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Abstract: The vibrating flip-flow screen (VFFS) is a high-efficiency device currently used for deep
screening of moist fine-grained materials. During VFFS operation, the normal operation of the
screen is affected by fatigue damage to the shear springs arranged symmetrically on both sides
of the screen, leading to equipment failures and disruption production. In this paper, the shear
spring’s static and dynamic characteristics in different operation conditions were studied using the
INSTRON 8801 fatigue test system and Dynacell dynamic sensors. Using an experimental test of
shear spring stiffness and damping coefficients, the effects of some factors, i.e., temperature, hardness,
amplitude and frequency, were studied. The results show that the temperature of the shear spring
on the left side of the flip-flow screen was higher than that of the right side (driving side). With an
increase in temperature, the stiffness of the shear spring decreased. With the increase in amplitude,
the dynamic stiffness decreased and the damping coefficients did not change; with the increase
in frequency, the dynamic stiffness increased and the damping coefficient decreased. At the same
amplitude, with the increase in hardness of the shear spring, the dynamic stiffness increased. Finally,
the stiffness and damping coefficients of the shear spring before and after tearing were obviously
reduced. These research results reveal the relationship of the characteristics of a shear spring with
operational conditions, and could provide a theoretical reference for the design of the VFFS and the
selection of the shear spring.

Keywords: shear spring; symmetry; hardness; stiffness; damping coefficient

1. Introduction

Vibrating screens have been widely applied in materials preparation for activities such as
classification and dewatering [1]. The vibrating flip-flow screen (VFFS) is an efficient device for
screening moist and fine materials because it has characteristics of high acceleration of screen mesh and
no blinding apertures [2—6]. In particular, the application of the VFFS in the coal industry improves
screening efficiency, enhances the productivity of the slack coal separation system, and decreases slime
content in the lump coal system by 70%, thus increasing the economic benefits [7]. The application of
the VFFS in the building of solid waste resources overcomes the problem of damp construction waste
blocking, thereby improving the cleanness of soil under the screen.

The VFFS consists of two screen frames, a main screen frame and a floating screen frame.
The floating screen frame is connected to the main screen frame through shear springs, using their
resonance, and the two vibrating frames move relative to each other. Therefore, the elastic screen
mesh mounted on the main and floating screen frames is tensioned and released periodically to
achieve high acceleration values (30~50 g). Because of this advantage, plugging particles can easily
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pass through the screen, and thus increase screening capability and efficiency [8-10]. In a previous
study, the motion of the screen mesh of a flip-flow screen was investigated by considering the
screen mesh as a simply supported beam [11]. The simple construction of the driving mechanism of
the centralized-driving flip-flow screen (CFS) reduces mounting deviation and improves operation
stability [12]. Xiong analyzed the rotation speed of exciters, and the inclination angle, the slack
length, and the characteristics of the screen, which have significant effects on the vibrations of an
inclined flip-flow screen mesh, and optimized these parameters [13]. Hamid optimized the Liwell
flip-flow screen for fine particle dry separation, which can effectively be used to screen the SIU
(Southern Illinois University) air table feed or products at 1 mm or 2 mm sizes to produce a dry clean
coal product [14]. The Kolmogorov—Smirnov test was used to analyze the material mass statistical
distribution characteristics during the screening process, and can well reflect the working state of the
flip-flow screen [15]. The classification effect of the 3 mm flip-flow screen was affected by the working
frequency and tension; adjusting the working frequency and tension can significantly improve the
3 mm flip-flow screening effect [16]. Yu found that when the mass of materials, relative amplitude,
and operating frequency have values of 107 kg, about 6 mm, and 80.79 rad/s, respectively, the VFFS had
good screening performance in screening 3mm iron ore, with a screening efficiency of up to 89.06% [17].
Gong used the method of the global sensitivity to analyze the newly VFES dynamic model to calculate
the sensitivities of model outputs caused by the input parameters [18]. Jiang studied the accelerations
of the measuring points that increased with increasing total excitation force and frequency, and the
mathematical relationships between the acceleration and these two variables were found to be linear
and quadratic for the total excitation force and frequency, respectively [19].

Shear springs, one of the core components of the VFFS, are symmetrically arranged on the side
plate of the screen, and affect the screen’s performance parameters. However, research on the shear
spring of the VFFS has mainly focused on static analysis. Cveticanin analyzed the dynamic response of
the system when the spring connecting the two masses was strongly nonlinear and weakly damped [20].
Wang obtained the stress—strain curve and stress nephogram of the shear spring under the condition of
shear and compression by numerical simulation, and analysis of the change in compression stiffness
and shear stiffness of the shear spring was conducted using an experimental test, which provided the
theoretical basis for the design and selection of the spring [21]. Gong analyzed the relationship between
nonlinear springs and suitable system parameters; the results were beneficial for the performance of the
vibrating flip-flow screens [22]. Hong used ANSYS software to analyze the mode of the shear spring
and obtained the spring’s first-order natural frequency in the shear direction. The reliability of data was
verified by experiments, which provided a new method for researching the dynamic characteristics
of the shear spring [23]. T. Rey found that the stabilized behaviors of silicone rubber depended
quasi-linearly on temperature [24]. Tang used the viscoelasticity of rubber spring to adjust the flip-flow
screen vibration intensity, which was a valid solution to the contradiction between vibration strength
and structural reliability [25].

Numerous previous studies have been conducted on the screen structure and dynamics of the
vibrating flip-flow screen, the dynamics of the elastic screen mesh, and the particle movements on the
mesh surface. Based on the background outlined above and previous research, the focus of this work
is to analyze the static and dynamic characteristics of the shear spring of the vibrating flip-flow screen.
The results of the experiments showed that the main factors influencing the stiffness and damping
coefficients of the shear spring were amplitude, frequency, temperature, and hardness. As these factors
changed, the stiffness and damping coefficients varied. The motivation for this work arose from there
being few studies on the influence of static and dynamic characteristics of the shear spring related to the
VFES operation on an experimental basis; this work will be helpful to the optimization of parameters
in the design of the VFFS.
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2. Materials and Methods

2.1. Experimental Apparatus

This study was based on the VFFS1848, which are widely used in the classification of moist
fine-grained materials in coal, non-metallic mines, construction waste recycling treatment, metal mines
and other industries, and which can effectively prevent moist materials from blocking the screen holes
and reducing screening efficiency. As shown in Figure 1, shear springs of the VFFS1848 contained a
total of 44 pieces, and were symmetrically located between the main screen frame and the floating
screen frame. The shear springs were connected to the main screen frame by bolts on one side and
the floating screen frame on the other side, and the parameters of the prototype are shown in Table 1;
a flowchart for describing the whole of the research work is provided in Figure 2.

1. Exciter; 2. Screening box; 3. Isolation spring; 4. Shear spring: 5. Sieve plate; 6. Support device

Figure 1. Schematic diagram of the structure of the vibrating flip-flow screen.

Table 1. Parameters of the vibrating flip-flow screen.

Symbol Item Value
my Fixed screen main frame mass 4130 kg
my Floating screen frame mass 1409 kg
f Excitation frequency 12Hz
K’ Stiffness of vibration isolation spring 493,376 N/m
é Damping ratio of vibration isolation spring 0.1
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Figure 2. A flowchart for describing the whole research.

The shear spring test system is shown in Figures 3 and 4. The test equipment includes an
INSTRON 8801 fatigue test system and a Dynacell dynamic sensor.
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Fixture

ring

Figure 3. Test system.
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Figure 4. Temperature measurement of shear spring.

Three different sizes of rubber springs were selected. The material of the shear springs is natural
rubber, of which the main component is polyisoprene ((CsHg) n), and 91%~94% of the natural rubber
composition is rubber hydrocarbon. These three springs were applied in practice on the VFFS; they are
as shown in Figure 5, and the relevant parameters are shown in Table 2.

Shore hardness was tested using a Shore hardness tester, into which the shear spring was first
inserted. The pointer on the dial was connected to a puncture needle through a spring, and the needle
was used to penetrate the surface of the object to be measured. The value displayed on the dial was the
hardness value. Using the Shore hardness tester, three points were selected, namely the two end points
of the shear spring and a point in the middle. The average value of the measured results was taken as
the hardness of the spring.

Table 2. Relevant parameters of shear springs.

Item Spring 1 Spring 2 Spring 3
Shore Hardness/HA 49 59 52
Length x Width x Height/(mm x mm X mm) 203 x 70 x 48 190 x 36 x 35 190 x 36 x 48

(a) Spring 1 (b) Spring 2 (c) Spring 3

Figure 5. Rubber shear spring.

2.2. Experimental Evaluation

The shear spring is made of rubber, and the system of which it is a part can be understood as a
parallel system of a spring and viscous damper [26], as shown in Figure 6.
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Figure 6. Spring viscous damper system.

According to the force calculation formula [27] of a viscous damping free vibration system,
the force required to cause amplitude x (1) is F:

F=—-cx—Kx 1)

The area of the hysteresis curve is the work consumed in a cycle of spring stiffness, and according
to the literature, the formula [28] for the energy dissipated by the damper in a period is as follows:

21/ @
AW = §Fdx = f (Kx sin wt + cxw cos wt) (xw cos wt)dt = crawx® (2)
0

The formula [28] for calculating the damping coefficient is:

L AW )

Ttwx?

where AW is the energy consumed for the damper in one cycle; F is the force required for displacement
x; K is the stiffness of the shear spring; w is the angular frequency; c is the damping of the shear spring;
x is the velocity and t is the time.

Rubber is a typical viscoelastic material, and the static stiffness of rubber is the ability to resist
deformation under static load. Under the action of alternating load, the alternating deformation of
the rubber material lags behind the alternating load, which is called the hysteresis effect of the rubber
material [29]. The hysteresis curve, also known as the restoring force curve, is the load—deformation
curve of the structure under the cyclic action of force, and the slope of the line connecting the maximum
amplitude and the minimum amplitude in the hysteresis curve represents stiffness [30]. The stiffness
is the value of the external force required to generate a unit deformation of the structure, and static
stiffness is the ability to resist deformation under static load. Dynamic stiffness is the ability to resist
deformation under dynamic load, and represents each hysteresis loop curve of the shear spring under
different conditions.

In this study, when only damping was considered, the hysteretic curve was a horizontal ellipse.
When damping and stiffness were taken into account simultaneously, the hysteretic curve was an
inclined ellipse with a certain inclination. Therefore, based on previous research, it can be approximated
that the slope of the hysteresis curve represents the stiffness, as the following formula [31]:

— = max i mm i (4)

xmax 1 xmln 1

where K is stiffness, (kN/m); Fp,y; and Fpn ; indicate the maximum and minimum force of each
hysteresis loop curve, respectively, (N); Xmax; and Xpin; represent the maximum and minimum
amplitude of each hysteresis loop curve, respectively, (mm); n is the number of hysteresis loop curves
obtained in the steady state.
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2.3. Experiment Steps

The installation steps were as follows:

Step 1: Fixing bolts at the upper and lower ends of the fixture were tightened to ensure they
were concentric.

Step2: The shear spring and the test fixture were tightly connected by the bolts.

Step 3: The experimental device was loaded into the system for testing.

Before the test, the hardness of the shear springs were tested using the hardness tester. Three points,
namely at the two ends and the middle of the shear springs, were selected for each spring; the average
hardness of the measured results are shown in Table 2.

3. Results and Discussion
3.1. Temperature Analysis

3.1.1. Operating Temperature

The stress process of the shear spring as follows: the eccentric block in the exciter is driven by
the motor, so that the main screen frame is subjected to the exciting force, which is transmitted to the
floating screen frame through the shear springs. When the exciting frequency reaches the frequency
domain of the working condition of the VFES, and the relative motion between the main screen frame
and the floating screen frame occurs, the polyurethane screen mesh is able to undergo both relaxation
and tension.

According to the arrangement, the springs are arranged from 1 to 11 (from the feed end to the
discharge end) on the screen. U;-R, U;-L, D;-R, and D;-L represented the upper right shear spring,
upper left shear spring, lower right shear spring and lower left shear spring, respectively. As shown in
Figure 7, the intermediate shear springs are those installed in the middle of the screen frame, as shown
in positions 5, 6, and 7.

Figure 7. Schematic diagram of shear spring arrangement on the flip-flow screen

The research object of this experiment was the shear springs of the VFFS1848, which ran without
aload for 1, 2, and 3 h. Relevant working condition parameters are shown in Table 3. The temperature
of each shear spring under different working conditions was measured and the relationship between
temperature and position are shown in Figure 8a—d.
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Table 3. Relevant parameters of the VFFS1848 under different working conditions.

Item/Time 1h 2h 3h
Ambient Temperature 25°C 28 °C 30°C
Vibration Frequency 11.70 Hz 11.70 Hz 11.70 Hz
The temperature of the Motor 36.8 °C 39.1°C 50.6 °C
The temperature of the Isolation Spring 29.6 °C 30.9 °C 33.3°C
The amplitude of the Main Screen Frame 2.88 mm 2.57 mm 224 mm
The amplitude of the Floating Screen Frame 15.4 mm 16.46 mm 16.96 mm

41

41
404 1
39 40
384 39 ]
— 37 —
£ 361 & 38
(2] o -
5 35 237
5 34] 5.
o & 36
£33 5 ]
= 30 =35
317 34 ]
30 ]
2 33
0 0
Position Position
@1lh (b)2h
50
49 424
48
47
46 404
_ 45 _
O 444 $ 384
=43 5
£ n] ER
£ 414 §
£ 40 )
5 39 5 344
= 38 =
37
6] 32
35
34 30 ; T ;
0 1 2 3
Position Time [hours]
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Figure 8. The temperature of the shear springs of the VFFS without a load.

In this study, the temperature measurement of the shear spring was finished in the factory,
and tested without a load. The measurement steps of the working condition (without a load)
temperature on the shear springs were as follows:

(1) Eleven sets of shear springs on the left and right sides of the screen body were numbered,
respectively, from the feeding direction of the vibrating flip-flow screen;

(2) The measuring instruments were prepared and the VFFS was started without a load;

(3) After running for 1 h, the ambient temperature of the factory and the surface temperature of the
shear springs were measured. The three points were measured for each spring, and the average
value was calculated as the working temperature of the spring. The temperature of the motor and
isolation springs, the vibration frequency and the amplitude were measured at the same time.
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(4) After running for 2 h, the ambient temperature of the factory and the surface temperature of the
shear springs were measured. The three points were measured for each spring, and the average
value was calculated as the working temperature of the spring. The temperature of the motor and
isolation springs, and the vibration frequency and amplitude, were measured at the same time.

(5) After running for 3 h, the ambient temperature of the factory and the surface temperature of the
shear springs were measured. The three points were measured for each spring, and the average
value was calculated as the working temperature of the spring. The temperature of the motor and
isolation springs, and the vibration frequency and amplitude, were measured at the same time.

(6) At the same time on the following day, the relevant parameters were measured again according
to the steps (1)—(5).

(7) Because the measurements were taken in the factory, the equipment was tested twice before
leaving the factory.

Ran for1h:

As shown in Figure 8a, when the VFFES ran for 1 h without a load, and the surface temperatures of the
shear springs were measured with an infrared thermometer, it was found that:

1) The shear spring with the highest temperature was Ug-L (39.2°C), and that with the lowest
temperature was Dg-R (29.4°C).

2) The average temperatures of U;-L and U;-R shear springs were 34.2 and 31.6 °C, respectively.
The average temperatures of D;-L and D;-R shear springs were 35.1 and 31.5°C, respectively.
The order of the average temperature of the shear springs was D;-L > U;-L > U;-R > D;-R.

3) The average temperature of all shear springs was 33.1 °C.

Ran for2 h:

As shown in Figure 8b, when the VFFES ran for 2 h without a load, and the surface temperatures of the
shear springs were measured with an infrared thermometer, it was found that:

1) The highest temperature shear spring was Ug-L (40.3 °C), and the lowest temperature was Up-L
(33.1°C)

2) The average temperatures of the U;-L and U;-R shear springs were 37.2 and 36.0 °C, respectively.
The average temperatures of D;-L and D;-R shear springs were 36.5 and 35.4 °C. The order of
the average temperature of the shear springs was U;-L > D;-L > U;-R > D;-R.

3) The average temperature of all shear springs was 36.3 °C.

Ran for 3 h:

As shown in Figure 8c, when the VFFS ran for 3 h without a load, and the surface temperatures of the
shear springs were measured with an infrared thermometer, it was found that:

1) The highest temperature shear spring was Ug-L (48.4°C), and the lowest temperature was D;-L
(35.1°C);

2) The average temperatures of U;-L and U;-R shear springs were 41.8 and 40.2 °C, respectively.
The average temperatures of D;-L and D;-R shear springs were 41.0 and 39.6 °C, respectively.
The order of the average temperature of the shear springs was U;-L> D;-L> U;-R> D;-R.

3) The average temperature of all shear springs was 40.6 °C.

Figure 8d exhibits the variation of the average temperatures of the U-L, U-R, D-L, and D-R shear
springs on the VFFS with the running time.

1)  The temperatures of the shear springs on the left side of the VFFS were higher (2.6 °C) than those
of the right side. Because the driving motor was installed on the right side of the screen (from
feeding to discharge direction), the deformation of the shear springs on the left of the screen was
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slightly larger than that of the springs on the right, thus, the temperatures of the left shear springs
were higher than those of the right shear springs.

2)  The temperature difference of the shear springs between the left and right of the flip-flow screen
was reduced from 3.15 °C (running for 1 h) to 1.51 °C (running for 3 h). This is mainly due to the
fact that under stable operation of the VFFES, the amplitudes of the main frame and the floating
screen frame were gradually stable, and the deformation of the shear springs connecting the main
screen frame and the floating screen frame tended to be stable.

3.1.2. Analysis of Temperature on Stiffness

Figure 9 shows that the stiffness of the shear spring decreases with the increase in the working
temperature. When the vibration frequency f = 6 Hz, the stiffness K of the shear spring decreased by
13% in the range of 36~45 °C; when the temperature was greater than 45 °C, the stiffness decreased by
5%. When the vibration frequency was f = 12 Hz, the stiffness K of the shear spring decreased by 9% in
the range of 54~56 °C, and the decrease was 3% when the temperature was above 56 °C. Thus, at low
frequencies, the stiffness change in the low temperature range was obvious, and at high frequencies,
the stiffness change in the high temperature range was marked; when the temperature of the shear
spring stabilized, the stiffness of the shear spring approached 270 N/mm.

350

340

35 40 45 50 55 60 65
TH]

Figure 9. The curve of shear spring stiffness with temperature at different frequencies.

3.2. Static Experiment

The experimental conditions were as follows: a static experiment with a constant room temperature
of 19 + 0.1 °C, frequency of 0.1 Hz (static), and an amplitude of 1~8 mm was carried out at a
20 min interval. As shown in Figure 4, the surface temperature of springs was measured using an
infrared thermometer.

3.2.1. Amplitude-Load Analysis

At a static frequency (0.1 Hz), the amplitude load change data of 1, 4 and 8mm were selected for
analysis, and the results are shown in Figure 10a—c, respectively.

With the increase in amplitude, the area of the hysteretic loops of the three kinds of shear spring
increased gradually, but the diagonal slope of the hysteretic loops decreased gradually; that was,
the static stiffness of shear springs decreased gradually.
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Figure 10. The amplitude load curve of shear springs at 0.1 Hz.

3.2.2. Static Stiffness Analysis

11 0f 25

To thoroughly explore the influence of shear spring amplitude on stiffness characteristics,

the diagonal slope of the hysteretic curve was calculated. When the frequency of shear spring
1 was 0.1 Hz, the functional relationship between position and load was as follows: y = 0.22x — 3.036,
with a high fitting degree, R? of 0.999. The slope of 0.22 represents the stiffness, as shown in Figure 11.

Equation y=arbx
Weight No Weighting
Residual Sum of 4.21200
Squares
1F Pearson's r 0.99934
Adj. R-Square 0.99868
Value  Standard Error
_ Intercept 001894 9.67823E-4
— 7SOReA] Slope 022016 1.73554E-4
0
<
3
1 1 1 1 1

— hysteresis curve
fit diagonal

2 0
A [mm]

Figure 11. Spring 1 fitting of the diagonal curve with a hysteretic curve of amplitude 8 mm at 0.1 Hz.
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To reduce the test error and avoid contingency, several groups of cyclic data were selected for
fitting, and the mean value was taken as the test result under this condition. The data of shear springs

1,2, and 3 were used to draw the static stiffness curves, as shown in Figure 12.

—=—spring 1( HA 49)
440 - —&—spring 2( HA 59)
—e—spring 3( HA 52)
385
k:
Z. 330
2
M
) S
RRIiiiiiiae.s
—e
220
L | s | s | L | L 1 ' 1 1 | L | L

0 1 2 3 4 5 6 7 8 9
A [mm]

Figure 12. The static stiffness—amplitude curve of the shear springs.

The static stiffness of the three kinds of shear springs decreased with the increase in amplitude,
and the spring 2 decreasing trend was more distinct with the increase in Shore hardness.

3.2.3. Static Damping Analysis

To show the effect of amplitude on the area of the hysteretic curve (energy consumption caused
by the structural plasticity of the rubber shear spring) more intuitively and clearly at the frequency of
0.1 Hz, the experimental results were plotted as a curve, as shown in Figure 13.

5
—&— Spring 1 (HA 49)
—4— Spring 2 (HA 59)
4+ —e— Spring 3 (HA 52)
EEY
£
Z
B2
<
1k
0
0 9

A [mm]

Figure 13. The relationship between amplitude and hysteresis curve area at the frequency of 0.1 Hz.

When the frequency of the three shear springs was 0.1 Hz, the area of the hysteresis curve increased
with the increase in amplitude. Thus, the internal energy consumption increased with the increase in



Symmetry 2020, 12, 1644 13 of 25

amplitude. Of the three springs, the area of the hysteretic curve of spring 2 was the most significantly
affected by amplitude.

According to the formula for calculating the damping coefficient of a rubber shear spring,
the amplitudes of springs 1, 2, and 3, corresponding to the area of the hysteretic curve, were substituted
to calculate the corresponding damping coefficients under different amplitudes. The influence of
amplitude on the damping coefficients of the rubber shear springs were plotted at the frequency of
0.1 Hz, the experimental result was shown in Figure 14.

0.05
_ —a— Spring1 (HA 49)
o —a— Spring2 (HA 59)
= ®— Spring3 (HA 52)
£ om}
Z
) A\*_‘/A\‘_‘r_A_‘r«A—A_A_HgH
k=
=
Q
E 0.03
()
o
(&)
en
.8
=002 |
5
A e 0 ¢ 0 0 ¢ 06 0 0 0 0 0 0 0 °
5 g =B = 8 g ® B gz = g 8- g g
oo r—— Lttt
0 1 2 3 4 5 6 7 8 9

A [mm]

Figure 14. Rubber shear springs damping coefficient-amplitude curve.

The damping coefficients of the three shear springs changed little with the amplitude, thus, it can
be concluded that the damping coefficients were independent of the amplitude at a certain frequency.
In Figure 14, the damping coefficients of shear spring 2 were the largest of the three, which indicated
that the damping coefficient increases with the increase in Shore hardness.

3.3. Dynamic Experiment

3.3.1. Amplitude-Load Analysis

In this section, the influence of various factors on the dynamic stiffness and damping coefficients of
the shear springs were systematically analyzed, and the significance of each parameter on its dynamic
characteristics was determined. In this study, the principle of the single factor experiment was used
to establish a number of experimental schemes, and the corresponding experimental analysis was
carried out. Three shear springs were selected as experimental schemes, hysteretic curves were drawn,
and the effects of frequency and amplitude on the diagonal slope and area of the hysteretic curves
were analyzed, as shown in Figures 15-17.

The slope of the hysteretic curves of the three shear springs decreased evidently with the increase
in amplitude and increased slightly with the increase in frequency. Thus, the dynamic stiffness was
negatively correlated with amplitude and positively correlated with frequency; the area of the hysteretic
curve increased with the increase in amplitude, and the frequency had little influence on it. Thus,
the energy consumption caused by damping increased with the increase in amplitude and increased
slightly with the increase in frequency.
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Figure 16. The hhysteretic curve of shear spring 2 under different working conditions.
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Figure 17. The hysteretic curve of shear spring 3 under different working conditions.
3.3.2. Dynamic Stiffness Analysis

In this experiment, the steady motion of the fatigue test system after a period of time was
selected. Thirty cycles were collected and fitted, and the result was averaged as the experimental result
corresponding to that working condition. To understand the influence of amplitude and frequency on
dynamic stiffness and its significance, a three-dimensional curve of dynamic stiffness varying with
amplitude and frequency was drawn using the fitting results of shear springs 1, 2, and 3 at frequency
f = 1~4 Hz and amplitude A = 1~3 mm, as shown in Figure 18.

According to Figure 18, the dynamic stiffness of the shear springs decreased with the increase in
amplitude, and increased with the increase in frequency; the effect of the amplitude on the dynamic
stiffness was greater than that of the frequency.

The influence of amplitude and frequency on dynamic stiffness was studied; stiffness—frequency
curves under different amplitudes and stiffness—amplitude curves under different frequencies were
drawn, as shown in Figure 19. The dynamic stiffness curve of the springs tends to be parallel between
different levels of amplitude and frequency, which indicated that there was no impact of frequency and
amplitude on dynamic stiffness, and the influences of amplitude and frequency on dynamic stiffness
were independent of each other.
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Figure 18. The curve of dynamic stiffness of shear springs with amplitude and frequency.
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Figure 19. Stiffness-frequency and stiffness—amplitude curves of springs under different amplitudes.

3.3.3. Dynamic Damping Analysis

To systematically analyze the influence of frequency and amplitude on the damping characteristics
of shear springs, simple harmonic motion in the frequency of 1 ~ 4 Hz and amplitude of 1~3 mm were

studied, as shown in Figure 20.
It can be seen from Figure 20 that the area of the hysteretic curve increased with the increase in
amplitude. Furthermore, the curve was approximately a power function, but did not change with the

increase in frequency.
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Figure 20. The area—frequency curve of the hysteretic curve under different amplitudes of spring 1.

According to the formula of the damping coefficient, the damping coefficients of spring 1, 2, and 3
were calculated, and the three-dimensional curve of the damping coefficients varying with frequency
and amplitude were drawn, as shown in Figure 21.

cap?

s

04150
05380
06610

oo
05070

100
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1216
139
152

1645

(b) Spring 2 (c) Spring 3

Figure 21. Curves of the damping coefficients of the springs with frequency and amplitude.

Under the condition of a constant temperature of 19 + 0.1 °C, frequency of 1~4 Hz, and amplitude
of 1~3 mm, the damping coefficients of the three shear springs decreased with the increase in frequency,
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but did not change with the increase in amplitude. That is, amplitude was not a significant factor
affecting the damping coefficients. Shear spring 2 had the largest damping coefficient of the three springs,
which indicated that the damping coefficients increased with the increase in hardness. The energy
consumption caused by damping was proportional to the square of the amplitude, and changed little
with the increase in frequency; thus it can be neglected. The damping coefficients decreased with the
increase in frequency and did not change with the change in amplitude.

3.4. Nonlinear Fitting of Dynamic Stiffness

Using the non-linear fitting function in MATLAB, the function form is given as follows:
K=af+b+cAd (5)

where K stands for stiffness, kKN/m; f represents frequency, Hz; A represents amplitude, mm;a, b, ¢, d
are constants, respectively.

The dynamic stiffness of the shear springs of the vibration flip-flow screen with HA = 50 and shape
size of 203 X 70 X 48 (mm X mm X mm) were calculated, and the function was obtained as follows:

K =2.07f —917.52 + 1170.8A~013 (6)

The error analyzed by the data showed that: the error of dynamic stiffness obtained by fitting
was less than 1% compared with that measured by experiment, so the fitting formula was believed to
be credible.

The three-dimensional curves of dynamic stiffness with frequency and amplitude were obtained
by fitting, as shown in Figure 22. By comparing the experimental curve with the fitting curve, it can be
found that the fitting degree was good.

(a) Experimental curve (b) Fitting curve

Figure 22. Comparison between the experimental curve and fitting curve.

3.5. Experimental Verification

To verify the accuracy of this formula, a dynamic experiment with a frequency of 5 Hz and
amplitude of 2 mm was carried out, as shown in Figure 23.

From Figure 23, under the condition of frequency 5 Hz and amplitude 2 mm, it can be seen that
the diagonal slope of the hysteretic curve of the spring was 0.25117, which indicated that the stiffness
was 251.17 kN/m.

This was calculated by the fitting formula (6):

K =2.07 x5 -917.52 4+ 1170.8 x 270013 = 253.12(kN/m)
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AK = 1.95 kN/m and the error was 0.7%, which can be neglected. Therefore, it was considered
that this formula can be used for the stiffness calculation.

0.6
—a— =5 Hz, A=2 mm
04 diagonal line

02

Equation y=a+b'x
Weight No Weighting
Residual Sum of 002114
Squares
Pearson's r 0.99781
Adj. R-Square 0.99554

Value Standard Error
Intercept -0.00249 0.00303
Slope 0.25117 0.00243

-0.6 1 A 1 A 1 . ] . 1
-2 -1 0 1 2

A Imml

Load [kN/mm)]

B

Figure 23. Hysteretic curve of spring 1 at frequency 5 Hz and amplitude 2 mm.

3.6. Mathematical Analysis

In this paper, the influence of amplitude and frequency on the stiffness of the shear spring was
systematically analyzed using the methods of range analysis and variance analysis, and the significance
of each factor on the stiffness of the shear spring was determined.

3.6.1. Range Analysis of Dynamic Stiffness

Range analysis is a simple, intuitive, and effective analysis method, using the following
formula [32]:

R = max{ty, ta - t;} —min{ty, tp - - t;} (7)

The larger the range, the more significant and important the influence of this factor on the
test index.

The result of the range analysis of dynamic stiffness of shear spring 1 was R4 > R¢, as shown
in Figure 24, a similar result to those of spring 2 and spring 3. For spring 1, spring 2, and spring 3,
when the amplitude changed from 1 mm to 3 mm, the dynamic stiffness deceased by 6.6%, 11.1%,
and 5.2%, respectively; when the frequency varied from 1 Hz to 4 Hz, the dynamic stiffness increased
by 2.8%, 3.6%, and 1.9%, respectively.
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Figure 24. The trends of factors and indicators.
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In the horizontal range, the dynamic stiffness of shear spring was approximately linear with
amplitude and frequency: the dynamic stiffness decreases linearly with the increase in amplitude.
The dynamic stiffness increases with the increase in frequency. Of these, the amplitude has a greater
influence on the dynamic stiffness of the shear spring, followed by frequency.

3.6.2. Variance Analysis of Dynamic Stiffness

Analysis of variance is a significant test of the difference between the averages of two or more
samples. In this paper, the F-value of two-factor analysis of variance was used to test and compare.

According to Table 4, if the variance result was Fyq > Fg g9 (4, 24), the amplitude was a highly
significant factor; if Ff > Fgog9 (6, 24), the frequency was a highly significant factor. The order of
significant factors was amplitude > frequency, which was the same as the result of the range analysis.
The results for spring 2 and 3 were the same as spring 1.

Table 4. Spring 1 dynamic stiffness variance analysis table.

Sources of Variation S f MS F Significance
A 1214.88 4 303.72 2163.55 *
f 157.98 6 26.33 187.56 o
e 3.67 24 0.14
T 1376.24 34
Notes: F0.95 (4, 24) = 278, F0.95 (6, 24) = 251, F0.95 (24, 34) = 184, F0'99 (4, 24) = 422, F0'99 (6, 24) = 367, F0'99 (24,
34) = 2.38.

Within the range of a constant temperature of 19 + 0.1 °C, amplitude of 1~3 mm, and frequency of
1~4 Hz, amplitude and frequency were highly significant factors for the dynamic stiffness of shear
springs, and F4q > Fy. In addition, amplitude had a greater impact on the dynamic stiffness of shear
springs and the influence of frequency was relatively small.

3.7. Fault Analysis of the Shear Spring

As a key part of the vibrating flip-flow screen, during operation the shear springs were prone
to be torn, degumming of vulcanization and other problems, which led to a sharp drop in stiffness,
directly affecting the working stability of the VFFS.

3.7.1. Static Experiment

To clearly study the change in stiffness and damping of the shear spring before and after being
torn in the static test, two groups of shear springs test data were selected for comparative analysis
under the same working conditions. Because of the large amount of test data, the hysteresis curves
were drawn at the frequency of 0.1 Hz and the amplitude of 1, 3, 5, and 8 mm.

According to Figure 25, the stiffness and damping of shear springs before and after being torn
decreased significantly. The stiffness—amplitude and damping coefficient-amplitude curves were
plotted as shown in Figures 26 and 27, which compared the ripped and normal shear springs at the
frequency of 0.1 Hz. It can be concluded that the static stiffness and damping coefficients of the ripped
shear spring decreased sharply under the same working conditions.
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Figure 25. The hysteretic curves of shear springs before and after tearing at frequency 0.1 Hz.
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3.7.2. Dynamic Experiments

To analyze the changes of stiffness and damping of the shear springs before and after being torn
in dynamic experiments, two groups of shear spring test data were selected for comparison under
the same working conditions. Three groups of tested data were selected to draw hysteretic curves,
as shown in Figure 28.
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Figure 28. The hysteretic curves of shear springs before and after being torn under different
working conditions.

According to Figure 28, the diagonal slope of the hysteresis curve of the ripped shear spring was
less than that of the normal spring, and the curvature of the hysteresis curve was greater than that of
the normal spring. Thus, the stiffness and damping of the shear springs before and after being torn
obviously decreased. To better understand the difference in stiffness and damping before and after
being torn, the experimental data of the ripped shear spring was processed and the curves were drawn.

In this experiment, experimental data was selected to draw curves, as shown in Figure 29.
The dynamic stiffness and damping coefficients of shear springs after being torn were quite different
from the normal spring. For a given working condition, the stiffness and damping coefficients of the
shear spring before and after being torn were quite different, which seriously affected the stability of
the operation of the VFFS. Furthermore if the shear spring was torn during operation, not located
and replaced quickly, a wide range of damage could be caused, resulting in serious equipment failure
and accident.
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Figure 29. The dynamic stiffness—amplitude and damping coefficient-frequency curves of shear springs
with different frequencies before and after being torn.

4. Conclusions

In summary, this work describes the static and dynamic characteristics of the shear springs of a
vibrating flip-flow screen under different influencing factors, such as amplitude, frequency, temperature,
and hardness. Based on the results, the following observations can be made:

(1) The temperatures of the shear spring symmetrically installed on both sides of the flip-flow screen
were different during operation, and the left side of the shear springs was higher than that of
the right side. In addition, the stiffness of the shear spring decreased with the increase in their
working temperature. When the temperature of the shear springs stabilized, the stiffness of the
shear spring approached 270 N/mm.

(2) The static stiffness decreased when the amplitude and Shore hardness of the shear spring
increased. The damping coefficient of the shear spring changed little with the increase in
amplitude, and increased with the increase in Shore hardness.

(3) Based on the fitting formula and the experimental results, amplitude and frequency were found
to be highly significant factors for the dynamic stiffness of shear springs. Moreover, the amplitude
had a greater impact on the dynamic stiffness of shear springs than frequency.

(4) The dynamic stiffness and damping coefficient of shear springs after being torn were quite
different from those of normal springs. A torn shear spring will affect the stable operation of the
flip-flow screen, even resulting in serious equipment failure and accident.
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