the sliding core
movement, old is the subscript of the physical quantity at the moment after the sliding core
movement, tsep is the time interval of the sliding core movement.

Combining Equations (1) and (2), the elastic force of the sliding core is obtained
by using the displacement obtained by the equation, and the relationship between the
displacement change and the force in the final sliding core movement process is obtained:

d _ (Uezhxfnew)2 — (vdhxfold)2 (4)
hx_new 2 % (Flthspringff)

Mpx

Through the above equation, the balance relationship of fluid force, spring force, and
friction force in the process of the sliding core movement can be obtained, and the real
simulation of the sliding core movement can be realized.

3.2. Numerical Simulation

Multi-body dynamics simulation software is a widely used mechanical system simu-
lation software. Virtual prototypes can be built and tested in software to understand the
motion performance of complex mechanical system designs. It is an effective means to
improve design efficiency and reduce tool development costs.

In this paper, 3D design software was used in the model design of the prototype and
multi-body dynamics simulation software was used to build the dynamic simulation model
of PJCT. First, 3D models of the PJCT were drawn. After that, the PJCT assembly model was
saved in a ‘Parasolid’ format, and the 3D model was imported into multi-body dynamics
simulation software. In the software, the mass attributes, length, and the center of mass of
each part in the 3D model are edited to define and ensure the virtual prototype matches
the real physical characteristics. Among them, steel was selected as the material for parts.
The constraints of the components and the kinematic pair relationship were set as shown
in Table 1.

Table 1. The contact of each component and the corresponding constraint pair settings.

Constraint Vice

Parts Name Contact Name Parts Name
Name
Cylindrical pair Slide core, lock sleeve Contact 1 Slide core, lock sleeve
Sliding pair Slide core, upper joint Contact 2 Upper joint, lock sleeve
Cylindrical pair Lock sleeve, upper joint Contact 3 Slide core, lower joint
Fixed pair Upper joint Contact 4 Upper joint, Slide core
Fixed pair Lower joint Contact 5 Lower joint, lock sleeve

According to the pressure drop formula of the reducing section of the suddenly
narrowed pipeline, the driving force generated by different flow rates on the sliding core can
be obtained [17]. After that, the calculation results were input into the multi-body dynamics
simulation software as one of the calculation conditions, and the spring preload was set
at 145.47 N (the driving force generated when the maximum flow rate in the horizontal
drilling stage is 300 L/min). Finally, when the loading flow changes continuously, the
sliding core is subjected to the driving force generated by the drilling fluid and also changes
with time. The “STEP” function in the multi-body dynamics simulation software was used
to describe the driving force change with time.
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Using the flexible connection function in multi-body dynamics simulation software,
which can define spring damping coefficients and stiffness coefficients, we replaced the
spring model. The dynamic simulation model of PJCT is shown in Figure 4.

Figure 4. Dynamic simulation model of PJCT.

4. Dynamic Simulation Results
4.1. Motion Law of the Sliding Core under Different Spring Stiffness and Flow Rate
4.1.1. Displacement Change Law of the Sliding Core

Spring stiffness was set to 2 N/mm (Figure 5a), 2.5 N/mm (Figure 5b), 3 N/mm
(Figure 5c¢), 3.5 N/mm (Figure 5d), respectively. The influence of spring stiffness on the
displacement of the sliding core during transient opening was analyzed under different
drilling fluid flow rates of 350 L/min, 400 L/min, 450 L/min, 500 L/min, 550 L /min on
the transient opening displacement of the sliding core. We obtained the change rule of the
sliding core movement displacement value with time as shown in Figure 5.

300 ISpring stiffness: 2N/mm —a— 350L/min _ |Spring stiffness: 2.5N/mm —a— 350L/min
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2 150
: g
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24,23.37)!
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Figure 5. The sliding core movement displacement changes with spring stiffness and drilling fluid
flow: (a) Spring stiffness 2 N/mm; (b) Spring stiffness 2.5 N/mm; (c) Spring stiffness 3.0 N/mm;
(d) Spring stiffness 3.5 N/mm.
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As shown in Figure 5, when the spring stiffness was constant, the maximum dis-
placement and the final stable displacement of the sliding core gradually increased with
the increase in drilling fluid flow, but the time to reach the maximum displacement did
not change. According to the statistics of special points in Figure 5a, when the flow rate
increased from 350 L/min to 550 L/min, the maximum displacement of the first sliding
increased from 45.34 mm to 291.5 mm, with an increase of 84.44%. The displacement of the
sliding core after stabilization also increased from 23.37 mm to 171.22 mm. This is because
the impact force received by the sliding core increases with the gradual increase in the
drilling fluid flow rate, which further increases the maximum displacement of the opening
and closing of the sliding core. The variation law of the sliding core displacement shows
the feasibility of changing the flow to realize the opening of the PJCT. When the flow rate of
drilling fluid was constant, with the increase in spring stiffness, the maximum displacement
of the sliding core gradually decreased. The difference between the maximum wave crest
and the minimum wave trough also decreased. However, the time that the sliding core
tended to be stable was increased and the stability became worse. The corresponding time
to stabilize increased from 1.675 s to 2.275 s. The variation laws indicated that when the
return spring is designed, in order to ensure the stability of the sliding core, the stiffness of
the spring should not be too large.

4.1.2. Velocity Change Law of Sliding Core

Spring stiffness was set to 2 N/mm (Figure 6a), 2.5 N/mm (Figure 6b), 3 N/mm
(Figure 6¢), 3.5 N/mm (Figure 6d), respectively. The influence of spring stiffness on the
velocity of the sliding core during transient opening was analyzed under different drilling
fluid flow rates of 350 L/min, 400 L/min, 450 L/min, 500 L/min, 550 L/min on the
transient opening displacement of the sliding core. We obtained the change rule of sliding
core movement displacement value with time as shown in Figure 6.
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Figure 6. The sliding core movement velocity changes with spring stiffness and drilling fluid flow:
(a) Spring stiffness 2 N/mm; (b) Spring stiffness 2.5 N/mm:; (c) Spring stiffness 3.0 N/mm; (d) Spring
stiffness 3.5 N/mm.
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As shown in Figure 6, when the spring stiffness was constant, with the gradual increase
in drilling fluid flow, the fluctuation range of the sliding core velocity gradually increased,
but the time that the sliding core velocity tended to be stable was almost unchanged.
According to the statistics of the special points in Figure 6a, when the spring stiffness was
2 N/mm, the flow rate increased from 350 L/min to 550 L/min, and the maximum velocity
of the sliding core increased from 0.44 m/s to 2.89 m/s. However, the sliding cores always
tended to be stable under the four different drilling fluid flow rates after fluctuating for 2 s.
The result indicates that the fluctuation time of the sliding core is hardly affected by the
drilling fluid flow rate. The velocity fluctuation amplitude of the sliding core gradually
decreases with the increase in spring stiffness under the same flow rate, but the time that
the sliding core tends to be stable increases. The special point statistics of Figure 6a,d show
that the time for the sliding core to stabilize was extended from 1.8 s to 2.4 s. When the
drilling fluid flow rate was 500 L/min and the spring stiffness increased from 2 N/mm to
3.5 N/mm, which indicates that the amplitude of the sliding core fluctuation velocity will
gradually decrease, and the stability of the sliding core fluctuation will gradually decrease
under the constant flow rate and with the increase in the spring stiffness.

4.2. Motion Law of the Sliding Core under Different Friction Coefficients
4.2.1. Displacement Change Law of the Sliding Core

The influence of the friction coefficient between the PJCT parts and the sliding core on
the movement process of the sliding core was analyzed under the same drilling fluid flow
rates, spring stiffness, and the same sliding core material. The results of the analysis are
shown in Figure 7.

300

200 |

150

100 |

Displacement ( mm )

0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1
Time (s)

Figure 7. The sliding core movement displacement changes with friction coefficient.

As shown in Figure 7, the maximum displacement of the sliding core during the first
movement gradually showed a decreasing trend with the increase in the friction coefficient,
but the decrease in the maximum displacement of the sliding core was smaller. This result
shows that the coefficient of friction between the components has little effect on the start-up
of the sliding core. In addition, with the increase in friction coefficient, the fluctuation range
and fluctuation time of sliding core displacement gradually decreased. When the friction
coefficient was 0~0.15, the sliding core was in a fluctuating state after moving for 1 s. When
the friction was 0.25~0.45, the sliding core was stable at 0.6 s. The analysis results show
that the fluctuating displacement of the sliding core will gradually reduce, and the time
required for the sliding core to move from fluctuation to stability will be reduce, as the
friction coefficient increases. This is because the sliding core is not only affected by the
spring, but also affected by the friction force between the sliding core and other components
during the process of stabilizing the sliding core. Therefore, when the friction coefficient



Processes 2022, 10, 1033

10 0of 18

between the parts is large, the energy consumed by friction will increase, and the sliding
core is more likely to be stabilized.

4.2.2. Velocity Change Law of the Sliding Core

As shown in Figure 8, the maximum velocity of the sliding core fluctuation was almost
constant under different friction coefficients, and the sliding core at the beginning of the
movement had the same kinetic energy. However, after reaching the maximum moving
velocity, the variation law of the sliding core velocity under different friction coefficients
was different. Specifically, when the friction coefficient was 0~0.15, due to the lesser friction
coefficient, the energy consumed by friction during the movement of the sliding core was
small, thus the velocity of the sliding core fluctuated greatly, the fluctuation range decreased
slowly, and fluctuated after moving for 1 s. When the friction coefficient was 0.25~0.45,
with the increase in the friction coefficient, the kinetic energy of the sliding core increased
losses due to increased friction, and the amplitude of the velocity fluctuation of the sliding
core was greatly reduced rapidly. So, the velocity of the sliding core approached 0 m/s
at 0.6 s. This result shows that the fluctuation amplitude of the sliding core movement
velocity will gradually decrease, and the time required for the sliding core to stabilize will
be smaller, as the friction coefficient increases.

3.0
DI R —— u=0.0
=9 —— 1=0.15
2.0F —— 1=0.25
1.5 F . —— nu=0.35
: .4 Py —+— u=0.45
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E 0.5 F
2z 0.0F
8051
S olof
71‘5 -
,2‘0 -
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73 U 1 1 1 1 1 1 1 1 1 1
0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1

Time (s)
Figure 8. The sliding core velocity laws changes with friction coefficient.

As shown in Figures 7 and 8, the motion process of the sliding core was closely related
to the friction force of the sliding core. Under the same flow rates and spring stiffness,
the velocity fluctuation range and displacement of the sliding core was correspondingly
smaller and the time of sliding core tended to stabilize was less with an increase in the
friction coefficient. However, the driving force of the sliding core was mainly related to the
drilling fluid flow rate. It became more difficult to open the sliding core as the friction was
too large, which will increase the load of the drilling pump. Therefore, in the PJCT design
process, it is necessary to appropriately control the friction between the sliding core and
the rest of the components while ensuring the fast and stable response of the sliding core.

4.3. Motion Law of the Sliding Core under Different Flow Rate Loading Schemes

In order to simulate the loading scheme of the drilling fluid in practical engineering,
we set up continuously changing drilling fluid flow rates under five different loading
schemes. The movement law of the sliding core was analyzed in a drilling fluid loading
cycle. Five different flow loading schemes are shown as Figure 9.

As shown in Figure 9, the loading process of the drilling fluid was mainly divided
into stage 1 and stage 2. Stage 1: the time between 0~10 s was the self-locking stage of
the sliding core. Stage 2: the time between 15~25 s was the unlocking stage of the sliding
core. Furthermore, each stage was divided into a fluid loading phase and unloading phase.
The five drilling fluid flow loading schemes were different in flow loading velocity, among
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which loading mode 1 had the fastest loading velocity and loading mode 5 had the slowest
unloading velocity. Drilling fluid flow increased from 0 L/min to 500 L/min in the loading
phase of stage 1. Loading scheme 5 needed 4.5 s to complete the process, while loading
scheme 1 only needed 1 s. During the loading phase of stage 1, the locking sleeve slides out
of the positioning slot and rotates at a certain angle to stay above the locking slot. When
the drilling fluid flow decreased from 500 L/min to 0 L/min it enters the unloading phase
of stage 1. Loading scheme 5 needed 4.5 s to complete the process and loading scheme 1
only needed 1 s. During the unloading phase of stage 1, the axial force on the sliding core
decreased gradually. The locking sleeve rebounded under the action of the return spring
and slid along the locking slope to complete self-locking. When the flow rate of drilling
fluid increased from 0 L/min to 500 L/min in the loading phase of stage 2, the locking
sleeve slides out of the locking slot and rotates at a certain angle to stay above the top of the
unlock slope. When the drilling fluid flow rate was reduced from 500 L/min to 0 L/min in
the unloading phase of stage 2, the locking sleeve slid along the unlock slope and slid into the
positioning slot to complete the unlocking of the sliding core under the action of reset spring.

600

550 F Loading scheme 1 Loading scheme 3 Loading scheme 5
500 Loading scheme 2 Loading scheme 4

500

S

SN

(=}
T

400

w

<Y

(=}
T

(=3

Drilling fluid flow (L/min)

sy

1

—
o

| e 2 o o <o °
T

|
[S)

2 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28
Time(s)

Figure 9. Five different flow loading schemes.

During the working process of the PJCT, the sliding core and the locking sliding sleeve
are always in contact. We can verify the movement state of the sliding core by analyzing
the change in the locking sliding sleeve rotation angle in a working cycle. The analysis
results of the locking sleeve rotation angle under the five flow loading schemes are shown
in Figure 10 in a working cycle.
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Figure 10. The rotation angle changes with different flow loading schemes.

As shown in Figure 10, the flow of drilling fluid increased gradually within 0~5.5 s
and the locking sleeve was pulled out of the positioning slot under the action of the sliding



Processes 2022, 10, 1033

12 0f 18

core. The locking sleeve moved along the auxiliary slope to the lowest end of the auxiliary
slope and rotated to 15°. Then, the flow of drilling fluid decreased gradually within 5.5~10 s.
After the locking sleeve moved along the locking slope to the lowest end of locking slot,
the self-locking mechanism entered the self-locking state and the sleeve rotated to 45° at
this time. The locking sleeve was in a small fluctuation state within 10~15 s, but the locking
sleeve was still in the locking slot. After that, the drilling fluid flow rate increased gradually
again within 15~20 s, and the locking sleeve was pushed out of the locking groove. It
moved along the auxiliary slope to the lowest end and rotated to 60°. At this time, the
locking sleeve moved out of the self-locking groove and kept the angle of 60° under the
action of drilling fluid. Finally, when the drilling fluid gradually decreased within 20~25s,
the locking sleeve entered the positioning slot along the unlock slope and rotated to 90°. At
this time, the self-locking mechanism realized the lock release and completed a working
cycle. The analysis results indicate that although the time when the self-locking mechanism
starts to work is different, the self-locking mechanism can stably complete self-locking and
unlocking under five different flow loading schemes.

5. Experiment Test

In order to verify whether the PJCT can complete the scheduled function, all parts
of the PJCT were machined (as shown in Figure 11a) and the experimental engineering
prototype (as shown in Figure 11b) was assembled. The main equipment involved in the
experiment is shown in Figure 12.
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Figure 12. Experimental equipment.

5.1. Experimental Principle

Figure 13 shows the schematic view of the experimental apparatus. Drilling fluid
for the entire experimental system (including PJCT) was provided by a multistage pump
system. The water was pumped out from the tank by the multistage pump system and
entered the PJCT through throttle valves II and III, and then returned to the tank through
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the return pipeline. During the experiment, the opening of the electronic throttle valve
on the bypass could be adjusted through the console. When the opening of the electronic
throttle valve increased, the flow rate in the PJCT pipeline decreased. When the opening of
the electronic throttle valve decreased, the flow rate in the PJCT pipeline increased. Apart
from this, electromagnetic flowmeters and pressure sensors which were installed on the
pipeline of the PJCT’s inlet and outlet were used to measure the actual pressure change
inside the PJCT accurately. A total of four groups of experiments were carried out, and the
flow loading schemes are shown in Table 2.
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Figure 13. Schematic diagram of experimental principle.

Table 2. Four groups flow loading schemes.

Experiment Flow Loading Experiment Purpose
Number Scheme (L/min) P P
Verify whether the jet nozzle
I 0~300 . . s
is opened during normal drilling
Verify whether the PJCT is fully
I 0~470~0~100-0 opened and self-locked at 470 L/min
Verify whether the PJCT
m 0~-470-0 can be unlocked at 470 L/min
v 0~470~0~470~0~300~0 Verify whether the PJCT can complete

self-locking and unlocking in a continuous cycle

In the experiment, to ensure the accuracy of experimental data and consider the delay
of data transmission when adjusting the flow rate in pipeline, the opening of the electronic
throttle valve should be adjusted according to different drilling fluid flow levels, which is
mainly divided into three stages as follows:

(1) When the inlet flow rate is less than 300 L/min, the opening of the electronic flow
control valve can increase by 7% each time. When the flow rate is stable, the corre-
sponding experimental data and experimental phenomena should be observed and
recorded before continuous adjustment.

(2) When the inlet flow rate is between 300 L/min and 400 L/min, the opening of the
electronic flow control valve can be increased by 5% each time. When the flow rate
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is stable, the corresponding experimental data and experimental phenomena can be
observed and recorded before continuous adjustment.

(3) When the flow rate is greater than 400 L/min, the opening of the electronic flow
control valve can be increased by 3% each time, and the flow rate can be gradually
increased until the nozzle is fully open.

5.2. Experimental Phenomena and Analysis
5.2.1. Experiment I

The experimental results and phenomena in Experiment I are shown in Figures 14 and 15.
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Figure 14. Drilling fluid flow and pressure of Experiment I change with time.

(b)

=

Figure 15. Experimental phenomena of experiment I: (a) Experimental phenomenon at 25 s;
(b) Experimental phenomenon at 75 s; (c) Experimental phenomenon at 114 s.

The flow rate range of experiment I was 0~300 L/min. Figure 14 shows that the
maximum flow rate of 296 L/min was achieved at 114 s. At this time, the inlet drilling
fluid pressure was 0.134 MPa, the outlet drilling fluid flow was 293 L/min and the outlet
pressure was 0 MPa. It can be seen from Figure 15a—c that the nozzles did not be open in
the whole process, which indicates that the sliding core will not slide to the nozzle opening
position when the flow rate is less than 300 L/min.

5.2.2. Experiment I and Experiment III

The experimental results and phenomena in Experiment II and Experiment III are
shown in Figures 16-18. Figures 16 and 17 show the variation in pressure and drilling
fluid flow with time in PCJT during Experiment II and experiment III and the experimental
phenomenon in the process of Experiment II and Experiment III are shown in Figure 18.

As shown in Figure 16, in stage 1, when the inlet flow was gradually increased to
470 L/min, the nozzle on the tool was gradually opened, which indicates that the sliding
core starts to move axially according to the predetermined design. When the flow reached
453 L/min, the outlet flow rate suddenly decreased to 0 L/min and the inlet pressure rose
from 0.255 MPa to 0.908 MPa suddenly. At that moment, the jet nozzle was completely
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opened, as shown in Figure 18 at 170 s. In stage 3, as shown in Figure 18, at 350 s, the
nozzles were in the jetting state when the drilling fluid flow rate gradually increased to
100 L/min, which indicates that the sliding core remains in the predetermined position
and the sliding core has completed self-locking. In stage 4, when the inlet drilling fluid
flow rate increased from 0 L/min to 253 L/min gradually, and the inlet pressure reached
about 0.822 Mpa. When the flow rate of drilling fluid was gradually reduced to 0 L/min,
the experimental phenomenon showed that the flow rate at the nozzle gradually reduced
during this process. At the same time, as shown in Figure 17, at 550 s, the outlet drilling
fluid flow increased from 0 L/min to 45 L/min and then decreased to 0 L/min, which
indicates that the sliding core has been unlocked and the sliding core has returned to its
original position.
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Figure 16. Drilling fluid flow and pressure of Experiment II and Experiment III changed with time.
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Figure 17. Outlet fluid flow rate and pressure of Experiment I and Experiment III changed with time.

Figure 18. Experimental phenomena of Experiment II and Experiment III.
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5.2.3. Experiment IV

The experimental results and phenomena in Experiment IV are shown in Figures 19 and 20.
The Figure 19 shows the variation in pressure and drilling fluid flow with time in PCJT
during Experiment IV and the experimental phenomenon in the process of Experiment IV
is shown in Figure 20.
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Figure 19. Drilling fluid flow and pressure of Experiment IV change with time.
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Figure 20. Experimental phenomena of Experiment IV.

As shown in Figure 19, when the inlet drilling fluid flow rate gradually increased
from 0 to 470 L/min, the number of nozzles opened on the PJCT gradually increased and
the sliding core was moving axially to the predetermined position. When the fluid flow
rate reached 453 L/min, the experimental phenomena showed that the jet nozzle was fully
opened, as shown in Figure 20 at 164 s, the drilling fluid flow rate at the outlet of the PJCT
suddenly decreased to 0 L/min, and the inlet pressure value increased from 0.25 MPa to
0.908 MPa, which shows that the sliding core has moved to the maximum axial position.
Then the drilling fluid flow rate gradually reduced to 0 L/min. After that, the drilling fluid
flow gradually increased to 470 L/min again. During this process, the nozzle was fully
opened, as shown in Figure 20 at 370 s, which indicates that the tool is in a self-locking
state. When the flow rate increased to 275 L/min and the maximum inlet pressure reached
0.945 MPa, the experimental phenomenon showed that the spray intensity of the nozzles
and the number of open nozzles gradually decreased, as shown in Figure 20 at 572 s, which
indicates that the sliding core is unlocked. Finally, when the flow rate was reduced to
0 L/min and loaded to 300 L/min again, the drilling fluid was not ejected from the jet
nozzle. At the same time, Figure 19 shows that the outlet flow and inlet flow of the PJCT
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were consistent after 450 s, which verifies that the sliding core has completed unlocking
and has returned to original state.

6. Conclusions and Discussion

Aimed at the demand for jet crushing in the solid fluidization exploitation method of
NGH and the shortcomings of the jet crushing tool in the first global solid fluidization test
production process, this paper presented an innovative PJCT with a self-locking function based
on the principle of throttling pressure control. The PJCT’s sliding core dynamic simulation
model was established by the multi-body dynamics simulation software. Then the multi-body
dynamics simulation revealed the displacement law and velocity law of the sliding core
under the influence of different factors. Finally, the prototype of the PJCT was machined, the
experimental platform was set up to carry out the prototype verification experiment.

The following conclusions were obtained:

(1) As the flow rate of drilling fluid increased, the time from fluctuating to stable for the
sliding core was almost unchanged under the same spring stiffness, which indicated
that the stability time of the sliding core fluctuation was independent of the drilling
fluid flow level. As the spring stiffness increased, the fluctuation range of the sliding
core was also smaller, but the time for the sliding core to stabilize increased at the
same flow rate, which indicated that the stability of the sliding core decreases.

(2) As the friction coefficient between the parts increased, the fluctuation range of the
velocity and displacement of the sliding core became smaller under the same flow rate
and spring stiffness. Therefore, the recommendation for the selection of the sliding
core material is that the friction between the sliding core and the remaining parts
should be controlled while ensuring the rapid response of the sliding core.

(3) The verification experiment showed that the PJCT would not open the jet nozzle
under a normal drilling flow of 300 L/min. When the drilling fluid flow reached
455 L/min or the inlet pressure drop reached about 0.9 MPa, the PJCT could stably
complete the self-locking and unlocking functions and the self-locking mechanism
had the prospect of application to other down hole tools for oil and gas exploitation.

(4) In future research, a kind of PJCT with a suction port will be proposed. This type
of PJCT jet crushing-propeller recovery model will be established by analyzing the
relationship between the nozzle installation position and the suction port, which
can provide a theoretical basis for advancing the solid-state fluidized exploitation of
natural gas hydrates.
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