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Studying the movement characteristics of the coalmine emulsion pump valve is of great significance for optimizing the dynamic
response characteristics of the pump valve, reducing the hysteresis effect, and improving the volumetric efficiency. +is article
combines the Internet of+ings (IoT) and cellular automata techniques to investigate the movement characteristics of the valve of
the emulsion pump. Based on Adolf’s exact differential equation and Runge–Kutta iterative method, the movement displacement
and movement of the pump valve spool speed curve are computed using Scilab software. We employ cellular automata and
AMESim to establish the hydraulic system model of emulsion pump and analyze the movement characteristics of pump valve
movement displacement, speed, stability, and closing hysteresis through simulation. Finally, the IoT techniques and a test device
are used to evaluate the movement displacement of the pump valve. +e experimental results verify the feasibility of using the
proposed method to study the pump valve motion characteristics, greatly reduce the cost of testing and parameterized design, and
contribute to the development of highly reliable and efficient emulsion pump valves.

1. Introduction

+e coalmine emulsion pump is a typical reciprocating
plunger pump. It is the power source of the fully mechanized
mining hydraulic systems. It delivers high-pressure media to
the fully mechanized mining hydraulic support and is an
important source for continuous and efficient mining of the
entire working face [1, 2]. +e pump valve of the emulsion
pump is an important flow distribution mechanism, which
can provide the delivery of the emulsion. Due to the com-
pressibility of the emulsion medium, the valve distribution
response of the emulsion pump has a certain hysteresis [3].
+e hysteresis in the process of pump valve distribution is the
main reason that affects the volumetric efficiency of the
emulsion pump. +erefore, studying the movement

characteristics of the pump valve of the emulsion pump is of
great significance for optimizing the dynamic response
characteristics of the pump valve, reducing the hysteresis
effect, and improving the volumetric efficiency [4, 5].

Gustav Adolph Mayer (U-Adolph) [6] demonstrated the
second-order nonlinear ordinary differential equation de-
scribing the dynamic characteristics of the pump valve under
the assumption of liquid incompressibility. Combined with
the differential equations of Adolf’s pump valve motion,
several works have carried out research on the motion law of
the reciprocating plunger pump valve. Omichi et al. [7]
studied the influence of the Widmanstätten effect of the
pump valve movement on the continuous flow conditions of
the liquid in the pump barrel and established a simulation
model of the pump valve movement law by using the
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numerical integration method. Junfeng et al. [8] developed
an experimental system for evaluating valve disc’s motion
parameters to directly obtain the valve disc motion accel-
eration, velocity, and displacement under real conditions.
+e testing results were compared with the calculation re-
sults obtained according to U. Adolph +eory and Ap-
proximation +eory. +e authors in [9] investigated the
dynamic features of the cartridge pilot relief valve by power
bond graph and AMESim simulation software and reported
the impact of main structural parameters on its dynamic
performance. Lei and Wu examined the stability and fast
responsiveness of the relief valve and improved the structure
of the relief valve through simulation [10]. Dasgupta and
Watton employed the bond graph approach to investigate
the dynamic characteristics of the valve and obtained the
influence of damper hole, spring, and other structures on the
response of the relief valve system [11]. Sang and Kang [12]
studied the spool damper hole of the emulsion pump valve.
Fluent was used to simulate the flow field near the damper
hole with different diameters. Using the damper hole, the
structure of the relief valve was improved. Vallet et al. [13]
used the bond graph method to study the dynamic char-
acteristics of the pilot relief valve. Taking into account the
static hydrodynamic force and hydraulic compressibility of
the valve core, the impact of body structural factors of the
valve on response time was simulated. +e effect of the
change in the diameter of the damper hole and the half-cone
angle of the main spool on the peak time and the adjustment
time of the emulsion pump valve is obtained. Hao et al. [14]
used AMESim simulation software to investigate the
opening characteristics, hysteresis response, closing shock,
and other characteristics of different types of emulsion pump
valves. +e authors in [15] combined the simulation results
of the dynamic characteristics of AMESim, using software to
optimize the spool structure, reducing the impact stress
when the spool is closed. Xiu and Yajun [16] completed a
simulation of the hydraulic relief valve and established the
AMESim model of the valve. +ey examined the effect of
pilot valve lead clearance, valve core mass, sensitive chamber
volume, damping hole diameter, spring stiffness, and other
parameters on system performance. Yongjun et al. [17]
developed a hydraulic back pressure valve. +e effects of the
front volume of the main throttle, the volume of the main
spring chamber, the size of the slim hole of the damper plug,
and the main throttle on the performance of the damper
were discovered using simulation. Some scholars have
proposed the mathematical model of the emulsion pump
valve and linearized the differential equation to get the
transfer function model of the valve. +e dynamic perfor-
mance of the emulsion pump valve and the influence of
structural parameters on the performance of the valve were
simulated and analyzed using Matlab/Simulink and other
simulation methods [18–21]. Tian et al. [15] simulated the
fluid supply line of the emulsion pump station using
AMESim software, and the pressure loss model was simu-
lated and analyzed. +e power matching control technology
was introduced into the pump station control system to
judge the power demand of hydraulic support and optimize
the output of the emulsion pump station.

As the only key equipment that provides power to the
hydraulic support, the emulsion pump valve is the reliable
operation of the hydraulic support and the safe operation of
the underground [16]. +erefore, the performance of the
emulsion pump is very important. Studying the movement
characteristics of the pump valve of the emulsion pump is of
great significance for optimizing the dynamic response
characteristics of the pump valve, reducing the hysteresis
effect, and improving the volumetric efficiency. +is article
combines the IoT and cellular automata to analyze the
movement characteristics of the pump valve of the mine
emulsion pump. It is expected that the copper drum will
therefore optimize the performance and structural param-
eters of the emulsion pump, which can have a definite
guiding role in the design of emulsion products.

+e rest of the paper is organized as follows. Section 2
provides an overview of the related technologies. In Section
3, the cellular automata and Adolf differential equations are
discussed. Section 4 illustrates the simulation results, and
finally, Section 5 concludes the manuscript.

2. Overview of Related Technologies

2.1. Emulsion Pump Valve Distribution Principle. +e coal-
mine emulsion pump is usually driven by a motor and is
reduced by a first-stage gear to drive the crankshaft to rotate,
and then the connecting rod and the crosshead drive the
plunger to reciprocate [17, 18]. +e rightward movement of
the plunger is the discharge stroke, the leftward movement is
the suction stroke, and the crankshaft is rotated one time.
+e discharge valve and the suction valve are opened and
closed each time. Figure 1 shows the data processing
structure of the emulsion pump.

During this process, the working fluid passes through the
suction valve and the discharge valve, and the liquid is
delivered [18, 19]. +e emulsion pump depends on the
rotation of the crankshaft to drive the plunger to reciprocate
so that the volume of the working chamber changes peri-
odically to complete the suction and discharge process of the
emulsion pump [20, 21]. +e suction and discharge process
consists of the opening and closing of the pump valve. If the
suction and discharge valves and the plunger have good
sealing performance, there is no leakage during the move-
ment of the spool [22, 23]. Figure 2 shows the working
mechanism of the emulsion pump.

Under normal circumstances, both sides of the spool of
the suction valve are filled with liquid medium. When the
plunger moves away from the hydraulic end, the pressure in
the cavity is rapidly decreased to form a low-pressure
vacuum [24]. Currently, the pressure outside the spool is
lower than the pressure in the cavity, resulting in pressure
change. When the pressure of the working chamber is re-
duced to a certain value, the external liquid pressure
overcomes the spring force of the valve core and the weight
to push the suction valve open [25]. At this time, themedium
liquid enters the plunger chamber. In the process of the
plunger turning to the right, as the plunger continues to
move to the right, the pressure in the working chamber
increases [26]. When the pressure in the working chamber
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closes the suction valve core, the liquid pressure in the
working chamber is greater than the discharge pressure. +e
spring drain valve core of the liquid valve core is opened, and
the emulsion is discharged from the drain valve.

2.2. Internet of /ings Technology. +e Internet of +ings
(IoT) is a system of interconnected computing devices,
mechanical and digital machines, objects, and people that
are provided with distinct identifiers and the ability to
transfer data over a network without requiring human-to-
human or human-to-computer interaction. In recent years,
with the advent of various sensor technologies and the
development of cloud computing technology, the IoT has
begun to become the focus of social attention and has
gradually begun to develop [27]. Sensors could be motion
sensors, air quality sensors, temperature sensors, moisture
sensors, and light sensors. +ese sensors, along with a
connection, allow us to automatically collect information
from the environment, which, in turn, allows us to make
more intelligent decisions. Recently, service-oriented ar-
chitecture and cloud computing technology have been
greatly developed. Many manufacturers combine IoT plat-
forms with clouds, design and implement IoTplatforms with
service-oriented thinking, and encapsulate various under-
lying devices into services that are connected to the platform
in a unified way, and devices are unified as services for
management so that all devices have a unified way of access

and expression in the platform. At the same time, devices
open platform regulations [28, 29].

To reduce costs, existing IoT application scenarios de-
ploy network facility nodes in fixed locations that are easy to
deploy and manage, and the number is limited [30, 31].
Under this fixed-topology network deployment method,
some areas such as construction sites, fire/earthquake sites,
and large-scale and assembly sites are damaged due to the
complex construction environment or accidentally dam-
aged, and the coverage performance is greatly reduced or
even become coverage blind spots. +erefore, it is necessary
to increase the flexibility of the network in the above-
mentioned area and flexibly supplement and change the
location of network nodes [32, 33].

3. Analysis of Pump Valve’s
Movement Characteristics

3.1. Cellular Automata. A cellular automaton is a lattice of
cells where the behavior of each cell is determined by the
behavior of its neighboring cells as well as the automata rule.
It can simulate the spatiotemporal evolution process of
complex systems. According to spatial levels, cellular
automata are divided into one-dimension, two-dimension,
and high-dimension models. +e simplest type of cellular
automata is a binary, nearest neighbor, one-dimensional
automaton. Such types of automata are also called “ele-
mentary cellular automata.” Cellular automata are com-
posed of four parts: cell, cell space, neighbors, and
transformation rules. +e definitions of the four parts are
different due to different models. In general, the cellular
automata can be regarded as a transformation function
defined in a specific cell space [20].

Because of the single state set and simple rules, the
emulsion pump depends on the rotation of the crankshaft to
drive the plunger to reciprocate so that the volume of the
working chamber changes periodically to complete the
suction and discharge process of the emulsion pump. Ex-
perts and scholars have studied it deeply, and it is the basis of
all cellular automata models.

dϑ
dt

� ωz,

α � ϑ − θ.

(1)

Rules are the core of the cellular automata model. +e
cell and cell space only represent the static components of
the system, and the characteristics of cellular automata are
discrete and dynamic.

dx

dt
� V cos θ,

dy

dt
� V sin θ.

(2)

To introduce dynamics, we need to add the corre-
sponding cell transformation rules [21]. +e schematic di-
agram of cell data processing is shown in Figure 3.
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Figure 1: Data processing structure of emulsion pump.
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Figure 2: Working principle of the emulsion pump.
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+e main steps included are data integration, data se-
lection, transformation, mining, and evaluation.

+e transformation rule can be given represented as
mathematics and physical equations and generally depends
on specific conditions. +e function can be expressed as
follows:

Jz

dωz

dt
+ Jy − Jx􏼐 􏼑ωyωx + Jxy ω2

y − ω2
x􏼐 􏼑 � Mz. (3)

+e cell adjacent to the central cell in space is called its
neighbor, and the area composed of all neighbors is called
the cell neighborhood.

δz � f e1( 􏼁,

q7 ≡ θ10 � a tan 2 −s5nex + c5ney, s5aex − c5aey􏼐 􏼑.
(4)

Owing to the complex characteristics of the emulsion
pump, it is assumed that the neighbors of a cell are other cells
connected to it at the network level, and the adjacency
matrix A is used to represent the neighbor relationship
between these neighbor cells.

Ci � −
1
2
ηM

− 11,

ArgCi �
􏽐

n
i�1􏽐

n
j�1∧≠jCC Si, Sj􏼐 􏼑

n∗ (n − 1)
.

(5)

To determine the transmission trend and the impact
scale under the node cascade failure, we compute

ArgCC Ci, Cj􏼐 􏼑 �
􏽐

m
i�1􏽐

n
j�1∧≠jCC Si, Sj􏼐 􏼑

m∗ n
, (6)

f � 􏽘

4

j�1
fjwj, (7)

Fj �
1

1 + 􏽐
4
j�1fjwj􏼐 􏼑

. (8)

A cellular automaton (CA) is an open, flexible, and
discrete dynamic model that holds enormous potentials in
modeling complex systems, despite the simplicity of the
model itself. In summary, cellular automata have a long
research history and are widely and maturely applied in
various fields. It has formed a relatively complete theoretical
system. Only simple transformation rules of CA can be used
to realize the complex systems that are difficult to calculate.
Simulation evolution: owing to its impressive power, intu-
itiveness, and relative simplicity, the CA approach has great
potential for use as a tool in emulsion pump valves.
+erefore, it is feasible to use cellular automata to study the
key parameters of emulsion pumps [21, 22].

3.2. Adolf’s Exact Differential Equation. Adolf’s exact dif-
ferential equation model has singularities with the opening
and closing phases of the valve. +erefore, the Runge–Kutta
method is used to iteratively solve the second-order non-
linear ordinary differential equations. Runge–Kutta method
is an effective and mostly used method for computing the
initial-value problems of differential equations. It can be
used to construct high-order accurate numerical methods.
Based on the Runge–Kutta method, a simulation model
describing the movement of the pump valve is developed,
and a simulation program describing the movement of the
pump valve was compiled using Scilab simulation software
[34]. +e second-order nonlinear ordinary differential
equation describing the dynamic characteristics of the pump
valve deduced by U-Adolph is shown as follows:

T
2
h
2
h″ + h

3
+ Ah

2
− εBf

2
+ εCfh′ − ε Dh′2 � 0, (9)
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Figure 3: Schematic diagram of cell data processing.
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where T2 � m/c, A � ((G + FS
′)/c), B � (φξρA2Avr2ω2/

2cl2vsin
2 α), C � (φξρAA2

vrω/cl2vsin
2 α), and D � (φξρA3

v/
2cl2vsin

2 α).
Take a certain stroke (or crank angular velocity ω) of a

reciprocating plunger pump as an example, if φ and ξ remain
unchanged in equation (9). +e description of the above
symbols is shown in Table 1.

+is article takes a typical BRW630/37.5 emulsion
pump discharge valve as an example. Figure 4 represents a
typical BRW630/37.5 emulsion pump. +e structural
parameters of the pump were stroke 0.07m, plunger di-
ameter 0.06m, crank angular velocity 69.43 rad/s, me-
dium density 1000 kg/m3. +e mass is 0.425 kg, the spring
stiffness coefficient is 6.842 N/m, and the valve spring
preload is 47.9 N.

We used Scilab software to perform simulation calcu-
lations. +e spool of the pump valve was vibrated, and the
displacement curve was slightly ridged. +e spool opened
when the crank angle was 25°. It reached the maximum value
of 8.44mm at 55°, then began to drop to 97°, and then began
to rise again, until reaching the second peak point of
4.95mm at 115.5°, mainly because of fluid lift, like the results
of literature research. +e spool closes when it drops to a
crank angle of 180°, and there is no closing hysteresis.

4. Simulation Analysis of Emulsion Pump
Based on AMESim

4.1. AMESim Model. +e mechanical structure and motion
state of the emulsion pump are relatively complicated, in-
cluding the high-speed rotation of the motor, the low-speed
and heavy-duty rotation of the crankshaft, and the excitation
force generated by the reciprocating motion, as well as the
reciprocation of the connecting rod-crosshead plunger
mechanism. Figure 5 shows the schematic diagram of the
spool displacement test system movement and nonlinear
movement of the suction valve and the discharge valve.
AMESim is a multidisciplinary complex system modeling
and simulation platform. Many studies have used AMESim
software to simulate and analyze emulsion pumps. We have
used the AMESim software to model the hydraulic system of
the emulsion pump. +e model includes a crank connecting
rod mechanism, suction valve, discharge valve, and other
models. Table 2 presents the simulation parameters of the
AMESim model.

4.2. Comparison and Analysis of Simulation and Test Results.
+is article adopted a monitoring system based on a linear
variable differential transformer (LVDT) sensor, data ac-
quisition system, and signal processing system to collect
displacement data of pump valve spool. An LVDT sensor is
generally used to convert mechanical motion or vibrations,
specifically rectilinear motion, into a variable electrical
current, voltage or electric signals, and the reverse. In the
AMESim simulation results, the spool is closed at a crank
angle of 203°, while the test results show that the spool closes
at a crank angle of 308°. Figure 6 shows the U-Adolph
simulation of displacement of the valve core, whereas

Figure 7 shows the U-Adolph and AMESim simulation
displacement of the valve core. +e test medium used was
pure water, the working frequency of the motor was 50Hz,
the pressure was controlled by the electromagnetic
unloading valve with unloading pressure of 37.5MPa, and
the recovery pressure was 35MPa. A test system based on
LVDT sensors was used to collect and test valve core dis-
placement data in a 37.5MPa water medium.

Figures 8 and 9 show the comparison results of the spool
displacement and opening speed of the two simulation
methods. +e AMESim simulation result assumes that the
valve core opens when the crank angle is 25°. +e maximum
speed of valve core opening calculated by Adolf simulation
was 2m/s, while the result of AMESim simulation calcu-
lation was 0.5m/s, and there was no spool vibration in the
simulation results of AMESim. +e Adolf displacement
simulation result is 8.44mm, while the AMESim simulation

Table 1: Description of some symbols of emulsion pump.

Symbol Meaning description
p1 Liquid pressure acting under the valve disc
p2 Liquid pressure acting on the valve disc
dd Centerline diameter of poppet valve disc
R0 Spring preload
Qg Discharge volume in the cylinder
ϕ Crank angle
ξ � (1/u2) μ is the flow coefficient of the valve
ρ +e density of working fluid
φ Coefficient of force on the valve disc

Figure 4: BRW630/37.5 emulsion pump.
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Figure 5: +e schematic diagram of the testing system of dis-
placement of pump valve.
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result is 5.29mm, which shows a difference of 3.15%
compared to the Adolf simulation result. Compared with
Adolf’s simulation results, the AMESim simulation result
shows obvious spool closing hysteresis. +e test result of the
maximum displacement of the valve core is 8.27 speed/mm.

4.3. Comparative Analysis of Simulation and Experiment.
+e phenomenon of spool vibration and the spool closing
hysteresis verify the feasibility of using the simulation

Table 2: Simulation parameters for the AMESim model.

Model Parameter Numerical value
Crank connecting rod Speed (r/min) 663

Suction/discharge valve Crank radius (mm) 35
Center distance of connecting rod (mm) 220

Orifice

Quality of suction valve (kg) 0.26
Suction valve spring stiffness (N/mm) 3.8

Suction valve spring preload (N) 38.5
Diameter of suction valve (mm) 50.8

Diameter of the upper rod of suction valve (mm) 22
Effective flow diameter of suction valve (mm) 45

Diameter of discharge valve (mm) 48
Diameter of the upper rod of drain valve (mm) 22.4
Effective flow diameter of discharge valve (mm) 40

Unloading valve Unloading pressure 37.5

30 60 90 120 150 1800
Crank angle (°)

0
1
2
3
4
5
6
7
8
9

Sp
oo

l d
isp

la
ce

m
en

t (
m

m
)

Figure 6: +e U-Adolph simulation of displacement of the valve
core.
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Figure 7: U-Adolph and AMESim simulation of the velocity of the
valve core.
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Figure 8: U-Adolph and AMESim simulation of displacement of
the valve core.
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Figure 9: U-Adolph and AMESim simulation as well as test of
displacement of the valve core.
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method to study the movement characteristics of the pump
and valve. +e cost of testing and parameterized design is
greatly reduced, which is helpful for the research and de-
velopment of high reliability, high response, and high-effi-
ciency emulsion pump valves. Both the spool displacement
test results and the Adolf simulation method show chat-
tering, but the test results show that the second wave crest
phenomenon of Adolf simulation does not appear in the
process of spool descent. Based on Scilab software, Adolf’s
precise differential equations are simulated and calculated to
solve the spool movement characteristics of a BRW630/37.5
emulsion pump, and the spool displacement curve and spool
movement speed curve are calculated.+e calculation results
show that the maximum displacement of the pump valve is
8.44mm when the valve is opened, and vibration occurs
during the closing process, and the displacement presents a
subpeak value of 4.95mm. In the AMESim simulation re-
sults, the spool closes at a crank angle of 203°, while the test
results show that the spool closes at a crank angle of 308°.
+erefore, the test result shows that the spool is closed at a
crank angle of 308°. +e closing hysteresis is even more
pronounced. According to the results of Adolf’s simulation,
the spool opens at a crank angle of 25°, reaches a maximum
value of 8.44mm at 55°, and then drops.When it starts to rise
to 115.5°, it reaches the second peak point of 4.95mm, and
then it is closed at 180°. Chattering occurs during the closing
process and there is no closing hysteresis. +e maximum
speed of the spool opening is 2m/s higher than the Adolf
simulation result by 0.5m/s. +e test result of the maximum
displacement of the spool is 8.27mm. Compared with the
test result, the Adolf simulation method is more accurate,
and the deviation is only 2.1%, while the deviation of the
AMESim simulation result is −36%. Compared with the test
results, the Adolf simulation method simulates the vibration
of the valve core during the closing process, but the second
wave peak phenomenon in the simulation results does not
appear in the test results, and the valve core vibration does
not appear in the AMESim simulation results phenomenon.
Both the test results and the AMESim simulation results
show obvious spool closing hysteresis. +e AMESim sim-
ulation results show that the spool closes at a crank angle of
203°, while the test result is 308°. +erefore, the spool closing
hysteresis in the test results is more significant.

5. Conclusion

Studying the movement characteristics of the pump valve of
the emulsion pump is of great significance for optimizing the
dynamic response characteristics of the pump valve and
improving the volumetric efficiency. We simulated Adolf’s
precise differential equations to solve the spool movement
characteristics of a BRW630/37.5 emulsion pump, and the
spool displacement curve and spool movement speed curve
are calculated. +e simulations results show that the max-
imum displacement of the pump valve is 8.44mm when the
valve is opened, vibration occurs during the closing process,
and the displacement presents a subpeak value of 4.95mm.
+e hydraulic system of the emulsion pump of the same
model is simulated by AMESim software, and the

displacement curve of the spool of the discharge valve and
the speed curve of the spool movement is computed. +e
maximum opening speed andmaximum displacement of the
spool of AMESim are less than those of Adolf’s simulation.
+ere is no vibration during the opening and closing process
of the discharge valve, and there is clear spool closing
hysteresis. A test system based on LVDTsensors was used to
collect and test valve core displacement data in a 37.5MPa
water medium. In terms of spool movement characteristics,
the maximum displacement data deviation of the spool is
only 2.1%, and spool vibration occurs in all cases. As
compared to the AMESim simulation results, the test results
have more significant spool closing hysteresis.
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