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ABSTRACT: In top coal caving mining, the coal rock collapse will
cause an irregular impact on the tail beam jack of the caving control
mechanism. The severe impact will lead to jack failure. The
bidirectional fluid-structure coupling model is built on Fluent and
Mechanical software to study the impact response of the tail beam
jack. The dynamic flow velocity streamlines, hydraulic pressure
distribution, stress field, and strain field of the jack under impact
load are extracted. The response characteristics of the jack in the
stationary state and motion state are analyzed. The conclusions are
as follows: the stress and strain of the rodless cavity are much larger
than those of the rod cavity, which is more likely to be damaged.
The hydraulic pressure in the jack cavity is in vertical layered
distribution. The flow velocity streamlines present spiral shapes. The response degree of the hydraulic pressure signal in the rodless
cavity is stronger than that in the rod cavity, and the response degree of the flow velocity signal in the rod cavity is stronger than that
in the rodless cavity. The impact response of the jack in the motion state is more sensitive and stronger than that in the stationary
state. The coal rock collapse situation can be most effectively identified only by comprehensively analyzing the rodless cavity’s
pressure signal and the rod cavity’s velocity signal. This paper innovatively visualizes the flow velocity streamlines and pressure
distribution together. The bidirectional fluid-structure coupling method is innovatively applied to the tail beam jack. The findings of
this study can help for better understanding of the tail beam jack’s structural design and failure prevention. This study provides a
certain research basis for the intelligent coal rock identification technology in mining coal based on jack vibration signals.
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1. INTRODUCTION

In top coal caving mining, the working environment of the
hydraulic support is harsh. The top coal rock collapse will
cause complex and irregular impacts on the caving control
mechanism of the hydraulic support. The severe impact
seriously affects the performance and reliability of the tail beam
jack." The tail beam jack is the primary bearing and posture
control component of the caving control mechanism. It affects
the bearing reliability of the mechanism and controls the
opening and closing of the caving window.” The tail beam jack
is a single-rod double-acting hydraulic cylinder. It converts
hydraulic pressure into mechanical movement.” At the
beginning of the coal caving, the liquid is fed into the rod
cavity. The piston rod retracts to control the opening of the
caving window. In the caving process, the jack is closed, so the
caving window is fixed. At the end of the caving, the liquid is

characteristic under coal rock impact load to prevent jack
failure.”

Many scholars have studied the single-rod double-acting
hydraulic cylinder. Sakai and Stramigioli® simplified the
numerical model of the hydraulic cylinder. They reduced the
original eight-dimensional parameter space to dimensionless
three-dimensional parameter space, avoiding the influence of
redundant parameters. Feng et al® studied the cylinder’s
volume expansion failure states and the O-ring’s deformation.
They quantified the level of each fault factor and established a
dynamic parameter response characteristic model. Deaconescu
et al.” proposed a method to determine the thickness of the
lubrication film between seals. The problems of liquid leakage
and serious friction are improved. Solazzi and Buffoli® designed
three new materials for cylinder blocks. The weight is reduced

fed into the rodless cavity. The piston rod extends to control Received: February 26, 2023 6] -
the closure of the caving window. This process completes the Accepted: April 11, 2023 ]

coal caving round. Thus, the tail beam jack is closely related to Published: April 19, 2023 o
the caving control mechanism’s performance, life, and j;l
reliability. The main failure types of the tail beam jack are -

shown in Figure 1. It is critical to study its response

© 2023 The Authors. Published by

American Chemical Society https://doi.org/10.1021/acsomega.3c01303

15684 ACS Omega 2023, 8, 15684—15697

7 ACS Publications


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yanpeng+Zhu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qingliang+Zeng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lirong+Wan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhe+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dejian+Ma"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.3c01303&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01303?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01303?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01303?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01303?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/8/17?ref=pdf
https://pubs.acs.org/toc/acsodf/8/17?ref=pdf
https://pubs.acs.org/toc/acsodf/8/17?ref=pdf
https://pubs.acs.org/toc/acsodf/8/17?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.3c01303?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/

ACS Omega

http://pubs.acs.org/journal/acsodf

Figure 1. Different failure types of the tail beam jack: (a) surface
wear, (b) weld crack, (c) seal breakage, (d) hydraulic oil leak, (e)
piston rod bend, and (f) deformation of hinge hole.

while ensuring the performance of the hydraulic cylinder.
Based on the classical Euler—Bernoulli beam theory,
GomezRodriguez et al.” developed a comprehensive parameter
calculation model of the hydraulic cylinder. The model
considers all possible influencing factors and can get more
accurate analysis results. Sherje et al. analyzed the cushioning
effect of different shape cushions and optimized the shape
contour of the cushion of the hydraulic cylinder. Lyu et al."’
designed a hydraulic cylinder control valve with an energy
recovery function to solve the energy loss problem. Qiu et al."'
detected the internal leakage of the hydraulic cylinder and
established an intelligent method for cylinder wear identi-
fication. In addition, many scholars have conducted
mathematical analysis research on hydraulic cylinders. For
example, Zhao and Wang'” designed a multisensor monitoring
scheme based on grating, pressure, and displacement and
established an analysis model of the hydraulic cylinder wear
characteristics. Li et al."” realized the automatic detection of
hydraulic cylinder leakage faults by the AdaBoost-BP method.

It can be seen that there are many single-sided studies on
hydraulic cylinders, such as the strength of structure or the
leakage of fluid. However, few studies comprehensively
consider the bidirectional coupling between fluid and structure.
When the jack works, the hydraulic oil will interact with the
solid cylinder wall and piston rod."* Especially, under the
impact load of coal rock collapse, the interaction between
hydraulic oil and jack structure is more complex and cannot be
ignored. Therefore, it is necessary to study the impact response

of the tail beam jack based on bidirectional fluid-structure
coupling. In recent years, fluid-structure coupling simulation
has been applied more deeply in engineering. It includes the
interactive mapping of fluid and solid solutions, which can
consider the characteristics of both fluid and solid simulta-
neously so that the results are closer to the actual
phenomenon."” In order to explore the response characteristics
of the tail beam jack under impact load, this paper establishes a
bidirectional fluid-structure coupling model based on Fluent
and Mechanical software. The fluid velocity streamlines, the
pressure distribution, and the solid stress—strain field of the
jack are studied, respectively, in the stationary closed state and
the liquid supply motion state.

Based on the above discussion, this paper is the first to apply
the bidirectional fluid-structure coupling method to a tail-beam
jack. Both the effect of the flow field on the solid deformation
and the effect of the solid deformation on the flow field are
considered to make the results more accurate. In addition, this
paper innovatively visualizes the flow velocity streamlines and
pressure distribution together. The two are analyzed
simultaneously and validated against each other to make the
results reliable. It also facilitates studying the intrinsic
connection between the movement pattern and pressure
distribution of the hydraulic fluid in the jack. This paper
comprehensively analyses the response of the tail beam jack
under both the stationary state and motion state, making the
applicability of the results more comprehensive. The findings
of this study can help for better understanding of the tail beam
jack’s structural design and failure prevention. This study
provides a certain research basis for the intelligent coal rock
identification technology in mining coal based on jack
vibration signals.

2. METHODS

2.1. Theoretical Model. Fluid-structure coupling theory
calculates the interaction between moving or deformed solid
and variable fluid fields. It combines the fluid domain with the
solid domain for a collaborative solution. According to data
transmission forms, the fluid-structure coupling is divided into
unidirectional and bidirectional coupling. The data of
unidirectional coupling can only be transmitted from solver
A to solver B. The data of bidirectional coupling is transmitted
bidirectionally. The fluid solver transmits data to the solid
solver, while the solid solver transmits data to the fluid
solver.'® In order to analyze the interaction mechanism
between fluid and solid in the tail beam jack, the bidirectional
fluid-structure coupling model is selected to solve the problem.
The model is solved by the partitioned iterative coupling
method,'” and its iteration sequence is shown in Figure 2. In
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Figure 2. Iteration sequence of the bidirectional fluid-structure coupling method.
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this method, the fluid and solid domains are solved once at
each time step. The hydrodynamic pressure of the fluid is
transmitted to the solid domain, and the motion of the
structure is transmitted to the fluid domain. With this iteration,
the solution of the fluid-structure coupling method is realized.

The fluid-structure coupling method should follow the three
basic conservation laws of mass, energy, and momentum,'® as
follows

9w + div(pug) = div(I'grad @) + s
ot (1)
where p is the mass density; ¢ is a universal variable, which
represents variables such as temperature and components of
the velocity vector in different directions; I' is the generalized
diffusion coeflicient; S is the generalized source term; grad
represents the gradient; and div represents divergence and is

defined as

0 da, 9
divia) = 2y 2 4 %
Ox oy 0z (2)

At the fluid-structure coupling interface, such as the contact
surface between hydraulic oil and cylinder wall, it should also
follow the conservation laws'’

Tehe = T,

Xe = xs

9 = 9

=1 3)

where 7; and 7, are the stress of fluid and solid, x; and «x; are the
deformation of fluid and solid, g; and g, are the heat flow of
fluid and solid, and T; and T are the temperature of fluid and
solid, respectively.

The following physical conservation equation should also be
satisfied when solving the fluid””*!

op;
— + V- (pv) =0
m (pev)
opy
— 4+ V- v — =
ot (pfu Tf) ff (4)

where t is the time, p is the fluid density, v is the velocity
vector, f; is the volume force vector, and 7; is the shear force
tensor.

The following governing equation should be satisfied when
solving the solid

2
Msd—§+CSd—x+st+rs=O
dt dt ©)
where M is the mass matrix, C; is the damping matrix, K; is the
stiffness matrix, and 7, is the stress on the solid.

2.2. Simulation Model. ANSYS Fluent’>** is the fluid
solver, and ANSYS Mechanical** is the solid solver. The
bidirectional fluid-structure coupling model of the tail beam
jack is established by combining them. The flow chart of the
fluid-structure coupling simulation is shown in Figure 3.

At each time step of the simulation, Fluent transmits
pressure parameters to Mechanical, and Mechanical transmits
displacement parameters to Fluent, as shown in Figure 2.
Bidirectional fluid-structure coupling calculation requires
frequent data exchange between fluid and solid, which makes

Figure 3. Flow chart of the bidirectional fluid-structure coupling
simulation.

the computation costly. The jack model is simplified
appropriately to reduce the amount of calculation and avoid
the influence of redundant factors on the simulation results.
Since the jack model is symmetric, half of the model is taken
for the fluid-structure coupling model, as shown in Figure 4.

The jack model is imported into ANSYS Geometry, and the
fluid and solid areas are partitioned and meshed. The
structured mesh has higher computational accuracy and
efficiency than the unstructured mesh. The 20-node quadratic
hexahedral (20HEX) mesh has more nodes than the ordinary
hexahedral mesh, which can shorten the simulation time and
improve computational efficiency. This paper uses the
MultiZone method to divide the 20HEX mesh of fluid and
solid areas. Moreover, the quality of the mesh is checked and
optimized to conform to simulation requirements.”> The solid
area has a grid cell count of 31,898 and a node count of
147,015, as shown in Figure 4c. The fluid area has a grid cell
count of 39,570 and a node count of 177,027, as shown in
Figure 4d. Under the impact load, the motion parameters of
the tail beam jack are constantly changing, so the transient
model is selected for the solution in both Fluent and
Mechanical.***” The deformation of the solid also affects the
shape of the fluid. In order to make the results more realistic
and accurate, the dynamic mesh technology is used to
continuously update the mesh parameters with time steps,”
so that the deformation area of the mesh automatically adapts
to the new shape. Remeshing layering is adopted for dynamic
mesh updating. When the mesh is compressed or stretched
beyond a threshold, it will be separated or combined before
being computed to obtain accurate solution results.

The jack material is set to structural steel,”” and its
parameters are shown in Table 1. The symmetry feature is
added to the jack split surface to solve it in the form of an
internal structure. The impact load is added at the hinge hole
of the jack piston rod. The hydraulic oil material®® is set to
high water-based oil according to the specific conditions of
mining hydraulic supports. Its water content is 95%, so its
material properties are close to water. The pressure and density
changes of the fluid cannot be ignored, so to approach the
actual working condition, the fluid is set as a compressible
model. By precalculating the Reynolds number of the fluid, it
can be known that the liquid is turbulent.”"** So the solution
model is set as the k—e turbulence model.****
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Figure 4. Structure of the tail beam jack and the mesh of solid and fluid: (a) tail beam of hydraulic support, (b) tail beam jack, (c) static mesh of

the solid part, and (d) dynamic mesh of the fluid part.

Table 1. Material Parameters of Tail Beam Jack

material tensile yield strength (MPa)

structural steel 980 835

compressive yield strength (MPa)

elastic modulus (N/m?) density (kg/m?)
2.06 x 10" 7850 0.3

poisson ratio

3. RESULTS AND DISCUSSION

3.1. Impact Response of the Tail Beam Jack in the
Stationary State. In top coal caving mining, the tail beam of
hydraulic support will be covered with a large number of
broken top coal in the state of caving, which will produce more
significant impact pressure on the jack of the tail beam. The tail
beam jack in this study was taken from the ZF5600/16.5/26
hydraulic support. According to the application experience of
the top coal caving hydraulic support, the load generated by
the tail beam jack due to the flow impact of covering coal is set
to 231.1 kN. In addition, there are small pieces of coal that
randomly collapse carrying small impacts, set to 0—0.8 kN.
When the tail beam jack is stationary, there is no liquid inflow
or outflow in the rodless cavity and the rod cavity, so the oil
port is set to the “wall” state. The force at the hinge point
between the jack and the tail beam is used as input data. The
force is added in the form of tabular data to the hole in the
piston rod. The moment when the coal impacts the tail beam is
used as the initial time. The simulation time is set to 0.05 s,
and the simulation time interval to 0.0001 s. The impact load
changes periodically for two cycles. The size and time of
impact load are shown in Figure 5. After the simulation, the
impact response characteristics are observed, such as the stress
and strain of the jack and the pressure and velocity streamlines
of the fluid.

232.04

231.84

3o [ 381

W w2

kS >
1 1

Force (kN)

231.2

231.0 T T T T 1
0.00 0.01 0.02 0.03 0.04 0.05

Time (s)

Figure 5. Impact load curve of the tail beam jack in the stationary
state.

3.1.1. Stress and Strain Nephograms of the Tail Beam
Jack in the Stationary State. The jack cylinder has evident
stress distribution and cylinder deformation under the impact.
The stress nephogram of the tail beam jack is shown in Figure
6, and the strain nephogram is shown in Figure 7.

From Figure 6, the maximum stress of the tail beam jack is
76.04 MPa, which is located on the piston and is less than the
yield strength of the material. The stress concentration of the
piston rod is located at the connection between the piston and
the rod on the side of the rod cavity. With the stress
concentration as the center, the stress gradually decreases to
both sides of the piston rod. The stress concentration of the
cylinder is located at the connection between the cylinder’s
bottom surface and the cylinder wall. There is also a certain
stress concentration at the oil port. It can be observed that the
stress on the side of the rodless cavity is much greater than that
on the side of the rod cavity. Because the working jack is
mainly thrust and support, the pressure of the rodless cavity is
far greater than that of the rod cavity.

From Figure 7, the maximum deformation of the cylinder is
only 5.493 X 107 m, which is located at the cylinder bottom
and distributed on both sides above the hinge hole. The
deformation of the cylinder is minimal, which meets the
performance requirements and design specifications. The
deformation is mainly in the rodless cavity, especially at the
cylinder bottom. The strain on the rod cavity is minor, and
there is no pronounced deformation. The cylinder’s
deformation degree is usually positively correlated with the
stress, so its strain distribution is similar to the stress
distribution. The deformation degree gradually decreases
from inside to outside at the center of the strain concentration
point on the bottom surface. As the piston rod is movable, part
of its pressure is converted into displacement and compression
of the quuid,35 making the strain even more minor.

3.1.2. Parameter Changes of the Tail Beam Jack in the
Stationary State. The working condition of the tail beam jack
is mainly reflected in piston displacement, cavity pressure, and
piston rod deformation. Based on the bottom surface of the
piston rod as the benchmark, the piston rod deformation is
calculated by the difference between the displacement of the
top surface and the bottom surface, that is, the amount of
compression. The piston displacement and the piston rod
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Figure 6. Stress nephogram of the tail beam jack in the stationary state.
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Figure 7. Strain nephogram of the tail beam jack in the stationary state.
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Figure 8. Parameter changes of the tail beam jack in the stationary state: (a) piston displacement and piston rod compression and (b) average

pressure of the rodless cavity and the rod cavity.

compression of the jack are shown in Figure 8a. The average
pressure of the rodless cavity and the rod cavity are shown in
Figure 8b.

In Figure 8, the characteristic curves of the tail beam jack’s
displacement, compression, and pressure show similar periodic
variation. From Figure 8a, during 0—0.006 s, the piston rod
moves toward the rodless cavity and its axial compression
degree increases. The fluid in the rodless cavity is compressed,
and the fluid in the rod cavity is released. The piston rod bears
considerable axial stress from the rodless cavity. In 0.006—

15688

0.017 s, the piston rod moves toward the rod cavity and its
axial compression degree decreases. The fluid in the rodless
cavity is released, and the fluid in the rod cavity is compressed.
The piston rod bears a more considerable axial tension from
the rod cavity. Under the double action of impact load and
dynamic cavity pressure, the piston rod displacement floats
between —0.217 and 0.153 mm, the compression value floats
between 0.08132 and 0.08174 mm, and the vibration is
noticeable.
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Figure 9. Pressure distribution and velocity streamline of the rodless cavity of the tail beam jack in the stationary state.

From Figure 8b, the changing trend of the average pressure the rodless cavity is greater than that in the rod cavity. That is
in the rodless cavity and the rod cavity under the impact load is because the jack is a supporting state, and the supporting force
opposite. Because the total volume of the rodless cavity and comes from the pressure difference between the rodless cavity
the rod cavity is constant, the other will be released when one and the rod cavity.
volume is compressed. The pressure in the rodless cavity 3.1.3. Pressure Distribution and Velocity Streamline of the
vibrates up and down at 30.60 MPa. The pressure in the rod Tail Beam Jack in the Stationary State. The piston rod’s
cavity vibrates up and down at 1.1947 MPa. Both have movement changes the jack cavity’s volume, and the pressure
apparent pressure vibration, and the amplitude gradually distribution and velocity streamline change accordingly. The
decreases with the number of impacts. The pressure value in pressure distribution and velocity streamline in the jack cavities
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Figure 10. Pressure distribution and velocity streamline of the rod cavity of the tail beam jack in the stationary state.

at special time points are plotted, such as rise midpoint, drop
midpoint, and extreme point, respectively, as shown in Figures
9 and 10.

In Figure 9, the pressure in the rodless cavity of the tail
beam jack is distributed in longitudinal layers, with noticeable
overall changes. At 0.0055 s, the average pressure in the rodless
cavity reaches the maximum. At this time, the displacement of
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the piston rod toward the rodless cavity is the largest, and the
pressure difference is about 102 Pa. The pressure is maximum
at the cavity bottom and decreases layer by layer along the
direction of the cylinder from the bottom to the piston surface.
At 0.0175 s, the average pressure in the rodless cavity reaches
the minimum. At this time, the displacement of the piston rod
toward the rodless cavity is the smallest, and the pressure
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difference is about 320 Pa. The pressure is maximum at the
piston surface and decreases layer by layer along the direction
of the cavity from the piston surface to the cavity bottom.
When the piston rod moves toward the rodless cavity, the
average pressure in the rodless cavity rises. For example, in
0.0005—0.0055 s, the maximum pressure point gradually
moves down from the piston surface to the cavity bottom.
When the piston rod moves toward the rod cavity, the average
pressure of the rodless cavity decreases. For example, in
0.006—0.018 s, the lower oil port releases some pressure, and
the maximum pressure point returns to the piston surface and
gradually decreases.

From the velocity streamline, the velocity on the piston side
is always greater than that on the cavity bottom side. During
0.005—0.0055 and 0.0175—0.0180 s, the piston rod displace-
ment approaches the maximum, and the movement direction
of the piston turns. At this time, the spiral velocity streamline
appears at the cavity bottom, similar to the turbulent flow
state.”®*” At 0.0005 and 0.0130 s, the displacement of the
rodless cavity is 0, and the movement direction of the piston is
unchanged. At this time, the velocity streamline is gentle,
similar to a laminar flow state. The second period’s (0.0245—
0.0490 s) pressure distribution and velocity streamline law are
similar to the first period’s.

From Figure 10, the pressure level in the rod cavity of the
tail beam jack is distributed in longitudinal layers. The pressure
change is not noticeable compared with the rodless cavity.
0.0055 and 0.0295 s are the minimal value points of pressure in
the rod cavity. This is also the minimum displacement point of
the piston rod toward the rod cavity. The pressure difference in
the cavity is slight. The pressure is smaller in the middle of the
cavity and larger in both ends. 0.0175 and 0.042 s are the
maximum value points of the average pressure in the rod
cavity. This is the maximum displacement point of the piston
rod toward the rod cavity. The pressure difference in the cavity
is significant. The pressure is larger in the cavity top and
smaller in the bottom. The increase or decrease of the impact
load will cause the increase or decrease of the displacement of
the piston rod toward the rodless cavity. The average pressure
in the rod cavity decreases gradually when the piston rod
moves toward the rodless cavity, such as 0.0005—0.0055 s.
When the piston rod moves toward the rod cavity, it gradually
rises, such as 0.006—0.018 s. The pressure on one side of the
piston surface is always larger than the pressure on the top side
of the cavity. The pressure is maximum at the piston surface
and decreases layer by layer along the cavity direction from the
piston surface to the top of the cavity.

From the velocity streamline, the maximum velocity in the
rod cavity is 0.06 m/s. The velocity streamlines at the top of
the cavity are relatively disordered and those at the piston
surface are relatively regular. The fluid velocity in the rod
cavity is larger than that in the rodless cavity. When the piston
rod displacement approaches the maximum, the movement
direction of the piston turns, such as 0.0035—0.0055 s and
0.0175—0.0180 s. At this time, intensive arc-shaped velocity
streamlines appear on the top of the rod cavity, and its
formation time is slightly earlier than that of the rodless cavity.
When the movement direction of the piston is constant, the
velocity streamline is gentle, such as 0.0005 and 0.0130 s. The
second period’s (0.0245—0.0490 s) pressure distribution and
velocity streamline law are similar to those of the first period’s.

In summary, when the tail beam jack is impacted by coal
rock in a closed state, the pressure distribution response is

more pronounced in the rodless cavity, and the velocity
streamlines response is more pronounced in the rod cavity.

3.2. Impact Response of the Tail Beam Jack in the
Motion State. This section studies the jack’s vibration
response of the moving mechanism under the impact of coal
rock. The lifting movement of the caving control mechanism is
taken as an example. The jack must overcome the covering
coal pressure to move, so the liquid pressure must be greater
than the covering coal pressure. In order to keep the pressure
in the cylinder similar to that in the stationary state for
comparative analysis, the covering coal load is reduced to 141.7
kN compared with the stationary state. The impact of the
single or small amount of coal is small, set to 0—0.8 kN. When
the jack gradually supports the tail beam to do support
movement, the liquid enters the rodless cavity and exits the rod
cavity. Therefore, the oil port of the rodless cavity is set as the
quality inlet, and the oil port of the rod cavity is set as the
quality outlet. The oil stream flowing into the rodless cavity is
treated as negligibly small due to the short interval between the
set shocks. Jack’s piston rod pushes the tail beam upward
through the hinge point. As the hinge point is raised, the angle
between the jack and the vertical plane increases. According to
force analysis,”® the supporting force of the jack needs to
increase gradually to maintain stability in this process.
Therefore, the continuously increasing impact load is applied
to the tail beam jack. Nonetheless, the increase in impact load
is also small because the impact time is very short, as shown in
Figure 11. After the simulation, the impact response character-
istics are observed, such as the stress and strain of the jack and
the pressure and velocity streamlines of the fluid.

143.0 7

142.5

142.0

Force (kN)

141.5

141.0 T T T T T 1
0.00 0.01 0.02 003 0.04 0.05 0.06

Time (s)

Figure 11. Impact load curve of the tail beam jack in the motion state.

3.2.1. Stress and Strain Nephograms of the Tail Beam
Jack in the Motion State. Stress distribution and deformation
of the jack cylinder are apparent. The stress nephogram of the
tail beam jack is shown in Figure 12, and the strain nephogram
is shown in Figure 13.

From Figure 12, the maximum stress of the tail beam jack is
68.58 MPa, located at the piston rod’s hinge hole and is less
than the yield strength of the material. The stress
concentration of the piston rod is located at the interface
between the piston and rod on one side of the rod cavity. The
stress concentration of the cylinder is located at the interface
between the cylinder wall and the cylinder bottom. The stress
of the rodless cavity and piston rod is larger, while the stress of
the rod cavity is relatively more minor.

From Figure 13, the maximum deformation of the jack
cylinder is only 3.516 X 107° m, located at the cylinder bottom
and distributed on both sides above the hinge hole. The overall
deformation of the cylinder is minimal, which meets the
performance requirements and design specifications. The
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Figure 12. Stress nephogram of the tail beam jack in the motion state.
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Figure 13. Strain nephogram of the tail beam jack in the motion state.
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Figure 14. Parameter changes of the tail beam jack in the motion state: (a) piston displacement and piston rod compression and (b) average

pressure of the rodless cavity and the rod cavity.

deformation mainly occurs on the rodless cavity and piston
rod, especially on the bottom of the rodless cavity. The strain
on one side of the rod cavity is minor, and there is no obvious
deformation.

3.2.2. Parameter Changes of the Tail Beam Jack in the
Motion State. The impact load fluctuates dynamically and
increases continuously. This process covers different working
conditions of the tail beam jack such as loading, bearing, and
unloading. The piston displacement and piston rod compres-
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sion of the tail beam jack are shown in Figure 14a. The average
pressure of the rodless cavity and rod cavity is shown in Figure
14b.

From Figure 14, the characteristic curves of the displace-
ment, compression, and pressure show similar periodic
variation. As shown in Figure 14a, the piston displacement
curve is closest to the load curve, which can reflect the impact
of the tail beam and the tail beam jack. The piston rod appears
to have compression deformation under the double action of
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Figure 15. Pressure distribution and velocity streamline in the rodless cavity of the tail beam jack in the motion state.

external impact load and internal hydraulic pressure. With the
increase of time, the median value of compression deformation
fluctuation increases. As shown in Figure 14b, the pressure
midline of the rodless cavity increases from 19.45 to 19.52
MPa, and the pressure midline of the rod cavity decreases from
2.302 to 2.301 MPa. The changing trend of average pressure in
the rodless cavity is opposite to that in the rod cavity. The
pressure in the rodless cavity tends to increase with vibration,
while the pressure in the rod cavity tends to decrease with
vibration. Because the jack is supported by the pressure
difference between the rodless cavity and the rod cavity, such
changes gradually increase the jack support force. This is
consistent with the variation trend of the external load applied,
which can prove that the pressure calculation is correct.
3.2.3. Pressure Distribution and Velocity Streamline of the
Tail Beam Jack in the Motion State. The piston rod’s
movement changes the jack cavity’s volume, and the pressure
distribution and velocity streamline change accordingly. The
pressure distribution and velocity streamline in the jack cavities
at special time points are plotted, such as rise midpoint, drop
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midpoint, and extreme point, respectively, as shown in Figures
1S and 16.

As shown in Figure 15, the pressure in the rodless cavity is
distributed in longitudinal layers, with noticeable overall
changes. Compared with the stationary state, the pressure
difference in the rodless cavity is more evident in the dynamic
liquid inlet and outlet state. During 0—0.007 s, the pressure in
the rodless cavity increases due to the impact load. The
pressure concentration in the cavity is at the cylinder wall
opposite the oil port. Pressure decreases from the concen-
tration point along the inner wall to both sides in the radial
direction and from the cylinder bottom to the piston surface in
the axial direction. At 0.007 s, the pressure reaches the
maximum value, and the pressure difference is the maximum,
1938 Pa. During 0.007—0.021 s, the pressure in the rodless
cavity decreases due to the reduction of impact load. The
pressure concentration in the cavity is on the piston surface.
The pressure distribution increases from the cylinder bottom
to the piston surface. The second period’s (0.029—0.058 s)
pressure distribution and velocity streamline law are similar to
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Figure 16. Pressure distribution and velocity streamline of the rod cavity of the tail beam jack in the motion state.

those of the first period’s. The maximum pressure difference in
the first period is 1938 Pa and that in the second period is
1838 Pa. Hence, with the increase of impact time, the pressure
difference in the cavity gradually decreases, and the system
gradually tends to be stable. In summary, the pressure
distribution in the rodless cavity has a sensitive response to
the impact load, which can reflect the magnitude and change
trend of the impact load.

From the velocity streamline, the flow direction is first
parallel to the oil port pipe and cylinder bottom and hits the
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inner wall on the left side of the cylinder bottom. Then, it
forms a complex spiral vortex’”*’ on the left side of the
cylinder bottom and turns. Finally, it flows upward along the
cylinder wall to the piston and provides thrust to the piston
rod through the liquid pressure. The flow velocity at the oil
port and the cylinder bottom is large, while the flow velocity at
the upper part and near the piston is small. It can be concluded
that the spiral vortex consumes a part of the kinetic energy of
the liquid, which is converted into fluid steering and cylinder
deformation. During 0.007—0.021 s, the pressure in the rodless
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cavity is in the decreasing stage. The piston displacement
vibration is in the direction of the rod cavity. At this time, the
flow velocity is high. The velocity streamlines flow out from
the left side of the spiral vortex. During 0.021—0.037 s, the
pressure is in the increasing stage. The piston displacement
vibration is toward the rodless cavity. At this time, the flow
velocity is low. The velocity streamlines enter from the right
side of the spiral vortex. The liquid velocity in the rodless
cavity is negatively related to the load and cavity pressure.

As shown in Figure 16, the pressure in the rod cavity of the
tail beam jack is distributed in longitudinal layers. Compared
with the rodless cavity, the pressure difference at each time
point is smaller than 380 Pa. The minimum points of the rod
cavity pressure are 0.007 and 0.037 s. This is also the minimum
displacement point of the piston rod toward the rod cavity.
The pressure difference in the cavity is low. The pressure is
smaller in the middle of the cavity and larger in both ends. The
maximum points of the rod cavity pressure are 0.021 and 0.051
s. This is also the maximum displacement point of the piston
rod toward the rod cavity. The pressure difference in the cavity
is large. The pressure is larger in the cavity top and smaller in
the bottom. The increase and decrease of the impact load will
cause the increase and decrease of the displacement of the
piston rod toward the rodless cavity. The average pressure of
the rod cavity decreases gradually when the piston rod moves
toward the rodless cavity, such as 0.001—0.007 s. When the
piston rod moves toward the rod cavity, it gradually rises, such
as 0.007—0.021 s. In conclusion, the pressure distribution in
the rod cavity has a sensitive response to the impact load,
which can reflect the magnitude and change trend of the
impact load.

Under the dynamic fluid-structure coupling, the velocity
streamlines in the rod cavity are very sensitive to the increase
and decrease of impact load. The velocity streamline extends
smoothly from the piston to the oil port. It can be seen that
during 0.007—-0.021 s and 0.037—0.051 s, the impact load
decreases, and the piston displacement vibration moves toward
the rod cavity. The velocity streamline flows rapidly from the
piston surface to the cylinder top and then flows to the oil port
after colliding with the top wall. Finally, it forms an obvious
semicircle arc streamline on the upper part of the cylinder.
During 0—0.007, 0.021—0.037, and 0.051—0.059 s, the impact
load increases, and the piston displacement vibration moves
toward the rodless cavity. The velocity streamlines flow
smoothly and slowly from the piston surface to the oil port,
without forming a semicircle arc streamline. Compared with
the rodless cavity, the response of the velocity streamlines in
the rod cavity to the impact load is more evident and regular.
The velocity streamline of the rod cavity can reflect the
changing trend of the impact load.

In summary, when the tail beam jack is impacted by coal
rock in the motion state, the response of pressure and velocity
in the rodless cavity and the rod cavity are both sensitive and
prominent. The response degree of the pressure in the rodless
cavity is more significant than that in the rod cavity. The
response degree of the velocity in the rod cavity is more
significant than that in the rodless cavity. Comparative analysis
shows that the response differentiation degree of the tail beam
jack in the motion state is more significant than that of the tail
beam jack in the stationary state.

15695

4. CONCLUSIONS

This paper establishes a bidirectional fluid-structure coupling
model of the tail beam jack under dynamic impact load. The
stress and strain fields of the jack’s cylinder are studied. The
pressure and velocity fields of the jack’s liquid are studied. The
response characteristics of the jack under impact load in the
stationary state and motion state are analyzed. The conclusions
are as follows:

(1) under the impact load, the stress and strain concen-
trations of the jack cylinder are mainly located at the oil
port, the piston rod connection, and the bottom cylinder
surface. The stress and strain of the rodless cavity are
much larger than the rod cavity’s. Damage is more likely
to occur in the rodless cavity of the tail beam jack.

(2) The liquid pressure of the tail beam jack is distributed in

longitudinal layers. The layered mode shows different

conditions with the varying change of impact load. The
pressure gradient is more evident in the rodless cavity
than that in the rod cavity.

The liquid velocity streamlines in the jack cavities show

different shapes with impact load changes. Different

degrees of spiral vortices are easy to form in the rodless
cavity—the greater the impact, the stronger the vortex.

The rod cavity does not form the vortex due to the

existence of the rod. The streamlines in the rod cavity

are more smooth and easy to observe.

(3)

(4) The rodless cavity is stronger in the response degree of
pressure signal, while the rod cavity is stronger in the
response degree of velocity signal. To effectively identify
the impact load change, it is necessary to analyze the
rodless cavity’s pressure signal and the rod cavity’s
velocity signal.

(5) The motion state is superior to the stationary state for
the response sensitivity of the jack to the impact load.
The pressure and velocity signals of the jack in the
motion state can identify the load variation more

accurately.

The findings of this study can help for better understanding
of the tail beam jack’s structural design and failure prevention.
Compared with the existing studies in this field, the results of
this study are more authentic, comprehensive, and intuitive. An
innovative bidirectional fluid-structure coupling method is
used in this study. Both the stationary state and motion state
are analyzed. The flow velocity streamlines and pressure
distribution are visualized together. However, this study still
has limitations. The influence of friction and sealing character-
istics on the impact response of the tail beam jack was not
considered. Friction and sealing characteristics can also
influence the results to some extent. Therefore, the bidirec-
tional fluid-structure coupling model can consider the tail
beam jack’s friction and sealing characteristics in further
research.
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