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ABSTRACT

Vibrating flip-flow screens are widely used in the field of screening; its actual operation is affected by the impact force of materials,
but existing research usually ignores this effect. Based on this background, considering the influence of material impact force and
moment on vibrating flip-flow screens, this paper develops a dynamic model and a vibration differential equation of a vibrating
flip-flow screen, performs the analysis of material movement and calculation of the material impact force, and includes the
material impact force in the dynamic characteristic analysis of a vibrating flip-flow screen. The results indicate the following:
(1) The impact forces F, and F, account for 29% and 57.58% of the excitation force amplitude, respectively, indicating that they are
of the same magnitude as the excitation force. Material impact increases the vibration amplitudes of the main and floating frames,
and therefore, cannot be ignored in vibrating flip-flow screen design. (2) By comparing the vibrating flip-flow screen's responses
with and without the impact, it is found that impact force significantly influences the system response, causing the displacement
curve to shift and the amplitude—frequency curve to have periodic fluctuations and peak values. (3) The effects of impact
parameters on the dynamic characteristics of a vibrating flip-flow screen are studied. The results show that increases in
material mass and material binding coefficient lead to a decrease in the system natural frequencies. Due to the impact force, the
amplitude-frequency curve of the main frame peaks at a frequency lower than the first order of the natural frequency, and the
amplitude-frequency curve of the floating frame peaks in the intervals of 5-10 Hz and 20-25 Hz. The results provide a theoretical
reference for the design of vibrating flip-flow screens. The operating frequency of vibrating flip-flow screens should be selected to
avoid the peak value due to the impact force, which helps extend the working life.

1 | Introduction after making contact with the screen, which can effectively
prevent the retention and adhesion of the material onto
the screen or material blocking the screen mesh. Therefore, the

screening problem of wet fine-grained materials can be better

In screening operations, the wet fine-grained material sticks
easily and difficult to screen because of its high water content

and small particle size. Due to the periodic motion of the
elastic screen, the acceleration of a vibrating flip-flow screen is
much higher than that of an ordinary vibrating screen, and the
projectile acceleration of the screen can reach 30-50 times the
gravitational acceleration. The material bounces on the screen

solved with the use of a flip-flow screen [1, 2].

Material is an important factor that cannot be ignored when
studying the dynamic characteristics of a vibrating flip-flow
screen. Due to the complexity of the movement of the material
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on the screen, the material is often ignored in many studies or is
considered as the equivalent mass for system dynamics analysis
[3-6]. However, in the work of a vibrating flip-flow screen,
the material has an impact on the screen surface due to
the throwing motion of the vibrating flip-flow screen and
has obvious nonlinear characteristics, so it has an important
influence on the dynamic characteristics of the vibrating
flip-flow screen.

Some scholars have conducted relevant research on the impact
force produced by materials. He et al. [7] developed a coupling
analysis model of vibration system dynamics and particle
dynamics, taking into account the throwing effect of the
screen body on the material, and studied the change law of the
material impact force with the main parameters of the vibrating
screen. The relationships between the screen surface area,
the screen length, the screen surface inclination angle, and the
vibration direction angle and material impact force are deter-
mined. Wang et al. [8] designed the orthogonal test, used range
and variance analysis to determine the impact of vibration
parameters on the impact force, and used the discrete finite
element method to study the structural response of the screen
under the impact of materials. Zhou et al. [9] analyzed the
nonlinear force acting on the screen surface when the material
is thrown on the large linear screen, and on this basis, deter-
mined the formula for calculating the equivalent mass and
equivalent damping of the material. Manuel Moncada et al. [10]
developed a 3DOF model of a vibrating screen and found that
the amplitude calculated without considering the impact force
of the material was inaccurate.

Many scholars have conducted relevant studies on the effect
of material impact force on various aspects of vibrating
screens [11, 12]. Hou et al. [13] proposed a simplified
mechanical model considering material impact for a self-
synchronous vibration system driven by two eccentric rotors
and obtained the change law of phase difference affected by
material impact. Jiao et al. [14] studied the influence of
material impact force on a double-mass vibrating screen and
analyzed the amplitude-frequency response of the upper and
lower bodies. Ma [15] considered the influence of friction
force and impact force of materials on a double-mass linear
vibrating screen and found that the amplitude of the upper
body decreases while that of the lower body increases when
the impact force of materials is considered. Xia et al. [16]
studied the dynamic response of linear screens under material
impact by developing a discrete element method-multi body
kinematics coupling model. Li et al. [17] developed a time-
varying piece-based nonlinear dynamic model of an elliptical
vibrating screen based on the force analysis of the material
under sliding and throwing motion and obtained an approx-
imate steady-state analytical solution of the system using the
incremental harmonic balance method. Lin et al. [18] studied
the influence of materials on the equivalent stiffness and
equivalent damping of screens by dynamic tests. Peng et al.
[19] tested and analyzed the vibration and strain signals of the
screen, studied the dynamic influence of coal on a vibrating
screen, analyzed the mechanical characteristics of the load-
bearing beam, and found that the structural strain increased
by 14.79% after considering the influence of materials. It has
been observed that the material in practical engineering has a

significant effect on the vibrating screen, and if such an effect
is not considered, the numerical and experimental results
deviate significantly.

Based on this background, the effect of the impact force gen-
erated by the material on a vibrating screen is clear. At present,
more attention is paid to the effect of the material impact force
on the linear screen, while there is a lack of relevant research
on vibrating flip-flow screens due to the complexity of their
material movement. Moreover, most of the previous studies
focus on the effect of vibration parameters on the impact force
and the structural response of the impact force on the screen,
and there is a lack of research on the dynamic characteristics of
vibrating flip-flow screens. In this paper, a dynamic model of a
vibrating flip-flow screen considering the impact force of the
material is developed, the impact force and impact moment
generated by the material on the vibrating flip-flow screen are
determined, and the effects of the impact parameters on
the dynamic characteristics of the vibrating flip-flow screen are
analyzed, which can make the dynamic model closer to the
actual system and help to guide the design and improvement of
vibrating flip-flow screens.

2 | Model of a Vibrating Flip-Flow Screen

In the dynamic analysis modeling of a vibrating flip-flow
screen, the displacement in the compression direction of the
shear spring between the floating frame and the main frame is
usually ignored, and only its displacement along the moving
direction of the floating frame is studied. However, the com-
pression direction of the shear spring should not be ignored
in the actual analysis. Therefore, taking shear rubber springs
with Shore hardness of 50HS as an example, the analysis is as
follows:

The relationship between the tensile modulus E and the shear

modulus G of the rubber spring and Shore hardness HS are
expressed, respectively, [20] as follows:

E= 3.57e0,033HS’ 1)
G = 1.19¢0:033HS, (2)

The three-dimensional model and dimensions of the shear
spring are shown in Figure 1.

For a rectangular section, when the shear deformation direction

is parallel to the longitudinal side, the shear shape coefficient is
given by

W’ 3

where a denotes the length of the rubber spring and h is the
height of the rubber spring.

Without considering the effects of cross-sectional area varia-
tions and bending deformation, the stiffness k, in the shear
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FIGURE 1 | Three-dimensional model and dimensions of shear spring: (A) Three-dimensional model of the shear spring. (B) Dimensions of the

shear spring.

direction of the shear rubber spring is determined using the
following approximate formula:

E _ ArGq’

k, =
T x h

, “4)

where F, is the shear force, Ar is the cross-sectional area, x is
the deformation of the rubber spring in the direction of the
shear force, and g’ is the shear shape coefficient.

The stiffness k, in the compression direction of the shear rubber
spring is determined as follows: Under compression conditions,
the elastic modulus of the rubber spring is influenced by its
shape, size, and the combination state of the supporting surface
of the attachment. Consequently, the elastic modulus of the
rubber spring differs from that of the rubber material itself.
Direct use of the elastic modulus of the rubber material would
result in significant errors. The elastic modulus E’ of the rubber
spring is related to the elastic modulus E of the rubber material
as follows [21]:

E’' = KE, (5)
where K is the compression shape factor of the spring.

For a rectangular rubber spring, the compression shape
coefficient K is defined as

K =12(1 + 2.22¢%), (6)
where ¢ is the area ratio

AF ab

A, 2a+bhn’ @

@:

where b represents the width of the rubber spring, h is the
height of the rubber spring, and Az is the free area of the
side surface of the rubber spring. Therefore, the compression
stiffness K, of the shear rubber spring can be determined from

F, 1 y
k, = - = KEA —(1+—). 8
y y Fh h ()

In the case of small deformation, the elastic force is approxi-
mately linear, and an approximate spring stiffness formula can
be written as

ky = KEAF%. ©)

In this paper, the shear spring parameters are as follows:
a=240mm, b=80mm, h=40mm, E=1.8 MPa, and G=0.6
MPa. According to Equations (4), (6), (7), and (9), shear stiffness
of the shear spring K, =296.68 kN/m and compression stiffness
K, =2529.2kN/m can be obtained.

By comparing the shear stiffness K, and the compression stiff-
ness K, of the shear spring, it can be seen that the compression
stiffness of the shear spring is only 8.525 times that of the
shear stiffness, which means that they are of the same order.
Therefore, the vertical and parallel motion of the floating frame
relative to the main frame should be considered in the dynamic
modeling analysis of the vibrating flip-flow screen.

The dynamic model of the vibrating flip-flow screen used in this
study is shown in Figure 2. The vibrating flip-flow screen is
composed of the main frame m;, the floating frame m,, and two
eccentric rotors with mass mgy. The main frame m, is connected
to the frame mounted on the ground by vibration isolation
springs and the floating frame m, is connected to the main
frame m,; by rubber shear spring and flip-flow screen panels. A
pair of eccentric rotors mg driven by the motor is symmetrically
mounted on the main frame; [; is the distance of the line of
action of the excitation force generated by the rotors from the
centroid of the main frame and L, represents the horizontal
distance from the center of the main frame to the isolation
spring at one end. The dispersed impact force of the material is
considered as the concentrated force F; acting on the center
of mass of the floating frame and the moment M; acting on the
center of mass of the main frame.
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FIGURE 2 | 5 DOF Dynamics model of a vibrating flip-flow screen.

The displacement of the main frame along the horizontal
direction is x;, the displacement of the main frame perpendic-
ular to the flip-flow screen panel upward is y;, the angle of
rotation about the axis through the center of mass perpendic-
ular to the side plate is ¢, and the displacement of the floating
frame relative to the main frame along the horizontal direction
is %,. The displacement of the floating frame relative to the main
frame perpendicular to the horizontal direction is y,. That is,
q =[x, ¥, %,,, ¢]T is the vector of generalized coordinates of
the system.

The total kinetic energy of the vibrating flip-flow screen system
can be expressed as

1 . . 1. . 1 . .
T= Eml Ga? + ) + E]1§02 + EmZ(xl + X%)?
(10)
1,
+ EmZ(yl + 3%

where m,; represents the mass of the main frame, m, is the mass
of the floating frame, and J; denotes the moment of inertia of
the screen body around the axis perpendicular to x 01 y;.

The total elastic potential energy of the vibration system is as
follows:

1 1 1 1
V= 5k1xx12 + Ekly(ylz + qozlzz) + Ekz,cxzz + ko yy
an
+ L x2
2 3xA2 s

where ki, is the equivalent stiffness of the isolation spring along
the x; direction, k;, is the equivalent stiffness of the isolation
spring along the y, direction, k. represents the shear stiffness
of the shear spring along the X, direction, k;, indicates the

compression stiffness of the shear spring along the y, direction,
k. is the horizontal stiffness of the isolation spring, and k,
denotes the vertical stiffness of the isolation spring.

The dissipated energy of the vibration system is given by

1 . 1 . . 1 .
D= Eclxxl2 + Ecly(yf + 902122) + E(CZX + C2)%3
1 (12)
i 2
+ ECzyyZ,

where ci; and ¢y, represent the damping coefficients of the
isolation spring along the x and y directions, respectively,
¢z, and ¢,y are the damping coefficients of the shear spring along
the x and y directions, respectively, and c;, is the damping
coefficient of flip-flow screen panels.

The excitation force generated by the eccentric block group
driven by the motor in reverse operation is represented as

P = A ssin wt, (13)

where A is the amplitude of the excitation force and w is the
circular frequency of the excitation force.

By substituting the kinetic energy, potential energy, and dissipa-
tive energy of the system into a Lagrange equation, the dynamic
equations of the system can be written as

M{ + Cj+Kq=F, (14)
where M, K, C, and F are the system-generalized mass matrix,

the damping matrix, the stiffness matrix, and the generalized
force vector, respectively, defined as follows:
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m; + my 0 m, 0 O
0 m; + my 0 my 0
M = m, 0 m 0 0], 15)
0 my 0 m O
0 0 0 0 J
7k1x
ki
K = Iox + kax s (16)
ks,
kiy 2
e O 0 0 0
0 cy 0 0 0
C=|0 0 cy+c O 0 | 17)
0 0 0 cy O
0 0 0 0 cyh?
F F E K !
F=|Pcosf+— Psinf+— — — —PhL+M]|,
2 2 2 2
(18)

where ks, is the total stiffness of flip-flow screen panels and F,
and F, represent the components of the material impact force in
the %, and y, directions, respectively. M, is the impact torque of
the material on the floating frame of the vibrating flip-flow screen.

3 | Analysis of Material Motion on the Screen

The motion of the material on the screen exists in various
forms, such as throwing motion, relative stationary motion,
forward sliding, and reverse sliding. The main motion of the
material is the throwing motion. Csizmadia et al. [22] simulated
the throwing motion of the material on the screen using a single
spherical material.

3.1 | Calculation of the Initial Material Speed

In the absolute coordinate system xoy, the absolute coordinate
system axis x is parallel to the ground and axis y is perpen-
dicular to the ground. By analyzing the actual motion of the
vibrating flip-flow screen, it can be seen that the initial velocity
of the material on the screen is divided into two parts, namely,
the velocity v, of the floating frame and the velocity v; gener-
ated by the flip-flow screen panel, as shown in Figure 3.

The displacement formula of the floating frame is as follows:
Xpy = B sin wt, 19)

where B is the amplitude of the displacement curve of

the floating frame and ¢ represents the time. The velocity of the

floating frame along the direction of the excitation force can be
obtained from the equation

v, = Bw cos wt. (20)

FIGURE 3 | Initial velocity composition diagram of material.
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FIGURE 4 | Simplified model of screen panel motion.

The velocity of the material at the beginning of the throwing
motion can be obtained from

(1)

Vyo = Vpcos B + v3siny
. 9
Vyo =V sin 8 + vz cosy

Vo = Vo + Vyos (22)

where f is the angle between v, and the horizontal plane and y
is the angle between v; and the vertical plane.

The acceleration of throwing motion is caused by the flip-flow
screen panel. This acceleration is driven by the periodic bending
motion of the beam on the screen frame. The motion of each
screen panel is similar, and, therefore, the motion of the entire
screen surface can be derived by studying a single screen panel.
Taking one unit of the screen surface in the screen panel,
simplifying it as a movable end and a fixed end of a simply
supported beam, and assuming that the length of the screen
surface is independent of the bending radius and in the no-load
condition, the screen surface deflection curve can be replaced
by three consecutive arcs, as shown in Figure 4.

Therefore, when any screen panel is simplified into a simply
supported beam, the expressions of displacement, velocity, and
acceleration at the center point of the screen panel can be given
by [23, 24]

z(x, t) = l1/8el(1 + coswt),
1S

) 8el .
vix,t) =7 (x,t) = — sin wt,

E 1+ coswt

2 2 oot .

alx, t) =z7"(x,t) = _9" JRel sin” w - cos ’
m 21 + coswt)s Y1+ cosawt

(23)
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where e represents eccentricity and ! denotes the screen panel
length.

The focus of this study is on the whole vibrating flip-flow
screen, so the acceleration at the middle point of the screen
panel is considered as the peak acceleration of screen panels.
The acceleration at the middle point of the screen panel
presents a cosine distribution with time and the screen panel
force on the material is always perpendicular to the sieve plate
upward. Therefore, the material acceleration is simplified as
follows:

a(t) = ;(cos wt + Icos wtl), (24)

where T is the amplitude of acceleration at the middle point of
the screen panel.

Thus, the velocity v; provided to the material by the screen
panel is given by

t+4 t+t
V3 = f a(t)dt = f E(COS wt + Icos wtl), (25)
t t

where f is the single working time of the flip-flow screen panel.

The angle © between the initial velocity v, of the material
throwing motion and the horizontal direction can be calculated
using the following formula:

0= arctan[m]. (26)

Vxo

The velocity v, of the floating frame to the material on the
screen changes little with time compared with the velocity v; of
the screen surface, so only the change of angle 6 caused by v; is
considered. The angle 6 between the initial velocity vy of the
material slant motion and the horizontal direction changes with
time ¢, as shown in Figure 5.

~
o
1

[«2]
(9]
T

D
o
T

o
o
T

o
o
T

Initial velocity and horizontal angle 6 (°)
[9)]

! 1 1 |

0.05 0.1 0.15 0.2 0.25
Time ¢ (s)

o
o
o

FIGURE 5 | Angle 6 changes with time.

»2
FIGURE 6 | Material throwing process.

3.2 | Analysis of the Material Throwing Process

The discharge end of the floating frame is tangential to the
horizontal plane, and the angle between the material movement
direction and the horizontal plane is 6. The object coordinate
system is x0y, with axis x tangential to the screen plane and
axis y, perpendicular to the section plane. The angle between
the absolute coordinate system and the object coordinate system
is «, as shown in Figure 6.

The material begins to move at an initial velocity of v, relative
to the ground and falls to point M. Therefore, the motion of the
material can be decomposed in the absolute coordinate system
and the object coordinate system, respectively, as

7

Ve = Vg €08 B [y = vg cos(ax + 6)
Vy1 = Vo sin 67 | vy, = v sina + 6)°

Assuming that the throwing time of the material is , the dis-
placement of the material in the absolute coordinate system is a
in the x; axis direction and b in the y, axis direction. The dis-
placement of the material in the object coordinate system X, axis
direction is ¢ and the displacement in the y, axis direction is d.
When analyzed separately in the absolute coordinate system
and the object coordinate system, the following formula can be
obtained:

1
a=vgbh C=Vpbh + Eagtzz

. (28)

b= vt + —g?
- 12 2g2 d= —Vyztz + Ea4t22

where a; = gsina and a4 = g cosa. The simultaneous solution
yields the material throwing time ¢,.

3.3 | Calculation of Material Impact Force and
Impact Moment

During the throwing process, the material binding mass can be
regarded as the material binding mass remaining on the screen
during the material movement time. Therefore, when the
impact force of the material on the screen panel is considered,
the material binding mass m; can be obtained as
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_ QuAt
~ 3600

ms [Fg E. + F(E, — 77)] x 1000, (29)

where Qy represents the screen processing capacity, At is the
time for which the material remains on the screen surface from
the feed end to the discharge end, F; and F; denote the pro-
portions of coarse and fine particles in the feed, respectively,
E. and E; are the placement efficiencies of the coarse and fine
particles, respectively, and 7 is the screening efficiency.

Because it is not easy to measure the thickness of the material
on the screen, its average thickness is considered as the
approximate thickness. The screen surface of the vibrating
flip-flow screen is curved, so the material on the screen is
differentiated by the angle of the screen face to facilitate cal-
culation. Thus, the mass of the microelement material block is
given by

dm = %da, (30)

where mj; is the material mass on the screen surface and § is
the angle between the feed end and the discharge end of the
vibrating flip-flow screen.

Assuming that the collision between the material and the
screen surface is inelastic and the collision time is very short,
the impact force of the microelement material block on the
screen at the end of the throwing motion can be obtained from
the theorem of momentum.

dF, = —d"i?vx
dmAv,’ (1)
dF, = —2
& At

where At denotes the time of the material impact screen surface
process, in most actual cases At = 0.001~0.1 s [25-27]. Av, and
Avy, represent the velocity change values of the micro material

in the axis direction x; and y, on the absolute coordinate system,
respectively. When the material impacts the floating frame, its
speed becomes the moving speed of the floating frame at that
moment, and the change in the material speed can be calculated
using the following equation:

(32)

Av, = v cos @ — Bw cos 6 cos w(t + t,)
Av, = vy sin @ — gt, — Bw sin 6 cos w(t + 1)’

The rotation of the floating frame around its center of mass is
small, so the rotation of the vibrating flip-flow screen around the
center of mass is considered. Then, the impact force of the
material uniformly distributed on the screen surface produces a
torque at the center of the screen body. Taking any point on the
screen surface as an example, the torque is calculated as follows:

(33)

del = dEcyF
d]\4y1 = dFny’

where xp is the distance from the horizontal force dFE, to the
center of mass and y;, is the distance from the vertical force dF,
to the center of mass.

As shown in Figure 7, since the screen has an approximately
circular arc shape, SolidWorks can be used to find the center of
mass location of the vibrating flip-flow screen O;, the angle o
between the line connecting the center of mass to the discharge
end and the center of the circle, and the radius R, of the center
of mass.

The position relationship between the center of mass of the
vibrating flip-flow screen and the impact point of the material is
shown in Figure 8.

In Figure 8, O, represents the centroid position of the vibrating
flip-flow screen, O; is the center of the circle of the screen, R is
the arc radius of the floating frame, and R, is the distance from
the position of the centroid of the vibrating flip-flow screen to

FIGURE 7 | Schematic diagram of the 3D model of a vibrating flip-flow screen.
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FIGURE 8 | Location diagram of the center of mass and the impact
force point.

0;. o denotes the angle formed by the force application point
and the line connecting the discharge end to the circle center
and o; is the angle between the centroid position and the line
connecting the discharge end to the circle center.

The distance between the impact force point and the center of
mass can be calculated from

X =L —L'" =R sincy, — Rsinc
{F 1 1 (34)

Y»=H—-H =Rcosoc— R cosay’

The impact force and the impact moment of the material can be
calculated as follows:

ms (vy cos 6 — Bw cos 6 cos w(t + tz))da

dFE,; =
XI SAt
dF,, = mz(vo sin © — gt, — Bew sin 6 cos w(t + tz))da’
At
(35)
mz(vg cos © — Bw cos 6 cos w(t + b))
dM,, = (R cos o — Ry cos ay) da
SAt
mz (Vg sin 6 — gt, — Bw sin 6 cos w(t + b))
M, = (R; sin gy — R sin 0) da
SAt
(36)

Since the above equations are only the impact force and
moment of a single microelement material block, in order to
find the effect of the whole material on the floating frame,
the differential impact force and differential moment need to
be integrated, and the components of the impact force F;, and
F,; and impact moment M,;, and M,; of the material can be
obtained using the equations

5 f—
E, = f mz(vy cos 6 — Bw cos 6 cos w(t + tz))da
0

ms(vy cos 8 — Bw cos B cos w(t + 1))

5 —
M, = f (R cos o — Ry cos a7) da
0 SAtL
mz(vy sin 6 — g, — Bw sin 6 cos w(t + b)) »
s . .
_ (R, sin oy — Rsin o)
My, =
0 SAt

da
(38)

where ¢ is the angle corresponding to the line between the inlet
and the outlet end of the vibrating flip-flow screen and the
center of the circle.

4 | Simulation of the Vibrating Flip-Flow
Screen System Considering the Material Impact
Force

As previously mentioned, the coordinate system xoy is defined
on the screen. The x direction is the working direction of the
screen panel and the y direction is perpendicular to the working
face. The material impact force in this coordinate system has
the following components:

{Fx =Fqcosy + Fysiny (39)

F, = Fysiny — Fycosy’

where y is the installation angle of the vibrating flip-flow
screen. The torque caused by the impact of the material on the
system is given by

M, = My + M. (40)

Parameters of the vibrating flip-flow screen system are shown in
Table 1.

E, F,, and M, can be calculated as shown in Figure 9.

The impact force F;, F, and impact moment M, generated by
material movement have periodicity. The maximum F; and F,
values of the material impact force are 29% and 57.58%,
respectively, compared with the amplitude A of the excita-
tion force of the vibrating flip-flow screen. It can be seen that
the impact force generated by the material should be con-
sidered in the analysis and design process of the vibrating
flip-flow screen.

The floating frame and the fixed beam of the main frame are
alternately arranged and connected by screen panels, and
therefore, the material impact force affects both. The material
impact force is assumed to be equally distributed among them.
Therefore, the generalized force F of the SDOF vibration system
of the vibrating flip-flow screen affected by the material impact
force is expressed as

SAt
s . . )
_ ms (v sin 6 — gt, — Bw sin 6 cos w(t + b))
Fyl_jo‘ SAL da F=[Pcosf+FE/2 Psinf+F/2 F/2 F/2—Ph+M]".
37 (41)
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TABLE 1 | Parameters of the vibrating flip-flow screen system.

Symbol Unit Parameter Value
y ° Installation angle 22

B ° Angle of excitation force 64

n r-min~* Operating speed 813
my kg Mass of the main frame 24751.96
m, kg Mass of the floating frame 3666.306
m kg Mass of the material 6000

L m Distance from the center of mass to the excitation force line 0.0564
b m Horizontal distance from the main frame's centroid to the vibration isolation spring 2.3679
ky N-m™ Horizontal stiffness of the isolation spring 43x10°
ky N-m™! Vertical stiffness of the isolation spring 8.6 x 10°
kax N-m™* Shear stiffness of rubber springs 3.511 x 10°
kax N-m™! Flexural stiffness of the screen panels 1.2x10°
Cx kN-s/m Damping coefficient of isolation springs 0.01
Cox kN-s/m Damping coefficient of rubber springs 0.03
C3x kN-s/m Damping coefficient of screen panels 0.03

i Material binding coefficient 0.2

In order to further analyze the influence of material impact
force on the dynamic characteristics of the vibrating flip-flow
screen, the Runge-Kutta method is used to numerically inte-
grate the dynamic equation. The curves of the displacement of
the vibrating flip-flow screen and the overall rotation angle as a
function of time with or without the material impact force are
given. The displacements of the main frame are shown in
Figure 10.

As shown in Figure 10, comparing the displacement x; of the
main frame, it can be found that the steady-state amplitude of the
main frame is 2.30 mm when the effect of the material impact
force is not considered. When the effect of the material impact
force is considered, the vibration curve of the main frame shifts
7.94mm in the positive direction of x; due to the continuous
impact force. The maximum and minimum displacement
values of the main frame are 10.47 and 5.41 mm, respectively.
The vibration amplitude is 2.53 mm, which increases by 10%
compared with that without the impact force. Compared with the
displacement y;, it can be found that when the impact force is
considered, the deviation of the vibration curve in the negative
direction is 12.65 mm, the maximum and minimum values of
the main frame are—18.23 and —7.07 mm, respectively, and the
vibration amplitude is 5.58 mm, which increases by 2.95% com-
pared with the case without material impact.

It can be found that the effect of material impact force in the
direction of x; is significantly greater than that in the direction
of y;. When the impact force is considered, the vibration of the
main frame in the x; direction is more intense and unstable in
the transient response stage and the vibration amplitude in the
y, direction is less affected by the impact force, but more stable
in the transient response stage. The material impact force will
cause the vibration curve to offset, and therefore, the actual
design should take into account the material impact force

caused by the main frame at the initial stage of larger vibration
amplitude and offset, to improve system durability and avoid
damage (Figure 11).

The displacement x, of the floating frame affected by the impact
force of the material increases 48.85% compared with that without
the impact force, and an upward offset of 0.93 mm is generated.
The displacement y, of the floating frame also produced a negative
orientation offset of 0.44 mm, and its amplitude is 0.92 mm, which
represents an increase of 84% over the unaffected value. At the
same time, the cyclical peak caused by smaller shocks appears on
the curve, which is 39.09% of the amplitude.

It can be seen that the material impact has a significant effect
on the floating frame, which causes the floating frame to pro-
duce a large vibration amplitude in the transient response stage
and the offset in the running stage. Displacements X, and y, of
the floating frame are important parameters in the design of the
vibrating flip-flow screen. In order to prevent large displace-
ment caused by material impact, the stiffness of the shear spring
should be appropriately increased.

To understand the motion state of the main frame and the
floating frame more clearly, the centroids of the main frame and
the floating frame are selected as feature points, and the motion
trajectories of feature points in the stable state of the vibrating
flip-flow screen system are given, when the material impact
force is considered, as shown in Figure 12.

The influence of material impact force on the overall rotation
angle of the vibrating flip-flow screen is shown in Figure 13.
When impacted by the material, the overall shift is
—3.386x 10~ ?rad. The maximum and minimum of rotation
angle ¢ are 3.386x 10~%rad and —3.915 x 102 rad, respectively,
with a 346.7% increase in amplitude.
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FIGURE 9 | Material impact force and impact moment as a function of time: (A) impact force Fy, (B) impact force F,, and (C) impact torque M;.
5 | Influence of Impact Parameters on Dynamic conditions will have an effect on the dynamic characteristics of

Characteristics

The dynamic characteristics of the vibrating flip-flow screen are
affected by many factors [28-30], and the change of parameters
in the working process leads to a change in the amplitude of the
screen body, which may lead abnormal behavior. Therefore, it is
necessary to analyze the dynamic characteristics of the vibrat-
ing flip-flow screen when various system parameters change,
so as to avoid instability or even damage caused by changes
in system parameters during operation. In the following sub-
section, the effect of different parameters is examined.

5.1 | Effect of Material Mass Variations on
System Characteristics

When screening wet or fine-grained materials, there may be
accumulation of materials during operation, which causes the
mass of the material of the vibrating flip-flow screen system to
increase, and the impact force generated by the material will
change. Stopping the feed will lead to a reduction in the
material on the screen, thus reducing the vibration mass. These

the vibrating flip-flow screen system, and for this reason, the
material mass changes are analyzed as follows:

When the mass m of the material is 5000, 6000, and 7000 kg,
respectively, the frequency-amplitude curves of the main frame
and the floating frame are shown in Figure 14.

The amplitude of the floating frame is significantly affected by
impact force before the first natural frequency, and its ampli-
tude is much larger than that without considering impact force,
while the main frame is less affected by material impact force.
With an increase of the material mass on the screen, the am-
plitudes of the main frame and the floating frame increase, and
the second natural frequency of the amplitude-frequency curve
in the x; direction of the main frame and the x, direction of the
floating frame decreases significantly compared with the first
natural frequency.

Taking the operating frequency of the screen as a reference, the
changes of the displacement x; of the main frame are 11.64%,
13.04%, and 14.34%, respectively, when the material impact is
considered and the mass is 5000, 6000, and 7000 kg, respectively.
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FIGURE 10 | Comparison of displacement of the main frame: (A) Displacement in the x; direction without considering material effects,
(B) displacement in the x; direction considering material effects, (C) displacement in the y, direction without considering material effects, and

(D) displacement in the y, direction considering material effects.

The changes of displacement y, of the main frame are 6.49%,
7.03%, and 8.95%. The changes of displacement x, of the floating
frame are 19.29%, 32.39%, and 46.16%. The changes of y, dis-
placement of the floating screen frame are 85.46%, 111.21%, and
137.13%. It can be seen that with the change of material mass, the
sensitivities are y,, x;, X%, and y, from small to large, respectively.
The displacement y, of the floating frame with respect to the
main frame is affected the most.

5.2 | Effect of Variations in the Material Binding
Coefficient on System Characteristics

In actual conditions, various factors, such as material propert-
ies, angle of the screen, material thickness, and material shape,
cause the material on the screen to have different material
binding coefficients [31]. This, in turn, affects the vibration
mass of the material and the impact force that it exerts.
Figure 15 illustrates the influence of different material binding
coefficients on the characteristics of the system considering the
material impact force.

With an increase in the material binding coefficient, the
amplitudes of all degrees of freedom of the vibrating flip-flow

screen increase. The first-order natural frequency of the
amplitude-frequency curve is less affected and the second-order
natural frequency of x; and x, decreases with an increase of the
material binding coefficient.

Consider the operating frequency as the reference when the
material binding coefficient is 0.2, 0.3, and 0.4. The changes of
x; and y, are 13.04%, 22.02%, and 35.78%, and 7.03%, 9.97%, and
15.17%, respectively. The changes of x, and y, of the floating
frame displacement are 32.39%, 77.08%, 131.43%, and 111.21%,
188.62%, and 270.58%, respectively. It can be found that the
sensitivities are y;, X, X, and y, from small to large when the
material binding coefficient is changed, and the floating frame
displacement y, is mostly affected.

5.3 | Effect of Material Acceleration on System
Characteristics

The initial acceleration of the material is provided by both the
movement of the screen body and the flip-flow motion of
flip-flow screen panels, with the flip-flow motion serving as the
primary contributing factor. It is influenced by both the phys-
ical parameters of the screen panels as well as factors such as
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material properties and layer thickness. Hence, an analysis of
the system characteristics, taking into account the material
impact force under varying material acceleration scenarios, is
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performed, and the results are shown in Figure 16.

An examination of the results of Figure 16 indicates that an
increase in material acceleration results in significant amplifi-
cation of the amplitudes, particularly at lower frequencies,
across the various degrees of freedom of the flip-flow screen.
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At the operating frequency of the flip-flow screen, the
percentage changes in the displacement of the main frame
x; are 10.63%, 13.04%, and 18.69%. The percentage changes in
the displacement y, are 6.41%, 7.05%, and 13.02%. Similarly, the
percentage changes in the displacement of the floating frame x,
are 18.15%, 32.39%, and 47.84% and the percentage changes in
the displacement y, are 74.08%, 111.21%, and 151.31%.

In summary, the analysis indicates that the sensitivity of the
degrees of freedom of the flip-flow screen to different impact
parameters, in descending order, is as follows: material binding
coefficient, material acceleration, and material mass. When the
impact parameters of the flip-flow screen change, the amplitude
of the displacement y, of the floating frame relative to the main
frame in the direction perpendicular to the working direction
is most significantly affected. Therefore, when designing the
flip-flow screen, the effect of changes in impact parameters
should be considered, and attention should be paid to whether
the displacement y, of the floating frame relative to the main
frame in the direction perpendicular to the working direction

exceeds the design requirements as a result. Additionally, it has
been observed that variations in the material mass and the
material binding coefficient can lead to changes in the system
natural frequencies, resulting in significant amplitude fluctua-
tions not only before the first natural frequency of the main
frame but also within the frequency ranges of 5-10 Hz and
20-25Hz for the floating frame. When selecting the operating
frequency, it is important to avoid these peak values to prevent
adverse impacts on the working efficiency and lifespan of the
flip-flow screen.

6 | Conclusion

This paper conducted a dynamic characteristic analysis of the
vibrating flip-flow screen, considering the impact force of the
material. A dynamic model of the vibrating flip-flow screen that
incorporates the impact force of the material was developed.
The motion of the material on the screen was analyzed, and
calculations of the material impact force and impact moment
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were carried out. The effects of different parameters on the
dynamic characteristics of the vibrating flip-flow screen were

also

1.

analyzed. The main conclusions are as follows:

After calculating and comparing the compressive stiffness
and the shear stiffness of the shear springs in the vibrating
flip-flow screen, it was found that the compressive stiff-
ness of the shear springs is only 8.525 times that of its
shear stiffness. Therefore, when developing the dynamic
model of the vibrating flip-flow screen, the vertical dis-
placement of the floating frame relative to the main frame
should be taken into consideration.

An analysis was conducted on the material motion on the
vibrating flip-flow screen, during which the initial velocity
of the material was calculated. Furthermore, the impact
forces and moments exerted by the material on the vi-
brating flip-flow screen were derived and their time-varying
curves were plotted. The results revealed that the material
impact forces F; and F, account for 29% and 57.58% of the
amplitude of the excitation force, respectively, indicating

that they are of the same order of magnitude as the ex-
citation force. Therefore, the influence of material impact
forces should not be neglected in the design and calculation
of flip-flow screens.

Based on the impact forces, a dynamic characteristic
analysis of the vibrating flip-flow screen was conducted.
A comparative analysis was performed between two
scenarios: one considering the impact forces and the
other neglecting these. The findings indicated that the
material impacts result in increased displacements across
all degrees of freedom of the vibrating flip-flow screen.
Additionally, the displacement curves of both the main
frame and the floating frame showed shifts. Notably,
the material impact forces have a relatively significant
influence on the amplitude and the relative amplitude of
the floating frame.

The degree of influence of different parameters on the
degrees of freedom of the vibrating flip-flow screen, from
the greatest to the least, is the material binding coefficient,
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material acceleration, and material mass. The greatest
impact due to all parameters in terms of perpendicularity
to the working direction occurs in the floating frame rel-
ative to the main frame. The increase in both the material
mass and the material binding coefficient leads to a
decrease in the natural frequencies of the system. The
amplitude-frequency curve of the main frame peaks
before the first order of the intrinsic frequency and the
amplitude-frequency curve of the floating frame peaks at
intervals of 5-10 Hz and 20-25 Hz. The actual force situ-
ation of the vibrating flip-flow screen is more complicated;
future research can consider the friction of the material
and the impact force generated during material conveying
and other comprehensive force scenarios to develop a
more detailed dynamic model and further study the
dynamic characteristics of vibrating flip-flow screens.
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