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China is the world’s largest producer and consumer of coal. �e method of dry coal bene�ciation is a key method of separation
technology in the �eld of coal mining. In this paper, the structure of a novel compound dry separator (NCDS) was revealed. �e
dynamic characteristics and vibration behavior of the NCDS were studied through theoretical modeling, simulation research, and
experimental test methods. �e mathematical model and simulation model based on ADAMS of the NCDS were established. �e
experiment for the NCDS was carried out using the dynamics characteristic testing system. �e dynamic curve and spatial
trajectory of the NCDS were obtained. �e Lissajous �gure of displacement indicated that the space motion trajectory of the
NCDS was an oblique line. �e dynamic characteristics of the NCDS with di�erent rotational speeds were revealed. �e e�ect of
eccentricity on the dynamic characteristics of the NCDSwas discussed, and the vibration amplitudes increased with the increase of
eccentricity. �e results showed that the deviation of the simulation data and theoretical data was within 3.75%, and the result of
the experiment data and theoretical data was within 6.98%.�rough comparison and veri�cation, the theoretical model with high
accuracy can accurately calculate the dynamic characteristics of the NCDS before processing and manufacturing. �is paper
provides a reference for the design and e�cient operation of the new compound dry separation machine.

1. Introduction

Coal occupies a dominant position in primary energy
consumption [1, 2]. China is the world’s largest producer
and consumer of coal [3, 4]. Coal bene�ciation is applied to
removeminerals that decrease the value of the coal product,
such as carbonate, pyrite, and silicate [5, 6]. Coal bene�-
ciation is a key process for deep processing of raw coal, and
it is also the source technology for clean and e�cient
utilization of coal and the basis for purifying air pollution
[7, 8]. �e methods of coal bene�ciation mainly include
wet-bene�ciation processes and dry-bene�ciation pro-
cesses [9, 10]. At present, wet bene�ciation of coal is ex-
tensively used because of its advantages of quality products
and high recovery [11]. However, wet coal preparation
requires a large amount of water, which is not possible in
arid areas. In addition, the moisture content of the �nal

product of wet coal preparation is very high (up to 12%),
making storage and transportation very di�cult [12–14].

�e overall distribution of coal resources in China is
more in the west and less in the east, and more in the north
and less in the south. Most of northwest China belongs to the
area with extreme water shortages and a cold climate. For the
coal resources with abundant reserves in these areas, dry coal
preparation technology is urgently needed to process and
improve the quality of coal. Dry coal separation has more
advantages than wet coal separation [15–17]. Compound dry
coal preparation technology is a new coal preparation
method suitable for China’s national conditions [13, 18].

Currently, the compound dry separator is mainly used
for the roughing of thermal and miscellaneous coal and
predischarging gangue [19, 20]. �e compound dry sepa-
rator uses pulverized coal contained in the feed as the au-
togenic medium to form a gas-solid two-phase mixture [21].
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Materials are stratified on the separation bed of the separator
by the comprehensive action of vibration and wind, and the
separation process by density is realized under the action of
buoyancy of high-density materials [22, 23]. )e research on
the design theory and equipment of the compound dry
separator provides technical support and equipment support
for large coal preparation plants in China, which is of great
significance for improving the raw coal selection rate, re-
ducing the cost of coal washing, and realizing the efficient
and clean utilization of coal [24, 25].

Nevertheless, based on the above review, only a few have
focused on the fundamental theories of compound dry
separator. In this study, the novel compound dry separator
(NCDS) was proposed to realize highly efficient dry coal
preparation. A dynamics model governing the vibration of
the separator was presented, and the kinematics charac-
teristics were systematically analyzed by vibration testing
technology andmultibody dynamics simulation. Besides, the
effects of the eccentricity of the shaft on the vibration
characteristics of the separator were investigated paramet-
rically. )e study provides theoretical and technical support
for research and industrial applications of the novel com-
pound dry separator, leading to low coal slurry production
as well as low pollution.

2. Model Constructions

As shown in Figure 1, the mechanical structure of the novel
compound dry separator (NCDS) is composed of two parts:
the air supply system and the main machine system. An air
supply system includes an air compressor, an air inlet, an air
outlet, and so on. )e main machine system of the separator
mainly includes the separation bed, the supporting structure,
feeding and discharging ports, and the driving system. )e
supporting structure mainly includes the main frame, power
frame, and bed support frame. )e separation bed is con-
nected to the eccentric sleeve, bearing, and shaft by a blade
spring. )e shaft is connected with the counterweight block
in the opposite direction through another blade spring,
eccentric sleeve, and bearing. )e shaft is also fixed on the
power bracket through the bearing seat and driven by the
motor through the pulley and belt. )e driving motor is a
frequency conversion motor, which controls the start, stop,
and rotational speed. )e horizontal and longitudinal in-
clination angles of the separation bed can be adjusted by the
inclination adjustment device. )e shaft drives the eccentric
shaft sleeve, and the reciprocating movement of the sepa-
ration bed is driven by the blade spring.

)e vibration intensity of the separation bed is closely
related to the performance of the NCDS.)erefore, it plays a
key role in fully understanding the working performance of
the NCDS to reveal the dynamic mechanical characteristics
and discuss the vibration behavior of the separator.

When the shaft rotates, the displacement, velocity, and
acceleration of the separation bed can be expressed as [26]

x � ecosφ cosωt,

y � esinφ cosωt,
 (1)

_x � −eω cos φ sinωt,

_y � −eω sinφ sinωt,
 (2)

€x � −eω2
cosφ cosωt,

€y � −eω2
sinφ cosωt,

 (3)

where (x, y), ( _x, _y), and ( €x, €y) are the displacement, ve-
locity, and acceleration, respectively, of the separation bed
along the X and Y directions. φ is the included angle between
the blade spring and the separation bed, e is eccentricity, and
ω is the angular rotational speed of the shaft.

3. Experiment Set up

)e experiment and analysis system for dynamic charac-
teristics of the NCDS is shown in Figure 2. )e system
mainly includes a circuit breaker, a frequency converter, the
NCDS, an ICP three-direction acceleration sensor, an
INV3060S multichannel signal acquisition instrument, and
Coinv DASP multichannel signal real-time analysis
software.

)e circuit breaker controls the opening and closing of
the entire circuit. )e frequency converter is used to set the
output speed of the variable frequency motor. )e
three-direction acceleration sensor is connected with the
multichannel acquisition instrument through a cable. )e
X-direction of the acceleration sensor is parallel to the
surface of the separation bed; the Y-direction is perpen-
dicular to the surface of the separation bed; and the Z-axis
direction is perpendicular to the side plate. )e multi-
channel acquisition device is connected to a computer
installed with Coinv DASP software through a network
cable.

)e sampling time should be set for at least 1 minute in
order to record the acceleration signals at different stages
completely. At the same time, in order to ensure the reli-
ability of the test data, the same working conditions need to
be repeated three times. )e acceleration signal collected by
the sensor is transmitted to the computer through a cable,
multichannel data acquisition instrument, and network
cable, and then analyzed in time and frequency domain by
DASP software.

4. Results and Discussion

4.1. Kinetic Analysis of the NCDS based on Multibody
Dynamics. )rough the theoretical model, the dynamic
parameters of the NCDS can be obtained. In order to study
the correctness and feasibility of the analysis method more
accurately, the motion characteristics of the NCDS are
simulated and analyzed by the multi-body dynamics soft-
ware ADMAS. )rough this software, different parameters,
such as displacement, velocity, and acceleration, can be
obtained. In the process of modeling, the mechanical
structure was simplified.

In the ADAMS software interface, a simplified simulation
model of the NCDSwas established, as shown in Figure 3.)e
eccentricity e is 8mm and the plate spring inclination φ is 30°.

2 Shock and Vibration



)e spring stiffness was set according to the theoretical
calculation. )e structure material chosen was steel, with a
corresponding density of 7.82×103 kg·m−3. )e restraint
formed between the shaft and eccentric sleeve, eccentric sleeve
and plate spring, and plate spring and separation bed were
defined as joint rotation pairs. Apply motion rotation drive to
the joint rotation pair between the mandrel and eccentric
sleeve. )e motion speed function was set as follows: STEP
(time, 0, 0, t0, ω0), that is, in the first t0 second, the speed
increases from 0 to ω0. After t0 seconds, the shaft moves in a
uniform circular motion. In this study, t0, ω0, and total
simulation times were 10 s, 38.7 rad· s−1 (370 rpm), and 20 s,
respectively. )e step size of the simulation was set to 0.002 s
to record experimental data every 0.002 s.

Figure 4 shows the time-domain response curve of the
separation bed displacement. It can be seen from Figure 4(a)
that during 0–10 s, the NCDS is in the starting stage, and the
vibration frequency of the bed gradually accelerates. After
10 s, the bed is in a stable operation state. Figure 4(b) shows

the time-domain response curves of bed displacement along
X and Y directions under stable operation. Under stable
operation, the displacement of the separation bed is har-
monic, and the displacement phase difference is always 0. At
this time, the displacement amplitude of the separation bed
in the X-direction is 7.01mm, and the displacement am-
plitude in the Y-direction is 3.84mm.

Figure 5 shows the time-space characteristic curve and
the displacement Lissa figure obtained according to the
time-domain response of displacement. )e time-space
characteristic curves show that the space displacement of the
separation bed is chaotic at first and then stable slowly. In a
stable operation state, the Lissajous figure shows that the
displacement track of the separation bed is an inclined
straight line.

Figure 6 shows the time-domain response curve of the
separation bed velocity. As can be seen from Figure 6(a), in
the first stage (0 to 10 s), the velocity amplitude | _x| and | _y|

increases gradually. After 10 s, velocity amplitude stays
stable. Figure 6(b) shows that the during steady-state, the
velocity amplitude | _x| is 271.7mm·s−1 and the velocity
amplitude | _y| is 149.3mm·s−1. In steady operation, the
velocity of _x and _y run in the same direction.

Figure 7 shows the time-domain response curve of the
separation bed acceleration. As can be seen from Figure 7(a),
during the start-up stage (0–10 s), the acceleration amplitude
of the separation bed along the X and Y directions gradually
increases, and after 10 s, the amplitude reaches its maximum
and starts to run steadily. It can be seen from Figure 7(b) that
the acceleration amplitude of the separation bed in the stable
state is 10.6m·s−2 in the X direction and 6.0m·s−2 in the Y
direction. Under stable operation, the direction of acceler-
ation is always the same.

Table 1 shows the comparisons such as displacement
amplitude, velocity amplitude, and acceleration amplitude
between the theoretical calculation results based on the
dynamic model and the simulation results based on
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Figure 1: Structure of the novel compound dry separator (NCDS).
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Figure 2: Arrangement of the experiment and analysis system.
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Simplified eccentric bushing

Simplified separation bed

Simplified blade spring

Figure 3: Simulation model of the NCDS.
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Figure 4: Time-responses of the displacement about the NCDS.
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Figure 5: Space-time curve and Lissajous figure of displacement about the NCDS.
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multibody dynamics (MBD) of the motion characteristics of
the separation bed of the NCDS. It can be seen that the
simulation results are in good agreement with the theoretical

calculation results. )e maximum relative error is only
3.75%. It shows that the theoretical calculation results have
high reliability and accuracy.
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Figure 6: Time-responses of the velocity about the NCDS.
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Figure 7: Time-responses of the acceleration about the NCDS.

Table 1: Comparisons of theoretical results and simulation results.

Parameters )eoretical results Simulation results Error (%)
|x| (mm) 6.93 7 1.01
| _x| (mm·s−1) 268.1 271.7 1.34
| €x| (m·s−2) 10.4 10.6 1.92
|y| (mm) 4.0 3.85 −3.75
| _y| (mm·s−1) 154.7 149.3 −3.49
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4.2. Vibration Analysis Based on the Dynamic Experiment.
Based on the theoretical model, it can be found that the
vibration characteristics of the separation bed are related to
the shaft rotational speed. )e shaft rotational speed is
determined by the driving motor. )e frequency of the
current determines the rotational speed of the driving
motor. In order to study the influence of shaft rotational
speed on the vibration performance of the NCDS, the fre-
quency converter parameters were set to 36.7, 38.6, 40.7,
42.6, and 44.7Hz, respectively, and the corresponding an-
gular speed ω of shaft rotational speed was 38.74, 40.75,
42.97, 43.2.97, and 47.19 rad·s−1, respectively. )at is, the
shaft rotational speeds n are 370.16, 389.33, 410.51, 429.67,
and 450.85 rpm, respectively.

Experimental test results and theoretical results about
dynamic characteristics under different rotational speeds of
the separation bed along the X-direction are shown in
Figure 8. Generally, with the increase of the rotational speed
n, the displacement amplitude along the X-direction is
basically unchanged, while the velocity amplitude and ac-
celeration amplitude gradually increase. Figure 8(a) shows
the variation tendency of the displacement amplitude of the
separation bed along the X-direction under stable working
conditions. It can be seen that the displacement amplitude
increases slightly with the increase of the rotational speed n.
When the speed n increases from 370.16 to 410.51 rpm, the
displacement amplitude of the separation bed along the X-
direction increases from 6.88mm to 7.30mm. When n
further increases to 450.85 rpm, the displacement amplitude
continues to increase to 7.40mm. At different rotational
speeds, the displacement amplitudes are always about 7mm,
which is equal to e·cosφ.

Figure 8(b) shows the change rule of the velocity am-
plitude along the X-direction under stable working condi-
tions. It can be seen that the velocity amplitude increases
with the increase of the motor speed n. When the speed n
increases from 370.16 to 410.51 rpm, the velocity amplitude
increases from 286.8mm·s−1 to 316.2mm·s−1. When the
speed n continues to increase to 450.85 rpm, the velocity
amplitude increases to 349.2mm·s−1. )e velocity amplitude
along the X-direction is e·ω·cosφ approximately with dif-
ferent rotational speeds.

Figure 8(c) shows the acceleration curve of the sepa-
ration bed along theX-direction.When the speed n increases
from 370.16 to 450.85 rpm, the acceleration amplitude along
the X-direction of the separation bed increases from
10.43m·s−2 to 16.46m·s−2. )e acceleration amplitudes in
the X-direction are always equal to e·ω2·cosφ. )e experi-
mental results are in good agreement with the theoretical
ones along the X-direction.

)e dynamic characteristics along the Y-direction are
shown in Figure 9. With the increase of the rotational speed
n, the displacement amplitude in the Y-direction increases
slightly, while the velocity amplitude and acceleration am-
plitude increase gradually. Figure 9(a) shows the variation
tendency of the displacement amplitude of the separation
bed along the Y-direction under stable working conditions.
When the rotational speed n increases from 370.16 to
410.51 rpm, the displacement amplitude increases from

3.78mm to 4.10mm. When n further increases to
450.85 rpm, the displacement amplitude continues to in-
crease to 4.25mm. At different rotational speeds, the dis-
placement amplitude of the separator surface along the Y-
direction is always about 4mm, which is equal to e∙sinφ.

Figure 9(b) shows the change of velocity amplitude of the
separation bed along the Y-direction under stable working
conditions. It can be seen from the figure that the speed
amplitude of the separation bed surface along the Y-di-
rection increases with the increase in the rotational speed n.
When the speed n increases from 370.16 to 410.51 rpm, the
velocity amplitude increases from 161.6mm·s−1 to
183.1mm·s−1. When the speed n continues to increase to
450.85 rpm, the velocity amplitude increases to
191.2mm·s−1. )e velocity amplitude in the Y-direction is
approximately equal to e∙ω∙sinφ at different rotational
speeds. Figure 9(c) shows the acceleration curve along the Y-
direction. When the speed n increases from 370.16 to
450.85 rpm, the acceleration amplitude of the separation bed
increases from 5.92m·s−2 to 9.45m·s−2. )e acceleration
amplitudes along the Y-direction are always equal to
e·ω2·sinφ.

It should be noted that when n increases from
370.16 rpm to 450.85 rpm, the displacement amplitude of the
separation bed along the X-direction increases by only
7.55%, while the velocity amplitude and acceleration am-
plitude increase by 21.75% and 57.81%, respectively. Simi-
larly, the displacement amplitude in the Y-direction
increased by 12.43%, while the velocity amplitude and ac-
celeration amplitude increased by 18.32% and 59.63%, re-
spectively. When the speed n exceeds a certain range, further
increasing n will increase the displacement amplitude of the
bed surface rapidly, especially the velocity and acceleration
amplitude of the separation bed. )erefore, the rotational
speed should be controlled within a certain range.

It can also be seen from Figures 8 and 9 that the ex-
perimental results of the dynamic characteristics of the
separation bed surface of the NCDS have a strong consis-
tency with the theoretical results. )e relative error between
experimental results and theoretical results is less than 7%,
with a maximum error of 6.98%. )e experimental results
show that the kinetic theory model of the new type of dry
separator can describe its motion mechanism perfectly.

4.3. Vibration Characteristics with Different Eccentricities.
After the prototype was made, the eccentricity was not
adjustable. )erefore, in this section, the influence of ec-
centricity e on the dynamic characteristics of the NCDS is
discussed through theoretical analysis. Table 2 describes the
parameters and their values. )e angle between the plate
spring and the separation bed φ is 30°, and the angular
rotational speed of the shaft ω is 43 rad·s−1 (equivalent to
rotational speed n� 410.5 rpm). According to Equations
(1)–(3), the vibration characteristics of the separation bed
are proportional to the eccentricity e. When the eccentricity
e is 4, 8, and 12mm, the displacement (x, y), velocity ( _x, _y),
and acceleration ( €x, €y), as shown in Figure 10. It can be
found that the displacement amplitude |x|, |y|, velocity
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amplitude | _x|, | _y|, and acceleration amplitude | €x|, | €y| are
increased with the increase of eccentricity e.

As shown in Figure 10(a), in the first half cycle
(0–0.075 s), the separation bed moves from the maximum
forward direction to the minimum negative direction; in the
latter half cycle (0.075–0.15 s), the separation bed moves
from negative to minimum to positive. As the eccentricity e
increases from 4mm to 12mm, the separation bed dis-
placement amplitude of X-direction |x| increases from
3.46mm to 10.39mm. Similarly, as shown in Figure 10(b), in
the first half period (0–0.075 s), the displacement y in the Y-
direction moves from the maximum in the positive direction
to the minimum in the negative direction; in the second half

period (0.075–0.15 s), the displacement y in the Y-direction
moves from the minimum in the negative direction to the
maximum in the positive direction. As the eccentricity e
increases from 4mm to 12mm, the displacement amplitude
|y| increases from 2.0mm to 6.0mm.

In addition, appropriately increasing the amplitude of
motion velocity and acceleration will increase the possibility
of particle stratification on the bed surface. We can see from
Figures 10(c) and 10(d) that as eccentricity e increases from
4mm to 12mm, the X-direction velocity amplitude | _x| of the
separation bed increases from 148.5mm·s−1 to
445.6mm·s−1, while Y-direction velocity amplitude | _y| in-
creases from 85.7mm·s−1 to 257.1mm s−1. From Figures
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Figure 8: Dynamic characteristics along X-direction under different rotational speed between experiments and theoretical calculations.
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10(e) and 10(f), we can see that separation bed X-direction
acceleration amplitude | €x| increased to 19.2m·s−2 from
6.4m·s−2; Y-direction acceleration amplitude | €y| increased
from 3.7m·s−2 to 11.1m·s−2. At the same time, high speed
and acceleration will reduce the time duration of the par-
ticles on the bed, which is not conducive to sorting.
)erefore, a reasonable choice of eccentricity is necessary.

Because the eccentricity cannot be adjusted, the effect of
eccentricity can only be analyzed theoretically. )rough
theoretical analysis, the designer can understand and grasp
the principle of eccentricity on the vibration characteristics
of the NCDS. )e discussion on eccentricity provides a
theoretical basis for the further development of the sepa-
ration machine.
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Figure 9: Dynamic characteristics along Y-direction under different rotational speed between experiments and theoretical calculations.

Table 2: Parameters used in section 4.3.

Item Value
φ (°) 30
ω (rad·s−1) 43 (n� 410.5 rpm)
e (mm) 4 8 12
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5. Conclusions

(1) )e mechanical structure and dynamic model of the
novel compound dry separator (NCDS) were
established. )rough theoretical analysis, the dy-
namics characteristics of the NCDS, including the
amplitude of displacement, velocity, and accelera-
tion, all increase with the increase of eccentricity.
With the increase in the shaft rotational speed, the
displacement amplitude remains unchanged, and the
amplitude of the velocity and acceleration increase
gradually.

(2) Based on the multibody dynamics analysis, a virtual
prototype model of the NCDS was established, and
the simulation was carried out. )e vibration be-
havior of the NCDS was studies, such as motion
curve, space trajectory, and displacement Lissajous
figure. )e space motion trajectory of the NCDS was
an oblique line. )e theoretical calculation results
were compared with the simulation results. )e
comparison results show that the simulation results
are in good agreement with the theoretical ones, and
the maximum relative error was less than 3.75%.

(3) )e vibration experiment system was carried out.
)e dynamic characteristics, including displacement,
velocity, and acceleration inX and Y directions of the
NCDS under different rotational speeds, were ob-
tained. )e experiment results were compared with
the theoretical results. )e maximum error between
experimental results and theoretical results was
6.98%.)e temporal and spatial characteristics of the
NCDS were revealed, and the validity and accuracy
of the theoretical model were proved.

Data Availability

)e raw data required to reproduce these findings cannot be
shared at this time, as the data also form part of an ongoing
study.

Additional Points

)e mechanical structure and dynamic models of a novel
compound dry separator were proposed. )e dynamics
analysis of the NCDS was performed by means of MBD.)e
vibrations of the NCDS were examined by experiment and
compared with the theoretical calculation. )e effects of key
parameters on the dynamics of the NCDS were analyzed.
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